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Summary

Introduction

Chronic wounds pose a major challenge in clinical practice due to their prolonged healing
times, high susceptibility to infection, and negative impact on patient quality of life. Traditional
wound assessment relies heavily on visual inspection and subjective clinical evaluation,
which is insufficient for optimizing patient outcomes. Despite various therapeutic approaches,
many wounds fail to heal efficiently due to missing diagnostic and monitoring tools and an
incomplete pathophysiological understanding. A lack thereof results in inadequately

allocated, norindividualized therapeutic interventions.

Research Objectives

The primary objective of this PhD thesis, conducted under the "AWBIQME" project, is to
evaluate wound swabbing as a feasible tool for modern diagnostics and analyze the wound
micro-environment through modern hitiiroughput dowsstream methods. The research
investigates the biomolecular differences between wounds of varying entities and clinical
states, aiming to develop a standardized wound swabbing technique for improved diagnostics.
By identifying marker profiles distinguishing wound entities, acute vs. chronic wounds, healing
stages and levels of microbial burden, the study seeks to identify biomarkers and biomolecular
patterns predictive of regenerative potential and capable to differentiate between acute,
timely and pathologic, chronic wound healing. Utilizing OMICS approaches, including
proteomics, metagenomics, and immunoassays, the research explores chronic wounds at the

molecular level.

Methodology

A multidisciplinary, muktenter approach was adopted, analyzing clinical wound samples
using the wound swabbing technique. Severalthighughput molecular biology techniques
were employed and an initial feasibility analysis performed. Methods included proteomics
through LEMS/MS, multiplex immunoassays, SRNA sequencing focused on miRNA
expression (nexgeneration sequencingNGS) and microbial metagenomics using nanopore
sequencing. Additionally, quantity and quality assessments of the swab samples were
performed. This thesis primarily focuses on the feasibility results for the swabbing technique

and protocol, the results of M#&sed proteomics for protein profiling in wound exudate and
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the immunoassay analysis for quantification of immunomarkers such as cytokines,
chemokines, and growth factors. Statistical and bioinformatics approaches such as principal
component analysis (PCA), hierarchical clustering,-oy@resentation analysis (ORA) and

geneset enrichment analysis (GSEA) were employed to identify correlations between

biomarkers and clinical wound parameters.

Results

The study revealed distinct proteomic and immunomarker profiles between chronic and acute
wounds especially highlighting the potential detrimental roles of dysregulated chronic
inflammatory responses of the immune system based on signs for excessive damage
associated molecular patterns (DAMPs) and NETosis. THe Ib1RA and CXCL8/CXCL10
ratios emerged as potential biomarkers for differentiating healing frorheabng and
infected from inflamed wounds. Furthermore, matrix metalloproteases (MMP) and tissue
inhibitors of metalloproteinases (TIMP) were found to play a crucial role in chronic wound
pathophysiology. Wound swabbing was confirmed as a reliable method for sample collection,
yielding sufficient protein and RNA/DNA material for advanced molecular analyses and
enabling nosinvasive monitoring of wound healing progression. Potential biomarker patterns
for personalized wound care were identified, with specific protein signatures and

immunomarkers correlating with wound type, infection status, and healing trajectory.

Discussion and Conclusion

This thesis provides a comprehensive molecular characterization of wound healing dynamics,
contributing to the development of advanced diagnostic and therapeutic strategies. The
findings underscore the necessity of individualized wound diagnostics and targeted therapies.
The integration of proteomics, immunomarkers, and metagenomics offers a more precise,
personalized approach to chronic wound management. The study results suggest that further
investigating and ultimately incorporating such biomolecular diagnostic tools into clinical
practice can improve pathophysiological understanding and improve treatment stratification.
Future research should focus on validating these biomarkers in larger clinical cohorts and

developing poinbf-care diagnostic tools for reime wound assessment.



1. Introduction

Wound healing is a complex process, precisely regulated and modulataedltirie levels

and dividable into overlapping phas&egulatory and modulatory aspects are divers, yet
include gene expression (transcription and translation)-fpasslational regulation (miRNA),
available and active proteins (enzymes, cytokines, signaling proteins, mediators, growth
factors, etc.) as well as external influencing factors such as the microbiome and therapeutic

interventions.

Acute wound healing typically progresses through aawselidinated sequence of healing
stagesof hemostasis, inflammation, proliferation, and remodeling, culminating in complete
tissue repai(Pena and Martin, 2024 case of persistently namealing chronicwounds, the
precisely regulated healing process is disturbed on one or more levels due to underlying
pathologic conditions (diabetes, arterial or venous insufficiency, mechanical pressure, etc.) or
negative influence (infection, incorrect or insufficient therapy), resulting in wound

chronification.

Traditional methods for diagnosing and monitoring chronic wounds often rely on visual
inspection, clinical evaluation and microbiological cultures, which may not provide
comprehensive information on the wound mierwvironment and healing progress
(Haalboom et al., 2018)Jnderstanding the molecular principles that differentiate chronic
from acute wounds and healing from #wealing wounds is critical for developing targeted
diagnostic and therapeutic strategig®ngfield et al., 2023, Trengove et al., 2000, Wang et al.,
2024b)

Chronic wounds, including diabetic foot ulcers (DFU), venous leg ulcers (VLU), and
postsurgical wound healing disorders (WHD), represent a significant clinical challenge due to
their prolonged healing times, susceptibility to infection, and substantial impact on patient
quality of life (QoL) and the resources of the healthcare sy®essbaum et al., 2018, Sen,
2019) These wounds often exhibit a persistent inflammatory state, impaired cellular
proliferation, and defective remodeling procesg&snstrong and Gurtner, 2018, Zhao et al.,
2016)



1.1 Epidemiology of chronic wounds

An epidemiological survey conducted by the Primary Medical Care Research Group (PMV) in
Cologne in 2016 determined an extrapolated prevalence of chronic wounds of 1.1% (using the
temporal definition of the existence of a wound over a period of more than eight weeks) based
on 277,462 insured persons' data from 2QK2ster and Schubert, 2013 2012, 2.7 million
people across Germany were diagnosed with wounds, of which 1.6 million were due to the
most common underlying diseases: diabetes, pressure ulcers and vascular ulcers. A further
600,000 wounds are podtaumatic, around 80,000 are caused by burns and 400,000 by
other causes. According to this study, one third of all wounds become chronic (approx.
900,000 of 2.7 million wound patients in 2012), whereby, as expected, diabetic, vascular and
decubital ulcers have a significantly higher tendency to become chronic. It was also shown
that the prevalence of chronic wounds increases significantly over the age of 60 and correlates
strongly with the influencing factors gfolypharmacy and multimorbidity. Similar
epidemiological results were confirmed by other working groups. For example eHaler
reported a Germanwide prevalence of 1.04% with around 800,000 existing chronic wounds

in 2012(Heyer et al., 2016)These data also show an increase in both the prevalence and

incidence of chronic wounds in recent years.

An international comparison shows similar or even higher prevalence rates, particularly in
industrializedcountries. For example, based on data from 2009, around 6.5 million patients in
the USA are confronted with chronic wounds. In relation to the total population of the
corresponding year, this corresponds to a prevalence of around (34fcet al., 2009)
Overall, however, there is a lack of clearly structured and methodologically sound
epidemiological data on chronic wounds both in Germany and worldwide. Although a review of
existing literature from 2014 identified 69 studies that deal with the topic and provide figures,
these studies are highly heterogeneous in terms of study design, population, methodology and
inclusion and exclusion criteria. This results in reported, fluctuating prevalence rates in the
clinical area of 1.1% to 26.7% for decubital ulcers, 1.2% to 20.4% for diabetic ulcers, 0.05%
for venous ulcers and a complete lack of data for arterial WGeeves and Zheng, 2014)
Despite these already high prevalence and incidence rates in some areas, the number of

unrecorded chronic wounds is estimated to be even higtester et al., 2016)



Based on changing demographics and an increasefthésé G 191 HiH G RYrAIR coppl 13 1K WT R
in industrialized countries, such as type Il diabetes, obesity and arteriosclerosis, the incidence
and prevalence are generally predicted to continue and increase. However, st lisck

of valid data that correctly reflecteality. A recent systematic review and metaalysis

addressng this knowledge gagummarizedthe globalprevalenceat 2.21/1000 people for

chronic wounds of mixed etiology and 1.51/1000 people for chronic leg (Maatsengo et

al., 201901 Rqé6 WHYt qt WY nWk PMMMWGU! WGe qRUIUqWGII LW!
DHAYUYOGRHWAHz I T D0WYNnWHS! YURAWs Y2 UT + WYUWaq6 IWE I
(Heyer et al.,, 2016)Globally, the treatment costs for chronic wounds in industrialized
countries are estimated to be up to 3% of total public health expenditure, and-papiernéd
health-related quality of life (PRO HRQoL) is estimated to bédtsson et al., 2019Further

analyses are continuously being carried touprovide more accurate epidemiological data,

not only on the incidence and prevalence of chronic wounds, but also on their complications

and late effects (e.g. minor and major amputations)

1.2 Physioloy and pathophysiology of wound healing

1.2.1 Stagesand processof physiological wound healing

A wound represents a disruption to the cellular, anatomical, and functional integrity of living
tissue, initiating a complex healing process that is influenced by numerous local and systemic
factors. Cutaneous wound healing, which aims to restore the original skin structure or create a
stable scar, is a multifaceted process that requires coordinated interactions among diverse
cell types and biochemical reactions. The healing process commences immediately following
the injury, comprising a dynamic sequence of molecular, cellular, and physiological events

that collectively facilitate tissue repair and regenergf@na and Martin, 2024)

The process of physiological wound healing is typically divided into four interdependent
stages, as proposed by DemideRa&ce et al. (2012), in order to facilitate a more
comprehensive understanding of the intricate cellular and biochemical events that occur
during the repair of injured tiss{izemidovaRice et al., 2012)These stageare hemostasis,
inflammation, proliferation, and-epithelializationfemodeling(Figure 1)Ininstances where

complete restoration of the original tissue structure is unattainable due to extensive or
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irregular defects, a fifth phasscar formation and maturatipfollows reepithelialization.

Each stage, with its distinct processes, contributes to timely and effective healing, thereby

allowing for detailed analysis of cellular interactions, signaling pathways, and extracellular

matrix components. By studying the underlying mechanisms of each stage, it is possible to
develop targeted strategies for observing tissue regeneration and enhancing wound healing
outcomes. However, these stages merely reflect the dominant processes in the tissue repair

continuum, which, in reality, is a complex and overlapping series of events.
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Figurel wStages of wound healing
(from(Pena and Martin, 2024)

Acute wounds, which possess an intrinsic capacity forregiir, follow an organized healing
pathway, resulting in full anatomical and functional recovery within one to two weeks and
achieving complete epithelialization and closure. Subsequently, a maturation phase lasting up
to three months ensues, during which the fully restored skin either stabilizes or ensures stable

scar formatior(Eming et al., 2014, Gurtner et al., 2008, Pena and Matrtin, 2024)



l. Hemostasis

Coagulation and hemostasis serve as the primary processes that prevent excessive blood
loss, maintain vascular stability, and reestablish a temporary barrier to the environment
(Figure 2). Theseactions not only provide immediate protection but also create a supportive

matrix for cellular infiltration, which is essential for the subsequent stages of wound healing.
The regulation of these processes necessitates the interaction of multiple cell types, signaling
pathways, and extracellular matrix components, which collectively influence fibrin deposition

and subsequent repair activities. A comprehensive understanding of the intricate molecular
and cellular mechanisms of coagulation and hemostasis is crucial for the development of

targeted interventions aimed at enhancing tissue repair and regeneration.

Blood cells 4‘ Platelet .i i >

Damaged blood vessel Platelet formation Clot formation

Figure2 wProcess of hemostasis in wound healing
(Figure adapted fromBioRender. (2020). Wound Healing. https://app.biorender.com/bior¢adgiates/details/t
5falb1622a60ac00a3d858ewound-healing

In addition to hemostatic processes, the coagulation cascade is initiated through both
extrinsic and intrinsic pathways, resulting in platelet aggregation and the formation of blood
clots to controlblood loss (Figre 2). Uponinjury, blood components and platelets interact

with exposed collagen and extracellular matrix components, prompting the release of clotting
factors from platelets and forming a clot consisting of fibronectin, fibrin, vitronectin, and

thrombospondir(Velnar et al., 2009)

The formation of blood clots and the platelets they contain is of great importance for the
process of hemostasis. Furthermore, they provide a provisional matrix for cell migration during
the subsequent stages of healing. By means of intricate interactions with cells and
biomolecules, a multitude of eventmcluding the recruitment of inflammatory cells, the

process of tissue regeneration, and the resolution of inflammadiencoordinated. The
7



interdependence between the clotting cascade and cellular processes highlights the
multifaceted role of the coagulation system in hemostasis and early tissue(Yeghaar et al.,
2009).

The activation of platelets plays a pivotal role in regulating immune responses, whereby
membrane receptors are exposed and preformed mediators are released. These mediators
include cytokines such as interleukin {1Lalpha and beta, 46, and IL8, as well as growth
factors such as transforming growth factors (TGFs), inkkdingrowth factor, vascular
endothelial growth factor (VEGF), and plateletived growth factor (PDGF). Proteases,
including matrix metalloproteinases (MMPSs), play a crucial role in recruiting and activating
immune cells in response to tissue injdkyisp et al., 2013, Pena and Martin, 2024 )the

initial 24r48 hours following an injury, activated neutrophils and macrophages accumulate at
the wound site, thereby initiating the inflammatory phase of wound healing. This phase is
characterizedby a complex interplay between activated immune cells, which secrete pro
inflammatory cytokines and chemokines, and platelets, which regulate immune cell
recruitment and activation. The precise coordination of plateéstiated signaling and

immune cell activity is essential for successful tissue repair and defense against pathogens.

. Inflammation

The inflammatory phase is a crucial component of the wound healing process, commencing
with the immune system's actions to prevent infection and eliminate debris. As coagulation
progresses, blood vessels dilate, thereby facilitating leukocyte extravasation (diapedesis),
which allows inflammatory cells, such as neutrophils and macrophages, to enter the wound

area in the subsequent phase.

Neutrophils, an early responder subtype of white blood cells, are the first to arrive at the
wound site (Figure 3)lhey perform a cleansing function by consuming bacteria, foreign
particles, and damaged tissue, which contamwer 700 proteins, including growth and pro
angiogenic factorgKrisp et al., 2013, Pena and Martin, 2024, Velnar et al.,.20608us
mechanisms are hereby employed to manage the primary defense reaction of the body.
Production of reactive oxygen species (RO@utrophil extracellular trapg$NETs) and

phagocytosis are thereby kpyocesses to manage potentially invading pathogens such as
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infectioncausing bacteria. Relevant signaling mediators for recruitment and autocrine and
paracrine activation of neutrophils aremongst others CXCL8, elastasesand

myeloperoxidase (MP@ena and Martin, 2024)
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Subsequently,after initial pathogemanagement,macrophages arrive to continue the
cleansing process initiated by neutrophils. Macrophages, which originate from blood
monocytes, have a longer lifespan than neutrophils and are capable of functioning in lower pH
envionments (Figre 3). Also, while neutrophils are capable of a certain level of phagocytosis,
the main clearing cells are macrophages, handling cellular as well as matrix teéyis.
release a range of growth factors that are critical for the clearance of apoptotic neutrophils
and the support of new tissue formation. It has been demonstrated that apoptotic neutrophils
release cytokines that facilitate tissue repair, including transforming growth bataofTGF

beta) and interleukidO (Il-10). Theseapoptotic neutrophils as well ag/tokines ardater
cleared by macrophagePBifferent varieties of macrophages thereby play crucial roles in the
wound healing process. Tissvesident macrophages as well as monocytesed
macrophages transmigrating from the blood stream to the site of wounding are relevant

sources of the local defense and early reparative stage. By releasing chemokines such as



monocyte chemoattractant protein 1 (MQBCL2) a continued macrophagecruitment is

realized to the wound sit@nce at the site, macrophages play a crucial role in orchestrating

the local regenerative response through various phenotypes. While these phenotypes display

a dynamic range, they are generally distinguished into an earhflammatory(M1-type)

and later antinflammatory or reparative stat@M2-type) (Krzyszczyk et al., 2018)
Inflammatory signals such as Hdpha (TNF b W Y| W NG oildilcrildsh fY[U ~ b W ¢t L
damageassociated molecular patterns (DAMPS) thereby drive th@drization, while the

later proresolving status of MB/pe macrophages are induced bytland IE13 secreted by

many cell types that are involved in orchestrating the inflammatory response and promoting

the phenotypic switch towards regenerative processes suchhatper cells.

It is evident that inflammatory cells play a pivotal role in the healing process, releasing
signaling molecules such as cytokines and growth factors. It is noteworthy that MGF
activates keratinocytes, fibroblasts, and endothelial cells, which are essential for the process
of wound repair. This complex cellular interaction recruits additional immune cells to the
wound site, stimulates the proliferation of critical cells for wound repair, and supports new
blood vessel formation. As the phase reaches its conclusion, lymphocytes are drawn into the
wound area by interleukih (I.-1) and immunoglobulin G (IgGhelL-1 family is thereby
essential formany preinflammatory as well as regenerative processes such as the early
aggressive inflammatory host defensive response as a reaction to daamaggathogen
associated molecular pattern® AMPsPAMPs)ut also for induction allagen remodeling

and extracellular matrix producti¢Rena and Martin, 2024, Velnar et al., 2009)

It is imperative to underscore the pivotal role of the inflammatory phase in the wound healing
process. Any disruption or imbalance during this phase can result in delayed healing, which
may lead to the development of chronic wounds, tissue damage(patitblogical)scar
formation(Frykberg and Banks, 2015, Zhao et al., 2008) therefore evident that a balanced

and regulated inflammatory response is of the utmost importance for optimal wound healing.

. Proliferation

The regenerative phase, also known as the proliferation phase, follows the initial hemostasis

and inflammation stages and precedes the final maturation or remodeling phase of wound
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healing. During this phase, a wadbrdinated immune response facilitates the transition from

the inflammatory phase to the subsequent phase of tissue repair. This sthgearsterized

by the formation of a transitional extracellular matrix (ECM), wtabllizesthe wound edges

and provides a structural framework for the subsequent phases of healing. Fibroblasts, which
replace macrophages at this juncture, assume a pivotal role in the generation of new tissue
and stimulation of collagen production, thereby enhancing the wound's structural integrity. It is
essential to understand the key processes involved in effective wound healing, such as

fibroplasia and angiogenegldan et al., 2022, Shi et al., 2023, Tracy et al., 2016)

Fibroplasia is a process that involves an increase in the number of fibroblasts, which are
essential cells for the formation of connective tissue. These cells are of critical importance to
the process of wound healing, as they are responsible for the production of a number of
essential substances, including collagen, elastin, and fibronectin. These substances
contribute to the repair of damaged tissue and the strength of the wound. The release of
growth factors and cytokines by inflammatory cells, such as macrophages, stimulates
fibroblast activity and encourages their migration to the woundFsdeare 4 (Pena and
Martin, 2024, Velnar et al., 2009)
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(from(Pena and Martin, 2024)

Growth factors are released by a variety of cells, including platelets, macrophages, and
fibroblasts. These factors bind to fibroblast receptors, thereby triggering intracellular events

that promote cell multiplication, collagen synthesis, and migration to the wound site. Specific
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growth factors, including plateleterived growth factor (PDGF), transforming growth factor
beta (TGF ), epidermal growth factor (EGf®roblast growth factor (FGE and insulinlike

growth factor (IGF), have been demonstrated to stimulate fibroblast proliferation and collagen
production. For example, transforming growth factor beta -(JG#fomotes fibroblast
transformation into myofibroblasts, which are essential for wound contraction. Meanwhile,
epidermal growth factor (EGF) enhances fibroblast and keratinocyte proliferation and
migrationInsulinlike growth factor 1 (IGE has been demonstrated to promote keratinocyte
migration and enhance fibroblast activitgl/lagen production and multiplicatiovhich are
crucial for the process of wound rep@@aroufalia et al., 2021, Schultz and Wysocki, 2009,

Velnar et al., 2009)

During the process of fibroplasia, fibroblasts synthesize a new extracellular matrix, which is
instrumental in the formation of granulation tissue. The matrix is primarily composed of type I
collagen, which is subsequently replaced by type | collagen as the wound matures. The
formation of collagen provides the structure and resilience necessary for the development of

scar tissue, which is an essential aspect of the wound healing prtesy et al., 2016)

Angiogenesis, or neovascularization, is the formation of new blood vessels from an existing
vascular network, which is essential for effective wound healing. By promoting the formation
of granulation tissue rich in capillaries, angiogenesis enhances oxygen and nutrient delivery,
thereby accelerating tissue repair and regenerdtiam et al., 2022, Velnar et al., 200B)is
process is regulated by a balance of-angiogenic and aréingiogenic factors. Principal pro
angiogenic factors, including thrombin, fibrinogen fragments, and growth factors such as HIFs
and COX2, are stimulated by hypoxia and inflammation.-Amgjiogenic factors, such as
Sprouty2, assist in maintaining vascular homeostéden et al., 2022, Shi et al., 2023)
Endothelial cell surface receptors on blood vessels bind with angiogenic growth factors,
including PDGF, VEGF, and-llGRvhich drive cell proliferation and migration. PDGF initiates
signaling pathways (Ras/MAPK, PI3K/Akt) that support cell survival, while VEGF, which is
Dttt JUqRecOWnY!l W2¢t YT RGecqRYUWeUT WHGYYT W21t + 1Ja |
PKGMAPK pathwagGaroufalia et al., 2021, Shi et al., 2023, Shibuya, 2011)

Other growth factors serve to provide additional support. Epidermal growth factor (EGF)

facilitates cellular growth and indirectly stimulates angiogenesis by inducing the production of
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vascular endothelial growth factor (VEGF). Fibroblast growth factors (FGFs), particularly FGF

1 and FGR, are instrumental in cell migration and attachment to the extracellular matrix
(ECM), which is crucial for the formation of granulation tissue, BB G ¢ ! + We¢ WGR2 Y q)«
orchestrating angiogenesis. It guides the migration of key cells, such as macrophages and
fibroblasts, and through Smad signaling, it promotes capillary formation and ECM deposition
(Ferrari et al., 2009, Shi et al., 2023, Veith et al., 20b8) intricate network of growth factors

is collectively responsible for sustaining the angiogenic and wound healing processes.

V. Remodeling phase

The remodeling phase, alseferred to as the maturation phase, represents the final stage of
the wound healing process. The subsequent phase, which commences approximately three
weeks postinjury and persists for up to one year or more, encompasses the formation of new
epithelium and the maturation of scar tissue. During this phase, the wound contracts as
collagen fibers in the wound bed undergo reorientation and restructuring, indicating a
reduction in cellular activity and the completion of the healing process. Myofibroblasts, which
drive wound contraction, and fibroblasts, responsible for extracellular matrix and collagen
production, are of particular importance during this s{agecy et al., 2016As the number of
fibroblasts declines, myofibroblasts persist in their contraction until the wound is fully closed.
Type | collagen gradually replaces the initially deposited type Il collagen, thereby enhancing
tissue strength and facilitating a closer approximation to the strength and resilience of
uninjured skin. The enzymes collagenase and matrix metalloproteinases regulate collagen
turnover, while tissue inhibitors of metalloproteinases (TIMPs) modulate enzyme activity. Over
time, increased TIMP activity results in decreased enzyme action and increased matrix

accumulation(Spielman et al., 2023, Velnar et al., 2009, Xue and Jackson, 2015)

Initially, collagen bundles are disorganized, but they gradually transition to a more structured,
interconnected matrix due to the effects of wound contraction and fibroblast interactions with

the extracellular matrix, which are aided by PDGF; T@RU¢ OT W[ ] [ oW + Waq 6 W6
advances, the densities of fibroblasts and macrophages decline through apoptosis, while
capillary growth and metabolic activity diminish. This results in the formation of a mature scar

with a reduced number of cells and blood vessels but enhanced tensile strength.
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The realignment of collagen is of great importance in the reinforcement of tissue and the
formation of scar tissue. In conclusion, the healed wound recovers approximately 80% of its
original tensile strength; however, it never attains the strength of uninjuregckwskimand
Jackson, 2015)

1.2.2 Pathological and delayed wound healing

Impaired or abnormal wound healing can have a numbendgfrlying causes and, if left
untreated, will result in a chronic nbealing woundThe term "chronic wounds" refers to
tissue injuries that persist over a prolonged period despite the adequacy of wound
management and resist healing through conventional treatment or closure techniques. 8 to 12
weeks without timely progression toward healing is currently set as thaffcstandard
(Frykberg and Banks, 2015, Velnar et al., 2008¢pendent of the time aspect, wounds with

an underlying pathology that prevent timely healing without resolution of said pathology are
T UnRUIT Wet WmHThb Yelriiishlleacy¥napabbes e most prevalent types of
chronic wounds and their underlying diseases. These include diabetic foot ulcers in individuals
with diabetes mellitus, vascular ulcers in patients with vascular diseases such as peripheral
arterial disease (PAD) and chronic venous insufficiency (CVI), as well abrpogiotic
syndrome (PTS), and decubital ulcers resulting from prolonged immobility due to various
factors. Local tissue factors, such as poor perfusion, hypoxia, infection, or systemic
conditions, such as diabetes, immunodeficiency, or malnutrition, contribute to poor healing
(Frykberg and Banks, 2015hese wounds can cause significant morbatity mortalityand
thereforerequire specialized, often multidisciplinary, management to promote healing and

prevent complications.
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While these conditions already demonstrate an elevated risk of developing chronic wounds in
the absence of additional influencing factors, any wound has the potential to become chronic
if negative factors impede the physiological wound healing process. A number of factors have
been identified as potential contributors to the development of chronic wounds. These include
advanced age, malnutrition or malnourishment, obesity, cachexia, malignant underlying
diseases, immobility, other underlying diseases (vasculitis, collagenosis, dermatological skin
diseases), immune incompetenceolypharmacy and often also iatrogenic causes
(medication, inadequate or outdated therapeutic measures, materials (&edg¢rson and
Hamm, 2012, DemidovRice et al., 2012, Frykberg and Banks, 20Mgreover, these
factors, like the aforementioned underlying chronic wound conditions, can occur in
combination, thereby exacerbating the negative eff@etfare initiating treatment, it is crucial

to perform a comprehensive assessment of the wound, includiegadumation of the etiology,

anatomical location, and wound characteristics, to ensure optimal care delivery.
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Figureb wComparison between dysregulated processes in normal and chronic wound healing.
(from(DemidovaRice et al., 2012)

At the cellular level, the underlyimmpthomechanisms frequently result in analogous
alterations that disrupt the wound healing process. For exammast underlying diseases

result in an inadequate supply of nutrients and oxygen to the wound in various ways, including
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through macroangiopathies (vascular diseases), microangiopathies and neuropathies
(diabetes mellitus), or through a systemic undersupplich as malnutrition and
undernutrition(Eisenbud, 2012, Molnar et al., 2014, Schreml et al., 2@0OFr risk factors
contribute to a reduction in local tissue and cellular resistance (immunocompetence,
advanced age, and malignant diseases) or result in direct damage to the local tissue (pressure
and shear forces in the case of decubital ulcers, drug side effects, local diseases, and
inadequate therapiesjFrykberg and Banks, 201%)ne of he most prevalent negative
influencingfactors is microbial bioburden andiound infectionJames et al., 2008, Percival,
2017) The increasing contamination of a wound with pathogenic microorganisms (e.g.,
bacteria, fungi) can result in the rapid development of an acute wound into a chronically
infected wound, which can significantly impair the wound healing pr¢Sessiltz et al.,

2017, Wolcott et al., 2010)

The physiological healing process can be compromised at multiple points in each phase of
wound healing by underlying diseases or negative influencing fé&holesrson and Hamm,

2012, Guo and Dipietro, 2010ythe end howeveithe pathomechanisms ultimatetpnverge

in a few common onesamelyprolonged and increased chronic inflammat{dhao et al.,

2013, Zhao et al., 2018)ersistent and chronic infections with biofilm formafitames et al.,

2008, Percival, 2017gxtensive proteolysi®icCarty and Percival, 2013, Westby et al., 2020)

as well as local dysregulation or mahd/or deficiency supplyia impaired angiogenesis or
cellular recuitment (Figure 5)(DemidovaRice et al., 2012)In particular, chronic local
infection is invariably accompanied by chronic inflammation and local dysregulation. By
means of various membrafiund or secretory pathogenicity factors and toxins,
microorganisms elicit a recurrent and excessive inflammatory resdasees et al., 2008,

Zhao et al., 2013)This results in an increased concentration of ROS, MMPs, and other
proteinases and enzymes, creating a highly proteolytic local wound envirdiuigert al.,

2016, McCarty and Percival, 2013, Rayment and Upton, 2009, Westby et al., T2@2@sult

is excessive degradation of the remaining and new ECM, as well as necessary stimulating
growth factors and regulating proteinase inhibitors. The resulting damage paves the way for
deeper tissue penetration by existing pathogens, while the new tissue damage leads to a

perpetuation of the excessive inflammatory response, creating a vicious circle. This not only
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maintains the chronic wound but can also lead to its local enlargement and a systemic spread

of pathogens with fatal, septic consequences.

1.3 Diagnosticsand therapeutic approaches chronic wound management

The diagnosis and management of people with chronic wounds remains a challenge in daily
clinical practice(Frykberg and Banks, 2013he majority of wounds can be healed in the
short or long term by applying the most important aspects of modern wound care and
appropriate management of the underlying disease. It is the chronic wound, where the
underlying disease is not or cannot be adequately treated, recurrent pathogenic processes are
inadequately addressed, or multiple influential comorbidities are present, that cause the
greatest suffering and pose the greatest challenge to the healthcare professmpalients

In general, effective wound therapy is based on an initial adequate diagnosis followed by the
best possible treatment of the underlying cause of the wound. This applies to the most
common causes of chronic wounds (PAD, diabetes mellitus, chronic venous insufficiency,
pressure overload, wound infection) as well as less common causes (e.g. immunologic ulcers
or druginduced wounds). However, treatment of the underlying disease only provides the

basis for an adequate regenerative process.

Tofacilitate the optimal healing of a wound in the most expeditious manner, it is essential to
establish and maintain an optimal local environm@wemidovaRice et al., 2012, Frykberg

and Banks, 2015)Modern wound therapy, which encompasses a diverse array of local
therapeutic agents, has become a cornerstone of wound management over the past few
decades, largely due to advancements in the materials and substances used in therapy.
Currently, a plethora of wound therapeutics is available, including modern antiseptics,
antimicrobial irrigation solutions, and a variety of wound dressings (e.g., alginates, foams,
hydrocolloids, hydrofibers, gels) with or without additive agents (e.g., silver, polyhexanide,
hyaluronic acid, protease modulators). These therapeutics support core processes of wound
healing, such as exudate management, control of bacterial load, pressure relief, and
promotion of an optimal moist environment, which is provided in a {eltgged manner.
Furthermore, there has been a notable advancement in the development of the "next

generation" of local wound therapié@@embe and Stirmer, 2023)hese include negative
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pressure wound therapy (NPWT), cold atmospheric plasma (CAP), protease modulation,
growth factors, and nanotechnologies. These novel approaches, some of which are already
established or show promise, offer new avenues for the treatment of individuals with long
lasting and complex chronic wounds. In addition to activating regenerative processes, these
new treatments seek to modulate pathological influences such as chronic inflam@dtém

et al., 2016) prolonged proteolysis with degradation of newly formed extracellular matrix
(McCarty and Percival, 2013lypoxigHong et al., 2014thronic wound infection and biofilm
formation (Schultz et al., 2017)and dysregulation of cell differentiation and signaling

processes.

However, the plethora of new products and possibilities also reveals a significant shortcoming
in the therapeutic strategies of wound care. While new products are frequently promoted as
"onefits-c { thekapies a comprehensive application of individual products in all phases,
situations, and wound entities is neither prudent nor-effsictive(Weigelt et al., 2022)The
concept of a universal solution has been effectively discarded in other domains of
contemporary medicine in favor of targeted, personalized therapeutic approaches. This trend
is continuing, in line with growing awareness of the role of individual genetic, epigenetic, and
epidemiological factors in other areas of medi¢@eetz and Schork, 2018)owever, the
implementation of targeted and individualized therapy necessitates the availability of
appropriate diagnostic parameters that facilitate the differentiation of dominant
pathophysiological processes, their monitoring, and the control of adequate therapeutic
interventions. The current diagnostic level is insufficient for the pursuit of targeted and
individualized wounanedicine (Figure 6). This where potential biomarkers of the local
wound environment can be utilized to address this discrepancy and facilitate the opening of a

"diagnostic window."

18



Extended (additive), ,.individualized* wound therapy

>

<.
%, P % s & &
% S 2 A NPWT Fa & &
% %% %, & & &
% % %, & ¢ &
k) %
UEJ Modern /
O [ »hext-generation”
E \\ Diagnostic steering- & monitoring parameters / strategies wound therapy
)
g \ (personalized, individualized & targeted)
L \ ———————————————————————————
3
@ Modern wound therapy
= (e.g., alginates, foam dressings, hydrokolloids, hydrofibers)

Basic /
Classic wound therapy symptom-oriented
(e.g., dry gauze dressings) wound therapy

Figureswy ? R¢ DU Y1t qRHEK] ¢ G-andYnani@iirg) fpdrafetddsdr imglividiialired dhd targeted wound therapy.
(from(Rembe and Sturmer, 2033)

In particular, the diversity of underlying pathologies and the variable metabolic responses of
human tissues present a challenge. Traditional diagnostic methods for chronic wounds lack
specificity and sensitivity and do not provide an adequate basis for guiding individualized local
therapy(Armstrong et al., 2021, Serena et al., 2008)spite the complexity of assessing the
current state of a chronic wound and its therapeutic needs, diagnostic methods and
monitoring modalities for chronic wound management remain primarily clinical. Healthcare
providers must rely on experience and visual/tactile inspection, clinical assessment and
microbiological cultures, which may not provide comprehensive information about the wound
micro-environment and healing progress. The decisiaking process for local wound
treatment is therefore subjective and prone to quality variation based on individual experience
and expertise. While individual expertise is undoubtedly relevant in the management of a
heterogeneous problem such as chronic wounds, objective guidance parameters to allocate
necessary interventions and new treatment modalities to wound patients who objectively
benefit from them are long overdue to improve chronic wound managéoretiey et al.,

2016, Stacey et al., 2019, Weigelt et al., 2022)

The complex nature of chronic wounds thus necessitates a more profound comprehension of
the underlying molecular mechanisms and targets involved in their pathogenesis and
progression. The creation of effective diagnostic tools for chronic wounds is crucial for the
development of appropriate and futtmgented treatment strategies. In this context, the study

of the biomolecular signature of chronic wounds is becoming increasingly imgdreagelt
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et al., 2022, Westby et al., 2020)ot only do acute and chronic wounds differ in their healing
times, but they also exhibit distinct molecular compositions during the healing process. A
number of mechanistic issues must be addressed and monitored, including prolonged
inflammation(Zhao et al., 20165a destructive proteolytic environméhcCarty and Percival,
2013), chronic infection with biofilm formati¢8chultz et al., 2017and dysregulated cellular
phenotype shift¢Krzyszczyk et al., 2018loreover, these processes cannot be considered in
isolation, as they are synergistically and antagonistically intertwined. The identification of
specific biomarker patterns associated with the wound entity, healing trajectory, or
dysregulated processes could therefore constitute a significant contribution to targeted and

personalized wound care.

1.3.1 Biomarkersinindividualized wound therapy

NSWWal dWmsARYGE! ¢ W wWRY WNPUWJI ¢aa! WeUT W1t qYVYI
or an indicator that shows a specific existing disease state, physiological or pathological
process of an organism and/or its severity or a chang@.indtey et al., 2016)-or example,

proteins, lipids, genes or gene variations, miRNA, specific environmental conditions (pH value

or Q saturation) or the presence of components of-haman organisms or substances (e.g.

bacterial proteases) can be used as biomarkers. Biomarkers are mostly known from oncology,
where they are used as diagnostic parameters or progression markers of specific tumor
entities (seR ¢ 0O T Waqe GVY!I WaEI ¢t It b IOWE+*¢ GOt WYnWa6HF
(CEA) in colorectal carcinomg$iernan et al., 2013) | WG4 GlIGRRGBRHLWE UqRNDII U
prostate carcinomdDuffy, 2020) A certain degree of imprecision of the respective markers

must always beonsidered which leads to different validity, sensitivity and specificity for the
disease state to be detected, as a 100% sensitivity and specificity of a marker does not exist.
Similarly, genetic variants or characteristics can be used as biomarkers to identify risk groups

for specific disease patterns (e.g. BRCA1/BRCAZ2 gene mutation in breast(\¢éaiséret al.,

2016)) or to evaluate and control the applicability of targeted therapeutic interventions. This

form of medical therapy, which is based on the collection and monitoring of individual
HRYGYNDRHCOGWHGSEC!I ¢HqUl Rt qRAY AWRY W 3n1Jl | JT Wa VY We

aims to optimally treat the predominant disease of an individual by stratifying according to the
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respective form of manifestation and disease severity, so that inefficient and toxic effects can

be avoided.

To date, only first rudimentary approaches to this conceptual form of therapy have been used
in wound therapyManytherapeutic agents exist that are intended to specifically promote
certain phases of wound healing (cleansprgliferationor re-epithelialization) or regulate or
modulate pathological processes (e.g. protease modulators, -irdl@mmatory or
antimicrobial additives), but the evidence base is very dip@fsmgelt et al., 2022However,

valid biomarkers that indicate or guide the targeted use of these therapeutic agents and can
cHqWet We Wl ReNUYE qRAWS RUT Ys wWRUqYWs Ye UT W6 ¢
from research into everyday clinical practice. A major obstacle that needs to be overcome is
to map the status quo of the environment of a healing wound from the perspective of the
underlying entity and its respective heabtageand regenerative processes in such a way
that a baseline can be established against which deviations cesabenablyquantified. In

recent years, however, new developments have also emerged in this area of wound
managemeni@and the underlying knowledgeind thus potential biomarkersis constantly
increasing. Some of the most relevant categories of biomarkers in wound healing that are
currently in focus arenarkers for excessive and dysregulated inflammatiothe wound
micro-environment, proteases and the proteolytic environment of the wound andphet

of microbial load as well as markers of wound infection.

However, this requires appropriate, readily available, and-teasye access to testable
material. There areseveralways to quantify and monitor biomarkers in the wouomcto-
environment. The most common form is the collection of tissue mafeioalsy),or wound
exudate(dressings, drains, NPWT caniseis determineand quantifyspecific biomarkers
(e.g. cytokines, proteases, RNA/DNA) or biomarker profiles tlfeiaivey et al., 2022 he
w5 Ye UT Wt 5 ¢ HARUN W WG I qufopdsed Rhetddy thet wdardiswab, Whidh W H 1J R L
was previously primarily used for microbial diagnostics, is increasingly being used as an
uncomplicated and less invasive option for obtaining ma{@aidmohl et al., 2012)Vound
swabbing offers a minimally invasive, universally available and commonlgppsedchto
extract a diverse array of biomolecules from the wound reicwironment, including
proteins, DNA, RNA, microorganisms and metabo(ittsvey et al., 2022, Schmohl et al.,
2012, Travis et al., 2020pn microbiological diagnostiowound swabs have already been
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extensively utilizedproviding valuable diagnostic and daily therapeutic informdiramis et
al., 2020)

1.3.2 Immunomarkers in chronic wound research

Recent advances in immunology and molecular biology have underscored the critical function
of diverse immunomarkers in the process of wound healing. Immunomarkers, including
interleukins, chemokines, matrix metalloproteinases (MMPs), and growth factors, play a
pivotal role in orchestrating the intricate cellular and molecular processes that underpin
wound repair. Interleukins, such asNL LI ¢ ] dHrdexas pivotal regulators of the
inflammatory response. Chemokines, including CCL2 and CXCL8, regulate the recruitment of
leukocytes to the wound site. Matrix metalloproteinases (MMPS), such asOMfsiilitate
extracellular matrix (ECM) remodeling, while growth factors like vascular endothelial growth
factor (VEGF) and platetderived growth factor (PDGF) promote angiogenesis and fibroblast
proliferation(Pena and Martin, 2024)he aberrant expression of these markers is frequently

observed in chronic wounds, contributing to their pathophysi¢fgy et al., 2016)

The advent of multiplex immunoassay technologies has transformed the capacity to
simultaneously quantify a multitude of immunomarkers in clinical samples. This high
throughput approach permits comprehensive profiling of the wound microenvironment,
thereby offering insights into the dynamic interplay of cytokines, chemokines, MMPs, and
growth factordSchmohl et al., 2012, Stacey, 202Uhe use of wound swabs as a minimally
invasive sampling method allows for the +tale monitoring of wound status, facilitating the
early detection of nehealing wounds and providing a basis for personalized therapeutic
interventions through multiplex immunoassdgsmstrong et al., 2021, Rembe et al., 2024,

Schmohl et al., 2012)

The current literature highlightee potential of immunomarker profiling for improving chronic
wound diagnostics and therapy monitoridgmstrong et al., 2021, Longfield et al., 2023,
Stacey, 2020, Stacey et al., 201Bdr example, elevated levels ofqmammatory cytokines

and proteases have been obseniaeiitro and in animal models, respectively, to indicate
chronic inflammation and matrix degradation. Similarly, deficiencies in specific growth factors

have been linked to impaired healing. By identifying these molecular signatures, clinicians
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could classify patients according to their wound pathology, customize treatments to modulate
specific pathways, and monitor the response to therapy through serial immunomarker

measurements.

One of the most extensively researched pathophysiological concepts in chronlealmy
wounds is the role of proteases in tissue regeneration and the increased proteolytic
environment(Westby et al., 2020)An excess of endogenous humgaroteases (MMPSs,
neutrophil elastase, cathepsin G) and/or exogenous proteases (e.g., bacterial) or an
iImbalance between protease concentration and the inhibiting counterparts (e.g1/12MP
"tissue inhibitor of metalloproteinases") creates an environment conducive to the degradation
of newly formed extracellular matrix components, growth factors, and the overall structure of
regenerating tissuéMcCarty and Percival, 2013)n particular, matrix metalloproteases
(MMPs) play a pivotal role in tissue remodeling processes during the context of wound healing
and angiogenesis. These enzymes facilitate the cleavage of proteins and peptide bonds,
thereby regulating the physiological degradation and remodeling BEMeThe expression

and activity of these enzymes in the context of physiological processes is strictly regulated;
however, in the case of disturbed wound healing, dysregulation can lead to excessively
increased concentrationgKrishnaswamy et al., 2017)n the context of impaired wound
healing, the collagenases MMP-8, and-13, the gelatinases MMP and-9, and TIMA,

which serves as an inhibitor and regulator of MMP activity, have been identified
(Krishnaswamy et al., 2017, McCarty and Percival, 2013, Westby et al., R02&tematic
review with metaanalysis from 2020 by Westley al.demonstrated that an overall increase

in protease activity is prognostically associated with reduced healing out¢d/estby et al.,

2020). Conversely, higher levels of protease inhibitors (e.g.,-I)IMRe associated with
improved healing outcomes. However, an analysis of subgroups revealed that, although
increased overall protease activity is a negative prognostic indicator for healing, individual
proteases as singular biomarkers can indicate a positive healing tendency in the studies
available to date. Therefore, elevated levels of MNtRlicated a positive healing tendency,
whereas MMPD is more likely to be associated with a negative tendency. Another avenue for
exploring potential prognostic biomarkers of wound healing is the formation of ratios to map
the dysregulation between proteases and their inhibitors. A low ratio ofLMNPAMPL and

MMR9 to TIMPL has been identified as a predictive marker for wound healing in previous
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studies(Liu et al., 2009, Luanraksa et al., 2018, Muller et al., 2b08)prospective study on
potential biomarkers involving 42 patients and a total of 121 folowsits by Stacegt al,

MMR 13 was also identified as a predictive marker for wound healing in chronic venous ulcers
(Stacey et al., 2019)n this instance, elevated levels of MMPwere identified as a marker

for nonhealing wounds, with an accuracy of 78%. Nevertheless, these findings and proposed
biomarker candidates are still based on studies with a low level of evidence overall and small
case numbersand target single biomarker combinatio@onsequently, further validation is
requiredto putindividual markevariations(e.g., MMPL, MMPR9, MMP13, or TIMR) as well

as ratios (e.g., MMB:TIMP1) into the larger context of complex wound healing
Nevertheless, the fundamental tenet that augmented proteases and a deregulated equilibrium
between proteases and their inhibitory counterparts impede and markedly retard wound
healing can be regarded as establishBuist clinical pointof-care tests are nowbeing
employed,that can qualitatively measure the cumulative human protease activity (EPA,
Woundchek, WOUNDCHEK Laboratories, Gargrave, UK) (mainly-2yIM® -9 and
neutrophil elastase (HNE)) with the aim of exploiting the potential of protease activity as a

prognostic biomarker in wound treatméAtmstrong et al., 2021)

1.3.3 OMICSn chronic wound research

The ongoing development and improved availability of molecular analysis and diagnostic
methods is opening new avenues for the systematic characterization of wounds at the cellular
and molecular levels. Highroughput methods, such as various multiplex and OMICS
approaches (e.g., proteomics, transcriptomics, microbiomics), can address the heterogeneity
and complexity of the wound mieemvironment(Bekeschus et al., 2018, Broszczak et al.,

2017, Edsberg et al., 2012)

In particular, the inextricable link between regenerative processes and pathological influences
requires a holistic view of the interactions of the entire wauintb-environment. Therefore,

aspects such asthe proteolytic environmeninfectious burdenand the pre and anti

ROndGetGadcaqY!l ! WIU2RI YOGUWUqWt 6 §eeQiR A1) LIDRSHQIE NFST 120U R,

aspects can fulfill both beneficial and necessary tasks and become part of the dysregulated

local problem, thereby influencing and affecting each other. For this reason, future research
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and development of potential biomarkers is less focused on the detection of individual,

b YOGRqgel ' Wael t W3+ WeUOT wWavYl ywYUWaqsWWedaaqldl ¢ qRYC
profiles and signatures or pathophysiological disease patterns. In this context, the focus is not

on searching for individual biomarkers as surrogate parameters for an entire process (e.g.
individual MMPs for the overall proteolytic environment), but rather on looking at changes in

the totality of all proteases, for example, present at a specific point in time in a specific wound
entity or during a therapeutic intervention. This holistic representation of a particular biological
niche or a particular process at a defined time in a defined medium is referred to as, for
example, degradome (for proteases), proteome (for proteins), genome (for DNA) or
microbiome (for microorganismépai and Shen, 2022This complete mapping of complex
biological processes in their entirety and their changes over the course of a disease, therapy or
6UcCRUNAWRY W6 WWi¢c ROWAYAGGYUWUqWY nWaqd6 w2 3uw
(Somvanshi and Venkatesh, 201#he analyses of such entities are informally known under
qéWe GHI JGGC¢ Waqldl GWmwE~f 9 E wUICRH! LkcA LIS LRRY 61100 ROnYRAIIR
bestknown representative. Other subfields include proteomics (for proteins), degradomics

(for proteases), microbiomics (for microorganisms), metabolomics (for metabolites) or
lipidomics (for lipidsjDai and Shen, 202ZJhe rapid development of modern methods such
CtWactt Wt GUHEql Yaanowise-ceR YW G a0 0 EH#& UNw W b
bioinformatics for the evaluation of the large amounts of data generated, is opening promising
new approaches for the analysis of the acute and chronic waucrd-environment at all

levels involved. Although still in its infancy, the-BuRt HR GO RU KBl Y '® H wdll RE (L
developingwith the potentiafor the detection of biomarker profiles and, for example, protein
signatures of individual wound entities, headitagjesor pathological processe&Gao et al.,

2018, Harvey et al., 2022, Mannello et al., 20Iis will significantly expand our
understanding of the complex wound environment and make an objectively controlled,

individualized wound therapy a reality in the coming years and decades.

In recent years, proteomic analysis has emerged as a valuable tool in studying the molecular
proteomelandscape of diseases in various biomedical research fields and identifying potential
biomarkerpatterns, altered pathwayand therapeutic targets involved in their development
and progressiofAmunugama et al., 2013, Bader et al., 2023, Cui et al., 2022, Nakayasu et al.,

2021). Proteomics is the larggcale study of proteins, their modifications, interactions, and
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functions, providing insights into the dynamic changes occurring within cells and tissues. The
usage of proteomic approaches including its challenges, but relevant potential was already
emphasized in 2010 by Broadbenial.(Broadbent et al., 2010however only little effort was
made to leverage the potential since then. Nonetheless, by applying proteomic techniques,
some first insights into the differential expression of proteins and the complex molecular
changes that occur in chronic wounds were gafifitsberg et al., 2012, Eming et al., 2010,
Krisp et al., 2013, Sabino et al., 20Hjst differential proteomic analysis of wound exudates
from normal healing and chronic wounds has identified unique protein signatures that
distinguish between the two conditio(fSming et al., 2010)urther work investigated single
wound entities such as pressure ulcers Edsberg et al., 201,2)iabetic foot ulcers (DRU
(Krisp et al., 2013)r surgical trauma wound8ekeschus et al., 2018nd reported entity
specific proteomic profileBesidesseveraDAMPs such aproteinsof the S106family, heat

shock proteins andefensinesBekeschuset al.for example identifiedeveral redox proteins

and a neutrophil proteomic signaturencluding for example cathepsin G, elastase,
myeloperoxidasend lipocalin 2n the exudate of surgical trauma woultBekeschus et al.,
2018). Krispet al.demonstrated similainflammatory responspatters such a$§100proteins
(predominantly S100A8 and S10QA8 DFUgKrisp et al., 2013)however in comparison
reported distinctly elevatedevels of matrix metalloproteinases (MMPsuch as MMP1,
MMP2, and MMP&nd proteins with antiangiogenic propertieschronic woundss well as
proteins indicating increased cellular apoptosis such as Annexin A5 even exclusively
chronic wounds Sabinoet al. (2018) identified proteins with differential abundances and
proteolytic processing as prospective biomarkégxin, IQGAL, and HtrAfior assessing
critical turning points in wound progression using comparative degradomics ofswound
(Sabino et al., 2018)Moreover, proteomic profiling of fibroblasts isolated from chronic
wounds has revealed diseaselevant signaling pathwaysuch aslysosomal dysfunction

¢cUT WT '+ 1 INe ¢ qldHeddifg] light b ithi hEchahi®Ms uinderlying impaired
wound healing[Berberich et al., 2020)Therefore, proteomics can be a powerful tool in
chronic wound research, offering comprehensive insights into the molecular changes

associated with wound healing.

However, despite the progress made in proteomic studies of chronic wounds, comprehensive

exploration of the proteome for diagnostic markers and therapeutic targets is still needed
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(Broadbent et al., 2010, Harvey et al., 202®)deeper understanding of the molecular
alterations that occur during stages of the healing process, signature differences between
pathological entities and healing versus +healing wounds is still elusive. Comprehensive
examination of the chronic wound proteome holds promise for improving the diagnosis and

management of chronic wounds in clinical practice.

1.4 Problemdefinition and research purpose

The precise mechanisms ahpairedwound healing and its regulation are the focus of
intensifying research effort€ven thoughrelevant work and effort has been put into
investigating general wound healing mechanasnwell asspecific aspects of delayed
pathologichealing, systematic sidby-side investigations of thariousstagesreferenced to

the divers pathomechanisms of the main diseaseiestit chronic wounds (diabeteatterial

and venouwascular diseasesmmunological and surgical woundse lacking. Yet especially
such information is needed to adequately determine a wounds current stage, dysregulation
and needs. ldentifying entispecific biomolecular profiles and patterns as well as weund
specific biomarkers that can be associated with different healing stages or specific pathologic
dysregulations contains the opportunity to develop and establish more individualized, guided
and targeteddiagnostics andherapeutic interventions aiming for the current necessity of a

non-healing wound.

Nevertheless, there is a dearth of adequately sized studies that employ a direct comparative
approach between acute and chroniealing and nehealingwounds in diverse entities and
various stages of healinp general, these studies comprise a limited number of patients, are
predominantly derived from animal experimentsimvitro approaches, lack correlation
betweenmarker quantitatiomnd correspondinglinical parameters such asound stages,
infection status and healing tendenciasd focusonly on single wound enigs without a
controlor comparatogroup.Also, h mostcases, a monocentric study design was employed.
Moreover, no synoptic approach has yet been undertaken that simultaneously investigates
both the regulatory level (cytokines, chemokines, growth factors, etc.) and the influenced level
(overall proteome, extracellular matrix). Despite the growing body of knowledge about the

processes involved in chronic wound healing, setid entity-specific markers, control
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parameters, or prognosis parameters have been reliably identified or established. This is a
crucial gap in our understanding that must be addressed if we are to develop future
individualized, objective therapy control, valid early detection of dysregulated processes, and

new therapeutic approaches tailored to the individual patient and wound needs.

Additionally, mangtudies were constrained by the laborious nature of sample collection, with
the material obtained being limited in quanityacking direct sampling of the wound bed.
This included material derived from negative pressure therapy canisters or wound dressings,
which were already 'processed material’, as well as samples obtained through invasive
proceduressuch as biopes. These factors collectively limit the suitability of the methodology
for routine use. Moreover, the processing of the smallest sample quantities using high
throughput methods, such as proteomics, Rga&heration sequencing (NGS), or multiplex

immunoassays, has only become financially and widely available in the last decade.

The traversing /MVoundBIOMEb project (Figure 7)therefore aims to investigate the
biomolecular profiles of the main nbéealing (chronic) wound entities (diabeticterial,
venous, mixed and immunologiaaters) to identify individual differences between these
entities regarding differing regulatory and modulatory aspects and compare these to the
profiles of healing (acute) wounasd postsurgical wound healing disorders (WHbjletect
relevant differencesTo obtain samplesvound swabbingis to be establisheds a novel
techniqgue of sampling wound materi@hd investigated regarding fisasibility regarding
material quantity, quality, andultiple downstream analysesThis method has been
translated from sampling wound microorganisms and introducéuiga$/promisingmethod

for sample collectionn wounds for investigations such as proteomics, immunoassays and
RNA/DNA isolation within the lastl® years, due to smaller sample sizes needed for

complex investigations based on novethodologies
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The holistic project entails@oss-sectional investigation of pestanscriptional modification
(miRNA) protein signature (proteomics and immunoassa®) metagenomic analysis of
microbial communitiegmicrobiomics)rom parallelsamples taken at the same tip@ntto

enable timely siddy-side comparison andubsequentconnection of the varying miero
environment levels. Based on #eeinitial largescale exploratory resultspecific identified
marker sets or profiles can lfecused onin subsequent projectso observe the wounds
course of healingihe werall project and study aim is to identify potential monitoring, steering
and prognostic marker sets and entgjagespecific disease patterns in a translational
research approach using human biomaterial paired with correlating clinical data to inform

future individualized wound diagnostics and therapeutic management concepts.

This thesis thereby concentrates on the proteome aspect of the overarching project focusing
on the aspects of methodological feasibility of the wound swabbing technique and the
comparative analyses regarding immunomarker concentrations and patterns (cytokines,
chemokines, MMPs and growth factors) as well as investigations into the proteomic

composition of acute and chronic wound entities.

1.5 Researchquestions

- ftWhi YeUT Wt scHARUNkWcecUOWET Whueacqlwe U1 Wl
throughput analyses of the woumnmicro-environment and as diagnostic tool?

- Can entityspecific biomolecularproteomic and immunomarkerprofiles and
patterns be identified?

- Do acutevs.chronicand healing vs. nelnealingiwvounds exersignificantlydiffering
immunomarker (cytokines, chemokines, MMPs and growth factor) concentPations

- Canspecific biomarkerde identified that can potentiallindicate the stage and/or
predict the healing tendency of a chronic wound?

- Do pre and antiinflammatory marker concentrations correlate with clinical
evaluation oéntity,healingstatus, stage andnicrobial burdefd

- Which proteins are uniquely identifiable in specific chronic wound entities, and
which are common to all wound types?

- Are there specific processes or functions based on proteomic profiling that are
specifically enhanced or decreased in acute vs. chronic and healing-\seabng
wounds?
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2. MaterialandMethods

2.1 Studydesign and recruitment

2.1.1 Design/bi YeUfl§ ~EwHGI YT IJHq

The "WouneBIOME" project ("Breakdown, Identification and Observation of the-Micro
Environment in acute and chronic Wounds") is a collaborative, multicenter initiative with the
objective of deepening our understanding of the biomolecular signatures involved in wound
healing. By employing sophisticated diagnostic methodologies, including mass spectrometry
based OMICS, nexgeneration sequencing (NGS), and multiplex immunoassays, the project
endeavors to elucidate the complex milieu of chronic,-lmaling wounds. The ultimate
objective is to facilitate the development of more precise and personalized diagnostics and
therapies. This study establishes the foundation for the broader "ARIQME" initiative,
which aims to elucidate the microenvironment of acute and chronic wounds. It focuses on the
development of a standardized and reliable system for collecting and processing wound
swabs. The system has been designed with the objective of supportintprbigihput
biomolecular analyses. As part of the feasibility and prbobncept phase, preliminary
cohorts were analyzed for proteins, transcriptional activity, and microbiological profiles to
evaluate the suitability of the sample collection methods for downsteggoincations (Figure

7).

In the preliminary feasibility study, protocols were developed and tested for wound

preparation, swab collection, and the subsequent processing, storage, and preparation of
samples. The objective of these standardized protocols is to minimize variability during
sample collection and handling, thereby reducing the risk of bias in analytical results due to
technical factors. Concurrently, the sampling process must be straightforward and sufficiently

robust to be utilized beyond university medical centers, including outpatient settings, under
conditions analogous to routine laboratory procedures. To address this issue, a simplified and
standardized sample collection method was developed to ensure its ease of implementation

in routine clinical practice and effectiveness in diverse settifigare 8).
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(from(Rembe et al., 2024)

The process of acquiring the sample (illustrateéignre 8) commencesith the mechanical
debridement of the wound, which entails the removal of surplus debris and dressing residues
(step 1). Subsequently, the wound is swabbed in accordance with the "Essen Rotary"
technique(step 2)(Al Ghazal et al., 2014and the samples are transportestep 3). The
beaGat wel ywnl YAQUWE quwe WG RURGa G WG Gl ¢aqel WU
eight hours gtep 4). Subsequently, the samples are processed and prepared for further
analysis ¢tep 5) and finally subjected to downstream analyses, including multiplex
Immunoassays step 6), mass spectrometigased proteomics sfep 7), small RNA
sequencing gtep 8), and metagenome sequenciste 9). Further details on the feasibility
study Chapter 2.13), sample collection (Chapter 2.2), sample preparation and processing
(Chapter 2.3) and downstream analyses (Chapterg2273} are provided in subsequent

sections.

Following the confirmation of sampling feasibility and the generation of valid results in the
feasibility study, samples for a larger observational cohort study were collected. The primary
objective of this thesis was to conduct an analysis and comparison of immunomarker levels
(Chapter 2.1.4) and proteomes (Chapter 2.1.5) aceosange of wound types and healing

modalities. Furthermore, the preliminary results from sRNA and microbial metagenome
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sequencing of the feasibility study cohort are presented, forming part of the foundational data

for ongoing analyses within the BIOME project.

The study employed an observational, smerventional, multicenter cohort design. The
initial sample cohort represents a subset of the broader "W&IOHMME" project, which aims

to include samples from Bpatients across seven different wound types. From the outset, a
multicenter approach with multiple recruiters at various sites was deliberctelsen to

identify and address potential variations in sample collection, despite the use of a
standardized protocol. This strategy guarantees the consistent stability of the collected
samples. In consideration of the observational nature of the study, the inclusion and exclusion
criteria were designed to be less restrictitheereby facilitating a comprehensive and unbiased
representation of the wound microenvironment. Table 1 delineates the specific inclusion and

exclusion criteria.

2.1.2 Patientrecruitment, study centersand ethical approval

All patientsrecruitedwere provided with comprehensive information in advance regarding the
study's purpose, objectives, and data protection measures. Prior to enrollment, each
participant was required to provide written informed consent. The inclusion and exclusion
criteria, asoutlined in Table lwere applied in accordance with the established protocols
YeqiRUNDT WRUWHG ¢ Gqlll W= IOmHHdito o Gé ddllddiey Gainplésd,q RY U L
clinical and demographic data were recorded, including age, gender, wound area, wound type
and wound duration. Additionally, the treating healthcare professional evaluated the sampled
wounds in terms of potential outcomes or current stage. The variables evaluated included the
status of the healing process (healing/fieealing), the stage of wound healing (infection,
inflammation, proliferation, epithelization) and the microbial burdenifriected, colonized,
infected). These assessments were conducted exclusively on a clinical basis, with the
wound's condition at the time of sampling serving as the determining factor. This assessment
was conducted by the primary wound care practitioner. This approach allows for correlation

analyses between clinical observations and biomolecular findings.
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A total of four departments at four media@nters participated in sample collection:
Department of general, visceral and vascular surgdrelais University Hospital Wuppertal
(UWHT Witten/Herdecke UniversitypDepartment of vascular and endovascular surgery at
University Hospital Duesseldorf (UKD HeinrichHeineUniversity Duesseldorf),
Comprehensive Wound Center dhiversity Medical Center HambtEgpendorf (UKE
University of Hamburg) amkepartment of Dermatology @hiversity Hospital Ess§vKESr
University of Duisburgssen)Prior to the commencement of the study, ethical approval was
YHq¢ RUWUT Wn VYl Waqé6 I 82~ 1E el G 6 RTUDHLDpHOUYR I W Gl RUAHRG
granted by the Ethics Committee of Witten/Herdecke University (No. 11/2018). Subsequent
study centers were granted ethical approval by the relevant local ethics committees in Essen
(No. 188432-BO), Hamburg (No. PV5883) and Duesseldorf (No.-2020).

Tableluf UHGeat RYUE UT O+ H b a7t f RRY~-(EB@BOR oI IREta@Y n loq 6 oy i Ye Ul

Inclusion criteria Exclusion criteria
9 A¢cqRIDUqWg WNYLW! 3¢l § 9§ Patient< 18 years
f i YeUT Wel & Wk WNP WE § Wound area < 1.5 cth
1 Presence of a woundvhich either 1 Dry necrosis
- persists for more than 8 weeksinder 1 Pregnancy and breastfeeding
adequate therapy (hronic") T Malignant genesis of the woun
OR is considered chronic due to their (e.g. ulcerating soft tissue tumor

underlying diseasé
- no shorterthan 24 hoursand no longer
than 6 days after traumatic event /

surgical intervention @cute")

#- based on the definition {(pissemond et al., 2016)

2.1.3 Study asignwound swabbindeasibility analysis

Initial feasibility analyses were conducted on sample cohorts isolated from the total collective
YnWGe qRWUqt WI WAET 2 ReBb &0 YhdRqUesl Ve DY AT IR R 2 |
preparation procedures, quality, quantity, and suitability of the samples obtained through the

workflow for biomolecular analysis methods. A tot&-a2 samples were obtained for each
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of the following analyseswvelve samples formmunoassay, proteomics, and sRi¥é&gand
six samples for metagenomics. Furthermore, clinical and demographic data were collected in
conjunction with th@nalysesas described abov@ able 2 providean overview of the sample

allocation to the dowsstream analysis of the feasibildghort.

Table2 wCharacteristics of the feasibility cohort and analyses performed per sample.

ID Etiology Status Center Immunoassay Proteome miRNA Microbiome
PO03 DFU NH UWH X - X X
PO11 PAD NH UWH X X X X
P012 PAD NH UWH - X - X
P020 CViI NH UWH - X - X
P027 WHD NH UKE X X X -
PO31 CViI NH UKE X X X X
P037 PG NH UKE X X X -
P039 PAD NH UKES X - X -
P040 PG NH UKES X X X -
P0O41 WHD H UKES X X X -
P042 CVI NH UKES X X X -
P0O78 DFU H UKES X - X X
P097 AW H UKD X X X -
P101 AW H UKD - X - -
P102 AW H UKD X X X -

(clinical healing status: Hhealing, NH non-healingetiology DFU- diabetic foot ulcer, PABbperipheral arterial disease, CVI
- chronic venous insufficiency, WHDpostoperative wound healing disorder, P@yoderma gangrenosum, AWacute
wound;center:UWH- Witten/Herdecke University, UKEniversity Medical Center HambtEgpendorf, UKESUniversity
Hospital Essen, UKBUniversity Hospital Duesseldorf)

2.1.4 Studydesign immunomarker analysis

Theworkflow for the immunomarker analysis using multiplex immunoassay is schematically
depicted in Figure The overall design did not differ from the described overarching Wound
BIOME study design or protocol, as sampling was conducted at the same wound site and visit
as all other sample collections to ensure temporal comparability and correlation. The wound
sampling procedure involved the use of FLOQSwab swabs to collect samples (step 1),

followed by the application of the "Essener Rotary" technjgl&hazal et al., 2014The
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samples were then transferred to a prepared transport medium (step 2), and finally, stored in a
cryogenic freezer set at a minimum temperatur€20fC and a maximum e80°C (step 3).
Subsequently, sample processing was performed at a subsequenptimg which entailed

the removal of the swab, the pelletization of cellular and debris components, and the
aliquoting of the sample material for further analysis (step 4).The prepared sample was then
analyzed using a multiplex immunoassay approach (step 5) and measured on the Luminex

MAGPIX® platform for analyte quantification (step 6).
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Figured wSample acquisition and analysis process for immunoassay analysis.
(created in BioRender. Rembe, J. (20&pk://BioRender.com/v25p290

Againadditioral accompanying clinicadlemographic data was recordéae, gender, wound
area, wound entity and wound agendsampled wounds were assessed by the treating
healthcare professional regarding potential predictive outcdimesing status, healing stage,
microbial burden)Immunomarker were evaluated in the twelve samples of the feasibility
cohort (see chapteR.1.3 /Study design wound swabbing feasibility analysgsd in the
overall study cohort of the WowBIOME projec Table 3 showshe complete set of

variables evaluated for all investigated patiémthe wouneBIOME cohort
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Table3 wClinical variables assessed for each patient in the WW@&IQIMME cohort.

ID Center Etiology Status Stage Infection
PO03 UWH DFU NH INFE INF
P0O04 UWH ALU NH INFL COL
PO08 UWH ALU NH INFE INF
PO09 UWH ALU NH PROL COL
PO10 UWH ALU H PROL N-INF
PO11 UWH ALU NH INFE INF
PO12 UWH ALU NH INFE INF
PO13 UWH VLU NH INFE INF
P014 UWH VLU NH INFL COL
PO15 UWH ALU NH INFL COL
P018 UWH ALU NH PROL COL
PO19 UWH VLU NH INFL COL
P020 UWH VLU NH INFL  N-INF
P021 UWH WHD H PROL N-INF
P022 UWH VLU NH PROL COL
P023 UWH MIX NH INFL COL
P024 UWH ALU NH INFL  N-INF
P027 UKE WHD NH EPITH N-INF
P028 UKE MIX NH INFL COL
P029 UKE ALU H EPITH N-INF
P0O30 UKE VLU H INFL COL
P031 UKE VLU NH INFL COL
P032 UKE VLU NH INFE INF
P033 UKE ALU NH INFL COL
P034 UKE MIX NH INFL COL
P035 UKE PG H EPITH N-INF
P036 UKE PG NH INFE INF
P037 UKE PG NH INFL COL
P038 UKE ALU NH INFL COL
PO39 UKES ALU NH INFL COL
P040 UKES PG NH INFL COL
P041 UKES WHD H EPITH N-INF
P042 UKES VLU NH INFL COL
P043 UKES MIX NH INFL COL
P044 UKES VLU NH INFL COL
P045 UKES WHD H EPITH COL
P046 UKES PG H PROL N-INF
P047 UKES PG H PROL COL
P048 UKES VLU NH INFL COL
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P049
PO50
PO51
P052
PO53
PO55
PO57
PO58
PO60
P0O61
P062
P063
P0O64
PO65
P0O66
PO67
P0O68
P0O69
PO71
PO72
PO73
PO74
PO75
PO76
PO77
PO78
PO79
PO81
P082
PO83
P084
P086
P087
PO88
P0O89
P0O90
P092
P095
P096
P0O97
P0O98

UKES
UKES
UKES
UKES
UKES
UKES
UKES
UKES
UKES
UKES
UKES
UKES
UKES
UKES
UKES
UKES
UKES
UKES
UKES
UKES
UKES
UKES
UKES
UKES
UKES
UKES
UKES
UKES
UKES
UKES
UKES
UKES
UKES
UKES
UKE
UKE
UKE
UKE
UKE
UWH
UWH

VLU
MIX
VLU
VLU
WHD
WHD
PG
VLU
WHD
WHD
WHD
VLU
WHD
WHD
WHD
VLU
VLU
WHD
WHD
PG
VLU
VLU
VLU
WHD
VLU
DFU
VLU
VLU
WHD
VLU
WHD
WHD
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WHD
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VLU
WHD
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VLU
AW
AW

NH
NH
NH
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COL
INF
N-INF
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P099 UWH AW H PROL N-INF
P100 UWH AW H PROL N-INF
P101 UWH AW H PROL N-INF
P102 UWH AW H PROL N-INF
P103 UWH AW H PROL N-INF

P104 UKD ALU NH INFE INF

P105 UKD VLU H PROL COL
P106 UKD ALU H PROL N-INF
P107 UKD DFU NH INFL  COL
P108 UKD DFU H PROL N-INF
P110 UKD DFU H EPITH N-INF
P111 UKD DFU NH INFL COL
P112 UKD DFU H PROL N-INF
P113 UKE PG NH INFE INF
P115 UKE VLU H INFL  N-INF

P124 UKE MIX NH INFL COL
P125 UKE MIX NH INFL COL

P129 UKE VLU H INFL  COL
P130 UKE PG NH PROL COL
P141 UKD DFU NH INFL  N-INF
P142 UKD DFU H PROL COL
P143 UKD DFU H INFL  N-INF
P144 UKD DFU H EPITH COL

P145 UKD DFU NH INFE  INF
P146 UKD DFU NH INFL COL
P147 UKD DFU NH INFE INF
P148 UKD DFU NH INFL COL

P149 UKD AW H PROL N-INF
P150 UKD AW H PROL N-INF
P151 UKD AW H PROL N-INF

(clinical healing statudd whealing or NHunon-healing)clinical healing teige: INFELinfection, INFLinflammation, PROIL
proliferation, EPITHuepithelization; degree of microbial burd&dF winfected, COLwcolonized, NINF wnorinfected;
etiology:ALU warterial leg ulcerAW wacute wound DFU wdiabetic foot ulcerVLU wvenous leg ulcePG wpyoderma
gangrenosumWHD wwound healing disordeMIX wmixed arterievenous leg ulcercenter: UWH - Witten/Herdecke
University UKE- University Medical Center HambtEgpendorf UKES- University Medical Center Essé$KD- University
Medical Center Duesseldorf)
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2.1.5 Studydesignproteomics analysis

The workflow for theproteome analysis usingmassspectrometry based proteomics
schematically depictedn FigurelO. Again the design is in line with the overarchiigund
BIOME study desigand protocol. Briefly, vounds weresamped usingFLOQSwab swabs to
collect samples, followg the'Essener Rotary" technique. The samples were then transferred
to a prepared transport medium and stored&’Cas previously describedSubsequently,
samples were pre-procesd by removinghe swab,and pelletizingcellular and debris
componentsas well asaliquoting the sample for further analysis (st&prhepre-processed
sample was thersubmitted to two consecutive preparation steps for proteomic analysis, the
STrap® protocol and the STAGRE protocol (step 2)Finally, processed and prepped
samples wereanalyzed using laottom-up proteomicsapproachwith LGMS/MS(step 3) and

data analysis performed for descriptive and quantitative stat(stiep4).
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FigurelOwSample acquisition and analysis process for proteome analysis.
(created in BioRender. Rembe, J. (2025) https://BioRender.com/y08a250)

As the samples were taken from the same patiemortat the same timgooints, clinicak
demographi@nd outcomedataare the same for ghlatientsin the WoundBIOME project and
therefore identical with the data for immunoassay analyses in the feasibility and overall
BIOME cohortThis informations outlined in chapteR.1.3 sStudy design wound swabbing
feasibility analysis LU'n Y | Wq 6 1J WrandlcTabie B fardH& aphdBIOMB cho; LU
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2.2 Sample collection process

2.2.1 Swabs

Swabs were collected from individuals with acute and chronic wounds using FLOQSwabs®
(Copan Diagnostics Inc., Murrieta, CA, USA). These swabs feature a solid, molded plastic
applicator shaft coated with an outer layer of nylon fibers. These swabs are frequently
employed in microbiological diagnostics and have been utilized in previous fRedidse et

al.,, 2024, Schmohl et al., 2012Jhey offer a significant advantage over cotton swabs by
preventing sample entrapment and leveraging strong capillary action to retain the sample on
the surface, thereby enabling easy release into transport nteaith. swab was individually
packaged, free of human DNA and RNA contamination, and equipped with a break point at 20

mm, facilitating the detachment of the samptleated tip into a transport container.

2.2.2 Samplecontainer and transport medium

Standard 1.5mL Eppendorf tubes (Eppendorf SE, Hamburg, Germany) were utilized as
sample containers, which were pfiled with 1 mL of the designated transport medium. For
protein analysis, phosphatauffered saline (PBS) with a universal protease/phosphatase
inhibitor (PPC1010; Sign#sdrich, Merck KGaA, Darmstadt, Germany) was used. For the
analysis of RNA and DNA, RNAIat@rhermo Fisher Scientific Inc., Waltham, MA, USA) was
implemented to stabilize and protect the samples from degradation. Containers were
prepared in advance and stored at a temperature of 7 °C within a refrigeration unit until their

utilization.

2.2.3 Samplestorage

After the collection of the sample, the swab tip, containing the sample, was frozen at a
temperature ranging frori8 °C to-20 °C within two hours. Thereafter, it was frozen at a
temperature 0f80 °C within 24 hours. This protocol was followed irrespective of the intended
analysis, whether for protein, RNA, or DNA. Samples were transported on ice or, for longer
distances, on dry ice from recruitment centers to analysis facilities, ensuring the integrity of
the cold chain. Efforts were made to minimize fretbzgv cycles to preserve the stability of

proteins and nucleic acids (RNA/DNA).
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2.2.4 Swabbingechnique and collection protocol

To mitigate variability between recruiting centers and individuals during swab sample
collection, a detailed protocol was developed prior to the study. This protocol specified the
swabs, sample containers, transport media, and storage proceduresiseteTable éffers

a synopsis of the sample collection procedure, emphasizing pivotal steps and critical points.

The "Essen Rotary(Al Ghazal et al., 2014wabbing technique was selected due to its
capability to sample the entire wound surface, thereby providing a comprehensive
representation of the wound's unique characteristics. This method, which is widely recognized
and commonly used in Germapeaking regions, involves swabbing the wound in concentric
circles, starting at the periphery and moving toward the center. The swab lleackhy

rotated repeatedly until it is visibly saturated. Once collected, the samples are placed in
designated transport containensith the described medias¢e chapter 2.2.26E ¢ G G 1J LU
HYUqc¢ RUII We UT UWbed UedUcst FANG 1l LlkhsIR aRGeWiasG Gl Y Gl Re q I WRT
until further analysis is required (as outlined in chapter ZEZX 0 GU It q Y1 ¢ DU

Table4 uMain steps and key points of the sample collection procedure.

Sample Collection and Preservation

Removal of dressing material from wound

1 C Only use sterile physiological 0.9% NaCl or ringer solutions to loosen
coatings and dressings before taking samples.
(to prevent sample falsification

Mechanical cleansing of the wound and removal of slough if necessary
(to sample the actual wound beqd

2 C No sharp debridement to avoid bleeding or, in the event of unwai
bleeding, complete hemostasis first.
(prevention of sample contamination by blood componernts
Es¢ HARUNWeHAY!I T RUNDWqVYWmEL + WOWAYqcl !
3 C Use of max. 5 mL sterile neutral solution (e.g., 0.9% NaCl) for moiste
the wound bed before sampling possible.
4 Place saturated swab in transport container, break off at breaking point and c

container

5 [ DDAV WqVYWeqWaWet qeNY LW 9Ws Ragé RUW=IL
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2.3 Sample preparatiorand processindor downstream analysis

2.3.1 Generalsamplepre-processing

For processing wound swab samples, a single thawing cycle was deemed pernaisdible
initially performed to prprocess each clinically taken sampl@uring thistep, theanalytes
were released into the transport solution, g far remainingwab tip in the sampleas

carefullyremovedandthe coarse cellular and detrital components pelletz

The samples were subjected to a gradual thawing process on8c&JRover a period of two
hours. Subsequently, the samplssll containing the swab tipvere vortexed for three-5
second cycles to maximize analyte release into the transport mediu88f@5ecovery, per

the manufacturer). The swab tip was then removed using sterile tweagzeting the tip on
theinsideof the sample vialo recover residual liquidnd analytesand subsequentlgiscard

the tip. e samplewas then agaivortexed for five secondsithout the swalto ensure
properhomogenization. Two centrifugation steps wien performed to separate cellular

and microbial debridrom the liquid holding soluble analytefocusing the analysis on
extracellular components. First, the samples were subjected to a centrifugal process at
10,000xg for 15 minutes at 4 °C (or 500xg for RNA/DNA). The resultied slgmarnatant

was transferred to a fresh tube while ensunoglisruption to the pellet. The samples were
then subjected to a second centrifugation at 10,000xg for 15 minutes (or 2,000xg for
RNA/DNA)nd the supernatant again transferred to a fresh.tlihe final remaining sample

was then divided into four distinct tub@l0 pL each)eachvial assigned a uniqueoding

color, for the purpose of conducting variamvnstreamanalyses. Meanwhile, the original
pelletand samples designated for later analygesestored in a deejireeze settingit -80°C,

for subsequent examination. This procedure was identical for protein and RNA/DNA samples
(except for the specified centrifugation settingsisuring minimal freezbaw cycles to

preserve analyte integrity.

2.3.2 Totalprotein quantificationusing Bradford assay

The protein analysis procedure entailed the quantification of total protein content, which was
performed using a colorimetric detection method based on the Coomassie Brilliant Blue
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(Bradford assay). The procedure was executed in accordance with the manufacturer's
guidelines (Coomassie (Bradford) Protein Assay Kit, Thermo Fisher Scientific Inc., Waltham,
MA, USA), and measurements were performed using a spectrophotometef; (BONek

Germany, Bad Friedrichshall, Germany).

Briefly,the Coomassie Brilliant Blue reagevas G|l 1JG¢ | 3T We AAYI T RUNWqY Waq
instructions. 200 pL of the Bradford reagent is added to each welh &6-well plate.
Subsequently 20 pLof the prepared protein standar@sovine serum albumin BSA)and

samples, is pipetted into their designated wells. Each sample and staneéaedrun in

duplicate to ensure accurate and reliable results. The contents of the wells are mixed gently

by pipettingand incubated for 10 minutes at room temperature qotate shaker. Following
incubation, the plate is placed in a spectrophotometer, and the absorbance is measured at
595 nm. The resulting absorbance values from the protein standards are used to construct a
standard curve, plotting absorbance against protein concentration. Finally, the protein
concentrations of the samples are calculated by interpolating their absorbance values on the

standard curve.

2.3.3 RNADNA extraction

The extraction and purification of RNA (including miRNA) and microbial DNA from the wound
swab samples was conducted using commercially available extraction kits. Prior to the
commencement of this study, extensive testing of various methods and combinations was
carried outo ensure optimal processing. Total RNA (including miRNA) was isolated using the
miRNeasy Micro Kit (Qiagen N.V., Hilden, Germany). Here, centrifugation columns and silica
membranes are employed to isolate total RNA, including miRdpciallyfrom smalt

volume and limited starting materishmples(Figure 11)

Briefly, @210 pL aliquot of th&ound swalbsample was lysed using a highly denaturing buffer

to inactivate RNases and stabilize RNA. Subsequently, 700 uL of QIAzol Lysis Reagent was
added to the mixture to facilitate disruption and homogenization. The homogenate was then
subjected to incubation at room temperature fominutes, a process that enabled the

dissociation of nucleoprotein complexes. Subsequently, 140 pL of chloroform was added, the
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tube was vigorously shaken for 15 seconds, and the mixture was incubated at room

temperature for 3 minutes.

Subsequently, centrifugation at 4°C and 12,000 x g for 15 minutes was performed to separate
the mixture into phases. The upper aqueous phase, containing RNA, was then carefully
transferred to a new tube. To this, 1.5 volumes of 100% ethanol were added to enhance RNA
binding conditions. The sample was subsequently loaded onto a miRNeasy MinElute spin
column, where RNA bound to the membrane, while contaminants were removed. Following

the loading of 700 pL of the sample, inclusive of any precipitate, onto the column, it was

subjected to a centrifugation step at 8000 x g for a duration of 15 seconds. Tthedim

was then discarded, and this step was repeated.

Subsequently, the column underwent two washes with 700 uL of RWT buffer, followed by a
single wash with 500 pL of RPE buffer. An additional rinse with 80% ethanol was performed,
and the column was subjected to a second centrifugation at 8000 x g for 2 mihetes.
column wasthentransferred to a fresh collection tube and subjected to a third centrifugation
at maximum speed for an additional 2 minutes to ensure the removal of residual ethanol.
Finally, the RNA, including microRNA, was eluted with 14 pL of fRaseater, producing a

concentrated RNA sample ready for downstream applications

RNA Extraction with
miRNeasy Micro Kit

Cell lysis and Addition of Isolation of the RNA- Precipitation Washing Washing Washing
sample chlorof aqueous phase of RNA with RWT with RPE with 80%
Buffer Buffer Ethanol

Figurell uwiSchematic illustration of the microRNA extraction process using the miRNeasy Micro Kit.

(Figure adapted fromBioRender. (2022). RNA Extraction. https://app.biorender.com/bior¢engiates/details/t
641db86bdd8d302fe26d824cna-extractior)

Microbial DNA extraction from the swab samples was conducted using the DNeasy PowerSoil

Pro Kit (Qiagen N.V., Hilden, Germany), a standard cdlased method that has been
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demonstrated to be highly effective in recovering microbial DNA from a wide range of

environmental samples as described previo(Slyohr et al., 2024)

2.3.4 Quantityand quality analysis of nucleic acids (RNA/DNA)

The initial quantification of total RNA was performed using the NanoDrop 2000c
Spectrophotometer (Thermo ScientficWaltham, MA, USA). This method entailed the
analysis of a 1 pL sample in RNA mode, with the aim of measuring the extinction coefficient at
260 nm and 280 nm, respectively. The A260/280 ratio was subsequently calculated to assess
the purity of the RNA sample. An optimal ratio, ranging from 1.8 to 2.0, indicates high purity
suitable for downstream applications. To confirm the quantification, a fluoresbasee

method was employed using the Qdélilex Fluorometer (Invitrogen by Thermo Sciehitific

Waltham, MA, USA).

To evaluate RNA integrity and quality, the samples underwent fragment analysis at the
Genomics and Transcriptomics Laboratory (GTL) at HeiHeateUniversity Desseldorf

(HHU). This analysis was conducted using the Fragment Analyzer 5300 with the-4/2 DNF

HS RNA Kit (Agilent Technologies Inc., Santa Clara, CA, USA). The Fragment Analyzer, a
specialized instrument operating on the principle of capillary gel electrophoresis, generates
electropherograms that reveal the size and relative abundance of RNA fragments. It also
calculates an RNA Quality Number (RQN), a quantitative metric that assesses RNA integrity
and fragmentation. For small RNA or microRNA, shorter fragments (<200 nucleotides [nt])

were observed, whereas long rooding RNA or mRNA fragments were typically >200 nt.

Furthermore, the quantification of dowsiganded DNA (dsDNA) for metagenomic
sequencing in microbiome analysis was carried out using a fluoresbased method with

the Qubi¥ Flex Fluorometer (Invitrogen by Thermo Scieftiiiéaltham, MA, USA).
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2.4 Immunomarkerexperiments

2.4.1 MultiplexImmunoassaywork-up

In this study, a multiplex immunoassay was used to measure the concentrations of 35
analytes, including cytokines, chemokines, proteases and growth factors, from small sample
volumes. The Luminex MAGPIX system with XMAP® technology (DiaSorin S.p.A., Saluggia,
Italy) was used in conjunction with customized Mix&Match ProcartaRiextiplex
immunoassay kits (Thermo ScientfigValtham, MA, USA). All sample preparation and assay

procedures were performed in strict accordance with the manufacturer's protocol.

In beadbased detection, the sample is mixed in av@8l plate with prefabricated colored
magnetic beads that have been coated with capture antibodies specific for the analytes to be
detected (Figure 9). Eablead color is specific for a single analyte. After preparing wash buffer
(WB) and universal assay buffer (UAB) according to the manufacturer's specifications, antigen
standards containing the analytes of interest were prepared and serially ditdkt td
generate a standard curve for later measurements for quantification. Magnetic beads were
then prepared by vortexing the bead solution thoroughly for 30 seconds.ob@npgnetic

bead solution was then added to each well of av@8 plate, which was placed in a hand

held magnetic plate washer (BioTek® Handheld Magnetic Bead Washer, MerckMillipore,
Darmstadt, Germany) and allowed to stand for 2 minutes to allow the beads to settle. The
magnetic beads were then washed by discarding the supernatant with a rapid inversion of the
plate inserted into the handheld plate magnet. Coated magnetic beads remained in the wells
and were washed with 15Q.MVB. This process was repeated twice. Next, R6flUAB and

either 25 L of prepared analyte standard or wound sample were added to each well. All
measurements were repeated using two technical replicates. After addition of standards and
samples, the plate was sealed with a plate seal, covered with a black microplate lid and
incubated at room temperature (RT) for 30 minutes on a plate shaker set at 500 rpm, followed
by transfer to a refrigerator for overnight incubation at 4°C to allow optimal binding between
analytes in samples and coated beads. The next day, the plates are removed from the

refrigerator and again placed on a plate shaker at 500 rpm for 30 minutes.

After the incubation and binding of the analytes to their specific antibodies, the magnetic
beads are washed twice, as previously described. Thereafted, @6gudetection antibody
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mixture containing biotinylated detection antibodies are added to each well. The plate is then
sealed, covered with a black lid, and incubated for 30 minutes on a plate shaker at 500 rpm at
RT. This process results in the formation of an arahtibody sandwich complex. Following

this incubation, two additional wash steps are performed, after whicth. 60 gtreptavidin
phycoerythrin (SAPE), a ligikcitable substance, is added. This subsequently binds to the
biotinylated detection antibodies. The plate is then sealed, covered with a black microplate lid,
and incubated for an additional 30 minutes on a plate shaker at 500 rpmAftieRWo final

washing steps, 120Lpof reading buffer is added to each well and the plate is sealed and
covered once more. The plate is then placed on a plate shaker at 500 rpm at RT for a duration
of five minutes. Following this final incubation step, analysis can be conducted on the MAGPIX

system.

For certain analytes, pretreatment is necessary, and only specific colors of the colored
magnetic beads can be analyzed together. For this reason, specific combinations of analyte
sets were combined in the preixed kits.The following four combinations were analyzed in

the same experimental runs:

- 4-Plex (MMP2, MMR3, MMPR9, TIMPL)

- 5-plex (MMP1, MMR7, MMR8, MMR12, MMP13)

- 26-Plex (EGF, FGE, GCSF, GMCSF, IFN SN f [NLLA xFRA,fIb4, 11-6, 11-8
(CXCLS8), H9, 1110, 11:13, I:17A, 118, 11-21, IR10 (CXCL10), MGR (CCL2), MHN, L
(CCL3), MIIN_, WbI9 9 x BB, AAFA A [UN A [UN A [UéAF] |

Due to the inherent high concentrations of the analytes inpfex4gMMR2, MMR3, MMR9,
TIMR1) in biological samples and the detection limits, it was necessary to dilute the samples

100-fold using the UAB prior to conducting the experiments.

2.4.2 Quantificationofimmunomarkeron Luminex MAGPIX

In the subsequent analysis in the Luminex MAGPIX system, beads are aligned in the wells
using a magnet and exposed to lasers of varying wavelengths. A red laser (635 nm) is utilized
to excite the colored beads and identify the color of the analyte to be measured. A green laser
(532 nm) is used to excite the bound streptaviRlih complexes, and the intensity of the

48



streptavidinPE signal is directly proportional to the concentration of the specific analyte. This
signal can therefore be quantified. The measurement is conducted with the aid of a charge
coupled device (CCD) camera. A minimum of 50 bead events measured are set as a baseline
to use quantification results in subsequent analyses. The quantification is conducted via the
integrated XPONENT® for MAGPIX software, wherein measurements are compared against a

standard curve constructed from the standard quantities of the analytes to be quantified.

2.5 Proteomics experiments

Samples were analyzed kbgbottom-up shotgun proteomies D¢ bottoraup shotgun
proteomicsmethodis usedto identify and serjuantitatively quantify all proteins present in

a biological sample, inthiscaged Wt 5 ¢ AW ¢ G GO 3t AWl Inidl | 13T WaY We
method, proteins present in the complex biological sarapeurified and concentrated by
preparatory steps and then broken down into peptides by enzymatic dighstieas(ng the

protease trypsin). Subsequently, the peptides were measured using mass spectrometry (MS)

in the tandem MS technique (MS/MS) with upstream -tigom chromatography (nLC) and

DDA (datadependent acquisition) measurement approach.

The fundamental principle of MS is the ionization of atoms and molecules, which are then
separated according to their masscharge ratio (m/z) and recorded in a detector. In liquid
chromatography (LC), the prepared sample is initially separated according to its
hydrophobicity and polarity, and subsequently loaded into the ion source (here, "electrospray
lonization," or ESI) of the downstream mass spectrometer (MS). In this process, the sample is
evaporated and ionized until only charged sample particles remain, which are then transferred
to the mass spectrometer's analyzer. Here, the sample is separated according to H®mass
charge ratio (m/z) and the resulting signals are recorded in the detector. The measured mass
spectra (chromatograms) of the peptidase then subjected to bioinformatic processing
based on search and comparison algorithtmseconstruct a protein identification based on

the measuredpectra(Figure 12{Brodbelt, 2022)
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Figurel2 wiSchematic representation of botteap MSstrategy.
(from(Brodbelt, 2022)

An UltiMate 3000 nano liquid chromatography system (nLC) coupled to an Orbitrap Exploris
480 quadrupoleorbitrap mass spectrometer (both, Thermo Fisher Scientific, Bremen) running
in datadependent acquisition (DDA) modas employed The sample preparation process
comprises the following steps: protein extraction, purification, digestion, and concentration of
the sample. A combination of theT&p method and the STAGEp method was employed

to address the heterogeneous (and occasionally low) protein output of the samples and the

presence of M&nterfering substances in the samples.

2.5.1 STrap proteomicsample workup

The STrag Mini (106300, g/mL) or Micro Spin (<100 pglincolumn digestion protocol
(ProtiFi LLC, Fairport, USA) was employed, in accordance with the manufacturer's
instructions, depending on the protein concentration present insdngple (Figure 3).
Concentrations of added reagents described in the following are for the Micro protocol,
amounts were adapted accordingly for the Mini protocol as directed by manufacturer. All
reagents and consumables used were of LC/MS grade (e.g., LoBind®, Eppendorf, Hamburg,
Germany). Prior to sample processing, total protein content in each sample was assessed
using a tryptophan fluorescence assay as described elsewleéigniewski and Gaugaz,

2015) To prevent DNA present in the samples from clogging the protein trap, samples were

sonicated to shear DNA during preparation.
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Proteomics sample prep: S-Trap”
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Figurel3 wSchematic illustration of the Braf): column digestion protocol.
(from ProtiFi LLC, Fairport NY, USA,; https://protifi.com/pagesid

YN

Solubilize
in SDS,
reduce,
alkylate

Initially, 125uL Yn W=+ WE? EWGI YqWRUWt Yie HRGRAcqRYUWHEN
triethylammonium bicarbonate (TEAB), pH 7.55) was added to {2.5f sample.
Subsequently, the samples were alkylated and reduced. For disulfide reduction 5l
dithioreitiol (DTT) was added and samples incubated for 10 min at 95 °C in a ThermoMixer® C
(Eppendorf, Hamburg, Germany). Following a-dowin period to room temperature, & u
lodoacetamide(IAA) was added for cysteine alkylation and incubated in the dark for 30 min.
Subsequently, 12% aqueous phosphoric acid was added at 1:10 for a final concentration of
~1.2% phosphoric acid (e.g. 2.5x W R U qxYHLKAIPN = Pridp buftdrY(30W Bqueous
methanol containing a final concentration of 100 mM TEAB, pH 7.1) is added to the 20.% n LU
CHRT RNRIUI Wt ¢ GiWoAennJl Wt YieqRYUWNY!I WGl YqUR
After mixing the solution it is applied to th&r§g column and centrifuged at 400@xor 30

sec until all SDS lysatefSrap buffer has passed through the column, whereby protein is
trapped within the spin column. The column with captured protein is then washed three times

by adding 15@QL of STrap buffer for each washing step and again centrifuging at 400 x

30 sec. Afterwards, the-Brag micro column is moved to a new 1.7 mL sample tube for

Gl YqURUOWI RNt qRYUWWE2 At Whue JUqd! ALW= MUgragellY n WIT R
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trypsin/LysC mix (1:10 wt:wt; Promega Corporation, Madison, USA) was added to the column
for overnight ktolumn protein digestion. This is incubated to cleave the proteins into
peptides, specifically at the carboxyl side of lysine and arginine residues, which is important
for the correct recognition of peptide fragments in the mass spectrometry database. The next
morning, peptides are eluted from the column through a series of elution steps, utilizing 40uL
of digestion buffer first (centrifugation at 1009 for 60 sec), followed by 40 pL of-it&de

water (centrifugation at 1000gxfor 60 sec) and finally 4. of 50% aqueous acetonitrile
(ACN) with 0.1% acetic acid (AA; for hydrophobic peptides) centrifuged at ¢®0060 sec.
Eluates were pooled into a single sample and concentrated th @8ing the Concentrator

plus- Centrifuge Concentrator (Eppendorf SE, Hamburg, Germany).

2.5.2 STAGH ipproteomicsample workup

To further purify the sample (i.e., to remove salts and detergents), the-BipAte&iocol was
employed as a second step. This procedure is described in greaterbge®abppsilber,
Ishihama & Man(2003)(Rappsilber et al., 2003)n general, a new spin column is prepared

by filling geloader tips with Phenomenex Luna C18 resin. The resulting StageTip was then
washed three times with 100uL of 0.1% acetic acid (AA) and twice with 95% aqueous
acetonitrile (ACN) with 0.1% AA by centrifugation at 9000 rpm3ani (until entire liquid is
passed through). The column is then equilibrated with 100ul of 0.1% AA. Subsequently, the 20
UL sample from the-$rap workup were loaded onto the column and run in by stepwise
centrifugation at 9000 rpm. Afterwards, the column was washed twice with 100uL 0.1% AA.
Finally, peptides were eluted with 95% aqueous ACN with 0.1% AA using compressed
nitrogen into a micro insert, which was then placed into an MS vial (ND8 glass vial with spring
and cap with septum, Waters). Subsequently, the sample was concentrated tadidgithe

Concentrator plus Centrifuge Concentrator (Eppendorf SE, Hamburg, Germany).

2.5.3 Proteomeanalysis using LSIS/MS

Samples were analyzed on an Orbitrap Expat@) coupled to an UltiMa#e3k nanoHPLC
using a Flexion lon Source (all TheffisherScientific, Waltham, MA, USA). Samples were
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separated using an Acclaim PepMapl18 column (75 pm inner diameter, 25 cm length,
Thermo Fishe&cientific, run in column oven at 40 °C) on a 240 min gradient running 0.1%
formic acid (eluent A) against 95 % acetonitrile + 0.1% formic acid (eluent B). Samples were
loaded in reverse flush setup onto a precolumn KRgg 5 mm cartridge, Thermiéisher
Scientific) with 5 min flow of A. Afterwards, samples were separated with a flow of 300
nL/min starting at 5% B, up to 32% B in 190 min, up to 99% B in 20 min, followed by washing
and reequilibration to initial conditions. The mass spectrometer was run in DDA with 3 sec
cycle time consisting of an MS1 scan at 120k resolution in a mass range of 350 to 1200 m/z,
followed by MS2 scans at 15k and 30% normalized collision energy. Dynamic exclusion was

set to 30sec.

Afterwards, samples were analyzed in MaxQuant (#/2nova et al., 2016a¥ing standard
parameters with LFQ option and match between runs option enabled between samples from

the same analytical group.

2.6 sRNAsequencing (sSRNAeq)TmiRNA

Following the confirmation of the adequate quality of the samples for an exploratory SRNA
seq study of miRNAs in wounds, the analysis was conducted at the Genomic &
Transcriptomic Laboratory (GTL) of the BiologWtediical Research Center (BMFZ) at
HeinrichHeineUniversity Desseldorf. The process of sequencing involved a series of steps
(RNA isolation, construction of cDNA library, sequen@nd}he more intricate process of

the complex sRN#&eq procedure has been described in ddigilBenesova, Kubista and
Valihrach (2021)Benesova et al., 2021)

Initially, total RNA, inatlingmiRNAs, was extracteas] 13+ H#1 RHAIJT WR RMABNAG q 1J 1 LL:
D% ql ¢. fMhepiRaftdél,somplementary DNACDNA librarywas constructed. This process
transcribes miRNAs into cDNA using reverse transcrig@samplification anénhancing

stability during sequencing. The QIAseq RNA Library Kit (Qiagen N.V., Hilden, Germany) was
utilized for library preparatioihe inherent shortness of microRNA molecules necessitates

their extension through ligation or polyadenylation to introduce gloim#ing sites for reverse

transcription (RT) and subsequent amplification. However, the extension step, particularly
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ligation, has been identified as a significant source of bias in small RNA sequencing. Variations
in adaptor affinity for target molecules can artificially alter the true abundances of small RNAs,
complicating the analysis. Furthermore, the amplification of cDNA molecules introduces
additional bias due to disparities in efficiency when amplifying molecules of varying lengths
and secondary structures. This results in artificial shifts in the detected signals. To address
this challenge, the utilization of unique molecular identifiers (UMIs) has emerged as a common
practice. UMlIs facilitate the differentiation of reads originating from the same original
molecule, thereby mitigating amplificatiorduced distortions.Therefore, during library
preparationgeach unique molecule of RN¥as assigned a UMhat marks each molecule in

the library. The utilization of UMIs has been demonstrated to enhance the accuracy and
precision of sequencing by facilitating error correction, reducing-datstve calls, and

distinguishing true variants from sequencing errors.

The sequencing was performed on the lllumina NextSeq 2000 System (lllumina Inc., San
Diego, USA) with the objective of achieving a sequencing depth of approximately 30 to 60
million reads per sampleas required for robust miRNA profiliipe sequencing process
commenceswith the loading of the prepared cDNA libraries onto the Illumina flow cell. The
cDNA fragments, now tagged with unique adaptors, hybridize to the oligonucleotides
immobilized on the flow cell surface. Using lllumina's bridge amplification method, each
hybridized molecule is amplified through a series of denaturation and extension cycles,
forming clonal clusters of identical DNA fragments. These clusters enhance the fluorescent
signal detection during sequencidgd IJW I+ qEW W= MMMWIJG GGy + W G0
synthesis (SBS) chemistry, a highly accurate method where fluorescently labeled nucleotides
are incorporated one at a time. During the sequencing reaction, the cDNA fragments are read
from the 3' adaptor towards the UMI and miRd@Acific regions, ensuring comprehensive
capture of the small RNA sequences. Each incorporated nucleotide emits a unique
fluorescence signal, which is detected by the system's optical sensors. The base calling is

performed in realime, converting these signals into digiata (Figure 14)
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Singleend sequencing was preferred due to the short length of miRNA molecules. The read
length was set to 50 nucleotides, which is sufficient to fully capture the mature miRNA
sequences, including the UMI. The sequencing run was optimized to minimize errors and

maximize data quality

Throughout the sequencing process, bmiltuality control measures monitored the accuracy

of cluster generation, fluorescence detection, and base calling. Metrics such as Q30
(percentage of reads with a quality score of 30 or higher) were used to ensure data reliability.
The NextSeq 2000 platform's advanced eomrection algorithms further enhanced the
fidelity of the sequencing datat the end of the sequencing run, raw data in the form of base
call (BCL) files were converted to FASTQ .flleEsmultiplexing and adapter trimming were
conducted using BCL Convert (version 3.10.11; Illumina Inc., San Diego, USA) and CLC
Genomics Workbench (version 22.0.2; Qiagen N.V., Hilden, Germany) was employed for UMI
handling. The sequencing reads were annotated against the miRBase database (release v22
(GriffithsJones et al., 2006}o identify the measured miRNAs. Further statistical analysis of
the generated miRNA read counts was carried out using the DESeq2 packdge@eRal.,

2014)

2.7 Metagenomics Microbiome

A metagenomic analysis of the swab samples was performed to determine the wound
microbiome, using nanopore sequencing technolobye analysis was performed in
cooperation with thénstitute of Medical Microbiology and Hospital Hygaribe University
Hospital Duesseldorf (UKD) and Heinfidine University (HHU).

This process entails the sequencing of long segments of the entire genome of the
microorganisms present in the samples. The method allows for the detection of not only
cultivable microorganisms, but also all microorganisms present based on microbial DNA.
Following DNA extraction and quality control, the workflow involved the creation of a DNA
library for sequencing, with the objective of characterizing the microbial communities present.
The Native Barcoding Kit 24 V14 (8(B0D114.24; Oxford Nanopore Technologies, Oxford,

United Kingdom) was utilized to generate the library. Unique barcode adapters were attached
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to the DNA molecules to differentiate actual identifications from errors in processing and

sequencing.

The sequencing was conducted using the PromethlON with R10.4.1 nanopores and V14
chemistry, employing the nanopore technology developed by Oxford Nanopore Technologies
(Oxford, United Kingdom). This technology is a rapid and precise method for sequencing
nucleic acids, renowned for its capacity to generate long reads, which are particularly suited to
metagenomic studies he prepared libraries are loaded onto the flow cells containing R10.4.1
nanoporesThe PromethlON system supports htghoughput sequencing, with multiple flow

cells running simultaneously, enabling the processing of large and complex microbiological

metagenomisamples.

The method is based on an enzymatic process, in which dettbleded nucleic acid is
guided to a pore, i.e. nanopore fixated in a membrane on a flow cell and a single strand is
pulled through the pore for sequenciAg. electrical potential applied across the membrane
generates an ionic currerffach nanopore functions as a biosensor, connected to a channel
and sensor chip. The current flowing through the nanopore is measgredicleic acid
strands are driven through the nanopore, individual bases cause distinct disruptions in the
lonic currentSinglestranded DNA molecules are driven through the nanopateelapplied
gradient. The current flow is repeatedly interrupted as it passes through the nanopore,
resulting in a readableattime electrical signal pattern. This is then decoded with the help of
advancedioinformatic algorithms ("baseallingalgorithms), which are used to translate the
electrical signal pattern intmucleotide sequences.The R10.4.1 nanopores feature an
optimized doublestrand configuration that enhances resolution and reduces homopolymer
associated errors, while V14 chemistry improves sequencing accuracy and throwghput.
detailed account of nanopore sequencing technology can be found ire¥Y\&r{gvang et al.,

2021)

After basecalling, sequence data was subjected to a bioinformatic workup. Initially, the raw

sequencing data underwent quality control to remove adapters and inferior reads.
Subsequently, a classification of the metagenomic samples was conducted using appropriate
bioinformatics tools. The specifics of the bioinformatics analysis procedure are outlined in the

statistics section and have been descrilvedetail by Spotet al.(Spohr et al., 2024)
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2.8 Bioinformaticsand statistical analysis

The preserdd work employed apredominantly exploratory approach to evaluate the
applicability of stateof-the-art analytical methods to wound swab samples for the purpose of
investigating the complex mieemvironment of chronic wounds. Consequently, primarily
non-confirmatory descriptive statistics wereainlyemployed especially for sSRN&eq and
metagenomic results of the feasibility cohofhe data was subjected to analysis using a
variety of statistical and bioinformatic approaches, each of which was tailored to the specific

methods and objectives of tllewn-streamanalysis.

Where appropriate, mean = standard deviation (SD), median and range or counts (n) and
percentages (%) are reported for study cohort characterisfics demographicdata was

analyzed using GraphPad Prism (version 10.2.3; GraphPad Software LLC, Boston, USA).

For the initial marker discovery phase, a total of 144 patagplanned tde recruited in a
cross-sectional observation study. Therelyptimally at least 10patients each of the
predominant chronic wound entities arterial ulcer (PAD), venous ulcer (CVI), diabetic ulcer
(DFS), postoperativafaumatic wound healing disorder (WHD) and pyoderma gangrenosum
(PG) will be included, as well &8 patients with acute wounds (AW). Sample size estimation
and calculations for individual groups and across employed multiplex and OMICS
technologies was performed in close consultation with our proteomics and bioinformatics
cooperation partners. The calculation is based on recent research in the field of statistical
multi-omics analysis approaches using the MultiPower method to estimate and assess the
optimal sample size in a mutimics experimen{Tarazona et al., 2020yhereby a minimum
power of 0.6 per omic, an average power of at least 0.8, adiatsevery rate (FDR) of 0.05

¢ Ul Wwe UWR UR qRYwadlimpyséd asgumingl sdiné isaihhple size across platforms),
resulting in an optimal sample sizeetghtsamples. To account for expected heterogeneity
within and among the groups, while at the same time considering cost limiting factors (high
sequencing costs), an oversizing per study grougb%f was employed, leading to a total

group sample size ténper group.

Total quantification of proteilRNA and DNA quantiti@s well as the number of identified
proteins and miRNAs, were presented as median values with a rangemh (p@tein) or

ng/LL (DNA/RNA), respectivelypecific analyte concentration®r multiplex immunoassay
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results were assessed in pgim Immunoassay amples were measured in technical
duplicates (n=2) for each analynd thedata analyzed using GraphPad Prism (version 10.2.3;
GraphPad Software LLC, Boston, USA). The values of analyte concentrations are presented as

median * interquartile range (IQR).

In graphsof immunoassay analyseshe scale was adjusted to a ledpasis, and results

shown as log(pg/mL) for better visualization due to different reference scales for each
analyte. Data was assessed graphically for normal distribution, which was not consistently
given, therefore nonparametric statistical test alternatives were employed. For ordinally

b HeOWT W2¢l REHIUY Wotht qée NPk AWRNIUqRq! k We-UOT Wh RU
i cOORY Wallt qlHhde deét Libr rauliiple dordp&ison @djustment. Binary scaled
YeqrRYGUWW2¢!I RECAHG Ut Woht qc¢ amiled MdhrsVhlthey W west.OAG ¢ | 1T L
alpha level 00.05 (5%) was assumed for statistical significance. Heatmaps were created in R

(R version 4.3.2R Core Team, 2024)lle t RUNWq 6 W w9 Y & GGW £022) ¢ q b ¢ Gt
Mean fluorescence intensity (MFI) scores were, knpgnsformed and-scored for analyses.

The canberranethod for distance with complete linkage was used for hierarchical clustering

and n=3 cluster selected. Area under the curve (AUC) calculations and reqesvetor

curve (ROC) generation was performed using GraphPad Prism with simple logistic regression

analysis.

The results of the proteomics experiments were analyzed using the Perseus software (version
1.6.15.0(Tyanova et al., 2016band R (R version 4.3R Core Team, 2024)The data were

prepared by initially filtering the dataset based on valid values (70% valid values in at least one
group) and performing a log2 transformation. Subsequently, missing data were imputed using
the "Minimum Probabilistic Imputation” (MinProb Imputation) approach via the R package
"ImputeLCMD" (Imputation for Leéftensored Missing Datéllazar et al., 2016Yhe normal
distribution was visually inspected using histograms, and due to ttekésfied nature of the
TecqeaWUYl GctdRAcqRYUWs ¢t WGWI nYIl aT Wet RUNWhHe ¢
0.05 was set. The statistical analysis of differentially expressed proteins was conducted using

a twotailed Welchs 4ttest (for binary outcomes) or omeay ANOVA (for categorical
outcomes), with the type | error (false positive results) controlled using the false discovery rate

bi[ 2AWNWMIOMP L OWOGH DqWGH Yqt AWGI RUARRGe o WHYAGYUI
were employed to visualize the results. Graphs were created in R (R versiaiR 2
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Team, 2024) W2t RUN W q 6 1J LU (KaBs¥aivekiii RO2EIG LUIJwpHY & G i IdGug 1IJ¢ q b ¢
2022A W 9 Y Un RIT 1J (@GBUddieE 2aPRcG) 110 /b1 Pagkage vfiakham and
Wickham, 2016)

The miRNA raw counts data were analyzed in R (R versioifRlBdte Team, 2024)ising

the DESeq2 packaggkove et al., 2014)The primary statistical analyses were descriptive,
involving principal component analysis (PCA) and the analysis of differentially expressed
mMiRNAs between healing and Aloealing wounds in the sample cohort using a volcano plot.
The BenjamiAHochberg (BH) method was employed to control the false discovery rate (FDR),
which represents the proportion of false positives among all positive resultsaléepof 0.05

was selected as the threshold for identifying miRNAs with statistically significant changes in
expression. The threshold for differential expression was set to a fold change of at least 2. To
explore the principal components analysis (PCA) results and investigate the main loadings, a
biplot was constructed to visually represent the results. Additionally, significant differences in

the normalized miRNA counts were visualized using a count plot.

For metagenome analysis, initial quality cutoffs were applied. A taxonomic classification on
the genus level for the reads was performed using Kra@#od et al., 2019)abundances
approximated using Brackefu et al., 2022) The results were verified using mapping
(minimap2(Li, 2018). A detailed description of the bioinformatic process can be found in
Spohret al.(Spohr et al., 2024)To provide a visual representation of the microbial species
present in the wound swabs, stacked bar charts were generated using the-lPagledAltair

packaggVanderPlas et al., 2018)
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3. Results

3.1. Patient demographics

3.1.1. Demographicavound swabbing feasibilitgtudy cohort

The initial feasibility study cohort consisted of a total of 12 samples for immunomarker,
proteomic and sRNA analyses and 6 samples for microbial metagenomic experiments. The
heterogeneity arises from economic considerations for the primary feasibility studies and
accessibility of analysis options within the cooperating faciliase the goal was primarily

to test the general feasibility in gaining valid results from wound swabs, no more samples were
allocated to the test cohort. The sample distribution regarding recruiting centers, chronic
wound entities and outcome parameters is depicted in datdihble 2A balancedllocation

of recruiting centers, outcome parameters and investigated entities were kept in mind when

assembling the feasibility test cohort.

3.1.2. Demographicsmmunomarkerstudycohort

WaqVYqcdWYnWNNZWt ¢cAGGH It WYwIWIEBEK 2UIRGIFTYIL G ¢ld RE18 Wd
different wound entities wericluded in the immunomarker study coha@if those, 110
samples wereincluded in the analysis, two were excluded due to measurement errors and

partial missing dataable3depictsabré t T Ys UWIY n Wqd JWHYS YI qt Kk W2¢1 R

At the time of sampling, patients were evaluated regarding relevant aspects of the clinical
wound healing trajectory. Parameters included patient age (in years), gender, wound age (in
weeks), wound area (in émn healing status (healing vs. Aogaling), regeneration stage
(infection inflammation, proliferation, epithelization) and infection status -ifmfented,
colonized, infected). Table 5 summarizestient demographics and clinical parameters in

total as well as stratified based on wound entities.

The different entities showed no significant differences regarding the populations age or
gender distribution overall. Mean age of the entire cohort was 68.37 + 13.23 and 59 males

(53.64%) vs. 51 females (46.36%) were sampled. Examining the subgroups most entities
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were fairly balanced except for arterial leg ulcers (ALU) and diabetic foot ulcers (DFU), that
showed a distribution skewed towards male patients (10 vs. 5 and 12 vs. 3), while the
pyoderma gangrenosum (PG) group comprised more female than male (3 vs. 9). Regarding the
overall wound age (existence of wound measured in weeks) the total group showed a mean
wound age of 97.04 weeks with a range of 1 to 1196 weeks (23 years). Looking at the
subgroups, naturally the acute wounds (as per definition) demonstrated a significantly shorter
wound age with a mean of 1.20 + 0.42 weeks of existence (max. 2 weeks of duration).
Interestingly, also the diabetic foot ulcers showed a comparably short time of existence
(wound age) with 27.00 £ 25.39 weeks. Artggnous / mixed ulcers showed the longest
mean duration at 165.88 + 158.19. In parallel, total wound area (assesseé iidecigth x

width) showed a mean of 54.67 + 115.3#cwhereby again acute wounds demonstrated the
smallest area in comparison with 10.40 + 3.63.cithe VLU and PG wounds showed the
largest wound area with 101.55 + 170¢th? and109.69 + 179.5km?, respectively. Again,

these differences showed statistical significance across the entities, as to be expected

considering the different entities of wounds investigated.

Regarding relevant outcome and potential predictive parameters such as healing status,
regeneration stage and infection status, groups were balanced regarding the healing status
with 47/110 wounds (42.73%) deemed healing and 63/110 (57.27%hewimg. Across
subgroups a difference in distribution across entities could be observed, which is
understandable considering, that acute wounds were all evaluated as healing, as they are the
control group for the chromieoundsof other origin. The evaluated stages of the regeneration
process were mainly focused on wounds in the inflammatory (37.27%) and proliferative stage
(36.36%) while infected (11.82%) and epithelializing wounds (14.55%) were less represented
in the overall cohort. In the individual entities, the distribution was reflected similarly, except
for the acute wounds again, since these were all in a healing state (concisely chosen as such
for comparison) and categorized as proliferating (100.0%). Regarding the infection status most
evaluated wounds in the cohort were riafected (36.36% 40/110) or colonized (51.82%
57/110). Only a smaller number of wounds were deemed infected at the time of sampling
(11.82%- 13/110). As with the regenerative stages, this was reflected across the individual

entities, except for acute wounds as these were altintectted, healing wounds.
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Tableb wPatient demographics of the WouB#OME cohort used for immunomarker analysis stratified for wound entities.

Total AW WHD ALU VLU DFU MIX PG
X = = = = = = = =12
Variable (n=110) (n=10) (n=20) (n=15) (n=30) (n =15) (n=28) (n )
Age (years) 68.37 £13.23 65.20 + 8.69 65.95 + 15.77 73.87 £9.93 68.10+14.30 72.73 £ 8.09 73.38 £11.60 60.08 £ 15.10
Gender
Male 59 (53.64%) 5 (50.0%) 9 (45.0%) 10 (66.67%) 15 (50.0%) 12 (80.0%) 5 (62.50%) 3 (25.0%)
Female 51 (46.36%) 5 (50.0%) 11 (55.0%) 5 (33.33%) 15 (50.0%) 3 (20.0%) 3 (37.50%) 9 (75.0%)

Wound age (in weeks) 97.04 + 164.52 1.20+0.42 105.70 £181.19 95.13+134.63 133.57+217.92 27.00£25.39 165.88+158.19 115.17 + 154.46

Wound area (in cf) 54.67 £ 115.34  10.40 + 3.63 26.38+46.85 17.20+13.61 101.55+170.41 19.45+20.53 58.69+60.41 109.69 +179.51
Healing status
Healing 47 (42.73%) 10 (100.0%) 12 (60.0%) 3 (20.0%) 10 (33.33%) 7 (46.67%) 0 (0.0%) 5 (41.67%)
NonHealing 63 (57.27%) 0 (0.0%) 8 (40.0%) 12 (80.0%) 20 (66.67%) 8 (53.33%) 8 (100.0%) 7 (58.33%)
Regeneration stage
Infection 13 (11.82%) 0 (0.0%) 0 (0.0%) 4 (26.67%) 4 (13.33%) 3 (20.0%) 0 (0.0%) 2 (16.67%)
Inflammation 41 (37.27%) 0 (0.0%) 3 (15.0%) 6 (40.0%) 14 (46.67%) 6 (40.0%) 7 (87.50%) 5 (41.67%)
Proliferation 40 (36.36%) 10 (100.0%) 8 (40.0%) 4 (26.67%) 9 (30.0%) 4 (26.67%) 1 (12.50%) 4 (33.33%)
Epithelization 16 (14.55%) 0 (0.0%) 9 (45.0%) 1 (6.67%) 3 (10.0%) 2 (13.33%) 0 (0.0%) 1 (8.33%)
Infection status
Norvinfected 40 (36.36%) 10 (100.0%) 10 (50.0%) 4 (26.67%) 8 (26.67%) 6 (40.0%) 0 (0.0%) 2 (16.67%)
Colonization 57 (51.82%) 0 (0.0%) 10 (50.0%) 7 (46.67%) 18 (60.0%) 6 (40.0%) 8 (100.0%) 8 (66.67%)
Infected 13 (11.82%) 0 (0.0%) 0 (0.0%) 4 (26.67%) 4 (13.33%) 3 (20.0%) 0 (0.0%) 2 (16.67%)

Categorical variables are presented as fraction of total (%); continuous variables are presented as mean + standa{@Dgviation



3.1.3. Demographicgproteomics study cohort

Patientstaken from the Woun8IOME cohorfor the proteome analysegerealsoevaluated
regarding relevant aspects of the clinical wound healing trajectory at the time of sampling.
Parameters evaluated wetlke same as for the immunomarker cohpdtient age (in years),
gender, wound duration (in weeks), wound area (if), dmaling status (healing vs. non
healing), regeneration stage (infection, inflammation, proliferation, epithelization) and infection
status (noninfected, colonizedjnfected). Table 6 summarizes patient demographics and
clinical parameters in total and stratified for all sampled wound enfiidse 3 shows all

patients individual outcome variables.

Entities demonstrated no significant differences in age or gender distribution. Overall mean
age of the cohort was 67.72 + 13.84 with 42 males (53.16%) and 37 females (46.84%). Most
entity subgroups werebalanced except for arterial leg ulcers (ALU) and Pyoderma
gangrenosum (PG), showing skewed distributions towards male and female patients
respectively (9 vs. 3 and 4 vs. 7). Total wound duration (existence of wound measured in
weeks) showed a mean duration of 112.37 weeks with a range of 1 to 1196 weeks (23 years).
Acute wounds AW as per definition) thereby demonstrated a significantly shorter wound
duration with a mean of 1.14 + 0.38 weeks of existence (max. 2 weeks of duration). When
solely comparing chronic wound entities, no significant differences can be detected between
groups o = 0.084). The longest mean duration was observed in avermus / mixed ulcers

(MIX) with 186.50 + 181.35 weeks. Total wound area (#r ¢emgth x width) was 65.29 *
133.20 cni, with AWs again demonstrating the smallest area with 9.71 + 355/tids and

PGs showed the largest wound area with 108.11 + 17¢h¥land 146.02 + 200.54m?,
respectively, however neither for all wounds nor for chronic wound emtitire was a

statistically significant difference detected between the groppsd(106 angh=0.086).

Groups were skewed towards nbealing wounds regarding healing status with 30/79 healing
wounds (37.97%) and 49/79 (62.03%) roealing. Across subgroups a difference in
distribution across entities could be observed, which is understandable considering, that AWs
were all evaluated as healing, as they are the control group for chronic wounds. The evaluated
stages of the regeneration process were mainly focused on wounds in the inflammatory

(37.97%) and proliferative stage (35.44%) while infected (10.13%) and epithelializing wounds
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(16.46%) were less represented in the overall cohort. Again, since AWs were all in a healing
state (concisely chosen for comparison) they were all categorized as proliferating (100.0%).
Most wounds in the cohort were norfected (35.44%- 28/79) or colonized (54.43%

43/79). Only 10.13% (8/79) of wounds were infected at the time of sampling. As with the
regenerative stages, this was reflected across the individual entities, except for acute wounds

as these were all nemfected, healing wounds.
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Table6 wPatient demographics of the WouB#OME cohort used fproteomeanalysis stratified for wound entities.

Total AW WHD ALU VLU MIX PG
Variable (n=79) (n=7) (n=19) (n=12) (n=24) (n=16) (n=11)
Age (years) 67.72 £ 13.84 64.86+9.51  65.37+1598  76.08+9.40  66.38+14.58  73.0013.07 64.55+13.28
Gender
Male 42 (53.16%) 4 (57.14%) 9 (47.37%) 9 (75.0%) 13 (54.17%) 3 (50.0%) 4 (36.36%)
Female 37 (46.84%) 3 (42.86%) 10 (52.63%) 3 (25.0%) 11 (45.83%) 3 (50.0%) 7 (63.64%)

Wound duration (in weekg
Wound area (in cA)
Healing status

Healing
NonHealing

Regeneration stage
Infection

Inflammation
Proliferation
Epithelization

Infection status
NorInfected

Colonization
Infected

112.37 +£180.48

65.29 + 133.20

30 (37.97%)
49 (62.03%)

8 (10.13%)
30 (37.97%)
28 (35.44%)
13 (16.46%)

28 (35.44%)
43 (54.43%)
8 (10.13%)

1.14+0.38

9.71 £ 3.55

7 (100.0%)
0 (0.0%)

0 (0.0%)
0 (0.0%)
7 (100.0%)
0 (0.0%)

7 (100.0%)
0 (0.0%)
0 (0.0%)

110.84+ 184.65 88.92+147.86 151.13+239.18 186.50 +181.35 86.36 + 60.37

26.92 + 48.07

11 (57.89%)
8 (42.11%)

2 (16.67%)
10 (83.33%)

6 (25.0%)
18 (75.0%)

0 (0.0%) 3 (25.0%) 3 (12.50%)
3 (15.79%) 5 (41.67%) 12 (50.0%)
7 (36.84%) 3 (25.0%) 7 (29.17%)
9 (47.37%) 1 (8.33%) 2 (8.33%)
10 (52.63%) 3 (25.0%) 6 (25.0%)
9 (47.37%) 6 (50.0%) 15 (62.50%)

0 (0.0%) 3 (25.0%) 3 (12.50%)

13.67 +12.07 108.11+177.71

35.58 + 43.67

0 (0.0%)
6 (100.0%)

0 (0.0%)
5 (83.33%)
1 (16.67%)

0 (0.0%)

0 (0.0%)
6 (100.0%)
0 (0.0%)

146.02 + 200.54

4 (36.36%)
7 (63.64%)

2 (18.18%)
5 (45.45%)
3(27.27%)
1 (9.09%)

2 (18.18%)
7 (63.64%)
2 (18.18%)

Categorical variables are presented as fraction of total (%); continuous variables are presented as mean + standa{@Dgviation

66



3.2. Evaluation ofvound swabbingample quantity

3.2.1. TotalProtein quantityand quality

The median total amount of protein present in the wound swab samples from the feasibility
cohort was 37.64 mg/mL (11.9216.80). There was considerable variability in the amount of
protein between units, with notable variation observed within the wound types sampled in the
sample cohort. However, all wound swabs yielded at least 10 mg/mL of protein, which is
sufficient for several downstreaamalyses. Figure 15 illustratéise distribution of protein
levels between entities as well as the overall distribution within the entire sample cohort
(n=12).

O total protein conc. (mg/ml)
O total n identified proteins
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Figurel5 wMeasured total protein concentration in samptéshe feasibility cohordnd number of identified proteins in
wound swab samples.

The figure shows the median measured total protein concentration (irLimgleft yaxis; filled bars) in the swab samples in
qYqgqcatoeyuNsgN xCcrOUaTWHIOE UT tONI Ye GUIT OH! OWUqRaq! ORUBGaT RUNIKOG1JC
tecaGat ey N8N x Chtoc UT RUIWRUT Ragis($triped thads)] Mephum do s Forcehcld DG afen q 1T HOY
displayed above the bar grapi#8//- acute wounds; PARDiperipheral arterial disease; CMihronic venous ksufficiency;

DFUudiabetic foot ulcer; P&pyoderma gangrenosum; WHPostoperative wound healing disorder).

Figure 15 also showtke median number of proteins identified by mass spectrorbetsed
proteomics (plotted on the rightaxis) in the feasibility study cohort. Only proteins identified
with high confidence after bioinformatic processing were included. The median number of

identifications across all samples is 1205, with a range of 700 to 1994 in individual samples.
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Most proteins were identified in venous leg ulcers in patients with chronic venous insufficiency
(CVI) and in postperative wound healing disorders (WHD), which correlates with both the
total amount of protein and the amount of exudation observed in clinical practice in the

sampled wounds.

The median total amount of protein found in the wound swab samples of the larger BIOME
cohort (n = 110) used to analyze the immunomarker and proteomic patterns was 20.14
mg/mL (0.96- 94.30). The amount of protein was heterogeneous across the entities with
33.35 mg/mL (17.14 43.74) for acute wounds (AW), 8.31 mg/mL (Ir.224.30) for wound
healing disorder (WHD), 16.63 mg/mL (5:48%.64) for arteridegulcer (ALU), 22.76 mg/mL
(0.96- 85.57) for venougegulcer (VLU), 18.23 mg/mL (4.539.45) for diabetic foot ulcer
(DFUV), 26.67 mg/mL (10.436.12) for pyoderma gangrenosum (PG) and 34.28 mg/mL (16.63

- 63.53) for arterievenous / mixedegulcer (MIX Figure 16 showthe distribution of protein
concentrations between the entities as well as overall in the cohort (TOTAL). However, there
was no significant difference in the distribution of protein concentrations across the entities

studied.
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Figurel6 wiTotal protein concentration in wound swab sampliethe BIOME cohort used for immunomarker analyses

The figure shows the total concentrations of prot€insmg/mL)in the swab samples (TOTAL) and grouped by entity
displayed as box plots. Median and 1Q&0th percentile is plotted, outliers are represented by squares. Median values are
given per group and the cross represents the mean. No significant difference (ns) was observed between entities. Acute
wounds (AW) and arterieenous / mixed ulcers (MIX) showed highest mean concentration (M#idind healing disorder;
ALUuarterial ulcer; VLUvenous leg ulcer; DRWiabetic foot ulcer; PGpyoderma gangrenosum)

3.2.2. TotalRNAguantityand quality

The results of the determination of the amount of extracted total RNA (including small
RNA/microRNA) and DNA also exhibited heterogeneity across different samples. In most
cases, the RNA concentration determined using the Qubit assay was comparable to that
obtained with the NanoDrop method, exhibiting a similar trend. However, in certain instances,
the RNA quantity obtained from the swab samples was inadequate for quantification using the
Qubit method. Furthermore, the quality of some samples was compromised by degradation,
as indicated by an A260/A280 ratio below 1.8. Notwithstanding these limitations, sufficient
concentrated material was obtained for the planned analyses. In the context of these
preliminary exploratory analyses, a modest reduction in quality was deemed accéptable
prioritize the identification of novel miRNAs in select samples. The mean total RNA yield from
wound swab samples in the feasibility study cohort was 17.02 ng/uL, with a range of 5.53 to

67.51 ng/uLFigure 17 presenthie median amounts of total RNA in the sample cohort and
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across entities, as well as the median number of identified miRNAs per entity and in the entire

sample cohort (plotted on the rightyis).
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Figurel7 wMeasured total RNA concentration in sampéshe feasibility cohodnd number of identifieshiRNAIn wound
swab samples.

The figure shows the median measured total RNA concentration (in ng/pL eaxigftfijled bars) in the swab samples in
qYqcecatoeuNgN xcetoUnTWwWhtoc UT tONI Ya GUIT OAH! IOWUqRa! IORUAG 2T RUNIKOG IJE 1
uNEN xChtocUT ORUIWRUT R2 RIT eaxisi (KripEHapars). RMBdiatOcolintd FOiGRack grould aréQisplde 6 1J 1Ol R
above the bar graphs (AWacute wounds; PAuperipheral arterial disease; CVthronic venous hsufficiency; DFULU

diabetic foot ulcer; PGpyoderma gangrenosum; WHPostoperative wound healing disorder).

3.2.3. TotalDNA quantityandquality

A comparable pattern was identified in the context of DNA extraction, albeit with the
measurement of solely doubkranded DNA using a Qubit. Once more, heterogeneity was
observed in the samples. The quantity of DNA extracted differed depending on whether the
sample was processed without cells (i.e., solely from the supamf)adr with cells (from the
centrifugation pellet). Consequently, a combination of cell pellet and the sup@rnets

used for metagenomics and further preparation for sequencing. The mean DNA concentration
isolated from wound swab samples was found to be 61.49 + 61.37 ng/yL. This quantity is
sufficient for the planned metagenomic analysis and the exclusive detection of -double

stranded DNA, as the relevant input material for nanopore sequencing is itself a positive
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quality control. The quantity of DNA extracted from the swabs in the feasibility sample cohort

is presentedyraphically in Figure 18.
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Figurel8 wAmount of total DNA (in ng) extracted per sample of the feasibility cohort for cell pellet and supernatant alone.

3.3. Feasibility evaluation ofwound swabbing sampleohort for downstream

analyses

The results of the primary analyses of fisibility cohort regarding quality and quantity of
proteins, RNA and DNA showed sufficient amounts and integrity of the wound swab samples
to allocate those towards complex downstream analyses. Preliminary experiments performed
for planed downstream analyses were conducted with the feasibility sample cohort. For all
planed experiments, proteomics, multiplex immunoassays, sB¥Aand metagenomics,
preliminary tests yielded valid, interpretable and relevant results. As the focus of this work lies
with the investigation of the proteome signatures and patterns in chronic wound healing, only
the preliminary results are presented for sR§¢4 and metagenomics while fowltiplex
iImmunomarkerinvestigationsand MSbased proteomicsthe results for a larger, more

comprehensive cohort are demonstrated.
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3.3.1. Feasibilityfor SmallRNA SeqmiRNAdetection

The initial analyses of small RNA sequencing yielded valid and promising results. A total of 480
distinct miRNAs were identified in the sample cohort, with adequate expression levels (range
2051720), of which 183 were detected in all samples. These findings underscore the
regulatory role of miRNAs in gene expression and their potential as biomarkers for various
phases and stages of wound healing and tissue regeneration. This analysis provides a valuable

insight into the environment of healing and-healing wounds.

As an illustrationfFigure 19 presents the initial exploratamgights into the patterns of
microRNA (miRNA) in healing versus-healing wounds. The principal component analysis
(PCA) reveals the presence of distinct clusters, with wound healing disorders (WHD)
exhibiting a notable separation from other entities. However, the initial seohple (Figure

19 - PCA plot upper left corner) does not exhibit any discernible differentiation between
healing and nohealing wounds. The two states are largely overlapping in the clusters.
Nevertheless, the presence of distinct miRNAs differentiating healing wounds frem non
healing wounds is also observed. These two microRNAsmi®4180-3p and hsamiR-
4732-5p, are among the most significant loadings identified in the PCA. Furthdyatbre,
microRNAs are among the three most significantly downregulated microRNAshieatiog
wounds, thereby further substantiating their association with the heabogss (Figure 19A

and 19B). The volcano plot and timalized counplots (Figure 19C and 19D) depiab
additional differentially expressed miRNAs in comparison between wound swabs from healing
and nonhealing wounds. These are hsaR-584-5p (downregulated in nemealing wounds)

and hsamiR-6503-3p (upregulated in healing wounds). This analysis underscores the
importance of conducting a thorough examination of the disparities between ‘staiirsg

and wound entities.
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Figurel9 wExploratory analysis into the differential miRNA patterns of healing (n = 4)-keahiog wounds (n = 8) the
feasibility cohort

The biplot, situated in the upper left corner, provides a visual representation of the
dimensional reduction of the dataset through PCA analysis. This analysis reveals that
approximately 39% of the variation between the healing anéheaming categories is
explained by component 1, while component 2 accounts for about 22% of the variation. The
top eight driving miRNAs are illustrated as loadings and the directions they impart on the PCA
plot. The main driving miRNAs identified in the preliminary dataset are as follows:

- hsamiR-1180-3p
- hsamiR4732-5p
- hsamiR-193b-5p
- hsamiR-378c

- hsamiR221-5p

- hsamiR21-3p

- hsamiR29b-1-5p
- hsamiR-374a3p

The analysis of the data set reveals significant overlap in the clustering of healing-and non
healing wounds. However, a discernible distinction emerges when healing wounds are further
examined. Furthermore, the formation of distinct clusters (illustrated here by WHD in the

upper left corner) is evident. Furthermore, a differential expression analysis of microRNA

expression in wound swab samples from healing aneheafing wounds is displayed in the
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volcano plot (upper right corner). This analysis demonstrates significantlyanap
downregulated microRNAs in clinically healing andhealing wounds. All colored miRNAs
above the cubff (FDR = 0.05) are significantly overexpressed (right in rediiR€503-3p)

or underexpressed (left in green; fmwEr-1180-3p, hsamiR-4732-3p, and hsaniR-584-5p)

in nonhealing wounds compared to healing wounds. The differentially expressed miRNAs
were then visualized in individual count plotD{jAlocated at the bottom. These analyses
demonstrate the feasibility of utilizing material obtained from wound swabs for the analysis of

microRNA, thereby providing insights into the regulatory functions of microRNA in wounds.

3.3.2. Feasibilityfor metagenomicsr microbiomeanalysis

The sequencing of the microbiome of wound swabs provides a profound insight into the
diversity and relative abundance of the different microbial taxa in the respective wound sites.
The employment of nanopore technology, a sequencing method that generates particularly
long read lengths, has been demonstrated to be advantageous for metagenomic analyses,
thereby facilitating the acquisition of comprehensive insights into the composition of the

microbiome in chronic wounds. In contrast to methods that yield short sequences (e.g.,

lllumina) or are based on purely cultural differentiation of pathogens, this method provides a

more detailed picture of thicrobiome (Figure 20).

Specifcally, species frequently associated with wound infectioBspghylococcusspp.,
Pseudomonasspp., Streptococcusspp.) were detected. In addition, some samples also
showed pathogens that are less commonly associated with wound infecRootesspp.,
Klebsiellaspp.) and some anaerobeBdcteroidesspp., Anaerococcusspp.,Finegoldiaspp.),

whose relevance for the stagnation of wound healing, the development of wound infections

and as members of microbial communities (biofilm) must be clarified in future studies.
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Figure20 wDistribution of detected microbial speciéy metagenome analysis (nanopore sequencing) in the feasibility
cohort.

Figure 2Qisplays the fractional distribution (in percentage) of the top 20 identified genus in
the swab samples from the wounds (cell pellet on the left, supernatant on the right),
presented in stacked bar char#sll samples demonstrateBacteroidesspp. and Escherichia

spp. however in different concentrations, while some samples showed dominating amounts of
potentially infectious wound pathogens suchStaphylococcuspp. andPseudomonaspp.
Nevertheless, all samples also showed varying proportions of not validated reads ooeven to

few reads for identification.

3.4. Proteome and immunomarkeprofilingin acute and chronic wounds

The main focusf this work was put on the-depth analysis of protein marker profiles in the
larger WouneBIOME cohort. Therefore, a holistic approach regarding the investigation of the
proteome of acute and chronic wounds, various chronic wound entities and healing compared
to nonhealing wounds was employed. Additionally, specific drivers and markers of the
inflammatory and immunological profile and response in wound healing such as cytokines,
chemokines, growth factors and proteases were investigated in the complete recruited BIOME

cohort.
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3.4.1. Proteomedistinction ofacutevs.chronic wounds

Primarily, the obtained highmensional data from the M&&sed proteomics analyses were
analyzed using principal component analysis (PCA) to reduce the high dimensionality and
simplify interpretation by identifying distinct cluster within the cohort. Different categories of
wounds thereby demonstrated differential clustering when analyzB€ Ay Figure 21 shows

that acute and chronic wounds demonstrate distinct clustesegarating the two categories

in their underlying patterns. Tigsalready observable in the first two principal components,
that inform the PCA clustering which indicates fundamental differences between the two
categoriesThe individual points thereby represent an individual sample with green indicating
acute wounds and blue indicating chronic wounds. The drawn ellipses represent the 95%
confidence interval (959%I) drawn around the center of depicted clusters. These
demonstrate the good differentiability between the underlying signatures with only minimal
overlap (here mainly driven by sample P099 and P®@86), only few outliers can be

identified in this PCA along the y axis.
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Figure21 uwiPrincipal component analysis (PCA) for acute vs. chronic wounds in the \Bi@MEE cohort.

Individual patients are outlined and clustered based on principal components 1 and QI 8bifses are shown for category
differentiation (acute woundsAW; chronic woundsiCW).

To gain more detailed information into which proteins informed the clustering and categorical
differentiation of acute versus chronic wounds, differential expression analyses were
performed using &vo-tailedi 1J 0 A-&est forcomparing the twbinary outcomescute and

chronic wounds. Ae type | error (false positive resulfig) multiple testing wasontrolled
usingafalse discovery rate (FDRith a cutoff of /] LUM K¥MIRistratedn Figure 22, a totaf

186 differentially abundant proteins in the two categories were identified, with 50 proteins
being upregulated or significantly higher abundant in chronic wounds and 136 proteins being
downregulated or significantly lower expressed in chronic wounds compared to acute
wounds.These results are depicted using a volcano plot and the Top @bdgwnrregulated
proteins are annotated wittineir corresponding gene namellost upregulated proteins in
chronic wounds can be allocated to processes of the innate and adaptive immune system and
various forms of defensive mechanisms employed by either neutrophils or the menocyte
macrophage system against tissue destruction or infectious agents (such as bacteria). These
proteins include Annexin A1 (ANXA1), neutrophil defensin 3 (DEB8yyme QLYZ) or
Protein S100A7 (S100A7. Table 7summarizes the Top 25 upregulated proteins in chronic
wounds. Proteins downregulated in chronic wounds or conversely upregulated in acute
wounds includesialic acidbinding Igike lectin 16(SIGLEC16)Apolipoproteins (APOAA4,
APOL1) orvon Willebrand factofVWF) These proteins can be attributed to more acute and
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earlier tissuedamageas well as general homeostatic and extracellular matrix regulating
processes such as attenuation and downregulation of excessive inflammatory responses,
platelet adhesion, aggregation and activation or structural regulaiem. several of the
identified proteins higher abundant in acute wounds are attributed as acute phase proteins
(APPs) in response to acute inflammation and streastion.Table 8 summarizethe Top 25
downregulated proteins in chronic wound$iese differentially expressed proteins thereby
represent potential biomarkers or biomarker patterns respectively, for the differentiation

between acute and chronic wounds in diagnostic matters.

Y
-

Lower abundance
Higher abundance

Diff. abundance (ns)

@ O G

Not Significant
GPLD1

SIGLEC18

S100A7

-logqg (p-value)

................................................................

log; fold change (CW vs. AW)

Figure22 uivolcano plot for differentially abundant proteins in acute vs. chronic wounds in the-BIGUME cohort.

The plot depicts differentially expressed proteins or proteins present in greater or lesser relative abundance in comparison
between acute and chronic wounds (values weseare transformed for visualization). All colored proteins above thaffcut

(FDR = 0.05) are significantly up (right in blue, 50 proteins in total) or downregulated (left in green, 136 protgins in tota
chronic wounds. As an example, the 25 most differentialymgh downregulated proteins were annotated with their coding

gene names and a list of the most differentially expressed proteins is provided i aabks

Table7 uiist ofTop 25significantly upregulated proteins in chronic wounds (CW) compared to acute wounds (AW)

Gene Protein Padi
ANXA1 Annexin Al 0.0009
LYZ Lysozyme C 0.0046
IGHV330-3 Immunoglobulin heavy variable-30-3 0.0073
LCN2 Neutrophil gelatinaseassociated lipocalin 0.0078
DEFA3 Neutrophil defensin 3 0.0080
0. CPNE3 Copine-3 0.0086
> S100A7 Protein S100A7 0.0087
LCP1 Plastin-2 0.0088
PFN1 Profilin-1 0.0113
MSN Moesin 0.0114
CAPG Macrophagecapping protein 0.0114
TYMP Thymidine phosphorylase 0.0124
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FABPS Fatty acidbinding protein, epidermal 0.0125
COTL1 Coactosin-like protein 0.0141
IQGAP1 Ras GTPasactivatinglike protein IQGAP1  0.0141
LBR Lamin-B receptor 0.0143
NPM1 Nucleophosmin 0.0157
ANXA3 Annexin A3 0.0158
NPC2 Epididymal secretory protein E1 0.0159
SERPINB1 Leukocyte elastasenhibitor 0.0160
MPO Myeloperoxidase 0.0161
SERPINB3 Serpin B3 0.0163
PLEK Pleckstrin 0.0167
ANXA4 Annexin A4 0.0175
ANXA6 Annexin A6 0.0175

Table8 uilist of Top 25significantly downregulated proteins in chronic wounds (CW) compared to acute wounds (AW).

Gene Protein Padi
LCAT Phosphatidylcholinesterol acyltransferase  <0.0001
MST1 Hepatocyte growth factoilike protein 0.0005
APOA4 Apolipoprotein AlV 0.0006
GPLD1 Phosphat.idylinositolglycanspecific 0.0007
phospholipase D
SIGLEC16 Sialic acidbinding Iglike lectin 16 0.0008
CPN1 Carboxypeptidase N catalytic chain 0.0010
APOL1 Apolipoprotein L1 0.0013
VWF von Willebrand factor 0.0020
SNCA Alpha-synuclein 0.0020
SERPINA10 Protein Zdependent protease inhibitor 0.0025
= GPX1 Glutathione peroxidase 1 0.0030
= IGLV147 Immunoglobulin lambdavariable 47 0.0031
Q FCN3 Ficolin-3 0.0034
BPGM Bisphosphoglycerate mutase 0.0038
F10 Coagulation factor X 0.0040
EIF5A Eukaryotic translation initiation factor 5A 0.0044
CPN2 Carboxypeptidase N subunit 2 0.0044
TIMP1 Metalloproteinase inhibitor 1 0.0044
LRG1 Leucinerich alpha2-glycoprotein 0.0045
CCT7 T-complex protein 1 subunit eta 0.0048
CLU Clusterin 0.0049
LGALS3BP Galectin-3-binding protein 0.0050
SERPINF1 Pigment epitheliumderived factor 0.0053
Cc7 Complement component C7 0.0065
CPB2 Carboxypeptidase B2 0.0068

After identifying clusters representing acute and chronic wounds and the potential to

differentiate the two categories based on their underlying signature as well as identifying
differentially expressed proteins in either category driving their differentiation, a pathway
analysis was performed to identify superordinate enriched pathways in the samples of acute
and chronic wounds. This serves the purpose of finding pathways specifically regulated in the

entirety of the analyzed samples within the specific categories of acute and chronic wounds.
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Therefore, an ovaepresentation analysis (ORA) for enriched pathways for the gene ontology

(GO) terms was performed based on the differentially abundant proteigste 23
demonstrates the top five (in case of equal gene ratios in % top sixenesented
Geqésc!t WRUWeHe qUlWe UT WHSE!I YORHWs Ye UT + WRUOWaq6 1J
Gl YRUt t wlWbi7Ap AWl mAEPJGGadcec] WHYOGGY UlJMba) antlysis® 9 b LW ¢ |
Q61 DA WT BavYUt ql ¢qlt WGhcet RAGWIW] §WHeqUINYI RIJ
l JRzdcqRYOWYNWG6! T1 Yidcect WWeHqR2Rq! Kk AR G2 G Y ¢
enriched, as expression of ongoing tissue repair, regeneration and maintenance of
homeostasis. Mainly owr J G| 13t W0 q T WHPJGO:2 G ¢l LW HoGtadhd 190 qt LW
Dfaql ¢cHUDOOGa0cl Waeql Rk Wec Ul WhHGYYT WAGRHAI YGEI qfF
hWOT YGUGqRIT ¢t 1JWRUDB! RAARI acYd RUEYRXDR 2FRq) Wk HIREUO TRIDM) k W e
extracted samples and align with the expected results for acute and chronic wounds and

defective tissue healing.
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Figure23 wOverrepresentation analysis (ORA) for enriched pathways in acute and chronic wounds for gene ontology (GO)

terms.

Bar graphs depict top overlJ Gl 13+ JUq T OGe qés ¢! + PRUKGEUIIONIIUWJKYUqYdYN! 0] 8§ K
goOWNddeadel LIYaGYUWUqcaoe99ontoecUT oy ~YiaWHaGel O] 2URqRYUCIOE ~[ R IOHG
chronic wounds.
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Toget a more detailed and-depthinsight into specifically regulated pathways based on the
proteomics results for acute and chronic wounds and distinguish the direction of pathway
enrichment (either enriched in acute or chronic wounds), which is not possible using ORA, we
additionallyperformed gene set enrichment analysis (GSEA). These were also performed for

the gene ontology termBP (Figure 24), CC (Figure 25) and MF (Figurén2éyms of

BARY I YNRHCOWG! YRt mAWGcRUG! Wt ql eHagel ¢aWl 1IN:
Gl YTUHqRYUOWet t DAGHG! kWYl WheHqRUWR! qYt ¢t WGJqY UL
also immunel Un1IJU0t R2UJWGcqbsc¢c! t W eHGEWeEt WhUWeql YGO6RI
were prominent. In chronic wounds more specific pathways tied to tissue repair and regulation
YnWaqRt t 20WT It ql eHgqRYUWwDONKOAWGS! T 1 Ya! + Rt We UI
sYe Ul RUNDk AllhB ¥E @R 2U6IRYOIRIIVE B RIG G2 UKW 3t GYUt Wk
hOWNE qR2 IWI N2 GThes® rédiltsl Xgaibl @G deNimg Ith¥ GalidityPof tiielSaihples

taken from healing wounds and offer an investigation into the most prominently regulated

processes.
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activation of immune response
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hemostasis
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Figure24 w] WU WOt Dqol U0l RESGWUqocUcih! t Rt O8] EE KON Yl HOIbidlbgRat 6 1JT KOG ¢ q
proces<CEWP¥ in acute compared to chronic wounds.
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a corresponding distribution of enriched pathways could be observed with proteins focused on
cellular regulation and cellular adhesion/movement being enriched in acute wounds, for
DFcO0GiWNWhnYHcOWET 60t RYUKk AWRAEDIGWG!I YTUHqRYULW
pathways of the defenside! + qlJ 0 Wit e HSWet WheAel YGEROWNI ¢Ue
cCUT Wq6NWGEeNYH! qYt Rt orDGGeadcel Wset qUWHRGDE! ¢ U
hG6cNYH! qRAW2 It RAGUKk b Wel WOl RASGVT WRUOWE He qld
Gl Y #I1Jth ghroridOllbunds on the other hand, more pathways associated with
Dfql ¢cHDOGO20¢! WARYGGYUWUqt Weit eH6Wet WhHAHet WA UqlL
YI WhHGYYT WAGRHI YGE! qRATI kb W6 DWR+aql ¢cHUGG20EC
cUT Wh AYYUGAORWURUNWIU+ql ¢HDGG20¢ | WG ¢ -anteBclianb W ¢t LU
Pl Gt Wot-val6 IDEH RigH 2UTIRGY Gl Y q 1J-R B ERSIC W svigrét G 0 K B1IC

enriched.
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componenC®EE in acute compared to chronic wounds.
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results in pathway enrichment. In acute wounds specifically pathways dealingawihs

celularGl YqUWRUWHRUT RUNW¢ UT WHWJGGade!l Wel 6131t RYUWne |
ARUT RUNDk We UT WhemqRUWARUT RUNDKk WT 3aGYUt ql ¢ qIT We
dealing with extracellular remodeling, repair and protection from tissue
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3.4.2. Woundentity differentiationbased on proteomic signaturggore vs. entityspecific

proteome)

While the distinction between acute and chronic wounds on a systematic level already offers

relevant insights into differences between healing pathways and trajectories, the group of

chronic wounds itself represents a heterogenous collective of different entities. These include

post-surgical wound healing disorders (WHD), arterial leg ulcers (ALU), venous leg ulcers

(VLU), diabetic foot ulcer (DFU), mixed artegnous leg ulcers (MIX) and more specific

entities such as pyoderma gangrenosum (PG). For diagnostic and predictive measures as well
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as to distinguish between patterns which are inert to all forms of wounds (acute as well as
chronic) and such that are uniquely identifiable for a specific entity, the results were analyzed

in more depth, stratified for subgroups and specific clusters. This way potential diagnostic
markers and biomarker pattergspecific to certain entities can be identified, but also a form of
hHecHt NI Ye Ul Wt RNDUcOKkWs 6RASGWRY WWFGUHge HIWWRUOU
identified.

Therefore, the category cluster of chronic wounds, demonstrated RCtAan chapter 3.4.1.

AL YqUYOGUWI Rt qRUAqRYUWY nlWe He qlW2t OWHGE! YURH W:
individual chronic wound entities sampled (Figure &gain, individual pats represent the

individual samples colored by wound entity and ellipses represent the 95% confidence
interval (95%CI) drawn around the center of each entity cluster. Again, acute wounds (AW)
demonstrate the best differential clustering, while the chronic wound entities demonstrate a

considerable overlap.

Entity differentiation
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Figure27 wPrincipal component analysis (PCA) for differentiation of wound entities in the-BIQME& cohort.

Individual patients are outlined and clustered based on principal components 1 and-Cl 88fases are shown for entity
differentiation among sampled entities of the WeBhME cohort (acute woundsAW; arterial leg ulcensiALU; arterio

venous / mixed ulcensMIX; venous leg ulcend/LU; postsurgical wound healing disordemsVHD; pyoderma gangrenosum
wPG).

A more detailed and-aepth dive into the differentiation between the various chronic wound
entities is provided in a latemapter (chapter 3.4.8A1 YqUYGRHAW T R21J1 + Rq! W R
BUqRqRIJt Wb
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In a first step, the analysis focused on the identification of proteins present in all investigated
wound samples, a form of core proteome, which can be observed for each wound and
proteins which are uniquely present or identified in specific investigated eiftiges: 28
illustrates this distinction by means of an upset plot depicting on the one hand the quantities
of overall identified proteins for specific wound entities (grey bars on the left) and on the other
hand number ofproteins only identified in specific subset combinations of the investigated
overall samplecohort(bar graphs on toppots in the plot beneath the bar graphs indicate in

which combination of entity subgroups the specific set of proteins has been identified.

800 Total: 2240

765
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539

400

Intersection size

200 Uniquely identified proteins
108
23 24 |_|2g 22 55 41 25 25 3 * 34
o ol B iz e s B2 e s s s s Lpaaaasis e s sl 12508148 4
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1866 PG I @
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£8iz-
Set size Core vs. Unique Proteins

Figure28 wUpset plot of the total WourBIOME cohort with core proteome and number of uniquely identified proteins in
entities.

Most proteins were identified in VLUs with 2078 overall identified pretethdWs showed

the lowest number of identified proteins with 876. A set of 765 proteins were observed in all
samples regardless of entity, indicating the core proteome which can be observed in wounds
in general based on the here sampled BIOME cohort (blgeapdr in Figure 28). Fahronic
wounds, a set of 539 proteins were identified as core proteome (green ¢majanns of
potential individual biomarker sets, for each individual entity several uniquely identified

proteins were observed, that were only found in samples of that entity (indicated in red on the
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right sidan Figure 28). F&LU 69 unique proteins were identified, 34 for AW, 18 for PG, 14 for
MIX, 8 for WHD and only 4 for ALU.

Uniquely identified proteins per wound entity including their coverage, meaning in how many of
the analyzed samples within the specific entity group the protein was found, are summarized
in tables 9r 14. For venous leg ulcers (VLU), Table 9 spediiie9 unique proteinddost

proteins were only identified in one or two sampish, showing a high heterogeneity within

the entity of VLUs, howeverannosebinding protein C (MBL2) showed the highest coverage
with identification in 4/24 samples (16.67%)ther proteins that displayed a comparably
higher coverage with 12.50% (3/24 samples) suckuksryotic translation initiation factor 3
subunit G(EIF3G, 60S acidic ribosomal protein RRPLP2 ornuclear capbinding protein
subunit 1 (NCBP2) are rather found within the intracellular compartment (ribosome or
nucleus) rather than the extracellular space and are associated with mRNA translation and

protein synthesis or processing.

Table9 wProteins uniquely identified in venous leg ulcers (VLU).

Gene Protein PID Coverage
NRP1 Neuropilin-1 014786 2/24 8.33%
PFDN6  Prefoldin subunit 6 015212 1/24 4.17%
DEFB4A Betadefensin 4A 015263 2/24 8.33%
FABP7 Fatty acidbinding protein, brain 015540 1/24 4.17%
PPL Periplakin 060437 1/24 4.17%
MGEA5 Protein OGIcNAcase 060502 2/24  8.33%
SEP15 15 kDa selenoprotein 060613 1/24 4.17%
PRPF40A PremRNAprocessing factor 40 homolog A 075400 2/24 8.33%
SRSF10 Serine/argininerich splicing factor 10 075494 2/24 8.33%
CSDE1 Cold shock domaincontaining protein E1 075534 1/24 4.17%
EIF3G Eukaryotic translation initiation factor 3 subunit G 075821 3/24 12.50%
EIF3J Eukaryotic translation initiation factor 3 subunit J 075822 1/24 4.17%
PTBP3 Polypyrimidine tractbinding protein 3 095758 3/24 12.50%
oD AIFM1 Apoptosisinducing factor 1, mitochondrial 095831 2/24 8.33%
= IL1A Interleukin-1 alpha P01583 1/24 4.17%
> RPLP2 60S acidic ribosomal protein P2 P05387 3/24 12.50%
MBL2 Mannosebinding protein C P11226 4/24 16.67%
RALA Rasrelated protein RalA P11233 2/24 8.33%
RPS2 40S ribosomal protein S2 P15880 2/24 8.33%
RPL7 60S ribosomal protein L7 P18124 2/24 8.33%
SDC1 Syndecanl P18827 1/24 4.17%
TCEA1l  Transcription elongation factor A protein 1 P23193 1/24 4.17%
DNAJB1 DnaJ homolog subfamily B member 1 P25685 1/24 4.17%
MAP4 Microtubule-associated protein 4 P27816 3/24 12.50%
RBMS1 RNAbinding motif, singlestranded-interacting protein 1 P29558 1/24 4.17%
ATP5D  ATP synthase subunit delta, mitochondrial P30049 1/24 4.17%
CTNNA1 Catenin alphal P35221 2/24 8.33%
RPS19 40S ribosomal protein S19 P39019 1/24 4.17%
EPS15 Epidermal growth factor receptor substrate 15 P42566 1/24 4.17%
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TUFM Elongation factor Tu, mitochondrial P49411 2/24 8.33%

RPL14 60S ribosomal protein L14 P50914 3/24 12.50%
RPL23 60S ribosomal protein L23 P62829 2/24 8.33%
PSPH Phosphoserine phosphatase P78330 1/24 4.17%
HMGCS1 HydroxymethylglutarylCoA synthase, cytoplasmic Q01581 1/24 4.17%
SRSF1 Serine/argininerich splicing factor 1 Q07955 2/24 8.33%
NCBP1 Nuclear capbinding protein subunit 1 Q09161 3/24 12.50%
BNIP2 ECLZIadenovirus E1B 19 kDa proteinteracting protein 012982 124 4.17%
FADD FASassociated death domain protein Q13158 1/24 4.17%
TUBB2A Tubulin beta2A chain Q13885 1/24 4.17%
SAFB Scaffold attachment factor B1 Q15424 3/24 12.50%
SF3A2 Splicing factor 3A subunit 2 Q15428 2/24 8.33%
MAN2A1 Alphamannosidase 2 Q16706 2/24 8.33%
TUBB8  Tubulin beta8 chain Q3ZCM7 1/24 4.17%
SFRP4  Secreted frizzleerelated protein 4 Q6FHJ7 2/24 8.33%
HIBCH 3-hydroxyisobutyrylCoA hydrolase, mitochondrial Q6NVY1 1/24 4.17%
TUBA1A Tubulin alphalA chain Q71U36 2/24 8.33%
KDELC2 KDEL moticontaining protein 2 Q7Z4H8 2/24  8.33%
S100A7A Protein S100A7A Q86SG5 1/24 4.17%
AHNAK2 Protein AHNAK2 Q8IVF2 2/24 8.33%
SUMF2  Sulfatasemodifying factor 2 Q8NBJ7 2/24 8.33%
ABCF1  ATRbinding cassette subfamily F member 1 Q8NE71 1/24 4.17%
CMAS N-acylneuraminate cytidylyltransferase Q8NFW8 2/24  8.33%

Phosphatidylinositol 3,4,5trisphosphate-dependent

PREX1 . Q8TCU6 1/24 4.17%
Rac exchanger 1 protein
WHAMM WASP homologasspciated protein with actin, QSTF30 324 12.50%
membranes and microtubules
PXDN Peroxidasin homolog Q92626 2/24 8.33%
SORL1  Sortilin-related receptor Q92673 2/24 8.33%
S100A13 Protein S100A13 Q99584 2/24  8.33%
MYD88  Myeloid differentiation primary response protein MyD8{ Q99836 1/24 4.17%
OSBPL2 Oxysterotbinding proteirrelated protein 2 Q9H1P3 1/24 4.17%
RANBP3 Ranbinding protein 3 Q9H674 2/24  8.33%
SEPT11 Septinll QINVA2 1/24 4.17%
GLTP Glycolipid transfer protein Q9NZD2 1/24 4.17%
DNAJB11 DnaJ homolog subfamily B member 11 Q9UBS4 3/24 12.50%
TES Testin QoUGI8 1/24 4.17%
IL36A Interleukin-36 alpha QOUHAY 1/24 4.17%
PCYOX1 Prenylcysteine oxidase 1 Q9UHG3 2/24 8.33%
VSIG4 V-set and immunoglobulin domaircontaining protein 4 Q9Y279 1/24 4.17%
RAP2C Rasrelated protein Rag2c Q9Y3L5 2/24 8.33%
ATP6V1D V-type proton ATPase subunit D Q9Y5K8 1/24 4.17%

(PIDWUnNIProtID)

In acute wounds (AW) a total of 34 unique proteins were identified which are spedifibt

10. Contrary to proteins in VLUs, some proteins in AWs demonstrated a distighdy
coverage rate with for exampialic acidbinding lgike lectin 16(SIGLEC16) identified in

each sample within the acute wound coh@7 T 100.00% coverage)hese results are in

line with the previous demonstrated analyses for differentially higher expressed proteins in
acute wounds compared to chronic wounds in general, where SIGLEC16 was significantly
higher expressed in acute woundairther proteins iMWs with a high coverage included
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myoglobin(MB; 71.43% 5/7 samples), myosinl (MYH1; 85.71% 6/7 samples),alpha-
actinin2 (ACTNZ2; 57.14% 4/7) andfilamin Ainteracting protein -like (FILIP1L; 57.14%

4/7) which are associated with muscte cytoskeletacomposition and actin microfilament
structures.Even thouglPAWsdemonstrated the lowest overall number of identified proteins
(876 proteins)they demonstrated the second highest number of uniquely identified proteins
after VLUsand the highest rate of unique proteins in the resulting proteome for an entity
(0.039% vs. 0.033% for VLU, 0.010% for B®08% for MIX, 0.005% for WHD and 0.003%

for ALU)ndicating a diverse proteome composition compared to chronic wentitees

Tablel0 wProteins uniquely identified in acute wounds (AW).

Gene Protein PID Coverage

SIGLEC16 Sialic acidbinding Iglike lectin 16 A6NMB1 7/7 100.00%
BIN1 Myc boxdependentinteracting protein 1 000499 2/7 28.57%
KLHL41 Kelchlike protein 41 060662 2/7 28.57%
LDB3 LIM domainbinding protein 3 075112 2/7 2857%
IGF2 Insulin-like growth factor Il P01344 2/7 28.57%
MB Myoglobin P02144 5/7 71.43%
TNNC2 Troponin C, skeletal muscle P02585 3/7 42.86%
GP1BA Platelet glycoprotein Ib alpha chain; Glycocalicin PO7359 1/7 14.29%

Myosin regulatory light chain 2, ventricular/cardiac

MYL2 . P10916 2/7 28.57%
muscle isoform
MYH1 Myosin1 P12882 6/7 85.71%
PGAM2 Phosphoglycerate mutase 2 P15259 2/7 28.57%
CKMT2 Creatine kinase Sype, mitochondrial P17540 2/7 28.57%
DES Desmin P17661 3/7 42.86%
GPD1 GcheroL3-phosphate dehydrogenase [NAD(+)], P21695 2/7 28.57%
cytoplasmic
GSTT1 Glutathione Stransferase thetal P30711 2/7 28.57%
; CASQ1 Calsequestrinl P31415 2/7 28.57%
<C ACTN2 Alpha-actinin-2 P35609 4/7 57.14%
TNNT3 Troponin T, fast skeletal muscle PA5378 2/7  28.57%
TNNI2 Troponin |, fast skeletal muscle PA4A8788 3/7 42.86%
CSRP3 Cysteine and glycingich protein 3 P50461 2/7 28.57%
MYOM1  Myomesinl P52179 2/7 28.57%
MYOM2  Myomesin2 P54296 3/7 42.86%
TNNC1 Troponin C, slow skeletal and cardiac muscles P63316 2/7 28.57%
MYBPC1 Myosinbinding protein C, slowtype Q00872 3/7 42.86%
ACTN3 Alpha-actinin-3 Q08043 3/7 42.86%
DMTN Dematin Q08495 2/7 28.57%
FHL1 Four and a half LIM domains protein 1 Q13642 3/7 42.86%
FLNC Filamin-C Q14315 3/7 42.86%
FILIP1L Filamin Ainteracting protein tlike Q4L180 4/7 57.14%
PDLIM3  PDZ and LIM domain protein 3 Q53GG5 2/7  28.57%
PGM2L1 Glucose 1,6bisphosphate synthase Q6PCE3 2/7 2857%
MYLPF Myosin regulatory light chain 2, skeletal muscle isoforr  Q96A32 3/7 42.86%
PLIN4 Perilipin-4 Q96Q06 2/7 28.57%
MINPP1  Multiple inositol polyphosphate phosphatase 1 Q9UNW1 2/7 2857%

(PIDWUnNIProtID)
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For further chronic wound entitiefggwer numbers ofunique proteins were identified
Pyoderma gangrenosum (PG) wounds showed a total of 18 uniquely idpritiééas (Table
11) however with an overall low covera@aly a maximum coverage of 18.18% wiasaoved
(protein found in 2/11 samples) and that was also only the case for five praaims: r
binding protein (RBP1)Immunoglobulin heavy variableB{IGHV18), cell division cycle and
apoptosis regulator protein (CCAR1)N-alphaacetyltransferase 15, NatA auxiliary subunit
(NAA15) andN-alphaacetyltransferase 5NAA50) However, many of the uniquely identified
proteins in pyoderma gangrenosum (PG) wounds are associated with DAMRYRAb&R
inflammasome activation of the innate immune defense responsible for programmed cell
death variants such as pyroptosis and necropt@&ish proteins are Gasdermih (GSDMD),
cell division cycle and apoptosis regulator proteifCCAR1),protein VAC14 homolog
(VAC14) orerine/threonineprotein kinase 265TK26).

Tablell wProteins uniquely identified pyoderma gangrenosufRG).

Gene Protein PID Coverage
HIP1 Huntingtin-interacting protein 1 000291 1/11 9.09%
RBP1 Retinotbinding protein 1 P09455 2/11  18.18%
IGHV%8 Immunoglobulin heavy variable-8 PODPO1 2/11  18.18%
ARL1 ADRribosylation factorlike protein 1 P40616 1/11 9.09%
CXCL5 C-X-C motif chemokine 5 P42830 1/11 9.09%
RAP1GDS1 Rapl GTPasé&DP dissociation stimulator 1 P52306 1/11 9.09%
GSDMD GasderminD P57764 1/11 9.09%
IGLV321 Immunoglobulin lambda variable 21 P80748 1/11 9.09%
o VAC14 Protein VAC14 homolog QO08AM6 1/11 9.09%
O HERC4 Probable E3 ubiquitirprotein ligase HERC4 Q5GLz8 1/11 9.09%
THEMIS2 Protein THEMIS2 Q5TEJ8 1/11 9.09%
CCAR1 Cell division cycle and apoptosis regulator protein 1 Q8IX12 2/11  18.18%
TRNT1 CCA tRNA nucleotidyltransferase 1, mitochondrial Q96Q11 1/11 9.09%
XPO6 Exportin6 Q96QU8 1/11 9.09%
NAA15 N-alpha-acetyltransferase 15, NatA auxiliary subunit Q9BXJ9 2/11  18.18%
NAASO N-alpha-acetyltransferase 50 Q9Gzz1 2/11  18.18%
STK26 Serine/threonineprotein kinase 26 Q9P289 1/11 9.09%
LCMT1 Leucine carboxyl methyltransferase 1 QauIC8 1/11 9.09%
(PIDWwWUnNIProtID)

Mixed arterievenous ulcers (MIX) demonstrated a similar coverage pattern. A total of 14
unique proteins were identified, of which seven demonstrated a coverage of 2/7 (28.57%)
while the rest of uniquely identified proteins were only observed in one of seven samples
(14.29% coverage). As summarizedTiable 12,proteins with higher coverage wefia

example monocarboxylate transporter {SLC16A3 carnitine Gpalmitoyltransferase 2,
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mitochondrial(CPT2) E3 ubiquitirprotein ligase NEDDANEDD4) phosphatidylinositol 4,5
bisphosphate &inase catalytic subunit gamma isoforfiRIK3CG)or derile alpha motif
domaincontaining protein-fike (SAMDIL) These identified proteins are involved in various
processes such as hypoxiaduced glycolysis adownregulation of growth factor signaling

via internalization of growth factor receptors

Tablel2 wProteins uniquely identified in artevienous/mixed ulcers (MIX).

Gene Protein PID Coverage

SLC16A3 Monocarboxylate transporter 4 015427 2/7 28.57%
HMGA1 High mobility group protein HMGHMG-Y P17096 1/7 14.29%
CPT2 Carnitine Gpalmitoyltransferase 2, mitochondrial pP23786 2/7 28.57%
OAS2 2-5-oligoadenylate synthase 2 P29728 1/7 14.29%
SPRR1A  CornifinrA P35321 1/7 14.29%
NEDD4 E3 ubiquitinprotein ligase NEDD4 P46934 2/7 28.57%

Phosphatidylinositol 4,5bisphosphate 3kinase

X PIK3CG . ; . P48736 2/7 28.57%

S catalytic subunit gamma |soform_
PFKP ATRdependent 6phosphofructokinase, platelet type Q01813 1/7 14.29%
HSD17B12 Verylong-chain 3-oxoacytCoA reductase Q53GQ0 1/7 14.29%
ZC3HAV1 Zinc finger CCCHype antiviral protein 1 Q7Z2W4  1/7  14.29%
SAMDIOL  Sterile alpha motif domaircontaining protein Slike Q8IVG5 2/7 2857%
SACM1L Phosphatidylinositide phosphatase SAC1 QONTJI5 2/7 28.57%
STK24 Serine/threonineprotein kinase 24 Q9Y6EO 1/7 14.29%
OAS3 2-5-oligoadenylate synthase 3 Q9Y6K5 2/7 28.57%

(PIDwWUNiProtID)

In postsurgical wound healing disorders (WHD) as compared to other chronic wound entities
two out of the overall eight uniquely identified proteins demonstrated a relatively higher
coverage as compared to other unique proteins withirgtbep(Table 13) Theseproteins

were CorneodesmosirfCDSN; 7/19r 36.84% coverage) anflrachidonate 1dipoxygenase,
12Rtype(ALOX12B; 5/19 26.32% coverageyhich are both crucial for the development and
integrity of the epidermal skin barrier of the stratum corneum. Interestingly, also other uniquely
identified proteins in the WHD cohort are associated witeemaldifferentiation and the
integrity of the skin barrier, such Ksratinocyte prolingich protein(KPRP)Envoplakin
(EVPL) and Protein S04 (S100A14).
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Tablel3 wProteins uniquely identified in wound healing disorders (WHD).

Gene Protein PID  Coverage
ALOX12B Arachidonatel2-lipoxygenase, 12Rype 075342 5/19 26.32%
CDSN Corneodesmosin Q15517 7/19 36.84%
0 KPRP Keratinocyte prolinerich protein Q5T749 1/19 5.26%
T FAM101B Filamirrinteracting protein FAM101B Q8N5W9 2/19 10.53%
; EVPL Envoplakin Q92817 1/19 5.26%
CPNE2 Copine-2 Q96FN4 2/19 10.53%
CHMP4B Charged multivesicular body protein 4b Q9H444 2/19 10.53%
S100A14 Protein S100A14 Q9HCY8 2/19 10.53%
(PIDwWUNiProtID)

The lowest number of uniquely identified proteins was observed in arterial leg ulcers (ALU) as
summarizedin Table 140nly four unique proteins were found, all with the same level of
coverage across the investigated cohort of 16.67% (2/12 sampWgh Cartilage
intermediate layer protein (CILP) and EMILIN (EMILIN1) two distinct proteimsvolved in
extracellular matrix remodeling associated with the -b&@& pathway and angiogenesis in

terms of vessel assembly regulation were identified in the cohort.

Tablel4 wProteins uniquely identified in arterial leg ulcers (ALU).

Gene Protein PID  Coverage

CILP Cartilage intermediate layer protein 1 075339 2/12 16.67%
3 SEC14L2 SEC14like protein 2 076054 2/12 16.67%
<C PFKM ATRdependent 6phosphofructokinase, muscle type P08237 2/12 16.67%

EMILIN1 EMILIN1 QI9Y6C2 2/12 16.67%

(PIDWUnNIProtID)

Overall, the analysis of core and unigue proteome aspects of the VBdME cohort and
the entity subgroups provided several starting points for more specific biomarker
investigations with potential uniquely identified proteins as diagnostic or prognostic markers

for specific wound entities.

Togain a more holistic view of the differential abundances and regulatory patterns including
overexpressed or overepresented protein signatures and pathwapsd especially identify
clusters ofsimilarlyregulated proteins within the entire cohatheatmap visualization and
cluster analysiswas performed. The analysis wassed on hierarchical clustering and
stratified annotation for clinical evaluation parameters such as healing status (healing vs. non
healing), regenerative stage (infection, inflammation, proliferation and epithelization) and
entity categorizationFigure 29 displaythe heatmap witlihe resulting three clusters on the

column level and six clusters on the row le¥érarchicalclusteringis a method used to
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group proteins based on their expression patterns or abundance levels aarmsss

samples. It helps identify proteins with similar behavior, which can reveal functional
relationships or regulatory mechanismiaereby, the pairwiseisance between protein
expression profiles usingn this casethe canberradistancewas calculated and rmpteins

grouped into clusters based on their similangyngcomplete linkage (maximum distance)

Here, column clusters were formed based on patients and according to clinical parameters.
Each sngle column in Figure 29 represeatpatient sample annotated on the top based on
hEqcagqet kAWREqec Nk We Ul WhEUqRq! Kk Alls 6 RGWJWII¢ #E WI
protein within the proteomé&.ariance in abundance (higher or lower abundant) is indicated by

color and color intensity, with red indicating high abundance and blue indicating low

abundance.

As Figure 29 shows, healingcute wounds in the proliferation stage form a clearly
distinguishable clusteon the column levetlo the left side compared to chronic wounds.
Amongst chronic wounds two further clusters result on the column level, which do not
demonstratea specific distribution pattern based on clinical annotations as both clusters
feature equal parts of healing vs. Awaling wounds of various entities and all stages of the
regeneration process. Looking at the abundance patterns, the differences also appear far
more distinct between the first column cluster of acute wounds, than between the second
two clusters on the column level amongst chronic wounds. However, clear differences can be
observed between the six clusters of differentially abundant proteins on the row clustering
level. In general, grouped patterns of upregulated and therefore higher abundant proteins such
as clusters 3 4 and 5 especially and groups of lower abundant, therefore downregulated
proteins (clusters 1 and 2) can be observEdese clusters interestingly also demonstrate an
inverse relation between acute and chronic wounds, where clusters of proteins
downregulated in chronic wounds are upregulated in acute wounds (clusters 1, 2 and 6) and
vice versa for other protein groups (clusters 4 and 5). However, there was also a cluster
observed, which demonstrated an upregulation or higher protein abundance respectively in

both acute and chronic woun@duster 3)
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Cluster 1

Cluster 2

Cluster 3

Cluster 4

Cluster 5

Abundance Status [l HEAL [ NON-HEAL

INFE [PROL . . []ALU []PG [WHD
Stage [l |NFLA [ EPITH ETHY HVLU mix [l Aaw

Low  Medium High
Figure29 uHeatmap of significantly differentially abundant protefrtte proteomdetween acute wounds artifferentchronicwound entities stratified by clinical outcome parameters.

Quantitative abundanaesults of alkignificantly differentially expressed/abundant proteins in at least one comparison between woundaenstiesvn. Each column represents the swab sample
of a patient, correspondimgitcome parameterare shown in theop annotationswound healing statusiy E qj ¢ g2 + C3 105 Y auij E 6 0 & CB WauE {d AdECR aptiekDat the
bottom. Data was hierarchicallglusteredon the columras well as rovevelusing the canberra method for distance with complete linkage selecting n=3 fdust@umn and n=6 cluster for row
splittingto separate formed clusteré owerabundant proteingre depicted iblue, higher expression in red. Data is basetetative LFQ intensitieshich were logtransformed (HEALwhealing
wound; NONHEALwnon-healing wound; INF&infection; INFLAuinflammation; PROLuproliferation; EPITIHiepithelization; ALUWuarterial leg ulcer; VLUWvenous leg ulcer; PGpyoderma
gangrenosum; Midarteriovenous/mixed ulceMVHDLpost-surgical wound healing disorder; Avtute wound)
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To understand which specific pathways and driving proteins are represented by these specific
clusters, oveirepresentation analysis (ORA) was employed, specifically for the sets of
proteins within the identified clusters. This analysis informs as to which pathways are
dominantly regulated within the clusters. Additionally, tables illustrate which specific proteins
(involved as drivers of the overrepresented pathways) ar@rugownregulatedn acute

wounds compared to chronic wounasthin the six row clusters

In cluster 1 (Figure 30), especigipteins of the early regular acute wound healing process as

well as the first stage of tissue regeneration (hemostasis and coagulation) are upregulated in
acute wounds, resulting in overpresentation of corresponding pathways. These include the
HRYGYNDRHCGWG! Y HIF D MUY dpRENIS N2 15D 4106 dJof RINRUWID X MALLG T Y q 1.
500t Wet WU URDVDT WeHqR2Rq! WRUWE GGl YGI ReqUWH
HYUqc¢ RURUNWWU+ql ¢cHUJGGOz2G¢ Wb dle) HR ¥ & & IBieElic ¥ GI3 Ui d ¢
proteins upregulated in acute wound healiegresented by higher abundance in acute

wounds in cluster Jlthat have been observed in other analyses in this work comparing acute

and chronic wounds, includ®letalloproteinase inhibitor (TIMP1)Glutathione peroxidase 1

(GPX1)r Carboxypeptidase B&CPB2;Table 15)Many of the upregulated proteins in cluster

1 correlating with acute wounds are associated with early defensive mechanisms such as the
opsonin Ficolir8 (FCN3) oComplement factor PCFD) as part of the complement pathways

of the humoral, innate immune systesn mechanistic pathways regulating response to
oxidative stress or protease/peptidase regulation (€gsma serine protease inhibitor

SERPINAS or SERPINBS).
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Figure30 wOverrepresentation analysis (ORA) showing enriched pathways of the gene ontology (GO) terms for cluster 1.

Tablel5wUp-/Down-regulated proteinef Clusterl in acute and chronic wounds.

. up/down
Gene Protein i AW
UBAG6 Ubiquitin-like modifieractivating enzyme 6 -
APOL1 Apolipoprotein L1 4
CS Citrate synthase, mitochondrial nde
FCN3 Ficolin-3 +
AK1 Adenylate kinas@soenzyme 1 +
F10 Coagulation factor X +
CFD Complement factor D +
TIMP1 Metalloproteinase inhibitor 1 i
SPTAl Spectrin alpha chain, erythrocytic 1 i
SLC4A1 Band 3 anion transport protein nde
SERPINAS Plasma serine protease inhibitor +
- F13B Coagulation factor XIII B chain +
GPX1 Glutathione peroxidase 1 +
& BPGM Bisphosphoglycerate mutase +
I SPTB Spectrin beta chain, erythrocytic A
0 Jup Junction plakoglobin nde
3 LBP Lipopolysaccharidebinding protein 4
O CAST Calpastatin +
GPX3 Glutathione peroxidase 3 4
ACP1 Low molecular weight phosphotyrosine protein phosphatase +
ATIC Bifunctional purine biosynthesis protein PURH +
HSPA4 Heat shock 70 kDa protein 4 nde
IGFALS Insulin-like growth factorbinding protein complex acid labile subuni i
CCT6A T-complex protein 1 subunit zeta 4
CCT5 T-complex protein 1 subunit epsilon +
IDH2 Isocitrate dehydrogenase [NADP], mitochondrial -
CCT3 T-complex protein 1subunit gamma +
PSMB2 Proteasome subunit beta type& +
SERPINB8 Serpin B8 -
RAB14 Rasrelated protein Rabl4 -
EIF5A Eukaryotic translation initiation factor 5A +
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EFEMP1 EGFcontaining fibulinlike extracellular matrix protein 1
SELENBP1 Seleniumbinding protein 1

ALYREF  THO complex subunit 4

CPB2 Carboxypeptidase B2

+ 0+ +

(AWuwacute wounds; ndanot differentially expressed)

Regulations and pathways summarized in cluster 2 complement the findings of cluster 1. In
both clusters subsets of proteins are upregulated in acute healing wounds as compared to
chronic norhealing wounds. ORA performed for differentially abundant proteins in cluster 2
underline these results demonstrating simdarcomplementingpathways upregulated as in

clusterl (Figure 31). FFRY G YNRHC¢C 0 WGI YHIIL + It Wt GUARR¢cGG! Wab
hAHGYYT WHYecNa2GecqRYUKWGeqdbsce! t Wel BWY2T11 DG 134
aYaWurzdel WnaUqRYUAW H#YI | 13t G-Xddthirkng IekttaGadiudpt 5 ¢ ! + L
GCafAlR4k RUDW 6! T 1 YGct W ¢cHqR2Ra! kW ¢UT W hld*ql ¢
respectively, wergronounced.Such pathwaysgainrepresent early reactions and relevant
biomolecular responses to tissue damage and wounding such as blood coagulation,
complement activation, inflammation and fibrinolysis. Together with secondarily
Y2111 3GI Bt D0qUT WGeqésc¢c! t WeUT WneUHqRYUC O W Ge't
hlet AGUWA! Y RUWAYGGUW+FKkWYI Whd! Y ROUWNRacG1IUC
damage, the results of the ORA for cluster 2 demonstrate distinct aspects of early clearing of
tissue damage and tissue repair. Qabundant proteingn acutewounds (Table 18uchas

variants of the myosifamily (Myosirl, -2 and-7), cellECMinteractions associated proteins

such as thrombospondid (THBS4) or proteasesti@nelysinl; MMP3) and their inhibitors

(Protein Zdependent protease inhibitoSERPINAIDas distinct differentially expressed

markers upregulated in acute wowrtughlight these processes which primarily characterize

clusters 1 and 2 as hallmarks of acuteundhealing.
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Figure31 wOverrepresentation analysis (ORA) showing enriched pathways of the gene ontology (GO) terms for cluster 2.

Tablel6 wUp-/Down-regulated proteins of Cluster 2 in acute and chronic wounds.

. up/down
Gene Protein in AW
SIGLEC16 Sialic acidbinding Iglike lectin 16 4

ADH1B Alcohol dehydrogenase 1B 4
ALDH1Al1 Retinal dehydrogenase 1 +
F9 Coagulation factor IX i
MB Myoglobin i
APOA2 Apolipoprotein All i
PROC Vitamin kdependent protein C i
LCAT Phosphatidylcholinesterol acyltransferase 4
VWF von Willebrand factor 4
SHBG Sexhormone-binding globulin +
UROD Uroporphyrinogen decarboxylase 4
CKM Creatine kinase Mype i
N ca3 Carbonic anhydrase 3 i
% MMP3 Stromelysinl i
I SOD3 Extracellular superoxide dismutase [GdnN] 4
() SPARC SPARC +
= MYHL Myosin-1 +
O MYH7 Myosin7 +
CPN1 Carboxypeptidase N catalytic chain i
OGN Mimecan i
MST1 Hepatocyte growth factoilike protein i
NMT1 Glycylpeptide Ntetradecanoyltransferase 1 i
THBS4 Thrombospondin4 4
SNCA Alpha-synuclein +
BTD Biotinidase 4
GCLC Glutamate--cysteine ligase catalytic subunit +
PSMC6 26S protease regulatory subunit 10B +
GPLD1 Phosphatidylinositotglycan-specific phospholipase D i
HGFAC Hepatocyte growth factor activator i
HAGH Hydroxyacylglutathione hydrolasemitochondrial i
DDI2 Protein DDI1 homolog 2 i

97



CD163 Scavenger receptor cysteinéch type 1 protein M130
PRG4 Proteoglycan 4
C1RL Complement C1r subcomponerdike protein

FETUB Fetuin-B

SERPINAI1C Protein Zdependent proteasenhibitor
MYH2 Myosin-2

FBXO7 F-box only protein 7

FCGBP IgGFebinding protein

(AWuacute wounds; ndanot differentially expressed)

+ + + + + + + +

In contrast to the previous two clusters, cluster 3 involves generally high abundant proteins in
both acute as well as chronic wounds as can be observed by the coloring intelfgjtyen

29. Other than in clusters 1 and 2, the ORA of proteins in cluster 3 revealsrcellul
HYOGGYUUUqt Wt eH#H6Wet Wh2I0t RAGUWG2a WU AWhnYHCE O W
prominent origins of differentially expressed proteins driving the overrepresentation of those
pathways (Figure 32). Together withGh& 0 Iz G ¢ | Wne URqRY Ut WYnWh IJUA !
the biologicalG| Y#HIJt + 0t WY nNWhUWNEqR21IWI WNead¢qRYUWYn LG
GUGqRIT ¢t DWecHqR2R! k WecUT WhT ¥n3Ot 3wl ¥t gYUt WWc
regulation of an immune response happening in both acute as well as chronic wounds in
parallel to specifically upor downregulated processes that are more inert to the specific

wound category (acute or chronic) as observed in clusters 1, 2 and partly 6 (upregulated /
higher abundant proteins in acute wound healing) for one category and in clusters 4 and 5
(downregulated / lower abundant proteins in acute wound healing) in the other category.
Cluster 3 thereby represents proteins highly abundant in both categories, however still with
certain proteins being differentially expressed in acute and chwanicds(Table 17)While

cluster 3 still demonstrates some proteins of the early inflammatory/coagulative response

and protection from oxidative stress such Kaginogenl (KNG1),Protein AMBRAMBP),
histidine-rich glycoproteifHRG)or Inter-alphatrypsin inhibitor heavy chain K& 1H4higher

abundant in acute wound$iowever mainly major players of the progressing successive
immune response are downegulated in acute wounds or rather even higher abundant in
chronic wounds in compariso.hese include proteins focusing on hpsbtection from

pathogens (antimicrobial peptides), oxidative stress regulation or immune reg.Batbn.

proteins observed areactotransferrinLTF) Annexin AJYANXA1) Myeloperoxidas€MPO)

Azurocidin (AZU1)Neutrophil defensin 3 (DEFA@8) Lysozyme GLYZ). Most are released

from or reside in granules of various cells of the immune system such as neutrophils,

GYOYH! qut WYl WacHI YEEe¢NWt Wabet WadIJWY2131 1 G 1
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i 2 O |Tbetefold, cluster 3 mainly represents the highly active baseline of the underlying

defensive immune response in both acute and chronic wounds.

‘ Biological Process ‘ ‘ Cellular Component ‘ ‘ Molecular Function
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Figure32 wOverrepresentation analysis (ORA) showing enriched pathways of the gene ontology (GO) terms for cluster 3.

Tablel7 wUp-/Down-regulated proteins of Cluster 3 in acute and chronic wounds.

. up/down
Gene Protein in AW
PGK1 Phosphoglycerate kinase 1 -
KNG1 Kininogenl +
APOAl Apolipoprotein Al +
AMBP Protein AMBP +
LTF Lactotransferrin -
VTN Vitronectin b
ALDOA Fructose-bisphosphate aldolase A -
ANXA1l Annexin Al -
HRG Histidine-rich glycoprotein +
o MPO Myeloperoxidase -
xr ENO1 Alpha-enolase -
L GPI Glucose-6-phosphate isomerase -
r5 PFN1 Profilin-1 -
o GSTP1 Glutathione Stransferase P =
— HSPA1B Heat shock 70 kDa protein 1B -
O HSPAS8 Heat shock cognate 71 kDa protein -
ANXA3 Annexin A3 -
ACTN1 Alphaactinin-1 -
LCP1 Plastin2 -
AzU1 Azurocidin -
CFL1 Cofilin-1 -
AZGP1 Zinc-alpha-2-glycoprotein +
MSN Moesin -

SERPINB1 Leukocyte elastase inhibitor -
MYH9 Myosin-9 -
TALDO1 Transaldolase =
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ARHGDIB Rho GDPdissociation inhibitor 2
DEFA3 Neutrophil defensin 3

LYZ Lysozyme C
HIST1H4A Histone H4
PPIA Peptidytprolyl cistrans isomerase A

YWHAZ 14-3-3 protein zeta/delta
EEF1A1 Elongation factor 1alpha 1

LCN2 Neutrophil gelatinaseassociated lipocalin
CAP1 Adenylyl cyclaseassociated protein 1 -
ITIH4 Inter-alpha-trypsin inhibitor heavy chain H4 +

(AWuacute wounds; ndanot differentially expressed)

The identified cluster 4 represents a cluster showing upregulated or higher abundant proteins

in chronic wounds in comparison to acute wounds, where in turn certain proteins are found in
lower abundanceAs suggested by ORA, this cluster represents the proteins and pathways
majorly involved in celluland extracellular remodeling and reparative processettECM

interactiors and functions (Figure 33)Cluster 4 involves proteins in pathways such as

hl N2l ¢ qRYUWY nWE A q RUGRHRD Y W't RIG ¢Jady dikeaphidi éfire ¢ RR A @ 6
related protein 2/3 compleproteins (Arp2/3 compleXARPC1Band ARP@), Alphaactinin4

(ACTN4) Vinculin (VCL) orFilaminA (FLNA). Also, again proteins belonging to the
Hictt RnRACqRYUWYnWq6 JWARYGOGYNRACOWG! YRIJt t Whs
results found hereN 6 IJWH I G G 2 0 ¢ | Wi AHI @Y @ 1aUDguT H foftaiRviook We UT U
Dfaql ¢cHDOGGaGCel WAacaql REKWY21II | IBGlevdt, Hydia B igrdat 131 1 L
number ofproteins relevantly involved imost defense and immune response, various
antimicrobial peptides and peptidases/proteases and inhibitors involvee mermodeling of

the ECMcould be observed. These were therdlighly abundant in chronigounds yet

reduced in acute wounds (Table 18) Neutrophil collagenase (MMP8), Matrix
metalloproteinase9 (MMP9) Protein S100A4 (S100A4), Protein S100A7 (S100A7),
Bactericidal permeabilitincreasing protein(BPI) or Cathelicidin antimicrobial peptide

(CAMP)
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Figure33 wOverrepresentation analysis (ORA) showing enriched pathways of the gene ontology (GO) terms for cluster 4.

Tablel8 wUp-/Down-regulated proteins of Cluster 4 in acute and chronic wounds.

-10

sauaf Jo Jequuny

5

0

. up/down
Gene Protein in AW
CLIC1 Chloride intracellular channel protein 1 -
ARPC1B Actin-related protein 2/3 complex subunit 1B -
ARPC3 Actin-related protein 2/3 complex subunit 3 nde
ACTN4 Alphaactinin-4 -
WDR1 WD repeatcontaining protein 1 -
GSR Glutathione reductase, mitochondrial nde
ARG1 Arginasel -
P4HB Protein disulfideisomerase -
ANXA2 Annexin A2 -
HSP90AAl1 Heat shock protein HSP 9@lpha -
ANXA6 Annexin A6 -
ANXA5 Annexin A5 -
N IGHV330-3 Immunoglobulin heavy variable-30-3 -
ﬁ HSPAS5 78 kDa glucoseregulated protein -
- G6PD Glucose-6-phosphate tdehydrogenase -
) MMP9 Matrix metalloproteinase9 -
= HISTIHIC Histone H1.2 -
O BPI Bactericidal permeabilityincreasing protein -
VCL Vinculin -
FLNA Filamin-A =
MMP8 Neutrophil collagenase -
S100A4 Protein S100A4 -
HMGB2 High mobility group protein B2 -
SERPINB3  Serpin B3 -
PDIA3 Protein disulfideisomerase A3 -
S100A7 Protein S100A7 -
YWHAB 14-3-3 protein beta/alpha -
CAPG Macrophagecapping protein -
MNDA Myeloid cell nuclear differentiation antigen =
CAMP Cathelicidin antimicrobial peptide =
ARHGDIA  Rho GDPdissociation inhibitor 1 -
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CAPZAl F-actin-capping protein subunit alphal

ACTR3 Actin-related protein 3 nde
FABPS Fatty acidbinding protein, epidermal -
COoTL1 Coactosin-like protein

EFHD2 EFhand domaincontaining protein D2

TLN1 Talinl

(AWuacute wounds; ndanot differentially expressed)

Cluster 5 demonstrated similar patterns as did Cluster 4 with mainly containing upregulated
proteins in chronic wounds and downregulated proteins in acute wounds. It thereby
represents the largest cluster of differentially expressed proteins between acute and chronic
wounds and the ORA vyielded similar results to cluster 4 with biological processes involved in
HUOGOezGc!l WeUOTl W+ql ¢eHWGOaGel W It ql edqgel RUNDWLE 2t
cHqRULWHA! qVYit t 1Javengpfddanied (Fgure BBoteimsHower imliindant in acute

wounds and higher abundant in chronic wounds in cluster 4 were for ex@oyulee3

(CPN3) Pleckstrin(PLEK)Erythrocyte band 7 integral membrane pro(8iiOM) of winfilirt

2 (TWF2;Table 19).Yet a distinct representation of proteins involvegristeolysis and
remodelingmechanisms could also be observed to be higher abundant in chronic wounds.

N6 Rt WRY W WGI Ut WUqUT WeNEeRUWA! we Uwy231 1 3GIE 13t 13U
hqll qRel ! WNI ¢ Ue & Wk WEGOYT DG Al |1 YUchée RIGALGIRIY AW dllt 12kH 6
CHqR2Rq! kK WYl WHY!I I 3t GYUT RUNDWHRYOYNRHC TG WG YHL
indicating a high number of proteims/olved in peptide and protein degradation and
clearance.Proteinsof such classebservedhere were CystatinA (CSTA) undB (CSTB),

Cathepsin CTSDand-S (CTSS)rProteasome subunit beta tyf(PSMB8) Together with

further observed proteins within cluster 5, which are involved in immune response to tissue
damage, cluster 5 shows mainly overrepresented activity in the field of interaction between
cells and the ECM with restructuring of cellular cytoskeleton, but primarily degradation and

rebuilding of protekstructures based on the proteolytic signature observed.
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Figure34 wOverrepresentation analysis (ORA) showing enriched pathways of the gene ontology (GO) terms for cluster 5.

Tablel9 wUp-/Down-regulated proteins of Cluster 5 in acute and chronic wounds.

. up/down
Gene Protein in AW
ARPC5 Actin-related protein 2/3 complex subunit 5 -
CPNE3 Copine-3 -
H2AFY Core histone macreH2A.1 -
IDH1 Isocitrate dehydrogenase [NADP] cytoplasmic -
CSTA Cystatin-A -
CSTB Cystatin-B -
SOD2 Superoxide dismutase [Mn], mitochondrial -
GNAI2 Guanine nucleotidebinding protein G(i) subunit alph& -
ITGB2 Integrin beta2 -
CTSD Cathepsin D -
HNRNPC  Heterogeneous nuclear ribonucleoproteins C1/C2 -
HSP90AB1 Heat shock protein HSP 90eta -
O pLEK Pleckstrin :
ﬁ RNASE2 Non-secretory ribonuclease -
- ITGAM Integrin alphaM -
) RNASE3 Eosinophil cationic protein -
3 EEF2 Elongation factor 2 -
O MIF Macrophage migration inhibitory factor nde
NCF1 Neutrophil cytosol factor 1 -
HSP90B1 Endoplasmin -
NCF2 Neutrophil cytosol factor 2 nde
TYMP Thymidine phosphorylase -
TCN1 Transcobalaminl -
SFPQ Splicing factor, prolineand glutaminerich nde
PPIB Peptidytprolyl cistrans isomerase B -
CTSS Cathepsin S -
EEF1G Elongation factor 1gamma -
STOM Erythrocyte band 7 integral membrane protein -
APEX1 DNA-(apurinic or apyrimidinic site) lyase =
PSMBS8 Proteasome subunit beta typ& -
PTPN6 Tyrosineprotein phosphatase norreceptor type 6 -
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PRDX5 Peroxiredoxir5, mitochondrial nde

ADSS Adenylosuccinate synthetase isozyme 2 -
S100A11  Protein S106A11 nde
CDA Cytidine deaminase -
ANP32A Acidic leucinerich nuclear phosphoprotein 32 family member A -
MDH2 Malate dehydrogenase, mitochondrial -

IQGAP1 Ras GTPaseactivatinglike protein IQGAP1 -
SERPINB1G Serpin B10 -
RAB7A Rasrelated protein Rabra -

HK3 Hexokinase3 -
AK2 Adenylate kinase 2, mitochondrial -
CDC42 Cell division control protein 42 homolog -
NPC2 Epididymal secretory protein E1 -
HNRNPK  Heterogeneous nuclear ribonucleoprotein K -
ARF1 ADRribosylation factor 1 -
RHOG Rhorelated GTPhinding protein RhoG -
SET Protein SET -
YWHAH 14-3-3 protein eta -
CBX3 Chromobox protein homolog 3 -
SPTAN1 Spectrin alpha chain, norerythrocytic 1 -
TWF2 Twinfilin2 -

PLBD1 Phospholipase Blike 1 -
ANP32B Acidic leucinerich nuclear phosphoprotein 32 family member B -

GGH Gamma-glutamyl hydrolase -
OSTF1 Osteoclast-stimulating factor 1 -
ERO1L ERO1like protein alpha -
VAT1 Synaptic vesicle membrane protein VAIThomolog -
TXNDC17 Thioredoxin domaircontaining protein 17 -
CPPED1 Serine/threonineprotein phosphatase CPPED1 nde
SH3BGRL3 SH3 domainbinding glutamic acidrich-like protein 3 -
RETN Resistin -
PYCARD  Apoptosisassociated specklike protein containing a CARD nde
CAB39 Calcium-binding protein 39 -

(AWuacute wounds; ndanot differentially expressed)

Lastly, cluster 6 again resembles clusters 1 and 2 in that it portraits upregulated and higher
abundant proteins in acute wounds, that represent pathways in the early response to damage,
GcaqoéyYNUWUt WeUT WaqRtteWWI R 2GqRYUWt eAGWCEY WhHG e
mYcNeaidcaqRYUK lhretdinR Righer lablr@dnt iKOddNeS Wdunds as summarized in

Table 20thereby represent members of the complement system sucBamsplement C1r
subcomponent (C1R), Complement C5(C5), Complement @ (C2) andComplement

component C7(C7) or are members of the acute phase proteins (APP) suckresctive

protein (CRP)Serum amyloid A protein(SAA1) Prothrombin(F2) orLeucinerich alpha2-

glycoprotein (LRG1). These results again underline the dominanceady response

mechanisms in acute wound healing.
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Figure35 wOverrepresentation analysis (ORA) showing enriched pathways of the gene ontology (GO) terms for cluster 6.

Table20 wUp-/Down-regulated proteins of Cluster 6 in acute and chronic wounds.

. up/down
Gene Protein i AW
CD5L CDS5 antigenlike +
ATRN Attractin +
F2 Prothrombin 4
CiR Complement C1r subcomponent +
F12 Coagulation factor XII +
AGT Angiotensinogen +
© GC5 Complement C5 +
¥ APOC1 Apolipoprotein Gl +
Uil APOC3 Apolipoprotein Gl +
U) CRP C-reactive protein +
D LRG1 Leucine-rich alpha-2-glycoprotein +
—  C2 Complement C2 +
O APOA4 Apolipoprotein AlV +
LDHB L-lactate dehydrogenase B chain +
SAAl Serum amyloid AL protein +
Cc7 Complement component C7 +
CFHR2 Complement factor Hrelated protein 2 +
COMP Cartilage oligomeric matrix protein +
ITIH3 Inter-alpha-trypsin inhibitor heavy chain H3 +
PGLYRP2 N-acetylmuramoytL-alanine amidase +

(AWumlcute wounds; ndanot differentially expressed)
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3.4.3. Proteomicdiversityin chronic wound entities

As stated in the previous chapter, chronic wounds need to be further differentiated into their
individual entitiego gaina more irdepth understanding of the pathologic underpinnings of
Der6WIIUqRq! OWi 6 ROWWRUWHGE GalJl W onto=toW mwi Ye U
signatures (core vs. entity GIJH RN RA WG| Yvepid WrimBriby wistisg¥ishétlinto acute

and chronic woundas a discrimination on a higher level to foremost identify what constitutes

the signatures and underlying patterns of specific entities or wound categories, this chapter
focuses on comparing chronic wound entities to one another. Therefore, only chronic wound
samples were used for analyses and compared regarding significantly differentially expressed
proteins which could be potential markers to illuminate and highlight differences between

non-healing wounds contributing to personalized diagnostics and treatment.

Again, a principal component analysis (PCA) was employed as a first step to gain an overview
of the clustering behavior of various chronic woemtities (Figure 36). Whiteconsiderable

amount of overlap was still observed as has already been the case in previous|&didg

acute wounds (Figure 2), a better clustering could be observed in chronic entities alone,
depicting some form of differentiability between entitihile postsurgical wound healing
disorders (WHD) showed a generally centralized clusteesgecially arterial leg ulcers
(ALUs)clustered away from this centralized group moving to the left onatkis xFigure 36).

While venous leg ulcers (VLUs) and pyoderma gangrenosum (PGs) appeared nearly congruent
with WHDs, VLUs and even more so PGs pulled their-ehtsttering towards the top of the

y-axis breaking out of the centralized grouping and thereby especially clustering away from
ALUs. Interestinglymixed arterievenous leg ulcers (MIX) also demonstrated a shift of its
clustering towards the top of theaxis, somewhat forming anletween clustering between

its constituting entities of arterial and venous pathologies.
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Entity differentiation (chronic wounds only)
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Figure36 whPrincipal component analysis (PCA) for differentiati@mm@mnic wound entitiesnlyin the WouneBIOME cohort.

Individual patients are outlined and clustered based on principal components 1 and-@l 88fdses are shown for entity
differentiation among sampled chronic wound entities of the WBIONE cohort (arterial leg ulcen8LU; arterievenous /
mixed ulcerauMIX; venous leg ulcend/LU; postsurgical wound healing disordeng/HD; pyoderma gangrenosuiRG).

As for the comparison between acute and chronic wounds and the core proteome and
uniquely identifieds| Y qJRUt WRUWHGE GqUIl + WOKMIONWbIBAI YV
5YaUlt woWeUT WONO=Wbimi YeUT WWUqRa! W Rnndl W3U0q
entityt G 1IJH R'n R # LU shinificantly difiet@stially Hbundant proteins between chronic

wound entities weranalyzed to detect differences between proteomic raajpeof those

entities. The upset plot in Figure 37 depidattersections and differences between the
investigated entities highlighting those comparisons that yielded significantly differentially
expressed proteins between entitiéshronic wound entities onlyh colors.A total of 59
significantly differentially abundant proteins between chronic entities investigated were
detected. Most differentially abundant proteins were detected against ALUs (15 for PG, 12 for
WHD and 10 for VLU), while other comparisons amongst entities yielded lower rates of
differentially abundant proteins (4 for WHD vs. MIX and vs. VLU, 3 for WHD vs. PG and one
each for PG vs. MIX or VLU).
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Figure37 wUpset plot of significantly differentially abundant proteins between wound entities of the-BIQME cohort.
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Sig. diff proteingper cgmparison

In Table 21 thendividual proteins, that were differentially abundant between the investigated
chronic wound entities are summarized, displaying the comparison for each protein that

showed a significantly differential expression as well as its directionr(dpwnregulated).

For pyoderma gangrenosum wounds (PG) especially proteins involvedniterthetion with

the actin cytoskeleton such as actmelated protein 3 (ACTRBwer abundant vs. VLU and
MIX), eythrocyte band 7 integral membrane prot€BTOM; lower abundant vs. ALU)
Twinfilin2 (TWF2; higher abundant vs. ALU) or-IafifLN1; higher abundant vs. Alugre
differentially expressednterestingly, possurgical wound healing disorders (WHD) displayed
certain comparable differential expression patterns as were observed for acute wounds in this
study (compare chapte® FOMION OW Al YqU YOG WWT Rt qRUARqgBWNU WY n W ¢
though classified as chronic wounds based on the underlying current definition of a chronic
wound in the literatureln contrast to chronic wounds, for example vs. pyoderma
gangrenosum (PGhgepatocyte growth factelike protein(MST1) and ukaryotic translation
initiation factor 5AL (EIF5A)were higher abundant in WHE» observed in acute wounds as
well. Compared to wounds with underlying vascular pathologies such as venous leg ulcers
(VLU), arterial leg ulcers (ALU) mixed arterievenous ulcers (MIX)WHD showed a
differential abundance in proteins of the regulatory system for dealing with oxidative stress
such as tptathione reductas€GSR; lower abundant vs. VLU and ALU)eooxpedoxirb

(PRDXS5; higher abundant vs. ALU) but also increased levels of proteins involved in cellular
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mechanical stability and cedlell adhesion compared to other chronic wound entities. Such
proteins includedunction plakoglobifJUP) (higher abundant vs. \drdl MIX orserpin B8
(SERPINBS; higher abundant vs. AlQWerrepresentation analysis (ORA) of differentially
abundant proteins in chronic woundsgeneral (Figure 38) underlittee increased activity
sR6RUWLq6E It DWGEqbsc¢c! t Ws RgS6WARYOGYNRACOWG! YHII
| Ut GYUt WY WHSIWDAGRHC G WY gl It g Wet Wis NAMHECIOdRY ¥
CHQR2Rq! kW sc¢t W cecaYUNt qW q61JW Y2131 1 3G 3t B0OqT L
Y2111 3GI Ut DU0qUT WaYIEBEdR I ¢ nklUHIGRY We alysl 10 ¢ tHighR
ARUT RUNDk AWct Ws ¢t WaqS8WWHRYOYNRHAC O LW BHesefOBA + WY n L
results represent a distinct pmxidative and proteolytic environmefas part of a pro
inflammatory reactiongspecially in wounds of venous (VLU) or mixed (MIX) origin or based on

PG which is shown by increased expression of neutrophil cytosol factor 1 (NCF1) and 2
(NCF2), macrophagenigration inhibitory factor (MIE)y apoptosisassociated spechike

protein containing a CARBYCARD or AS@hd decreased expression of counterparts such

as netalloproteinase inhibitor (MMP1) compared to arterial wounds (ALU).

Table21 uSignificantly differentially expressed proteins between different chronic wound entities.

Gene Protein g-value up/
down
(O ACTR3 Actin-related protein 3 0.025 - vs. VLU
O ACTR3 Actin-related protein 3 0.025 - vs. MIX
MST1 Hepatocyte growth factoiike protein 0.001 +
EIF5A Eukaryotic translation initiation factor 5A 0.021 + vs. PG
CPPED1 Serine/threonineprotein phosphatase CPPED1 0.014 -
GSR Glutathione reductase, mitochondrial 0.017 -
% JUP Junction plakoglobin 0.008 + vs. VLU
; HSPA4 Heat shock 70 kDa protein 4 0.036 - '
CPPED1 Serine/threonineprotein phosphatase CPPED1 0.014 -
SIGLEC16 Sialic acidbinding Iglike lectin 16 <0.001 +
JUP Junction plakoglobin 0.008 + vs. MIX
C1RL Complement C1r subcomponerdike protein 0.001 + '
FETUB Fetuin-B 0.001 +
TIMP1 Metalloproteinase inhibitor 1 0.001 +
CA3 Carbonic anhydrase 3 0.001 +
MIF Macrophage migration inhibitory factor 0.015 -
NCF1 Neutrophil cytosolfactor 1 0.003 -
NCF2 Neutrophil cytosol factor 2 0.027 - MIX
3 ATIC Bifunctional purine biosynthesis protein PURH 0.010 + Vs
< FETUB Fetuin-B 0.001 +
PYCARD Apoptp_si&associated specklike protein 0.024 i
containing a CARD
FBXO7 Fbox only protein 7 0.001 +
UBA6 Ubiquitin-like modifieractivating enzyme 6 0.028 - vs. VLU
GSTP1 Glutathione Stransferase P 0.020 - '
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MIF Macrophage migrationnhibitory factor 0.015 -

NCF1 Neutrophil cytosol factor 1 0.003 -
APEX1 DNA:(apurinic or apyrimidinic site) lyase 0.011 -
PTPNG6 Tyrosineprotein phosphatase norreceptor type 6 0.001 -
CFHR2 Complement factor Hrelated protein 2 0.025 +
HK3 Hexokinase3 0.015

EEF1A1 Elongation factor 1alpha 1 0.001 -

Apoptosisassociated specklike protein

PYCARD containing a CARD 0.024

CS Citrate synthase, mitochondrial 0.033 +

GSR Glutathione reductase, mitochondrial 0.017 +

LRG1 Leucinerich alpha2-glycoprotein 0.008 +

ITGB2 Integrin beta2 0.036 +

NCF1 Neutrophil cytosol factor 1 0.003 -

STOM Erythrocyte band 7 integral membrane protein 0.010 + vs. WHD
PRDX5 Peroxiredoxinb, mitochondrial 0.019 - '
HSPA4 Heat shock 70 kDa protein 4 0.036 +
CFHR2 Complement factor Hrelated protein 2 0.025 +
PSMB2 Proteasome subunit beta type 0.013 +
SERPINB8 Serpin B8 0.008 -
EEF1A1 Elongation factorl-alpha 1 0.001 -

TIMP1 Metalloproteinase inhibitor 1 0.001 +

LRG1 Leucinerich alpha2-glycoprotein 0.008 +

VWF von Willebrand factor 0.001 +

UROD Uroporphyrinogen decarboxylase 0.002 +

LDHB L-lactate dehydrogenase B chain 0.031 +

MIF Macrophage migration inhibitory factor 0.015 -

TCN1 Transcobalaminl 0.048 -

STOM Erythrocyte band 7 integral membrane protein 0.010 + vs. PG
APEX1 DNA:(apurinic or apyrimidinic site) lyase 0.011 -

ADSS Adenylosuccinate synthetase isozyme 2 0.001 -
SERPINB8 Serpin B8 0.008 -

TWF2 Twinfilin-2 0.000 -
ALYREF THO complex subunit 4 0.008 -

CPB2 Carboxypeptidase B2 0.006 +

TLN1 Talin-1 0.001 -

(ALUwarterial leg ulcers; MiXarteriovenous / mixed ulcers; Vlilvenous leg ulcers; WHDpost-surgical wound healing
disorders; PGpyoderma gangrenosum).
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Figure38 wOverrepresentation analysis (ORA) showing enriched pathways of the gene ontology (GO) terms in chronic wound
entities.

Bar graphs depict top overlJ Gl 13t JUqUT tOGe qés ¢! + ORUOgE DIONIKUWYUqYaYN! 0] §h K
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chronic wound entities (as fully detailed in T&ile

3.4.4. Proteomicpatterns of healing vs. nehealing chronic wounds

Beyond investigating the proteome composition of the wound 4@mwioconment, comparing

acute and chronic wounds as well as various chronic wound entities, this study also targeted
specific patterns of physiological and pathological states in wounds. Foremost, the
differences in proteomic signatures of healing vs-hemling wounds were of interest to
RTWUqRN! WGYqUWUqRecOW ReNUYY qREWGC! t I+ W RnniJl

Principal component analysis (PCA) was again employed as a first step in making out
underlying unified patterns in healing vs. -healing wounds (Figure 39). Primariho
differentiation was made between acute and chrameinds,and the entire studied cohort

s¢t WRUHAHGaT WT WRUW@6 WWA9 OWNGII WA! WenNeRUWE WH
considerable amount of overlap, however especially the cohort of acute wouhids are

also dubbed as healing wounds (since not exhibiting any delays in hdalng)strated a

specific clustering to the left of theaxis, breaking out from the main part of the wound

samples.This is in line with the so far observed resultdifferentiating acute from chronic
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wounds closely resembling the PCA for acuteksonic wounds (Figure 21), theredtwpwing

acute wounds to be the main driver of both #CA

Healing vs. non-healing wounds

30 A

20

104

Component 7 (2.85%)

-10

Status
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20 N-HEAL

-40 -20 0 20
Component 1 (15.44%)
Figure39 wPrincipal component analysis (PCA) for healing vsheating wounds in the WowBOME cohort.

Individual patients are outlined and clustered based on principal components 7 and-Cl 88fses are shown for healing
vs. norhealing wounds in the WowiIOME cohort{EALLhealing wound; NHEALLLnon-healing woung

Since acute wounds, as demonstrated here, can be expected to heal in an appropriate course
if not relevantly impaired, the more interesting differentiation between wounds exhibiting a
healing and nahealing course is within the group of chronic wounds only. Therefore, another
PCA was inspected which excluded acute wounds and only differentiated between healing
and nonrhealing chroniavounds (Figure 40}ere, even though still showing considerable
overlap, healing and ndrealing wounds showed a more differentiable clustering with non
healing wounds breaking out towards the right on {#wesx while healing wounds located

more to the left on theaxis and to the top on theaxis based on principal components 2 and

6. These components after all still accounted for a total of 11.5% of differences between

healing and nohealing wounds, which for clinical samples is still quite well.
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Healing vs. non-healing wounds (chronic wounds only)
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Figure40 wPrincipal component analysis (PCA) for healing vsheating chronic wounds only in the WoBI@ME cohort.

Individual patients are outlined and clustered based on principal components 2 and-6! 88igses are shown for healing
vs. norhealing chronic wounds only in the WoBIOME cohort (HEAlhealing wound; NEALunon-healing wound).

Tounderstand which specific underlying proteins were driving the distinction between healing
and nonhealing wounds, again a differential expression analysis was performed and
visualized using a volcamot (Figure 41)Here, only one specific protein demonstrated a
significant higher abundance in chronic #healing wounds compared to healing wounds,
which was the acute phase prote@ireactive proteiflCRP p = 0.009. Second highest
abundant in chronic nehealing wounds, however not statistically significant in this cohort
after FDRoased correction waSerum amyloid A protein(SAAlp = 0.081), another major

acute phase protein.
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Figure41 ulolcano plot for differentially abundant proteins in healing vshealing wounds in the WowRIOME cohort.

The plot depicts differentially expressed proteins or proteins present in greater or lesser relative abundance in comparison
between healing and ndrealing wounds (values wereseore transformed for visualization). All colored proteins above the
cut-off (FDR = 0.05) are significantly up (right in red, 1 protein in total) or downregulated (left in green, normotein) in
healingwounds. As an example, the 25 most differentiallyampl downregulated proteins were annotated with their coding

gene names

Since only onerotein (CRP) demonstrated differential abundance between healing and non
healing chronic wounds, the use of an eegresentation analysis was not feasible, which is

why a gene set enrichment analysis (GSEA) taking all regulated changes within the two groups
(also small changes in expression) into account was performed instead. The GSEA for the GO
qll GWmB7RYTGYNRHAC T WAL YHIJt | théldling Vouridld, theYmtliwaylad 6 ¢ q LU
h G ¢ qlJ 0 1JqhlgblyariBhads i dontrisk tliRulitiple regulatory pathways of metabolic
activity on various levels in healimgpunds (Figure 42potentially indicating an orderly

balanced regenerative process in healing wounds
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Overall, only few individual protein differences could be observed between healing and non
healing wounds on the holistic proteome level, however some processes that stick out within
the proteomic signature of healing vs. #m@aling wounds including acute phase response,

platelet activation and metal ion metabolism could be identified. Generally, immune response
(including its various mediators and immunomarkers) and its orderly progression and

resolution still seemed to play a vital role in wound healing and tissue regeneration.

3.4.5. Immunomarkeristribution patterrs

To gain an overview of the expression distribution of the immunomarkers investigated, a
heatmap clustering was performegrimarily (Figure 44)Samples were hierarchically
stratified based on the clinical outcome parameters observed (regenerative stage, healing
status, and infection status) and clustered on the row level using the Canberra distance
method with complete linkage, selecting n=3 cluster. Additional annotations also depicted the
corresponding entities. The quantification results of all evaluated immunomarkers are shown
in Figure 44. Each column in the figure represents a swab sample from a patient, with the
corresponding entities antaied at the bottomThe data was hierarchically stratified on the
column level based on clinical assessment parameters into healing stage (from left to right),
healing status (healing vs. nbealing), and microbial burderMarkers with lower
concentrations are depicted in lighter colors, while higher expressions are shown in darker
red. The data is based on mean fluorescence intensity (MFI), which wergdngformed

and zscored.

In general, nothealing wounds in the initial stages of healing and with elevated microbial
burden exhibited increased immunomarker expression. Notably, infected and inflased non
healing wounds demonstrated a heightened expression level of the majority of inflammatory
markers in comparison to nenfected, healing, or acute wounds in the proliferative or
epithelization stage. Hierarchical clustering analysis yielded three distinct clusters. Cluster A
comprises cytokines associated with type 2 immunity response, inclugliRALGCSF, TNF

beta, L4, 11-:13, and MMF7. 13), Cluster B containing most growth factors (EGEGF,
PDGFBB), and Cluster C mainly consisting of type 1 and 3 immunity response markers as
well as chemokines associated with prdlammatory processes. With regard to the
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distribution of entities based on healing wounds in progressed stages, most acute wounds and
wound healing disorders were clustered to the right of the heatmap, showing lower expression
levels of inflammatory markers (lighter coloring) as compared tehewimg or infected

wounds, which show increased piflammatory marker expression (darker coloring).
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3.4.6. Immunomarkerdistribution based on wound entity differentiation

Analysis of marker expression and distribution based on stratyfication revealed distinct

patterns partially specific to certain subgroups of analytes investigated ¢F§uar48). In the

figures, immunomarkers with at least one statistically significant differential concentration
between two entities are shown. Values are presented as median = interquartile range (IQR)
and logo-transformed for better comparability (concentration in pg/mL). Data was analyzed
using the nowparametric Kruskal ¢ G 0 Rt W a 13t q W-HdR dedtLib? multiple testll G Y t q
HY ! | 138 q Reveldilsag K16.05)L

MMPs were especially elevated in diseases with a pathologic venous component (VLU and
MIX) or in DFU compared to AW and WHD (FHgyreMMP1, MMP2, MMP8, MMPR9 and
MMR12 showed significantly higher expression in VLUs compared to AWs or WHDs (
0.05). VLUs thereby often displayed the overall highest expression of MMPs amongst entities
(MMR1, MMP8, MMPR9). For MMM it also proved to be significantly elevated compared to
DFUs p = 0.0270). The MIX group demonstrated significantly elevated results compared to
AWs or WHDs for MMP, MMP8 and MMPL2. For DFUs only MMR and MMPL3
demonstrated significantly elevated expression levels compared to AWs and WHDs (only for
MMR13). Generally, DFUs showed the highest levels for-B/ddmpared to other entities,

also significantly higher than in BG-0.0028). PGs only showed significantly elevated levels

of MMR8 and MMPL2 compared to AWSs in this cohort. ALU only showed a significantly
higher expression level compared to any other entity for-8Bainst AWp =0.0096). In
contrast, AWs demonstrated elevated levels of M3JRand TIMA compared to other
entities. For both, AWs showed the highest levels in comparison, however feB MMP
significantly higher expression was only observed compared to 4{D0018). For TIMB,

AWs showed significantly higher expression levels compared to all other entities, except PGs.
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Figured5 uDifferences in matrixnetalloprotease (MMP) expression between wound entities.

Regarding chemokines, especially for MIXs significantly elevated levels compared to AWSs or
WHDs wereobserved (Figure 46). FQCL2, CCL3 and CCL4, MIX showed the highest

expression levels, for CCL2 even significantly higher than other chronic wound entities (vs.
ALU and VLU). CCL2 itself showed a comparably high expression in AWs compared to other
measured chemokine levels. Again, also VLUs and DFUs showed high levels of chemokine

expression compared to AWs with significantly higher expression levels for CCL3, CCL4 (only
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VLUs) and CXCL8. For CCL3, all chronic wound entities demonstrated markedly higher
expression levels compared to AWs. However, elevated PG levels demonstrated no statistical

significance compared to AWSs.
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Figure46 uDifferences in chemokine expression between wound entities

For growth factors, a different pattern could dieserved (Figure 47). HerAWs showed
higher expression levels compared to chronic wound entities for EGF aneBBDTiereby,

EGF was especially significantly depleted in WHDs compared to AWS, but also compared to
chronic wound entities (ALU, DFU, MIX, PG). PBEsBemonstrated a similar pattern with
WHDs demonstrating significantly reduced levels compared to DFUs and MIXs and overall

lowest expression levels of all entities. For EAsRowever, AWs and WHDs again both
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demonstrated markedly lower concentrations than chronic wound entities. VLUs, DFUs and
MIXs thereby showed significantly higher expression levels compared to WHDs with DFUs

also significantly higher expressed compared to A&$(0254).

Figured7 uDifferences in growth factor expression between wound entities.

In the large group of cytokinewestigated (Figuré8), extracting an overall uniform picture
regarding cytokine behavior or pattern is more difficult. However, it can generally be observed,
that chronic wound entities exhibit higher concentrations ofirplammatory cytokines
compared to AWSs in most cases and compared to WHDs in several cases. This is especially
notable for MIX, as they demonstrate the highest expression levels, significantly elevated
compared to AWSs, for most inflammatory markersl(ILIL-4, 1-17A, 118, 1-21, GCSF,
GM-CSF, IFN gamma and TGF alpha). Especially analytes from the Intdrléarkity (IL1

family) studied here @L , I-1 , I-1RA and H18) showed high expression patterns for
chronic wound entities compared to AWSs. This was also true for PGs, which in comparison did
not show significantly elevated levels for other cytokine markers compared to AWS, except for
GMCSF p =0.0475) and TGF alphp £ 0.0193). Interestingly, AWs demonstrated higher
levels of IL6, 11-10, 11-21 and TNF alpha as compared to other cytokines, where levels were
observed to be depleted compared to chronic wound entities. For these four cytokines, AWs
demonstrated markedly higher expression levels compared to WHDs, however onfy for IL

the levels were significantly differept0.0123).
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