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EPITH  epithelization RNA  ribonucleic acid 
ESI  electrospray ionization ROC  receiver-operator curve 
EV  extracellular vesicle ROS  reactive oxygen species 
FDR  false discovery rate rpm  rounds per minute 
FGF  fibroblast growth factor RT  room temperature 
G-CSF  granulocyte colony-stimulating factor SAPE  streptavidin-phycoerythrin 

GM-CSF  
granulocyte-macrophage  
colony-stimulating factor 

SASP  
senescence-associated secretory 
phenotype 

GO  gene ontology SBS  sequencing-by-synthesis 
GSEA  gene set enrichment analysis SD  standard deviation 
HEAL  healing spp subspecies 
HIF  hypoxia-inducible factor sRNA  small RNA 
HRQoL  health-related quality of life TEAB  triethylammonium bicarbonate 
IAA  iodoacetamide TGF  transforming growth factor 

IFN  interferon TIMP  
tissue-inhibitor of matrix-
metalloprotease 

IGF  insulin-like growth factor TNF  tumor necrosis factor 
IL  interleukin UAB  universal assay buffer 
INF  infected UKD  University Hospital Duesseldorf 

INFE  infection UKE  
University Hospital Hamburg-
Eppendorf 

INFLA  inflammation UKES  University Hospital Essen 
IQR  interquartile range UMI  unique molecular identifier 
LC  liquid chromatography UWH  Helios University Hospital Wuppertal 
MCP  monocyte chemoattractant protein VEGF  vascular endothelial growth factor 
MFI  mean fluorescence intensity VLU  venous leg ulcer 
MIP  macrophage inflammatory protein WB  washing buffer 
miRNA   micro-RNA WHD  wound healing disorder 
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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, non-individualized therapeutic interventions.  

Research Objectives 

The primary objective of this PhD thesis, conducted under the "Wound-BIOME" project, is to 

evaluate wound swabbing as a feasible tool for modern diagnostics and analyze the wound 

micro-environment through modern high-throughput down-stream 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, multi-center approach was adopted, analyzing clinical wound samples 

using the wound swabbing technique. Several high-throughput molecular biology techniques 

were employed and an initial feasibility analysis performed. Methods included proteomics 

through LC-MS/MS, multiplex immunoassays, sRNA sequencing focused on miRNA 

expression (next-generation sequencing т NGS) 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 MS-based 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, over-representation analysis (ORA) and 

gene-set 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 IL-Ν͉оfx-1RA and CXCL8/CXCL10 

ratios emerged as potential biomarkers for differentiating healing from non-healing 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 non-invasive 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 point-of-care diagnostic tools for real-time wound assessment. 
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1. Introduction 

Wound healing is a complex process, precisely regulated and modulated on multiple levels 

and dividable into overlapping phases. Regulatory and modulatory aspects are divers, yet 

include gene expression (transcription and translation), post-translational 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 a well-coordinated sequence of healing 

stages of hemostasis, inflammation, proliferation, and remodeling, culminating in complete 

tissue repair (Pena and Martin, 2024). In case of persistently non-healing, chronic wounds, 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 micro-environment and healing progress 

(Haalboom et al., 2018). Understanding the molecular principles that differentiate chronic 

from acute wounds and healing from non-healing wounds is critical for developing targeted 

diagnostic and therapeutic strategies (Longfield 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 system (Nussbaum et al., 2018, Sen, 

2019). These wounds often exhibit a persistent inflammatory state, impaired cellular 

proliferation, and defective remodeling processes (Armstrong and Gurtner, 2018, Zhao et al., 

2016).  
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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 2012 (Köster and Schubert, 2015). In 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 post-traumatic, 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 of polypharmacy and multimorbidity. Similar 

epidemiological results were confirmed by other working groups. For example, Heyer et al. 

reported a Germany-wide 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 

industrialized countries. 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 2.1% (Sen et 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 ulcers (Graves 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 higher (Heyer et al., 2016).  
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Based on changing demographics and an increase in so-ĦċũũĲĬШћũŔŉĲƚƣǃũĲ-ċƚƚŸĦŔċƣĲĬќШĬŔƚĲċƚĲƚШ

in industrialized countries, such as type II diabetes, obesity and arteriosclerosis, the incidence 

and prevalence are generally predicted to continue and increase. However, there is still a lack 

of valid data that correctly reflects reality. A recent systematic review and meta-analysis 

addressing this knowledge gap summarized the global prevalence at 2.21/1000 people for 

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

al., 2019)ЮШìŔƣőШĦŸƚƣƚШŸŉШқΦΜΜΜШƓĲƖШƓċƣŔĲŰƣШƓĲƖШǃĲċƖШŸŰШċƻĲƖċŊĲШŔŰШ]ĲƖůċŰǃЯШƣőĲШĲƚƣŔůċƣĲĬШ

ĲĦŸŰŸůŔĦШĤƨƖĬĲŰШŸŉШĦőƖŸŰŔĦШƽŸƨŰĬƚШŸŰШƣőĲШőĲċũƣőĦċƖĲШƚǃƚƣĲůШŔƚШċƖŸƨŰĬШқΟШĤŔũũŔŸŰШċŰŰƨċũũǃ 

(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 patient-reported 

health-related quality of life (PRO HRQoL) is estimated to be low (Olsson et al., 2019). Further 

analyses are continuously being carried out to provide 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 Physiology and pathophysiology of wound healing 

1.2.1 Stages and process of 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 regeneration (Pena and Martin, 2024). 

The process of physiological wound healing is typically divided into four interdependent 

stages, as proposed by Demidova-Rice 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 tissue (Demidova-Rice et al., 2012). These stages are hemostasis, 

inflammation, proliferation, and re-epithelialization/remodeling (Figure 1). In instances where 

complete restoration of the original tissue structure is unattainable due to extensive or 
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irregular defects, a fifth phase, scar formation and maturation, follows re-epithelialization. 

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. 

 

Figure 1 ш Stages of wound healing.  
(from (Pena and Martin, 2024)) 

Acute wounds, which possess an intrinsic capacity for self-repair, 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 formation (Eming et al., 2014, Gurtner et al., 2008, Pena and Martin, 2024). 
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I. 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). These actions 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. 

 

 
Figure 2 ш Process of hemostasis in wound healing. 
(Figure adapted from BioRender. (2020). Wound Healing. https://app.biorender.com/biorender-templates/details/t-
5fa1b1622a60ac00a3d858ec-wound-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 control blood loss (Figure 2). Upon injury, 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 

thrombospondin (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 events, including the recruitment of inflammatory cells, the 

process of tissue regeneration, and the resolution of inflammation, are coordinated. The 
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interdependence between the clotting cascade and cellular processes highlights the 

multifaceted role of the coagulation system in hemostasis and early tissue repair (Velnar 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 (IL)-1 alpha and beta, IL-6, and IL-8, as well as growth 

factors such as transforming growth factors (TGFs), insulin-like growth factor, vascular 

endothelial growth factor (VEGF), and platelet-derived growth factor (PDGF). Proteases, 

including matrix metalloproteinases (MMPs), play a crucial role in recruiting and activating 

immune cells in response to tissue injury (Krisp et al., 2013, Pena and Martin, 2024). In the 

initial 24т48 hours following an injury, activated neutrophils and macrophages accumulate at 

the wound site, thereby initiating the inflammatory phase of wound healing. This phase is 

characterized by 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 platelet-mediated signaling and 

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

 

II. 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). They perform a cleansing function by consuming bacteria, foreign 

particles, and damaged tissue, which contains over 700 proteins, including growth and pro-

angiogenic factors (Krisp et al., 2013, Pena and Martin, 2024, Velnar et al., 2009). Various 

mechanisms are hereby employed to manage the primary defense reaction of the body. 

Production of reactive oxygen species (ROS), neutrophil extracellular traps (NETs) and 

phagocytosis are thereby key-processes to manage potentially invading pathogens such as 
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infection-causing bacteria. Relevant signaling mediators for recruitment and autocrine and 

paracrine activation of neutrophils are, amongst others, CXCL8, elastases and 

myeloperoxidase (MPO) (Pena and Martin, 2024).  

 

 
Figure 3 ш Regular inflammatory response in wound healing. 
(from (Pena and Martin, 2024)) 

Subsequently, after initial pathogen-management, 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 

environments (Figure 3). Also, while neutrophils are capable of a certain level of phagocytosis, 

the main clearing cells are macrophages, handling cellular as well as matrix debris. They 

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 factor-beta (TGF-

beta) and interleukin-10 (IL-10). These apoptotic neutrophils as well as cytokines are later 

cleared by macrophages. Different varieties of macrophages thereby play crucial roles in the 

wound healing process. Tissue-resident macrophages as well as monocytes-turned-

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 
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monocyte chemoattractant protein 1 (MCP1/CCL2) a continued macrophage-recruitment is 

realized to the wound site. Once 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 early pro-inflammatory (M1-type) 

and later anti-inflammatory or reparative state (M2-type) (Krzyszczyk et al., 2018). 

Inflammatory signals such as TNF-alpha (TNF-͈ьШŸƖШfŰƣĲƖŉĲƖŸŰ-ŊċůůċШыf[ ͊ьШċƚШƽĲũũШċƚШ

damage-associated molecular patterns (DAMPs) thereby drive the M1-polarization, while the 

later pro-resolving status of M2-type macrophages are induced by IL-4 and IL-13 secreted by 

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

the phenotypic switch towards regenerative processes such as T-helper 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 TGF-͉Ш

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 interleukin-1 (IL-1) and immunoglobulin G (IgG). The IL-1 family is thereby 

essential for many pro-inflammatory as well as regenerative processes such as the early 

aggressive inflammatory host defensive response as a reaction to damage- and pathogen-

associated molecular patterns (DAMPs/PAMPs) but also for induction of collagen remodeling 

and extracellular matrix production (Pena 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, and (pathological) scar 

formation (Frykberg and Banks, 2015, Zhao et al., 2016). It is therefore evident that a balanced 

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

 

III. 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 well-coordinated immune response facilitates the transition from 

the inflammatory phase to the subsequent phase of tissue repair. This stage is characterized 

by the formation of a transitional extracellular matrix (ECM), which stabilizes the 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 angiogenesis (Han 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 wound site (Figure 4) (Pena and 

Martin, 2024, Velnar et al., 2009). 

 

 
Figure 4 ш Extracellular matrix remodeling and the role of fibroplasia in wound healing. 
 (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 platelet-derived growth factor (PDGF), transforming growth factor-

beta (TGF- )͉, epidermal growth factor (EGF), fibroblast growth factor (FGF-2) and insulin-like 

growth factor (IGF), have been demonstrated to stimulate fibroblast proliferation and collagen 

production. For example, transforming growth factor beta (TGF- )͉ promotes fibroblast 

transformation into myofibroblasts, which are essential for wound contraction. Meanwhile, 

epidermal growth factor (EGF) enhances fibroblast and keratinocyte proliferation and 

migration. Insulin-like growth factor 1 (IGF-1) has been demonstrated to promote keratinocyte 

migration and enhance fibroblast activity, collagen production and multiplication which are 

crucial for the process of wound repair (Garoufalia 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 III 

collagen, which is subsequently replaced by type I 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 process (Tracy 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 regeneration (Han et al., 2022, Velnar et al., 2009). This 

process is regulated by a balance of pro-angiogenic and anti-angiogenic factors. Principal pro-

angiogenic factors, including thrombin, fibrinogen fragments, and growth factors such as HIFs 

and COX-2, are stimulated by hypoxia and inflammation. Anti-angiogenic factors, such as 

Sprouty2, assist in maintaining vascular homeostasis (Han et al., 2022, Shi et al., 2023). 

Endothelial cell surface receptors on blood vessels bind with angiogenic growth factors, 

including PDGF, VEGF, and IGF-1, which drive cell proliferation and migration. PDGF initiates 

signaling pathways (Ras/MAPK, PI3K/Akt) that support cell survival, while VEGF, which is 

ĲƚƚĲŰƣŔċũШŉŸƖШƻċƚŸĬŔũċƣŔŸŰШċŰĬШĤũŸŸĬШƻĲƚƚĲũШƓĲƖůĲċĤŔũŔƣǃЯШƓƖŔůċƖŔũǃШƚŔŊŰċũƚШƣőƖŸƨŊőШƣőĲШÂx9͊-

PKC-MAPK pathway (Garoufalia 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 FGF-2, are instrumental in cell migration and attachment to the extracellular matrix 

(ECM), which is crucial for the formation of granulation tissue. TGF-͉ШƓũċǃƚШċШƓŔƻŸƣċũШƖŸũĲШŔŰШ

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., 2019). This intricate network of growth factors 

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

 

IV. Remodeling phase 

The remodeling phase, also referred to as the maturation phase, represents the final stage of 

the wound healing process. The subsequent phase, which commences approximately three 

weeks post-injury 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 stage (Tracy et al., 2016). As the number of 

fibroblasts declines, myofibroblasts persist in their contraction until the wound is fully closed. 

Type I collagen gradually replaces the initially deposited type III 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, TGF-͉ЯШċŰĬШ[][ЮШ ƚШƣőĲШőĲċũŔŰŊШƓƖŸĦĲƚƚШ

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 uninjured skin (Xue and 

Jackson, 2015). 

 

1.2.2 Pathological and delayed wound healing 

Impaired or abnormal wound healing can have a number of underlying causes and, if left 

untreated, will result in a chronic non-healing wound. The 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 the cut-off standard 

(Frykberg and Banks, 2015, Velnar et al., 2009). Independent of the time aspect, wounds with 

an underlying pathology that prevent timely healing without resolution of said pathology are 

ĬĲŉŔŰĲĬШċƚШљĦőƖŸŰŔĦШƽŸƨŰĬƚЮњ This definition encompasses the 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 as post-thrombotic 

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, 2015). These wounds can cause significant morbidity and mortality, and 

therefore require 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 incompetence, polypharmacy, and often also iatrogenic causes 

(medication, inadequate or outdated therapeutic measures, materials used) (Anderson and 

Hamm, 2012, Demidova-Rice et al., 2012, Frykberg and Banks, 2015). Moreover, these 

factors, like the aforementioned underlying chronic wound conditions, can occur in 

combination, thereby exacerbating the negative effects. Before initiating treatment, it is crucial 

to perform a comprehensive assessment of the wound, including an evaluation of the etiology, 

anatomical location, and wound characteristics, to ensure optimal care delivery. 

Figure 5 ш Comparison between dysregulated processes in normal and chronic wound healing.  
(from (Demidova-Rice et al., 2012)) 

At the cellular level, the underlying pathomechanisms frequently result in analogous 

alterations that disrupt the wound healing process. For example, most underlying diseases 

result in an inadequate supply of nutrients and oxygen to the wound in various ways, including 



16 
 

through macroangiopathies (vascular diseases), microangiopathies and neuropathies 

(diabetes mellitus), or through a systemic undersupply such as malnutrition and 

undernutrition (Eisenbud, 2012, Molnar et al., 2014, Schreml et al., 2010). Other 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 therapies) (Frykberg and Banks, 2015). One of the most prevalent negative 

influencing factors is microbial bioburden and wound infection (James 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 process (Schultz 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 factors (Anderson and Hamm, 

2012, Guo and Dipietro, 2010). In the end however, the pathomechanisms ultimately converge 

in a few common ones, namely prolonged and increased chronic inflammation (Zhao et al., 

2013, Zhao et al., 2016), persistent and chronic infections with biofilm formation (James et al., 

2008, Percival, 2017), extensive proteolysis (McCarty and Percival, 2013, Westby et al., 2020) 

as well as local dysregulation or mal- and/or deficiency supply via impaired angiogenesis or 

cellular recruitment (Figure 5) (Demidova-Rice et al., 2012). In particular, chronic local 

infection is invariably accompanied by chronic inflammation and local dysregulation. By 

means of various membrane-bound or secretory pathogenicity factors and toxins, 

microorganisms elicit a recurrent and excessive inflammatory response (James 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 environment (Ligi et al., 

2016, McCarty and Percival, 2013, Rayment and Upton, 2009, Westby et al., 2020). The result 

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 Diagnostics and therapeutic approaches in chronic wound management 

The diagnosis and management of people with chronic wounds remains a challenge in daily 

clinical practice (Frykberg and Banks, 2015). The 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 professional and patients. 

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 drug-induced wounds). However, treatment of the underlying disease only provides the 

basis for an adequate regenerative process.  

To facilitate the optimal healing of a wound in the most expeditious manner, it is essential to 

establish and maintain an optimal local environment (Demidova-Rice 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 phase-adapted manner. 

Furthermore, there has been a notable advancement in the development of the "next 

generation" of local wound therapies (Rembe and Stürmer, 2023). These 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 inflammation (Zhao 

et al., 2016), prolonged proteolysis with degradation of newly formed extracellular matrix 

(McCarty and Percival, 2013), hypoxia (Hong et al., 2014), chronic 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 

"one-fits-ċũũњ therapies, a comprehensive application of individual products in all phases, 

situations, and wound entities is neither prudent nor cost-effective (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 medicine (Goetz and Schork, 2018). However, 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 wound medicine (Figure 6). This is where potential biomarkers of the local 

wound environment can be utilized to address this discrepancy and facilitate the opening of a 

"diagnostic window." 
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Figure 6 ш ў?ŔċŊŰŸƚƣŔĦЮ]ċƓџЮŸŉЮůŔƚƚŔŰŊЮƚƣĲĲƖŔŰŊ- and monitoring parameters in individualized and targeted wound therapy. 
(from (Rembe and Stürmer, 2023)) 

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). Despite 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 decision-making 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 management (Lindley 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 future-oriented treatment strategies. In this context, the study 

of the biomolecular signature of chronic wounds is becoming increasingly important (Weigelt 
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et al., 2022, Westby et al., 2020). Not 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., 2016), a destructive proteolytic environment (McCarty and Percival, 

2013), chronic infection with biofilm formation (Schultz et al., 2017), and dysregulated cellular 

phenotype shifts (Krzyszczyk et al., 2018). Moreover, 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 Biomarkers in individualized wound therapy 

ÑőĲШƣĲƖůШљĤŔŸůċƖťĲƖњШŔƚШŊĲŰĲƖċũũǃШƨŰĬĲƖƚƣŸŸĬШƣŸШůĲċŰШċШůĲċƚƨƖċĤũĲШĤŔŸũŸŊŔĦċũШĦőċƖċĦƣĲƖŔƚƣŔĦШ

or an indicator that shows a specific existing disease state, physiological or pathological 

process of an organism and/or its severity or a change in it (Lindley et al., 2016). For example, 

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

or O2 saturation) or the presence of components of non-human 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 (so-ĦċũũĲĬШƣƨůŸƖШůċƖťĲƖƚьЮШEǂċůƓũĲƚШŸŉШƣőŔƚШċƖĲШƣőĲШљĦċƖĦŔŰŸĲůĤƖǃŸŰŔĦШċŰƣŔŊĲŰњШ

(CEA) in colorectal carcinomas (Tiernan et al., 2013) ŸƖШљƓƖŸƚƣċƣĲ-ƚƓĲĦŔŉŔĦШċŰƣŔŊĲŰњШыÂÉ ьШŔŰШ

prostate carcinoma (Duffy, 2020). A certain degree of imprecision of the respective markers 

must always be considered, 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/BRCA2 gene mutation in breast cancer (Walsh et 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 

ĤŔŸũŸŊŔĦċũШĦőċƖċĦƣĲƖŔƚƣŔĦƚЯШŔƚШƖĲŉĲƖƖĲĬШƣŸШċƚШљƓĲƖƚŸŰċũŔǍĲĬњЯШљƣċƖŊĲƣĲĬњШŸƖШљŔŰĬŔƻŔĬƨċũŔǍĲĬњШċŰĬШ

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 therapy. Many therapeutic agents exist that are intended to specifically promote 

certain phases of wound healing (cleansing, proliferation or re-epithelialization) or regulate or 

modulate pathological processes (e.g. protease modulators, anti-inflammatory or 

antimicrobial additives), but the evidence base is very diverse (Weigelt et al., 2022). However, 

valid biomarkers that indicate or guide the targeted use of these therapeutic agents and can 

ċĦƣШċƚШċШљĬŔċŊŰŸƚƣŔĦШƽŔŰĬŸƽњШŔŰƣŸШƽŸƨŰĬШőĲċũŔŰŊШċƖĲШƚƣŔũũШũċĦťŔŰŊШċŰĬШċƖĲШŸŰũǃШƚũŸƽũǃШĲůĲƖŊŔŰŊШ

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 healing stage and regenerative processes in such a way 

that a baseline can be established against which deviations can be reasonably quantified. In 

recent years, however, new developments have also emerged in this area of wound 

management and the underlying knowledge - and thus potential biomarkers - is constantly 

increasing. Some of the most relevant categories of biomarkers in wound healing that are 

currently in focus are markers for excessive and dysregulated inflammation in the wound 

micro-environment, proteases and the proteolytic environment of the wound and the impact 

of microbial load as well as markers of wound infection. 

However, this requires appropriate, readily available, and easy-to-use access to testable 

material. There are several ways to quantify and monitor biomarkers in the wound micro-

environment. The most common form is the collection of tissue material (biopsy), or wound 

exudate (dressings, drains, NPWT canisters) to determine and quantify specific biomarkers 

(e.g. cytokines, proteases, RNA/DNA) or biomarker profiles therein (Harvey et al., 2022). The 

љƽŸƨŰĬШƚƽċĤĤŔŰŊњШůĲƣőŸĬШŔƚШŔŰĦƖĲċƚŔŰŊũǃШĤĲŔŰŊШproposed, whereby the wound swab, which 

was previously primarily used for microbial diagnostics, is increasingly being used as an 

uncomplicated and less invasive option for obtaining material (Schmohl et al., 2012). Wound 

swabbing offers a minimally invasive, universally available and commonly used approach to 

extract a diverse array of biomolecules from the wound micro-environment, including 

proteins, DNA, RNA, microorganisms and metabolites (Harvey et al., 2022, Schmohl et al., 

2012, Travis et al., 2020). In microbiological diagnostics wound swabs have already been 
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extensively utilized, providing valuable diagnostic and daily therapeutic information (Travis 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 as IL-Ν͉Ш ċŰĬШ fx-6, serve as pivotal regulators of the 

inflammatory response. Chemokines, including CCL2 and CXCL8, regulate the recruitment of 

leukocytes to the wound site. Matrix metalloproteinases (MMPs), such as MMP-9, facilitate 

extracellular matrix (ECM) remodeling, while growth factors like vascular endothelial growth 

factor (VEGF) and platelet-derived growth factor (PDGF) promote angiogenesis and fibroblast 

proliferation (Pena and Martin, 2024). The aberrant expression of these markers is frequently 

observed in chronic wounds, contributing to their pathophysiology (Zhao 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 factors (Schmohl et al., 2012, Stacey, 2020). The use of wound swabs as a minimally 

invasive sampling method allows for the real-time monitoring of wound status, facilitating the 

early detection of non-healing wounds and providing a basis for personalized therapeutic 

interventions through multiplex immunoassays (Armstrong et al., 2021, Rembe et al., 2024, 

Schmohl et al., 2012). 

The current literature highlights the potential of immunomarker profiling for improving chronic 

wound diagnostics and therapy monitoring (Armstrong et al., 2021, Longfield et al., 2023, 

Stacey, 2020, Stacey et al., 2019). For example, elevated levels of pro-inflammatory cytokines 

and proteases have been observed in-vitro 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 chronic, non-healing 

wounds is the role of proteases in tissue regeneration and the increased proteolytic 

environment (Westby et al., 2020). An excess of endogenous human proteases (MMPs, 

neutrophil elastase, cathepsin G) and/or exogenous proteases (e.g., bacterial) or an 

imbalance between protease concentration and the inhibiting counterparts (e.g., TIMP-1/-2, 

"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 tissue (McCarty and Percival, 2013). In 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 of the ECM. The 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 concentrations (Krishnaswamy et al., 2017). In the context of impaired wound 

healing, the collagenases MMP-1, -8, and -13, the gelatinases MMP-2 and -9, and TIMP-1, 

which serves as an inhibitor and regulator of MMP activity, have been identified 

(Krishnaswamy et al., 2017, McCarty and Percival, 2013, Westby et al., 2020). A systematic 

review with meta-analysis from 2020 by Westby et al. demonstrated that an overall increase 

in protease activity is prognostically associated with reduced healing outcomes (Westby et al., 

2020). Conversely, higher levels of protease inhibitors (e.g., TIMP-1) are 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 MMP-1 indicated a positive healing tendency, 

whereas MMP-9 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 of MMP-1 to TIMP-1 and 

MMP-9 to TIMP-1 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., 2008). In a prospective study on 

potential biomarkers involving 42 patients and a total of 121 follow-up visits by Stacey et al., 

MMP-13 was also identified as a predictive marker for wound healing in chronic venous ulcers 

(Stacey et al., 2019). In this instance, elevated levels of MMP-13 were identified as a marker 

for non-healing 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 numbers and target single biomarker combinations. Consequently, further validation is 

required to put individual marker variations (e.g., MMP-1, MMP-9, MMP-13, or TIMP-1) as well 

as ratios (e.g., MMP-9:TIMP-1) 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 established. First clinical point-of-care tests are now being 

employed, that can qualitatively measure the cumulative human protease activity (EPA; 

Woundchek҂, WOUNDCHEK Laboratories, Gargrave, UK) (mainly MMP-2, -8, -9 and 

neutrophil elastase (HNE)) with the aim of exploiting the potential of protease activity as a 

prognostic biomarker in wound treatment (Armstrong et al., 2021). 

 

1.3.3 OMICS in 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. High-throughput methods, such as various multiplex and OMICS 

approaches (e.g., proteomics, transcriptomics, microbiomics), can address the heterogeneity 

and complexity of the wound micro-environment (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 wound micro-environment. Therefore, 

aspects such as the proteolytic environment, infectious burden and the pro- and anti-

ŔŰŉũċůůċƣŸƖǃШĲŰƻŔƖŸŰůĲŰƣШƚőŸƨũĬШĤĲШĦŸŰƚŔĬĲƖĲĬШċƚШƓċƖƣШŸŉШƣőĲШљĤŔŊger ƓŔĦƣƨƖĲњЮШÑőĲШŔŰĬŔƻŔĬƨċũШ

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 



25 
 

and development of potential biomarkers is less focused on the detection of individual, 

ƚŸũŔƣċƖǃШůċƖťĲƖƚШċŰĬШůŸƖĲШŸŰШƣőĲШċũƣĲƖċƣŔŸŰШŸŉШĲŰƣŔƖĲШљĤŔŸůċƖťĲƖШŰĲƣƽŸƖťƚњЯШĤŔŸůŸũĲĦƨũċƖШ

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 microorganisms) (Dai and Shen, 2022). This complete mapping of complex 

biological processes in their entirety and their changes over the course of a disease, therapy or 

őĲċũŔŰŊЯШŔƚШƣőĲШůċŔŰШĦŸůƓŸŰĲŰƣШŸŉШƣőĲШĲƻĲŰШǃŸƨŰŊĲƖШĤŔŸũŸŊŔĦċũШƚĦŔĲŰĦĲШŸŉШљƚǃƚƣĲůƚШĤŔŸũŸŊǃњШ

(Somvanshi and Venkatesh, 2014). The analyses of such entities are informally known under 

ƣőĲШƨůĤƖĲũũċШƣĲƖůШљ§~f9ÉњШċŰĬШċƖĲШŔĬĲŰƣŔŉŔĲĬШĤǃШƣőĲШƚƨŉŉŔǂШљ-ŸůŔĦƚњЯШƽŔƣőШŊĲŰŸůŔĦƚШĤĲŔŰŊШƣőĲШ

best-known representative. Other subfields include proteomics (for proteins), degradomics 

(for proteases), microbiomics (for microorganisms), metabolomics (for metabolites) or 

lipidomics (for lipids) (Dai and Shen, 2022). The rapid development of modern methods such 

ċƚШ ůċƚƚШ ƚƓĲĦƣƖŸůĲƣƖǃШ ы~ÉьШ ċŰĬШ љŰĲǂƣ-ŊĲŰĲƖċƣŔŸŰШ ƚĲƕƨĲŰĦŔŰŊњШ ы ]ÉьЯШ ċƚШ ƽĲũũШ ċƚШ

bioinformatics for the evaluation of the large amounts of data generated, is opening promising 

new approaches for the analysis of the acute and chronic wound micro-environment at all 

levels involved. Although still in its infancy, the sub-ĬŔƚĦŔƓũŔŰĲШ ŸŉШ љìŸƨŰĬ-§~f9ÉњШ ŔƚШ

developing with the potential for the detection of biomarker profiles and, for example, protein 

signatures of individual wound entities, healing stages or pathological processes (Gao et al., 

2018, Harvey et al., 2022, Mannello et al., 2014). This 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 

proteome landscape of diseases in various biomedical research fields and identifying potential 

biomarker patterns, altered pathways and therapeutic targets involved in their development 

and progression (Amunugama et al., 2013, Bader et al., 2023, Cui et al., 2022, Nakayasu et al., 

2021). Proteomics is the large-scale 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 Broadbent et al. (Broadbent et al., 2010), however 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 gained (Edsberg et al., 2012, Eming et al., 2010, 

Krisp et al., 2013, Sabino et al., 2018). First differential proteomic analysis of wound exudates 

from normal healing and chronic wounds has identified unique protein signatures that 

distinguish between the two conditions (Eming et al., 2010). Further work investigated single 

wound entities such as pressure ulcers (PU) (Edsberg et al., 2012), diabetic foot ulcers (DFU) 

(Krisp et al., 2013) or surgical trauma wounds (Bekeschus et al., 2018) and reported entity-

specific proteomic profiles. Besides several DAMPs such as proteins of the S100-family, heat 

shock proteins and defensines, Bekeschus et al. for example identified several redox proteins 

and a neutrophil proteomic signature including for example cathepsin G, elastase, 

myeloperoxidase and lipocalin 2 in the exudate of surgical trauma wounds (Bekeschus et al., 

2018). Krisp et al. demonstrated similar inflammatory response patters such as S100-proteins 

(predominantly S100A8 and S100A9) in DFUs (Krisp et al., 2013), however in comparison 

reported distinctly elevated levels of matrix metalloproteinases (MMPs) such as MMP1, 

MMP2, and MMP8 and proteins with antiangiogenic properties in chronic wounds as well as 

proteins indicating increased cellular apoptosis such as Annexin A5 even exclusively in 

chronic wounds. Sabino et al. (2018) identified proteins with differential abundances and 

proteolytic processing as prospective biomarkers (zyxin, IQGA1, and HtrA1) for assessing 

critical turning points in wound progression using comparative degradomics of wounds 

(Sabino et al., 2018). Moreover, proteomic profiling of fibroblasts isolated from chronic 

wounds has revealed disease-relevant signaling pathways, such as lysosomal dysfunction 

ċŰĬШĬǃƚƖĲŊƨũċƣĲĬШÑ][͉ШƚŔŊŰċũŔŰŊ, shedding light on the mechanisms underlying 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., 2022). A deeper understanding of the molecular 

alterations that occur during stages of the healing process, signature differences between 

pathological entities and healing versus non-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 Problem definition and research purpose 

The precise mechanisms of impaired wound healing and its regulation are the focus of 

intensifying research efforts. Even though relevant work and effort has been put into 

investigating general wound healing mechanism as well as specific aspects of delayed 

pathologic healing, systematic side-by-side investigations of the various stages referenced to 

the divers pathomechanisms of the main disease entities in chronic wounds (diabetes, arterial 

and venous vascular diseases, immunological and surgical wounds) are lacking. Yet especially 

such information is needed to adequately determine a wounds current stage, dysregulation 

and needs. Identifying entity-specific biomolecular profiles and patterns as well as wound-

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 targeted diagnostics and therapeutic 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 chronic, healing and non-healing wounds in diverse entities and 

various stages of healing. In general, these studies comprise a limited number of patients, are 

predominantly derived from animal experiments or in-vitro approaches, lack correlation 

between marker quantitation and corresponding clinical parameters such as wound stages, 

infection status and healing tendencies and focus only on single wound entities without a 

control or comparator group. Also, in most cases, 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, no solid 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, many studies were constrained by the laborious nature of sample collection, with 

the material obtained being limited in quantity or lacking 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 

procedures such as biopsies. 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, next-generation sequencing (NGS), or multiplex 

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

The traversing љWound-BIOMEњ project (Figure 7) therefore aims to investigate the 

biomolecular profiles of the main non-healing (chronic) wound entities (diabetic, arterial, 

venous, mixed and immunological ulcers) to identify individual differences between these 

entities regarding differing regulatory and modulatory aspects and compare these to the 

profiles of healing (acute) wounds and post-surgical wound healing disorders (WHD) to detect 

relevant differences. To obtain samples wound swabbing is to be established as a novel 

technique of sampling wound material and investigated regarding its feasibility regarding 

material quantity, quality, and multiple downstream analyses. This method has been 

translated from sampling wound microorganisms and introduced as highly promising method 

for sample collection in wounds for investigations such as proteomics, immunoassays and 

RNA/DNA isolation within the last 5-10 years, due to smaller sample sizes needed for 

complex investigations based on novel methodologies.  
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Figure 7 ш ÉĦőĲůċƣŔĦЮŸƻĲƖƻŔĲƽЮŸŉЮƣőĲЮџìŸƨŰĬ-7f§~EѠЮƓƖŸŢĲĦƣдЮ 
(from (Rembe and Stürmer, 2023)) 
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The holistic project entails a cross-sectional investigation of post-transcriptional modification 

(miRNA), protein signature (proteomics and immunoassays) and metagenomic analysis of 

microbial communities (microbiomics) from parallel samples taken at the same timepoint to 

enable timely side-by-side comparison and subsequent connection of the varying micro-

environment levels. Based on these initial large-scale exploratory results, specific identified 

marker sets or profiles can be focused on in subsequent projects to observe the wounds 

course of healing. The overall project and study aim is to identify potential monitoring, steering 

and prognostic marker sets and entity-/stage-specific 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 Research questions 

- fƚШ ћìŸƨŰĬШ ƚƽċĤĤŔŰŊќШ ċŰШ ċĬĲƕƨċƣĲШ ċŰĬШ ŉĲċƚŔĤũĲШ ƚċůƓũŔŰŊШ ƣĲĦőŰŔƕƨĲШ ŉŸƖШ őŔŊő-
throughput analyses of the wound micro-environment and as diagnostic tool? 

- Can entity-specific biomolecular proteomic and immunomarker profiles and 
patterns be identified? 

- Do acute vs. chronic and healing vs. non-healing wounds exert significantly differing 
immunomarker (cytokines, chemokines, MMPs and growth factor) concentrations? 

- Can specific biomarkers be identified, that can potentially indicate the stage and/or 
predict the healing tendency of a chronic wound? 

- Do pro- and anti-inflammatory marker concentrations correlate with clinical 
evaluation of entity, healing status, stage and microbial burden? 

- 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 vs non- healing 
wounds? 
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2. Material and Methods 

2.1 Study design and recruitment 

2.1.1 Design љìŸƨŰĬ-7f§~EњНƓƖŸŢĲĦƣ 

The "Wound-BIOME" 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, next-generation sequencing (NGS), and multiplex immunoassays, the project 

endeavors to elucidate the complex milieu of chronic, non-healing 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 "Wound-BIOME" 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 supporting high-throughput 

biomolecular analyses. As part of the feasibility and proof-of-concept phase, preliminary 

cohorts were analyzed for proteins, transcriptional activity, and microbiological profiles to 

evaluate the suitability of the sample collection methods for downstream applications (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 settings (Figure 8). 
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Figure 8 ш ÉƣƨĬǃЮĬĲƚŔŊŰЮўìŸƨŰĬ-7f§~EѠЮƓƖŸŢĲĦƣд 
(from (Rembe et al., 2024)) 

The process of acquiring the sample (illustrated in Figure 8) commences with 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., 2014), and the samples are transported (step 3). The 

ƚċůƓũĲƚШċƖĲШŉƖŸǍĲŰШċƣШċШůŔŰŔůƨůШƣĲůƓĲƖċƣƨƖĲШŸŉШҽΞΜШ҄9ШƽŔƣőŔŰШƣƽŸШőŸƨƖƚШċŰĬШċƣШҽΥΜШ҄9ШƽŔƣőŔŰШ

eight hours (step 4). Subsequently, the samples are processed and prepared for further 

analysis (step 5) and finally subjected to downstream analyses, including multiplex 

immunoassays (step 6), mass spectrometry-based proteomics (step 7), small RNA 

sequencing (step 8), and metagenome sequencing (step 9). Further details on the feasibility 

study (Chapter 2.1.3), sample collection (Chapter 2.2), sample preparation and processing 

(Chapter 2.3) and downstream analyses (Chapters 2.4т2.7) 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) across a range 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, non-interventional, multicenter cohort design. The 

initial sample cohort represents a subset of the broader "Wound-BIOME" project, which aims 

to include samples from 144 patients across seven different wound types. From the outset, a 

multicenter approach with multiple recruiters at various sites was deliberately chosen 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 restrictive, thereby facilitating a comprehensive and unbiased 

representation of the wound microenvironment. Table 1 delineates the specific inclusion and 

exclusion criteria. 

 

2.1.2 Patient recruitment, study centers and ethical approval 

All patients recruited were 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, as outlined in Table 1, were applied in accordance with the established protocols 

(ŸƨƣũŔŰĲĬШŔŰШĦőċƓƣĲƖШΞЮΞШљÉċůƓũĲШĦŸũũĲĦƣŔŸŰШƓƖŸĦĲƚƚњь. In addition to the collected samples, 

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/non-healing), the stage of wound healing (infection, 

inflammation, proliferation, epithelization) and the microbial burden (non-infected, 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 medical centers participated in sample collection: 

Department of general, visceral and vascular surgery at Helios University Hospital Wuppertal 

(UWH т Witten/Herdecke University), Department of vascular and endovascular surgery at 

University Hospital Duesseldorf (UKD т Heinrich-Heine-University Duesseldorf), 

Comprehensive Wound Center at University Medical Center Hamburg-Eppendorf (UKE т 

University of Hamburg) and Department of Dermatology at University Hospital Essen (UKES т 

University of Duisburg-Essen). Prior to the commencement of the study, ethical approval was 

ŸĤƣċŔŰĲĬШŉŸƖШƣőĲШŸƻĲƖċƖĦőŔŰŊШљìŸƨŰĬ-7f§~EњШƓƖŸŢĲĦƣЮШÑőĲШƓƖŔŰĦŔƓċũШĲƣőŔĦƚШċƓƓƖŸƻċũШƽċƚШ

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. 18-8432-BO), Hamburg (No. PV5883) and Duesseldorf (No. 2020-1012). 

Table 1 ш fŰĦũƨƚŔŸŰЮċŰĬЮĲǂĦũƨƚŔŸŰЮĦƖŔƣĲƖŔċЮŸŉЮƣőĲЮџìŸƨŰĬ-7f§~EѠЮƓƖŸŢĲĦƣд 

Inclusion criteria Exclusion criteria 

¶ ÂċƣŔĲŰƣШӄШΝΥШǃĲċƖƚ ¶ Patient < 18 years 

¶ ìŸƨŰĬШċƖĲċШӄШΝЮΡШĦů2 ¶ Wound area < 1.5 cm2 

¶ Presence of a wound which either 

- persists for more than 8 weeks under 

adequate therapy ("chronic") 

OR is considered chronic due to their 

underlying disease# 

- no shorter than 24 hours and no longer 

than 6 days after traumatic event / 

surgical intervention ("acute") 

¶ Dry necrosis 

¶ Pregnancy and breastfeeding 

¶ Malignant genesis of the wound 

(e.g. ulcerating soft tissue tumor) 

# - based on the definition in (Dissemond et al., 2016). 

 

2.1.3 Study design wound swabbing feasibility analysis 

Initial feasibility analyses were conducted on sample cohorts isolated from the total collective 

ŸŉШƓċƣŔĲŰƣƚШƖĲĦƖƨŔƣĲĬШŔŰШƣőĲШљìŸƨŰĬ-7f§~EњШƓƖŸŢĲĦƣЮШÑőĲШŸĤŢĲĦƣŔƻĲШƽċƚШƣŸШĲƻċũƨċƣĲШƚċůƓũĲШ

preparation procedures, quality, quantity, and suitability of the samples obtained through the 

workflow for biomolecular analysis methods. A total of 6-12 samples were obtained for each 
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of the following analyses: twelve samples for immunoassay, proteomics, and sRNA-seq and 

six samples for metagenomics. Furthermore, clinical and demographic data were collected in 

conjunction with the analyses as described above. Table 2 provides an overview of the sample 

allocation to the down-stream analysis of the feasibility cohort. 

Table 2 ш Characteristics of the feasibility cohort and analyses performed per sample. 

ID Etiology Status Center Immunoassay Proteome miRNA Microbiome 

P003 DFU NH UWH X - X X 

P011 PAD NH UWH X X X X 

P012 PAD NH UWH - X - X 

P020 CVI NH UWH - X - X 

P027 WHD NH UKE X X X - 

P031 CVI 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 - 

P041 WHD H UKES X X X - 

P042 CVI NH UKES X X X - 

P078 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: H - healing, NH - non-healing; etiology: DFU - diabetic foot ulcer, PAD - peripheral arterial disease, CVI 
- chronic venous insufficiency, WHD - postoperative wound healing disorder, PG - pyoderma gangrenosum, AW - acute 
wound; center: UWH - Witten/Herdecke University, UKE - University Medical Center Hamburg-Eppendorf, UKES - University 
Hospital Essen, UKD - University Hospital Duesseldorf) 

 

2.1.4 Study design immunomarker analysis 

The workflow for the immunomarker analysis using multiplex immunoassay is schematically 

depicted in Figure 9. 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" technique (Al Ghazal et al., 2014). The 
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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 temperature of -20°C and a maximum of -80°C (step 3). 

Subsequently, sample processing was performed at a subsequent time-point, 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). 

Figure 9 ш Sample acquisition and analysis process for immunoassay analysis. 
(created in BioRender. Rembe, J. (2025) https://BioRender.com/v25p290)  

Again, additional accompanying clinical-demographic data was recorded (age, gender, wound 

area, wound entity and wound age) and sampled wounds were assessed by the treating 

healthcare professional regarding potential predictive outcomes (healing status, healing stage, 

microbial burden). Immunomarker were evaluated in the twelve samples of the feasibility 

cohort (see chapter 2.1.3 љStudy design wound swabbing feasibility analysisњь and in the 

overall study cohort of the Wound-BIOME project. Table 3 shows the complete set of 

variables evaluated for all investigated patients in the wound-BIOME cohort. 

 

 

https://biorender.com/v25p290
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Table 3 ш Clinical variables assessed for each patient in the Wound-BIOME cohort. 

ID Center Etiology Status Stage Infection 

P003 UWH DFU NH INFE INF 
P004 UWH ALU NH INFL COL 
P008 UWH ALU NH INFE INF 
P009 UWH ALU NH PROL COL 
P010 UWH ALU H PROL N-INF 
P011 UWH ALU NH INFE INF 
P012 UWH ALU NH INFE INF 
P013 UWH VLU NH INFE INF 
P014 UWH VLU NH INFL COL 
P015 UWH ALU NH INFL COL 
P018 UWH ALU NH PROL COL 
P019 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 
P030 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 
P039 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 UKES VLU NH PROL COL 
P050 UKES MIX NH PROL COL 
P051 UKES VLU NH INFL COL 
P052 UKES VLU H EPITH COL 
P053 UKES WHD H EPITH COL 
P055 UKES WHD H PROL COL 
P057 UKES PG H PROL COL 
P058 UKES VLU NH INFE INF 
P060 UKES WHD H PROL COL 
P061 UKES WHD NH INFL N-INF 
P062 UKES WHD H EPITH N-INF 
P063 UKES VLU H PROL COL 
P064 UKES WHD H PROL COL 
P065 UKES WHD H PROL N-INF 
P066 UKES WHD NH PROL COL 
P067 UKES VLU H EPITH N-INF 
P068 UKES VLU NH PROL N-INF 
P069 UKES WHD NH EPITH N-INF 
P071 UKES WHD NH PROL COL 
P072 UKES PG NH INFL COL 
P073 UKES VLU H PROL N-INF 
P074 UKES VLU NH PROL COL 
P075 UKES VLU H PROL N-INF 
P076 UKES WHD H EPITH N-INF 
P077 UKES VLU NH INFL COL 
P078 UKES DFU H PROL N-INF 
P079 UKES VLU NH INFL COL 
P081 UKES VLU NH PROL N-INF 
P082 UKES WHD H EPITH N-INF 
P083 UKES VLU NH INFL COL 
P084 UKES WHD H PROL COL 
P086 UKES WHD NH INFL COL 
P087 UKES MIX NH INFL COL 
P088 UKES WHD NH INFL COL 
P089 UKE PG NH INFL COL 
P090 UKE VLU H EPITH N-INF 
P092 UKE WHD NH EPITH N-INF 
P095 UKE PG NH INFL COL 
P096 UKE VLU NH INFE INF 
P097 UWH AW H PROL N-INF 
P098 UWH AW H PROL 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 status: H ш healing or NH ш non-healing); clinical healing stage: INFE ш infection, INFL ш inflammation, PROL ш 
proliferation, EPITH ш epithelization; degree of microbial burden: INF ш infected, COL ш colonized, N-INF ш non-infected; 
etiology: ALU ш arterial leg ulcer, AW ш acute wound, DFU ш diabetic foot ulcer, VLU ш venous leg ulcer, PG ш pyoderma 
gangrenosum, WHD ш wound healing disorder, MIX ш mixed arterio-venous leg ulcer; center: UWH - Witten/Herdecke 
University, UKE - University Medical Center Hamburg-Eppendorf, UKES - University Medical Center Essen, UKD - University 
Medical Center Duesseldorf) 
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2.1.5 Study design proteomics analysis 

The workflow for the proteome analysis using mass-spectrometry based proteomics is 

schematically depicted in Figure 10. Again, the design is in line with the overarching Wound-

BIOME study design and protocol. Briefly, wounds were sampled using FLOQSwab swabs to 

collect samples, following the "Essener Rotary" technique. The samples were then transferred 

to a prepared transport medium and stored at -80°C as previously described. Subsequently, 

samples were pre-processed by removing the swab, and pelletizing cellular and debris 

components as well as aliquoting the sample for further analysis (step 1). The pre-processed 

sample was then submitted to two consecutive preparation steps for proteomic analysis, the 

S-Trap® protocol and the STAGE-Tip protocol (step 2). Finally, processed and prepped 

samples were analyzed using a bottom-up proteomics approach with LC-MS/MS (step 3) and 

data analysis performed for descriptive and quantitative statistics (step 4). 

Figure 10 ш Sample 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 patient cohort at the same time-points, clinical-

demographic and outcome data are the same for all patients in the Wound-BIOME project and 

therefore identical with the data for immunoassay analyses in the feasibility and overall 

BIOME cohort. This information is outlined in chapter 2.1.3 љStudy design wound swabbing 

feasibility analysisњШŉŸƖШƣőĲШŉĲċƚŔĤŔũŔƣǃШĦŸőŸƖƣШand Table 3 for the Wound-BIOME cohort. 
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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 studies (Rembe et 

al., 2024, Schmohl et al., 2012). They 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 media. Each 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 sample-coated tip into a transport container. 

2.2.2 Sample container and transport medium 

Standard 1.5-mL Eppendorf tubes (Eppendorf SE, Hamburg, Germany) were utilized as 

sample containers, which were pre-filled with 1 mL of the designated transport medium. For 

protein analysis, phosphate-buffered saline (PBS) with a universal protease/phosphatase 

inhibitor (PPC1010; Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) was used. For the 

analysis of RNA and DNA, RNAlater҂ (Thermo 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 Sample storage 

After the collection of the sample, the swab tip, containing the sample, was frozen at a 

temperature ranging from -18 °C to -20 °C within two hours. Thereafter, it was frozen at a 

temperature of -80 °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 freeze-thaw cycles to preserve the stability of 

proteins and nucleic acids (RNA/DNA). 
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2.2.4 Swabbing technique 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 procedures to be used. Table 4 offers 

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

The "Essen Rotary" (Al Ghazal et al., 2014) swabbing 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 German-speaking regions, involves swabbing the wound in concentric 

circles, starting at the periphery and moving toward the center. The swab head is thereby 

rotated repeatedly until it is visibly saturated. Once collected, the samples are placed in 

designated transport containers with the described media (see chapter 2.2.2 љÉċůƓũĲШ

ĦŸŰƣċŔŰĲƖШċŰĬШƣƖċŰƚƓŸƖƣШůĲĬŔƨůњьЯШũċĤĲũĲĬШƽŔƣőШċƓƓƖŸƓƖŔċƣĲШŔĬĲŰƣŔŉŔĲƖƚЯШċŰĬШƚƣŸƖĲĬШċƣШҽΥΜШ҄9Ш

until further analysis is required (as outlined in chapter 2.2.3 љÉċůƓũĲШƚƣŸƖċŊĲњ). 

Table 4 ш Main steps and key points of the sample collection procedure. 

Sample Collection and Preservation 

1 

Removal of dressing material from wound 

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

2 

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

Č No sharp debridement to avoid bleeding or, in the event of unwanted 
bleeding, complete hemostasis first. 
(prevention of sample contamination by blood components) 

3 

ÉƽċĤĤŔŰŊШċĦĦŸƖĬŔŰŊШƣŸШљEƚƚĲŰШÅŸƣċƖǃњШƨŰƣŔũШƚƽċĤШƣŔƓШƻŔƚŔĤũǃШƚċƣƨƖċƣĲĬ 

Č Use of max. 5 mL sterile neutral solution (e.g., 0.9% NaCl) for moistening 
the wound bed before sampling possible. 

4 Place saturated swab in transport container, break off at breaking point and close 
container 

5 [ƖĲĲǍĲШƣŸШċƣШũĲċƚƣШҽΝΥШ҄9ШƽŔƣőŔŰШΞШőШċŰĬШƣŸШҽΥΜШ҄9ШƽŔƣőŔŰШΞΠШő 
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2.3 Sample preparation and processing for downstream analysis 

2.3.1 General sample pre-processing 

For processing wound swab samples, a single thawing cycle was deemed permissible and 

initially performed to pre-process each clinically taken sample. During this step, the analytes 

were released into the transport solution, the so far remaining swab tip in the sample was 

carefully removed and the coarse cellular and detrital components pelletized.  

The samples were subjected to a gradual thawing process on ice (2-8 °C) over a period of two 

hours. Subsequently, the samples still containing the swab tip were vortexed for three 5-

second cycles to maximize analyte release into the transport medium (95-98% recovery, per 

the manufacturer). The swab tip was then removed using sterile tweezers, by rolling the tip on 

the inside of the sample vial to recover residual liquid and analytes, and subsequently discard 

the tip. The sample was then again vortexed for five seconds without the swab to ensure 

proper homogenization. Two centrifugation steps were then performed to separate cellular 

and microbial debris from the liquid holding soluble analytes, focusing the analysis on 

extracellular components. First, the samples were subjected to a centrifugal process at 

10,000×g for 15 minutes at 4 °C (or 500×g for RNA/DNA). The resulting cleared supernatant 

was transferred to a fresh tube while ensuring no disruption to the pellet. The samples were 

then subjected to a second centrifugation at 10,000×g for 15 minutes (or 2,000×g for 

RNA/DNA) and the supernatant again transferred to a fresh tube. The final remaining sample 

was then divided into four distinct tubes (210 µL each), each vial assigned a unique coding 

color, for the purpose of conducting various downstream analyses. Meanwhile, the original 

pellet and samples designated for later analysis were stored in a deep-freeze setting at -80°C, 

for subsequent examination. This procedure was identical for protein and RNA/DNA samples 

(except for the specified centrifugation settings), ensuring minimal freeze-thaw cycles to 

preserve analyte integrity.  

 

2.3.2 Total protein quantification using 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 spectrophotometer (EON҂; BioTek 

Germany, Bad Friedrichshall, Germany). 

Briefly, the Coomassie Brilliant Blue reagent was ƓƖĲƓċƖĲĬШċĦĦŸƖĬŔŰŊШƣŸШƣőĲШůċŰƨŉċĦƣƨƖĲƖќƚШ

instructions. 200 µL of the Bradford reagent is added to each well of a 96-well plate. 

Subsequently, 20 µL of the prepared protein standards (bovine serum albumin т BSA) and 

samples, is pipetted into their designated wells. Each sample and standard were run in 

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

by pipetting and incubated for 10 minutes at room temperature on a plate 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 RNA/DNA 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 out to 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 miRNA, especially from small-

volume  and limited starting material samples (Figure 11).  

Briefly, a 210 µL aliquot of the wound swab sample was lysed using a highly denaturing buffer 

to inactivate RNases and stabilize RNA. Subsequently, 700 µL of QIAzol Lysis Reagent was 

added to the mixture to facilitate disruption and homogenization. The homogenate was then 

subjected to incubation at room temperature for 5 minutes, a process that enabled the 

dissociation of nucleoprotein complexes. Subsequently, 140 µL 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 2т3 minutes.  

Subsequently, centrifugation at 4°C and 12,000 × 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 µL of the sample, inclusive of any precipitate, onto the column, it was 

subjected to a centrifugation step at 8000 × g for a duration of 15 seconds. The flow-through 

was then discarded, and this step was repeated.  

Subsequently, the column underwent two washes with 700 µL of RWT buffer, followed by a 

single wash with 500 µL of RPE buffer. An additional rinse with 80% ethanol was performed, 

and the column was subjected to a second centrifugation at 8000 × g for 2 minutes. The 

column was then transferred 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 µL of RNase-free water, producing a 

concentrated RNA sample ready for downstream applications. 

Figure 11 ш Schematic illustration of the microRNA extraction process using the miRNeasy Micro Kit. 
(Figure adapted from BioRender. (2022). RNA Extraction. https://app.biorender.com/biorender-templates/details/t-
641db86bdd8d302fe26d824c-rna-extraction) 

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

Pro Kit (Qiagen N.V., Hilden, Germany), a standard column-based 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 previously (Spohr et al., 2024). 

 

2.3.4 Quantity and quality analysis of nucleic acids (RNA/DNA) 

The initial quantification of total RNA was performed using the NanoDrop 2000c 

Spectrophotometer (Thermo Scientific҂, Waltham, MA, USA). This method entailed the 

analysis of a 1 µL 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 fluorescence-based 

method was employed using the Qubit҂ Flex Fluorometer (Invitrogen by Thermo Scientific҂, 

Waltham, MA, USA). 

To evaluate RNA integrity and quality, the samples underwent fragment analysis at the 

Genomics and Transcriptomics Laboratory (GTL) at Heinrich-Heine-University Duesseldorf 

(HHU). This analysis was conducted using the Fragment Analyzer 5300 with the FA DNF-472 

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 non-coding RNA or mRNA fragments were typically >200 nt. 

Furthermore, the quantification of double-stranded DNA (dsDNA) for metagenomic 

sequencing in microbiome analysis was carried out using a fluorescence-based method with 

the Qubit҂ Flex Fluorometer (Invitrogen by Thermo Scientific҂, Waltham, MA, USA). 
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2.4 Immunomarker experiments 

2.4.1 Multiplex Immunoassay work-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 ProcartaPlex҂ multiplex 

immunoassay kits (Thermo Scientific҂, Waltham, MA, USA). All sample preparation and assay 

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

In bead-based detection, the sample is mixed in a 96-well plate with prefabricated colored 

magnetic beads that have been coated with capture antibodies specific for the analytes to be 

detected (Figure 9). Each bead 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 diluted 4-fold to 

generate a standard curve for later measurements for quantification. Magnetic beads were 

then prepared by vortexing the bead solution thoroughly for 30 seconds. 50 µL of magnetic 

bead solution was then added to each well of a 96-well 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 150 µL WB. This process was repeated twice. Next, 25 µL of UAB and 

either 25 µL 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. Thereafter, 25 µL of a detection 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 analyte-antibody sandwich complex. Following 

this incubation, two additional wash steps are performed, after which 50 µL of streptavidin-

phycoerythrin (SAPE), a light-excitable 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 rpm at RT. After two final 

washing steps, 120 µL of 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 pre-mixed kits. The following four combinations were analyzed in 

the same experimental runs:  

- 4-Plex (MMP-2, MMP-3, MMP-9, TIMP-1) 

- 5-plex (MMP-1, MMP-7, MMP-8, MMP-12, MMP-13) 

- 26-Plex (EGF, FGF-2, G-CSF, GM-CSF, IFN-͊ЯШfx-Ν͈ЯШfx-ΝШ͉ЯШfx-1RA, IL-4, IL-6, IL-8 

(CXCL8), IL-9, IL-10, IL-13, IL-17A, IL-18, IL-21, IP-10 (CXCL10), MCP-1 (CCL2), MIP-Ν͈Ш

(CCL3), MIP-Ν͉Шы99xΠьЯШÂ?][-BB, TGF-͈ЯШÑ [-͈ЯШÑ [-͉ЯШéE][-A) 

Due to the inherent high concentrations of the analytes in the 4-plex (MMP-2, MMP-3, MMP-9, 

TIMP-1) 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 Quantification of immunomarker on 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 streptavidin-PE complexes, and the intensity of the 
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streptavidin-PE 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 by љbottom-up shotgun proteomicsњЮШThe bottom-up shotgun 

proteomics method is used to identify and semi-quantitatively quantify all proteins present in 

a biological sample, in this case ƣőĲШƚƽċĤШƚċůƓũĲƚЯШƖĲŉĲƖƖĲĬШƣŸШċƚШљƓƖŸƣĲŸůĲШƓƖŸŉŔũŔŰŊњЮШfŰШƣőŔƚШ

method, proteins present in the complex biological sample are purified and concentrated by 

preparatory steps and then broken down into peptides by enzymatic digestion (here using the 

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

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

DDA (data-dependent acquisition) measurement approach. 

The fundamental principle of MS is the ionization of atoms and molecules, which are then 

separated according to their mass-to-charge 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 

ionization," 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 its mass-to-

charge ratio (m/z) and the resulting signals are recorded in the detector. The measured mass 

spectra (chromatograms) of the peptides are then subjected to bioinformatic processing 

based on search and comparison algorithms to reconstruct a protein identification based on 

the measured spectra (Figure 12) (Brodbelt, 2022). 
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Figure 12 ш Schematic representation of bottom-up MS strategy. 
(from (Brodbelt, 2022)) 

An UltiMate 3000 nano liquid chromatography system (nLC) coupled to an Orbitrap Exploris 

480 quadrupole-orbitrap mass spectrometer (both, Thermo Fisher Scientific, Bremen) running 

in data-dependent acquisition (DDA) mode was employed. The sample preparation process 

comprises the following steps: protein extraction, purification, digestion, and concentration of 

the sample. A combination of the S-Trap҂ method and the STAGE-Tip method was employed 

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

presence of MS-interfering substances in the samples. 

 

2.5.1 S-Trap proteomic sample work-up 

The S-Trap҂ Mini (100-300 g͓/mL) or Micro Spin (<100 µg/mL) column digestion protocol 

(ProtiFi LLC, Fairport, USA) was employed, in accordance with the manufacturer's 

instructions, depending on the protein concentration present in the sample (Figure 13). 

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 elsewhere (Wisniewski 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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Figure 13 ш Schematic illustration of the S-Trap҈ column digestion protocol. 
(from ProtiFi LLC, Fairport NY, USA; https://protifi.com/pages/s-trap) 

Initially, 12.5 µL ŸŉШΞǂШÉ?ÉШƓƖŸƣĲŔŰШƚŸũƨĤŔũŔǍċƣŔŸŰШĤƨŉŉĲƖШыљũǃƚŔƚШĤƨŉŉĲƖњаШΝΜӖШÉ?ÉЯШΝΜΜШů~Ш

triethylammonium bicarbonate (TEAB), pH 7.55) was added to 12.5 µL of sample. 

Subsequently, the samples were alkylated and reduced. For disulfide reduction 5µl 

dithioreitiol (DTT) was added and samples incubated for 10 min at 95 °C in a ThermoMixer® C 

(Eppendorf, Hamburg, Germany). Following a cool-down period to room temperature, 5 µL 

Iodoacetamide (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. 2.5 ͓xШŔŰƣŸШΞΡ ͓xьЮШΝΣΡШ͓xШŸŉШÉ-Trap buffer (90% aqueous 

methanol containing a final concentration of 100 mM TEAB, pH 7.1) is added to the 27.5 ͓ xШŸŉШ

ċĦŔĬŔŉŔĲĬШƚċůƓũĲоĤƨŉŉĲƖШƚŸũƨƣŔŸŰШŉŸƖШƓƖŸƣĲŔŰШƓƖĲĦŔƓŔƣċƣŔŸŰЯШŊŔƻŔŰŊШċШƣŸƣċũШƻŸũƨůĲШŸŉШΝΦΞЮΡШ͓xЮШ

After mixing the solution it is applied to the S-Trap҂ column and centrifuged at 4000 x g for 30 

sec until all SDS lysate/S-Trap 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 150 µL of S-Trap buffer for each washing step and again centrifuging at 4000 x g for 

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

ƓƖŸƣĲŔŰШĬŔŊĲƚƣŔŸŰЮШÉƨĤƚĲƕƨĲŰƣũǃЯШΞΜШ͓xШŸŉШĬŔŊĲƚƣŔŸŰШĤƨŉŉĲƖШĦŸŰƣċŔŰŔŰŊШůċƚƚШƚƓĲĦƣƖŸůĲƣƖǃ-grade 
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trypsin/Lys-C mix (1:10 wt:wt; Promega Corporation, Madison, USA) was added to the column 

for overnight in-column 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 40µL 

of digestion buffer first (centrifugation at 1000 x g for 60 sec), followed by 40 µL of MS-grade 

water (centrifugation at 1000 x g for 60 sec) and finally 40 µL of 50% aqueous acetonitrile 

(ACN) with 0.1% acetic acid (AA; for hydrophobic peptides) centrifuged at 4000 x g for 60 sec. 

Eluates were pooled into a single sample and concentrated to 20 µL using the Concentrator 

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

 

2.5.2 STAGE-Tip proteomic sample work-up 

To further purify the sample (i.e., to remove salts and detergents), the STAGE-Tip protocol was 

employed as a second step. This procedure is described in greater detail by Rappsilber, 

Ishihama & Mann (2003) (Rappsilber et al., 2003). In general, a new spin column is prepared 

by filling gel-loader tips with Phenomenex Luna C18 resin. The resulting StageTip was then 

washed three times with 100µL of 0.1% acetic acid (AA) and twice with 95% aqueous 

acetonitrile (ACN) with 0.1% AA by centrifugation at 9000 rpm for 2-3 min (until entire liquid is 

passed through). The column is then equilibrated with 100µl of 0.1% AA. Subsequently, the 20 

µL sample from the S-Trap work-up were loaded onto the column and run in by stepwise 

centrifugation at 9000 rpm. Afterwards, the column was washed twice with 100µL 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 to 10 µL using the 

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

 

2.5.3 Proteome analysis using LC-MS/MS 

Samples were analyzed on an Orbitrap Exploris҂ 480 coupled to an UltiMate҂ 3k nanoHPLC 

using a Flexion Ion Source (all Thermo Fisher Scientific, Waltham, MA, USA). Samples were 
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separated using an Acclaim PepMap҂ C18 column (75 µm inner diameter, 25 cm length, 

Thermo Fisher Scientific, 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 (PepMap҂ 5 mm cartridge, Thermo Fisher 

Scientific) with 5 µL/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 re-equilibration 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 30 sec. 

Afterwards, samples were analyzed in MaxQuant v2.2 (Tyanova et al., 2016a) using standard 

parameters with LFQ option and match between runs option enabled between samples from 

the same analytical group. 

 

2.6 sRNA sequencing (sRNA-seq) т miRNA 

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 Biological-Medical Research Center (BMFZ) at 

Heinrich-Heine-University Duesseldorf. The process of sequencing involved a series of steps 

(RNA isolation, construction of cDNA library, sequencing) and the more intricate process of 

the complex sRNA-Seq procedure has been described in detail by Benesova, Kubista and 

Valihrach (2021) (Benesova et al., 2021). 

Initially, total RNA, including miRNAs, was extracted as ĬĲƚĦƖŔĤĲĬШŔŰШĦőċƓƣĲƖШΞЮΟЮΟЮШљRNA/DNA 

ĲǂƣƖċĦƣŔŸŰњ. Thereafter, a complementary DNA (cDNA) library was constructed. This process 

transcribes miRNAs into cDNA using reverse transcriptase for amplification and enhancing 

stability during sequencing. The QIAseq RNA Library Kit (Qiagen N.V., Hilden, Germany) was 

utilized for library preparation. The inherent shortness of microRNA molecules necessitates 

their extension through ligation or polyadenylation to introduce primer-binding 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. UMIs facilitate the differentiation of reads originating from the same original 

molecule, thereby mitigating amplification-induced distortions. Therefore, during library 

preparation, each unique molecule of RNA was assigned a UMI that 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 false-positive calls, and 

distinguishing true variants from sequencing errors. 

The sequencing was performed on the Illumina NextSeq 2000 System (Illumina Inc., San 

Diego, USA) with the objective of achieving a sequencing depth of approximately 30 to 60 

million reads per sample, as required for robust miRNA profiling. The sequencing process 

commences with 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 Illumina'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 sequencing. ÑőĲШ ĲǂƣÉĲƕШΞΜΜΜШĲůƓũŸǃƚШfũũƨůŔŰċќƚШƚĲƕƨĲŰĦŔŰŊ-by-

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 miRNA-specific 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 real-time, converting these signals into digital data (Figure 14). 



55 
 

Figure 14 ш Schematic overview of the Illumina sequencing process.  
(from (Mardis, 2008)) 
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Single-end 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, built-in quality 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 error-correction algorithms further enhanced the 

fidelity of the sequencing data. At the end of the sequencing run, raw data in the form of base 

call (BCL) files were converted to FASTQ files. Demultiplexing 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 

(Griffiths-Jones et al., 2006)) to identify the measured miRNAs. Further statistical analysis of 

the generated miRNA read counts was carried out using the DESeq2 package in R (Love et al., 

2014). 

 

2.7 Metagenomics - Microbiome 

A metagenomic analysis of the swab samples was performed to determine the wound 

microbiome, using nanopore sequencing technology. The analysis was performed in 

cooperation with the Institute of Medical Microbiology and Hospital Hygiene at the University 

Hospital Duesseldorf (UKD) and Heinrich-Heine-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 (SQK-NBD114.24; 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 PromethION 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. The prepared libraries are loaded onto the flow cells containing R10.4.1 

nanopores. The PromethION system supports high-throughput sequencing, with multiple flow 

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

metagenomic samples. 

The method is based on an enzymatic process, in which double-stranded 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 sequencing. An electrical potential applied across the membrane 

generates an ionic current. Each nanopore functions as a biosensor, connected to a channel 

and sensor chip. The current flowing through the nanopore is measured. As nucleic acid 

strands are driven through the nanopore, individual bases cause distinct disruptions in the 

ionic current. Single-stranded DNA molecules are driven through the nanopore by the applied 

gradient. The current flow is repeatedly interrupted as it passes through the nanopore, 

resulting in a readable real-time electrical signal pattern. This is then decoded with the help of 

advanced bioinformatic algorithms ("base-calling algorithms"), which are used to translate the 

electrical signal pattern into nucleotide sequences. The R10.4.1 nanopores feature an 

optimized double-strand configuration that enhances resolution and reduces homopolymer-

associated errors, while V14 chemistry improves sequencing accuracy and throughput. A 

detailed account of nanopore sequencing technology can be found in Wang et al. (Wang et al., 

2021).  

After base-calling, 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 described in detail by Spohr et al. (Spohr et al., 2024). 
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2.8 Bioinformatics and statistical analysis 

The presented work employed a predominantly exploratory approach to evaluate the 

applicability of state-of-the-art analytical methods to wound swab samples for the purpose of 

investigating the complex micro-environment of chronic wounds. Consequently, primarily 

non-confirmatory descriptive statistics were mainly employed, especially for sRNA-seq and 

metagenomic results of the feasibility cohort. The 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 the down-stream analysis.  

Where appropriate, mean ± standard deviation (SD), median and range or counts (n) and 

percentages (%) are reported for study cohort characteristics. The demographic data was 

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

For the initial marker discovery phase, a total of 144 patients was planned to be recruited in a 

cross-sectional observation study. Thereby, optimally at least 10 patients each of the 

predominant chronic wound entities arterial ulcer (PAD), venous ulcer (CVI), diabetic ulcer 

(DFS), postoperative/-traumatic wound healing disorder (WHD) and pyoderma gangrenosum 

(PG) will be included, as well as 10 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 multi-omics experiment (Tarazona et al., 2020). Thereby a minimum 

power of 0.6 per omic, an average power of at least 0.8, a false-discovery rate (FDR) of 0.05 

ċŰĬШċŰШŔŰŔƣŔċũШ9ŸőĲŰќƚШĬШŸŉШ1.2 was imposed (assuming same sample size across platforms), 

resulting in an optimal sample size of eight samples. 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 group of 25% was employed, leading to a total 

group sample size of ten per group. 

Total quantification of protein, RNA and DNA quantities as well as the number of identified 

proteins and miRNAs, were presented as median values with a range in mg/mL (protein) or 

ng/µL (DNA/RNA), respectively. Specific analyte concentrations for multiplex immunoassay 
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results were assessed in pg/mL. Immunoassay samples were measured in technical 

duplicates (n=2) for each analyte and the data 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 graphs of immunoassay analyses, the scale was adjusted to a log10 basis, and results 

shown as log10(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 

ƚĦċũĲĬШƻċƖŔċĤũĲƚШыћƚƣċŊĲќЯШћĲŰƣŔƣǃќШċŰĬШћŔŰŉĲĦƣŔŸŰќьЯШƖĲƚƨũƣƚШƽĲƖĲШċŰċũǃǍĲĬШƨƚŔŰŊШƣőĲШuƖƨƚťċũ-

ìċũũŔƚШƣĲƚƣШƽŔƣőШ?ƨŰŰќƚШƓŸƚƣ-hoc test for multiple comparison adjustment. Binary scaled 

ŸƨƣĦŸůĲШƻċƖŔċĤũĲƚШыћƚƣċƣƨƚќьШƽĲƖĲШĦŸůƓċƖĲĬШƨƚŔŰŊШċШƣƽŸ-tailed Mann-Whitney U test. An 

alpha level of 0.05 (5%) was assumed for statistical significance. Heatmaps were created in R 

(R version 4.3.2 (R Core Team, 2024)ьШƨƚŔŰŊШƣőĲШљ9ŸůƓũĲǂcĲċƣůċƓњШƓċĦťċŊĲШ(Gu, 2022). 

Mean fluorescence intensity (MFI) scores were log10 transformed and z-scored for analyses. 

The canberra-method for distance with complete linkage was used for hierarchical clustering 

and n=3 cluster selected. Area under the curve (AUC) calculations and receiver-operator 

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., 2016b)) and R (R version 4.3.2 (R 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 Left-Censored Missing Data) (Lazar et al., 2016). The normal 

distribution was visually inspected using histograms, and due to the left-skewed nature of the 

ĬċƣċЯШŰŸƖůċũŔǍċƣŔŸŰШƽċƚШƓĲƖŉŸƖůĲĬШƨƚŔŰŊШƕƨċŰƣŔũĲШŰŸƖůċũŔǍċƣŔŸŰЮШ ШƚŔŊŰŔŉŔĦċŰĦĲШũĲƻĲũШŸŉШ͈ШӀШ

0.05 was set. The statistical analysis of differentially expressed proteins was conducted using 

a two-tailed Welchs t-test (for binary outcomes) or one-way ANOVA (for categorical 

outcomes), with the type I error (false positive results) controlled using the false discovery rate 

ы[?ÅШӅШΜЮΜΡьЮШÖƓƚĲƣШƓũŸƣƚЯШƓƖŔŰĦŔƓċũШĦŸůƓŸŰĲŰƣШċŰċũǃƚŔƚШыÂ9 ьЯШőĲċƣůċƓƚШċŰĬШƻŸũĦċŰŸШƓũŸƣƚШ

were employed to visualize the results. Graphs were created in R (R version 4.3.2 (R Core 
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Team, 2024)ьШ ƨƚŔŰŊШ ƣőĲШ љ9ŸůƓũĲǂÖƓƚĲƣњ (Krassowski, 2020)ЯШШ љ9ŸůƓũĲǂcĲċƣůċƓњ (Gu, 

2022)ЯШ љ9ŸŰŉŔĬĲŰĦĲШ EũũŔƓƚĲњ (Goueguel, 2024) ċŰĬШ љŊŊƓũŸƣΞњ package (Wickham and 

Wickham, 2016).  

The miRNA raw counts data were analyzed in R (R version 4.3.2 (R Core Team, 2024)) using 

the DESeq2 package (Love et al., 2014). The primary statistical analyses were descriptive, 

involving principal component analysis (PCA) and the analysis of differentially expressed 

miRNAs between healing and non-healing wounds in the sample cohort using a volcano plot. 

The Benjamini-Hochberg (BH) method was employed to control the false discovery rate (FDR), 

which represents the proportion of false positives among all positive results. A p-value of 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 Kraken 2 (Wood et al., 2019), abundances 

approximated using Bracken (Lu et al., 2022). The results were verified using mapping 

(minimap2 (Li, 2018)). A detailed description of the bioinformatic process can be found in 

Spohr et 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 Python-based Altair 

package (VanderPlas et al., 2018). 
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3. Results 

3.1. Patient demographics 

3.1.1. Demographics wound swabbing feasibility study 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 facilities. Since 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 detail in Table 2. A balanced allocation 

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

assembling the feasibility test cohort.  

 

3.1.2. Demographics immunomarker study cohort 

ШƣŸƣċũШŸŉШΝΝΞШƚċůƓũĲƚШŸŉШƖĲĦƖƨŔƣĲĬШƓċƣŔĲŰƣƚШŔŰШƣőĲШћìŸƨŰĬ-7f§~EќШĦŸőŸƖƣШƚƓċŰŰŔŰŊШƚĲƻĲŰШ

different wound entities were included in the immunomarker study cohort. Of those, 110 

samples were included in the analysis, two were excluded due to measurement errors and 

partial missing data. Table 3 depicts a breċťĬŸƽŰШŸŉШƣőĲШĦŸőŸƖƣƚќШƻċƖŔċĤũĲƚ. 

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 cm2), healing status (healing vs. non-healing), regeneration stage 

(infection, inflammation, proliferation, epithelization) and infection status (non-infected, 

colonized, infected). Table 5 summarizes patient 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 



62 
 

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. Arterio-venous / mixed ulcers showed the longest 

mean duration at 165.88 ± 158.19. In parallel, total wound area (assessed in cm2 т length x 

width) showed a mean of 54.67 ± 115.34 cm2, whereby again acute wounds demonstrated the 

smallest area in comparison with 10.40 ± 3.63 cm2. The VLU and PG wounds showed the 

largest wound area with 101.55 ± 170.41 cm2 and 109.69 ± 179.51 cm2, 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%) non-healing. 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 chronic wounds of 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 non-infected (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 all non-infected, healing wounds. 
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Table 5 ш Patient demographics of the Wound-BIOME cohort used for immunomarker analysis stratified for wound entities. 

Variable 

Total  
(n = 110) 

AW 
(n = 10)  

WHD 
(n = 20) 

ALU 
(n = 15) 

VLU 
(n = 30) 

DFU 
(n = 15) 

MIX 
(n = 8) 

PG 
(n = 12) 

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 cm2)  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%) 

 Non-Healing  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          

 Non-Infected  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 ± standard deviation (SD). 
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3.1.3. Demographics proteomics study cohort 

Patients taken from the Wound-BIOME cohort for the proteome analyses were also evaluated 

regarding relevant aspects of the clinical wound healing trajectory at the time of sampling. 

Parameters evaluated were the same as for the immunomarker cohort: patient age (in years), 

gender, wound duration (in weeks), wound area (in cm2), healing status (healing vs. non-

healing), regeneration stage (infection, inflammation, proliferation, epithelization) and infection 

status (non-infected, colonized, infected). Table 6 summarizes patient demographics and 

clinical parameters in total and stratified for all sampled wound entities. Table 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 were balanced 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 (p = 0.084). The longest mean duration was observed in arterio-venous / mixed ulcers 

(MIX) with 186.50 ± 181.35 weeks. Total wound area (in cm2 т length x width) was 65.29 ± 

133.20 cm2, with AWs again demonstrating the smallest area with 9.71 ± 3.55 cm2. VLUs and 

PGs showed the largest wound area with 108.11 ± 177.71 cm2 and 146.02 ± 200.54 cm2, 

respectively, however neither for all wounds nor for chronic wound entities alone was a 

statistically significant difference detected between the groups (p = 0.106 and p = 0.086). 

Groups were skewed towards non-healing wounds regarding healing status with 30/79 healing 

wounds (37.97%) and 49/79 (62.03%) non-healing. 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 non-infected (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 non-infected, healing wounds. 
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Table 6 ш Patient demographics of the Wound-BIOME cohort used for proteome analysis stratified for wound entities. 

Variable 

Total  
(n = 79) 

AW 
(n = 7)  

WHD 
(n = 19) 

ALU 
(n = 12) 

VLU 
(n = 24) 

MIX 
(n = 6) 

PG 
(n = 11) 

Age (years)  67.72 ± 13.84 64.86 ± 9.51 65.37 ± 15.98 76.08 ± 9.40 66.38 ± 14.58 73.00 ± 13.07 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 weeks)  112.37 ± 180.48 1.14 ± 0.38 110.84± 184.65 88.92 ± 147.86 151.13 ± 239.18 186.50 ± 181.35 86.36 ± 60.37 

Wound area (in cm2)  65.29 ± 133.20 9.71 ± 3.55 26.92 ± 48.07 13.67 ± 12.07 108.11 ± 177.71 35.58 ± 43.67 146.02 ± 200.54 

Healing status         
 Healing  30 (37.97%) 7 (100.0%) 11 (57.89%) 2 (16.67%) 6 (25.0%) 0 (0.0%) 4 (36.36%) 

 Non-Healing  49 (62.03%) 0 (0.0%) 8 (42.11%) 10 (83.33%) 18 (75.0%) 6 (100.0%) 7 (63.64%) 

Regeneration stage          
 Infection  8 (10.13%) 0 (0.0%) 0 (0.0%) 3 (25.0%) 3 (12.50%) 0 (0.0%) 2 (18.18%) 
 Inflammation  30 (37.97%) 0 (0.0%) 3 (15.79%) 5 (41.67%) 12 (50.0%) 5 (83.33%) 5 (45.45%) 
 Proliferation  28 (35.44%) 7 (100.0%) 7 (36.84%) 3 (25.0%) 7 (29.17%) 1 (16.67%) 3 (27.27%) 
 Epithelization  13 (16.46%) 0 (0.0%) 9 (47.37%) 1 (8.33%) 2 (8.33%) 0 (0.0%) 1 (9.09%) 

Infection status         

 Non-Infected  28 (35.44%) 7 (100.0%) 10 (52.63%) 3 (25.0%) 6 (25.0%) 0 (0.0%) 2 (18.18%) 

 Colonization  43 (54.43%) 0 (0.0%) 9 (47.37%) 6 (50.0%) 15 (62.50%) 6 (100.0%) 7 (63.64%) 

 Infected  8 (10.13%) 0 (0.0%) 0 (0.0%) 3 (25.0%) 3 (12.50%) 0 (0.0%) 2 (18.18%) 
          

Categorical variables are presented as fraction of total (%); continuous variables are presented as mean ± standard deviation (SD). 
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3.2. Evaluation of wound swabbing sample quantity 

3.2.1. Total Protein quantity and quality  

 The median total amount of protein present in the wound swab samples from the feasibility 

cohort was 37.64 mg/mL (11.99 - 216.80). 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 downstream analyses. Figure 15 illustrates the distribution of protein 

levels between entities as well as the overall distribution within the entire sample cohort 

(n=12). 

Figure 15 ш Measured total protein concentration in samples of the feasibility cohort and number of identified proteins in 
wound swab samples. 

The figure shows the median measured total protein concentration (in mg/mL on left y-axis; filled bars) in the swab samples in 
ƣŸƣċũЮёџÑ§Ñ xѠеЮŰӆΤΨђЮċŰĬЮŊƖŸƨƓĲĬЮĤǃЮĲŰƣŔƣǃЮŔŰĦũƨĬŔŰŊЮůĲċƚƨƖĲĬЮƖċŰŊĲдЮ9ŸƨŰƣƚЮŸŉЮůĲĬŔċŰЮŔĬĲŰƣŔŉŔĲĬЮƓƖŸƣĲŔŰƚЮċĦƖŸƚƚЮċũũЮ
ƚċůƓũĲƚЮёџÑ§Ñ xѠђЮċŰĬЮŔŰЮŔŰĬŔƻŔĬƨċũЮĲŰƣŔƣŔĲƚЮċƖĲЮƓũŸƣƣĲĬЮŸŰЮƣőĲЮƖŔŊőƣЮǃ-axis (striped bars). Median counts for each group are 
displayed above the bar graphs (AW - acute wounds; PAD ш peripheral arterial disease; CVI - chronic venous in-sufficiency; 
DFU ш diabetic foot ulcer; PG - pyoderma gangrenosum; WHD - postoperative wound healing disorder). 

Figure 15 also shows the median number of proteins identified by mass spectrometry-based 

proteomics (plotted on the right y-axis) 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 post-operative 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 т 43.74) for acute wounds (AW), 8.31 mg/mL (1.19 т 94.30) for wound 

healing disorder (WHD), 16.63 mg/mL (5.49 т 37.64) for arterial leg ulcer (ALU), 22.76 mg/mL 

(0.96 - 85.57) for venous leg ulcer (VLU), 18.23 mg/mL (4.53 - 39.45) for diabetic foot ulcer 

(DFU), 26.67 mg/mL (10.43 - 56.12) for pyoderma gangrenosum (PG) and 34.28 mg/mL (16.63 

- 63.53) for arterio-venous / mixed leg ulcer (MIX). Figure 16 shows the 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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Figure 16 ш Total protein concentration in wound swab samples of the BIOME cohort used for immunomarker analyses. 

The figure shows the total concentrations of proteins (in mg/mL) in the swab samples (TOTAL) and grouped by entity 
displayed as box plots. Median and 10th ш 90th 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 arterio-venous / mixed ulcers (MIX) showed highest mean concentration (WHD ш wound healing disorder; 
ALU ш arterial ulcer; VLU ш venous leg ulcer; DFU ш diabetic foot ulcer; PG ш pyoderma gangrenosum). 

 

3.2.2. Total RNA quantity and 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 acceptable to 

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/µL, with a range of 5.53 to 

67.51 ng/µL. Figure 17 presents the median amounts of total RNA in the sample cohort and 



70 
 

across entities, as well as the median number of identified miRNAs per entity and in the entire 

sample cohort (plotted on the right y-axis). 

Figure 17 ш Measured total RNA concentration in samples of the feasibility cohort and number of identified miRNA in wound 
swab samples. 

The figure shows the median measured total RNA concentration (in ng/µL on left y-axis; filled bars) in the swab samples in 
ƣŸƣċũЮёџÑ§Ñ xѠеЮŰӆΤΨђЮċŰĬЮŊƖŸƨƓĲĬЮĤǃЮĲŰƣŔƣǃЮŔŰĦũƨĬŔŰŊЮůĲċƚƨƖĲĬЮƖċŰŊĲдЮ9ŸƨŰƣƚЮŸŉЮůĲĬŔċŰЮŔĬĲŰƣŔŉŔĲĬЮůŔÅ  ЮċĦƖŸƚƚЮċũũЮƚċůƓũĲƚЮ
ёџÑ§Ñ xѠђЮċŰĬЮŔŰЮŔŰĬŔƻŔĬƨċũЮĲŰƣŔƣŔĲƚЮċƖĲЮƓũŸƣƣĲĬЮŸŰЮƣőĲЮƖŔŊőƣЮǃ-axis (striped bars). Median counts for each group are displayed 
above the bar graphs (AW - acute wounds; PAD ш peripheral arterial disease; CVI - chronic venous in-sufficiency; DFU ш 
diabetic foot ulcer; PG - pyoderma gangrenosum; WHD - postoperative wound healing disorder). 

 

3.2.3. Total DNA quantity and quality 

A comparable pattern was identified in the context of DNA extraction, albeit with the 

measurement of solely double-stranded 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 supernatant) or with cells (from the 

centrifugation pellet). Consequently, a combination of cell pellet and the supernatant was 

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/µL. 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 presented graphically in Figure 18. 

Figure 18 ш Amount of total DNA (in ng) extracted per sample of the feasibility cohort for cell pellet and supernatant alone. 

 

3.3. Feasibility evaluation of wound swabbing sample cohort for downstream 

analyses 

The results of the primary analyses of the feasibility 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, sRNA-seq and 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 sRNA-seq and metagenomics while for multiplex 

immunomarker investigations and MS-based proteomics the results for a larger, more 

comprehensive cohort are demonstrated. 
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3.3.1. Feasibility for SmallRNA Seq т miRNA detection 

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 

205т720), 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 non-healing wounds. 

As an illustration, Figure 19 presents the initial exploratory insights into the patterns of 

microRNA (miRNA) in healing versus non-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 sample cohort (Figure 

19 - PCA plot upper left corner) does not exhibit any discernible differentiation between 

healing and non-healing wounds. The two states are largely overlapping in the clusters. 

Nevertheless, the presence of distinct miRNAs differentiating healing wounds from non-

healing wounds is also observed. These two microRNAs, hsa-miR-1180-3p and hsa-miR-

4732-5p, are among the most significant loadings identified in the PCA. Furthermore, both 

microRNAs are among the three most significantly downregulated microRNAs in non-healing 

wounds, thereby further substantiating their association with the healing process (Figure 19A 

and 19B). The volcano plot and the normalized count plots (Figure 19C and 19D) depict two 

additional differentially expressed miRNAs in comparison between wound swabs from healing 

and non-healing wounds. These are hsa-miR-584-5p (downregulated in non-healing wounds) 

and hsa-miR-6503-3p (upregulated in healing wounds). This analysis underscores the 

importance of conducting a thorough examination of the disparities between healing-status 

and wound entities. 
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Figure 19 ш Exploratory analysis into the differential miRNA patterns of healing (n = 4) vs. non-healing wounds (n = 8) in 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 and non-healing 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:  

- hsa-miR-1180-3p 
- hsa-miR-4732-5p 
- hsa-miR-193b-5p 
- hsa-miR-378c 
- hsa-miR-221-5p 
- hsa-miR-21-3p 
- hsa-miR-29b-1-5p 
- hsa-miR-374a-3p 

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 and non-healing wounds is displayed in the 
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volcano plot (upper right corner). This analysis demonstrates significantly up- and 

downregulated microRNAs in clinically healing and non-healing wounds. All colored miRNAs 

above the cut-off (FDR = 0.05) are significantly overexpressed (right in red; hsa-miR-6503-3p) 

or underexpressed (left in green; hsa-miR-1180-3p, hsa-miR-4732-3p, and hsa-miR-584-5p) 

in non-healing wounds compared to healing wounds. The differentially expressed miRNAs 

were then visualized in individual count plots (A-D) located 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. Feasibility for metagenomics т microbiome analysis 

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., 

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

more detailed picture of the microbiome (Figure 20). 

Specifically, species frequently associated with wound infections (Staphylococcus spp., 

Pseudomonas spp., Streptococcus spp.) were detected. In addition, some samples also 

showed pathogens that are less commonly associated with wound infections (Proteus spp., 

Klebsiella spp.) and some anaerobes (Bacteroides spp., Anaerococcus spp., Finegoldia spp.), 

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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Figure 20 ш Distribution of detected microbial species by metagenome analysis (nanopore sequencing) in the feasibility 
cohort. 

Figure 20 displays 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 charts. All samples demonstrated Bacteroides spp. and Escherichia 

spp. however in different concentrations, while some samples showed dominating amounts of 

potentially infectious wound pathogens such as Staphylococcus spp. and Pseudomonas spp. 

Nevertheless, all samples also showed varying proportions of not validated reads or even too 

few reads for identification. 

 

3.4. Proteome and immunomarker profiling in acute and chronic wounds 

The main focus of this work was put on the in-depth analysis of protein marker profiles in the 

larger Wound-BIOME cohort. Therefore, a holistic approach regarding the investigation of the 

proteome of acute and chronic wounds, various chronic wound entities and healing compared 

to non-healing 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. Proteome distinction of acute vs. chronic wounds 

Primarily, the obtained high-dimensional data from the MS-based 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 analyzed by PCA. Figure 21 shows, 

that acute and chronic wounds demonstrate distinct clustering, separating the two categories 

in their underlying patterns. This is already observable in the first two principal components, 

that inform the PCA clustering which indicates fundamental differences between the two 

categories. The 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 (95%-CI) 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 P066). Also, only few outliers can be 

identified in this PCA along the y axis.  
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Figure 21 ш Principal component analysis (PCA) for acute vs. chronic wounds in the Wound-BIOME cohort. 

Individual patients are outlined and clustered based on principal components 1 and 2. 95%-CI ellipses are shown for category 
differentiation (acute wounds ш AW; chronic wounds ш CW). 

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 a two-tailed ìĲũĦőќƚ t-test for comparing the two binary outcomes acute and 

chronic wounds. The type I error (false positive results) for multiple testing was controlled 

using a false discovery rate (FDR) with a cut-off of ӅШΜЮΜΡ. As illustrated in Figure 22, a total of 

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 25 up- or down-regulated 

proteins are annotated with their corresponding gene names. Most 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 monocyte-

macrophage system against tissue destruction or infectious agents (such as bacteria). These 

proteins include Annexin A1 (ANXA1), neutrophil defensin 3 (DEF3), Lysozyme C (LYZ) or 

Protein S100-A7 (S100A7). Table 7 summarizes the Top 25 upregulated proteins in chronic 

wounds. Proteins downregulated in chronic wounds or conversely upregulated in acute 

wounds include sialic acid-binding Ig-like lectin 16 (SIGLEC16), Apolipoproteins (APOA4, 

APOL1) or von Willebrand factor (VWF). These proteins can be attributed to more acute and 
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earlier tissue damage as 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 regulation. Also, several of the 

identified proteins higher abundant in acute wounds are attributed as acute phase proteins 

(APPs) in response to acute inflammation and stress reaction. Table 8 summarizes the Top 25 

downregulated proteins in chronic wounds. These differentially expressed proteins thereby 

represent potential biomarkers or biomarker patterns respectively, for the differentiation 

between acute and chronic wounds in diagnostic matters.  

Figure 22 ш Volcano plot for differentially abundant proteins in acute vs. chronic wounds in the Wound-BIOME cohort. 

The plot depicts differentially expressed proteins or proteins present in greater or lesser relative abundance in comparison 
between acute and chronic wounds (values were z-score transformed for visualization). All colored proteins above the cut-off 
(FDR = 0.05) are significantly up (right in blue, 50 proteins in total) or downregulated (left in green, 136 proteins in total) in 
chronic wounds. As an example, the 25 most differentially up- and downregulated proteins were annotated with their coding 
gene names and a list of the most differentially expressed proteins is provided in Tables 7 and 8. 

Table 7 ш List of Top 25 significantly upregulated proteins in chronic wounds (CW) compared to acute wounds (AW). 
 Gene Protein padj 

    

U
P 

ANXA1 Annexin A1 0.0009 
LYZ Lysozyme C 0.0046 
IGHV3-30-3 Immunoglobulin heavy variable 3-30-3 0.0073 
LCN2 Neutrophil gelatinase-associated lipocalin 0.0078 
DEFA3 Neutrophil defensin 3 0.0080 
CPNE3 Copine-3 0.0086 
S100A7 Protein S100-A7 0.0087 
LCP1 Plastin-2 0.0088 
PFN1 Profilin-1 0.0113 
MSN Moesin 0.0114 
CAPG Macrophage-capping protein 0.0114 
TYMP Thymidine phosphorylase 0.0124 
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FABP5 Fatty acid-binding protein, epidermal 0.0125 
COTL1 Coactosin-like protein 0.0141 
IQGAP1 Ras GTPase-activating-like 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 elastase inhibitor 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 

    

 

Table 8 ш List of Top 25 significantly downregulated proteins in chronic wounds (CW) compared to acute wounds (AW). 

  Gene Protein padj 
    

D
O

W
N 

LCAT Phosphatidylcholine-sterol acyltransferase <0.0001 
MST1 Hepatocyte growth factor-like protein 0.0005 
APOA4 Apolipoprotein A-IV 0.0006 

GPLD1 Phosphatidylinositol-glycan-specific  
phospholipase D 

0.0007 

SIGLEC16 Sialic acid-binding Ig-like 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 Z-dependent protease inhibitor 0.0025 
GPX1 Glutathione peroxidase 1 0.0030 
IGLV1-47 Immunoglobulin lambda variable 1-47 0.0031 
FCN3 Ficolin-3 0.0034 
BPGM Bisphosphoglycerate mutase 0.0038 
F10 Coagulation factor X 0.0040 
EIF5A Eukaryotic translation initiation factor 5A-1 0.0044 
CPN2 Carboxypeptidase N subunit 2 0.0044 
TIMP1 Metalloproteinase inhibitor 1 0.0044 
LRG1 Leucine-rich alpha-2-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 epithelium-derived factor 0.0053 
C7 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 over-representation analysis (ORA) for enriched pathways for the gene ontology 

(GO) terms was performed based on the differentially abundant proteins. Figure 23 

demonstrates the top five (in case of equal gene ratios in % top six) over-represented 

ƓċƣőƽċǃƚШŔŰШċĦƨƣĲШċŰĬШĦőƖŸŰŔĦШƽŸƨŰĬƚШŔŰШƣőĲШŊĲŰĲШŸŰƣŸũŸŊǃШĬċƣċĤċƚĲШĦċƣĲŊŸƖŔĲƚШљĤŔŸũŸŊŔĦċũШ

ƓƖŸĦĲƚƚњШ ы7ÂьЯШ љĦĲũũƨũċƖШ ĦŸůƓŸŰĲŰƣњШ ы99ьШ ċŰĬШ љůŸũĲĦƨũċƖШ ŉƨŰĦƣŔŸŰњШ ы~[ьЮШThe analysis 

ƣőĲƖĲĤǃШĬĲůŸŰƚƣƖċƣĲƚШƓũċƨƚŔĤũĲШ]§ШĦċƣĲŊŸƖŔĲƚЯШƚƨĦőШċƚШƣőĲШĤŔŸũŸŊŔĦċũШŉƨŰĦƣŔŸŰƚШћŰĲŊċƣŔƻĲШ

ƖĲŊƨũċƣŔŸŰШŸŉШőǃĬƖŸũċƚĲШċĦƣŔƻŔƣǃќЯШћőƨůŸƖċũШŔůůƨŰĲШƖĲƚƓŸŰƚĲќШċŰĬШћШƽŸƨŰĬШőĲċũŔŰŊќШŔƣƚĲũŉШ

enriched, as expression of ongoing tissue repair, regeneration and maintenance of 

homeostasis. Mainly over-ƖĲƓƖĲƚĲŰƣĲĬШ ĦĲũũƨũċƖШ ĦŸůƓŸŰĲŰƣƚШ ƚƨĦőШ ċƚШ ћĦŸũũċŊĲŰ-containing 

ĲǂƣƖċĦĲũũƨũċƖШ ůċƣƖŔǂќШ ċŰĬШ ћĤũŸŸĬШ ůŔĦƖŸƓċƖƣŔĦũĲќШ ċƚШ ƽĲũũШ ċƚШ ůŸũĲĦƨũċƖШ ŉƨŰĦƣŔŸŰƚШ ƚƨĦőШ ċƚШ

ћĲŰĬŸƓĲƓƣŔĬċƚĲШŔŰőŔĤŔƣŸƖШċĦƣŔƻŔƣǃќШċŰĬШћŊũǃĦŸƚċůŔŰŸŊũǃĦċŰШĤŔŰĬŔŰŊќШƨŰĬĲƖƚĦŸƖĲШƣőĲШƻċũŔĬŔƣǃШŸŉШ

extracted samples and align with the expected results for acute and chronic wounds and 

defective tissue healing.  

Figure 23 ш Over-representation analysis (ORA) for enriched pathways in acute and chronic wounds for gene ontology (GO) 
terms. 

Bar graphs depict top over-ƖĲƓƖĲƚĲŰƣĲĬЮƓċƣőƽċǃƚЮŔŰЮƣőĲЮŊĲŰĲЮŸŰƣŸũŸŊǃЮё]§ђЮĬċƣċĤċƚĲЮĦċƣĲŊŸƖŔĲƚЮџ7ŔŸũŸŊŔĦċũЮÂƖŸĦĲƚƚѠЮё7ÂђеЮ
џ9ĲũũƨũċƖЮ9ŸůƓŸŰĲŰƣѠЮё99ђЮċŰĬЮџ~ŸũĲĦƨũċƖЮ[ƨŰĦƣŔŸŰѠЮё~[ђЮĤċƚĲĬЮŸŰЮĬŔŉŉĲƖĲŰƣŔċũũǃЮĲǂƓƖĲƚƚĲĬфċĤƨŰĬċŰƣЮƓƖŸƣĲŔŰƚЮŔŰЮċĦƨƣĲЮċŰĬЮ
chronic wounds. 
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To get a more detailed and in-depth insight 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 

additionally performed gene set enrichment analysis (GSEA). These were also performed for 

the gene ontology terms BP (Figure 24), CC (Figure 25) and MF (Figure 26). In terms of 

љĤŔŸũŸŊŔĦċũШƓƖŸĦĲƚƚњЯШůċŔŰũǃШƚƣƖƨĦƣƨƖċũШƖĲŊƨũċƣŸƖǃШƓċƣőƽċǃƚШŸŰШċШĦĲũũƨũċƖШũĲƻĲũШƚƨĦőШċƚШћĦĲũũШ

ƓƖŸŢĲĦƣŔŸŰШċƚƚĲůĤũǃќШŸƖШћċĦƣŔŰШĦǃƣŸƚťĲũĲƣŸŰШŸƖŊċŰŔǍċƣŔŸŰќШƽĲƖĲШĲŰƖŔĦőĲĬШŔŰШċĦƨƣĲШƽŸƨŰĬƚЯШĤƨƣШ

also immune-ĬĲŉĲŰƚŔƻĲШƓċƣőƽċǃƚШƚƨĦőШċƚШћŰĲƨƣƖŸƓőŔũШċĦƣŔƻċƣŔŸŰќШċŰĬШћŊƖċŰƨũŸĦǃƣĲШċĦƣŔƻċƣŔŸŰќШ

were prominent. In chronic wounds more specific pathways tied to tissue repair and regulation 

ŸŉШƣŔƚƚƨĲШĬĲƚƣƖƨĦƣŔŸŰШыĲЮŊЮЯШőǃĬƖŸũǃƚŔƚШċŰĬШƓƖŸƣĲŸũǃƚŔƚьШƽĲƖĲШĲŰƖŔĦőĲĬЯШƚƨĦőШċƚШћƖĲƚƓŸŰƚĲШƣŸШ

ƽŸƨŰĬŔŰŊќЯШћƽŸƨŰĬШőĲċũŔŰŊќЯШћċĦƣŔƻċƣŔŸŰШŸŉШŔůůƨŰĲШƖĲƚƓŸŰƚĲќШċŰĬШћƓƖŸƣĲŸũǃƚŔƚќШċƚШƽĲũũШċƚШ

ћŰĲŊċƣŔƻĲШƖĲŊƨũċƣŔŸŰШŸŉШƓƖŸƣĲŸũǃƚŔƚќЮШ These results again underline the validity of the samples 

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

processes.  

Figure 24 ш ]ĲŰĲЮƚĲƣЮĲŰƖŔĦőůĲŰƣЮċŰċũǃƚŔƚЮё]ÉE ђЮŉŸƖЮĲŰƖŔĦőĲĬЮƓċƣőƽċǃƚЮŸŉЮƣőĲЮŊĲŰĲЮŸŰƣŸũŸŊǃЮё]§ђЮĦċƣĲŊŸƖǃЮџbiological 
processѠЮёBP) in acute compared to chronic wounds. 
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[ŸƖШƣőĲШƖĲƚƨũƣƚШŔŰШƣőĲШљĦĲũũƨũċƖШĦŸůƓŸŰĲŰƣњШĦċƣĲŊŸƖǃШŸŉШƣőĲШ]ÉE ШŔŰШċĦƨƣĲШċŰĬШĦőƖŸŰŔĦШƽŸƨŰĬƚЯШ

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 

ĲǂċůƓũĲШћŉŸĦċũШċĬőĲƚŔŸŰќЯШћĦĲũũШƓƖŸŢĲĦƣŔŸŰШůĲůĤƖċŰĲќШŸƖШћĦĲũũШũĲċĬŔŰŊШĲĬŊĲќЮШ ũƚŸЯШĲŰƖŔĦőĲĬШ

pathways of the defensive ƚǃƚƣĲůШыƚƨĦőШċƚШћċǍƨƖŸƓőŔũШŊƖċŰƨũĲќШůċŔŰũǃШŉŸƨŰĬШŔŰШŰĲƨƣƖŸƓőŔũƚьШ

ċŰĬШƣőĲШƓőċŊŸĦǃƣŸƚŔƚоĦĲũũƨũċƖШƽċƚƣĲШĦũĲċƖċŰĦĲШƚǃƚƣĲůШыƚƨĦőШċƚШћƓƖŔůċƖǃШũǃƚŸƚŸůĲќШċŰĬШ

ћƓőċŊŸĦǃƣŔĦШƻĲƚŔĦũĲќьШċƖĲШĲŰƖŔĦőĲĬШŔŰШċĦƨƣĲШƽŸƨŰĬƚШċũŔŊŰŔŰŊШƽŔƣőШƣőĲШƖĲƚƨũƣƚШŉŸƖШљĤŔŸũŸŊŔĦċũШ

ƓƖŸĦĲƚƚĲƚњЮШIn chronic wounds on the other hand, more pathways associated with 

ĲǂƣƖċĦĲũũƨũċƖШĦŸůƓŸŰĲŰƣƚШыƚƨĦőШċƚШћĤċƚĲůĲŰƣШůĲůĤƖċŰĲќЯШћĲǂƣĲƖŰċũШĲŰĦċƓƚƨũċƣŔŰŊШƚƣƖƨĦƣƨƖĲќШ

ŸƖШћĤũŸŸĬШůŔĦƖŸƓċƖƣŔĦũĲƚќьШƣőĲШĲǂƣƖċĦĲũũƨũċƖШůċƣƖŔǂШĦŸůƓċƖƣůĲŰƣШŔƣƚĲũŉШыћĲǂƣƖċĦĲũũƨũċƖШůċƣƖŔǂќШ

ċŰĬШћĦŸũũċŊĲŰ-ĦŸŰƣċŔŰŔŰŊШĲǂƣƖċĦĲũũƨũċƖШůċƣƖŔǂќьШċƚШƽĲũũШċƚШƓċƣőƽċǃƚШŸŉШƣőĲШũŔƓŔĬ-interaction 

ƚǃƚƣĲůƚШыƚƨĦőШċƚШћƻĲƖǃ-low-ĬĲŰƚŔƣǃШũŔƓŸƓƖŸƣĲŔŰШƓċƖƣŔĦũĲќШċŰĬШћƓƖŸƣĲŔŰ-ũŔƓŔĬШĦŸůƓũĲǂќьШwere 

enriched.  

Figure 25 ш ]ĲŰĲЮƚĲƣЮĲŰƖŔĦőůĲŰƣЮċŰċũǃƚŔƚЮё]ÉE ђЮŉŸƖЮĲŰƖŔĦőĲĬЮƓċƣőƽċǃƚЮŸŉЮƣőĲЮŊĲŰĲЮŸŰƣŸũŸŊǃЮё]§ђЮĦċƣĲŊŸƖǃЮџcellular 
componentѠЮёCC) in acute compared to chronic wounds. 
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[ŔŰċũũǃЯШƣőĲШƖĲƚƨũƣƚШŉŸƖШƣőĲШĦċƣĲŊŸƖǃШљůŸũĲĦƨũċƖШŉƨŰĦƣŔŸŰњШƨŰĬĲƖƚĦŸƖĲƚШƣőĲШƓƖĲƻŔŸƨƚũǃШŸƨƣũŔŰĲĬШ

results in pathway enrichment. In acute wounds specifically pathways dealing with various 

cellular-ƓƖŸƣĲŔŰШĤŔŰĬŔŰŊШċŰĬШĦĲũũƨũċƖШċĬőĲƚŔŸŰШŉƨŰĦƣŔŸŰƚШƚƨĦőШċƚШћĦőƖŸůċƣŔŰШĤŔŰĬŔŰŊќЯШћĦċĬőĲƖŔŰШ

ĤŔŰĬŔŰŊќШċŰĬШћċĦƣŔŰШĤŔŰĬŔŰŊќШĬĲůŸŰƚƣƖċƣĲĬШċŰШĲŰƖŔĦőůĲŰƣЯШƽőŔũĲШŔŰШĦőƖŸŰŔĦШƽŸƨŰĬƚШƓċƣőƽċǃƚШ

dealing with extracellular remodeling, repair and protection from tissue 

ĬĲƚƣƖƨĦƣŔŸŰоĬĲŊƖċĬċƣŔŸŰШƚƨĦőШċƚШћĲŰĬŸƓĲƓƣŔĬċƚĲШƖĲŊƨũċƣŸƖШċĦƣŔƻŔƣǃќЯШћċŰƣŔŸǂŔĬċŰƣШċĦƣŔƻŔƣǃќШċŰĬШ

ћĲǂƣƖċĦĲũũƨũċƖШůċƣƖŔǂШƚƣƖƨĦƣƨƖċũШĦŸŰƚƣŔƣƨĲŰƣќШƽĲƖĲШĲŰƖŔĦőĲĬЮШ 

Figure 26 ш ]ĲŰĲЮƚĲƣЮĲŰƖŔĦőůĲŰƣЮċŰċũǃƚŔƚЮё]ÉE ђЮŉŸƖЮĲŰƖŔĦőĲĬЮƓċƣőƽċǃƚЮŸŉЮƣőĲЮŊĲŰĲЮŸŰƣŸũŸŊǃЮё]§ђЮĦċƣĲŊŸƖǃЮџůŸũĲĦƨũċƖЮ
ŉƨŰĦƣŔŸŰѠЮё~[ђЮŔŰЮċĦƨƣĲЮĦŸůƓċƖĲĬЮƣŸЮĦőƖŸŰŔĦЮƽŸƨŰĬƚд 

 

3.4.2. Wound entity differentiation based on proteomic signatures (core vs. entity-specific 

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 arterio-venous 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 patterns specific to certain entities can be identified, but also a form of 

ћĤċĦťŊƖŸƨŰĬШƚŔŊŰċũќШƽőŔĦőШŔƚШĲǂƓĲĦƣċĤũĲШŔŰШċũũШŉƨƣƨƖĲШċŰċũǃƚĲƚШŸŉШĦőƖŸŰŔĦШƽŸƨŰĬƚШĦċŰШĤĲШ

identified.  

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

љÂƖŸƣĲŸůĲШĬŔƚƣŔŰĦƣŔŸŰШŸŉШċĦƨƣĲШƻƚЮШĦőƖŸŰŔĦШƽŸƨŰĬƚњШы[ŔŊƨƖĲШΞΝьШƽċƚШŉƨƖƣőĲƖШƚƨĤĬŔƻŔĬĲĬШŔŰШƣőĲШ

individual chronic wound entities sampled (Figure 27). Again, individual points 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.  

Figure 27 ш Principal component analysis (PCA) for differentiation of wound entities in the Wound-BIOME cohort. 

Individual patients are outlined and clustered based on principal components 1 and 2. 95%-CI ellipses are shown for entity 
differentiation among sampled entities of the Wound-BIOME cohort (acute wounds ш AW; arterial leg ulcers ш ALU; arterio-
venous / mixed ulcers ш MIX; venous leg ulcers ш VLU; post-surgical wound healing disorders ш WHD; pyoderma gangrenosum 
ш PG).  

A more detailed and in-depth dive into the differentiation between the various chronic wound 

entities is provided in a later chapter (chapter 3.4.3. љÂƖŸƣĲŸůŔĦШ ĬŔƻĲƖƚŔƣǃШ ŔŰШ ĦőƖŸŰŔĦШ ƽŸƨŰĬШ

ĲŰƣŔƣŔĲƚњь.  
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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 entities. Figure 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 of proteins only identified in specific subset combinations of the investigated 

overall sample cohort (bar graphs on top). Dots in the plot beneath the bar graphs indicate in 

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

Figure 28 ш Upset plot of the total Wound-BIOME cohort with core proteome and number of uniquely identified proteins in 
entities. 

Most proteins were identified in VLUs with 2078 overall identified proteins and AWs 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 (blue bar graph in Figure 28). For chronic 

wounds, a set of 539 proteins were identified as core proteome (green graph). In terms 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 side in Figure 28). For VLU 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 9 т 14. For venous leg ulcers (VLU), Table 9 specifies the 69 unique proteins. Most 

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

the entity of VLUs, however mannose-binding protein C (MBL2) showed the highest coverage 

with identification in 4/24 samples (16.67%). Other proteins that displayed a comparably 

higher coverage with 12.50% (3/24 samples) such as eukaryotic translation initiation factor 3 

subunit G (EIF3G),  60S acidic ribosomal protein P2 (RPLP2) or nuclear cap-binding protein 

subunit 1 (NCBP1) 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.  

Table 9 ш Proteins uniquely identified in venous leg ulcers (VLU). 
 Gene Protein PID Coverage 

      

V
LU

 

NRP1 Neuropilin-1 O14786 2/24 8.33% 
PFDN6 Prefoldin subunit 6 O15212 1/24 4.17% 
DEFB4A Beta-defensin 4A O15263 2/24 8.33% 
FABP7 Fatty acid-binding protein, brain O15540 1/24 4.17% 
PPL Periplakin O60437 1/24 4.17% 
MGEA5 Protein O-GlcNAcase O60502 2/24 8.33% 
SEP15 15 kDa selenoprotein O60613 1/24 4.17% 
PRPF40A Pre-mRNA-processing factor 40 homolog A O75400 2/24 8.33% 
SRSF10 Serine/arginine-rich splicing factor 10 O75494 2/24 8.33% 
CSDE1 Cold shock domain-containing protein E1 O75534 1/24 4.17% 
EIF3G Eukaryotic translation initiation factor 3 subunit G O75821 3/24 12.50% 
EIF3J Eukaryotic translation initiation factor 3 subunit J O75822 1/24 4.17% 
PTBP3 Polypyrimidine tract-binding protein 3 O95758 3/24 12.50% 
AIFM1 Apoptosis-inducing factor 1, mitochondrial O95831 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 Mannose-binding protein C P11226 4/24 16.67% 
RALA Ras-related protein Ral-A 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 Syndecan-1 P18827 1/24 4.17% 
TCEA1 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 RNA-binding motif, single-stranded-interacting protein 1 P29558 1/24 4.17% 
ATP5D ATP synthase subunit delta, mitochondrial P30049 1/24 4.17% 
CTNNA1 Catenin alpha-1 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 Hydroxymethylglutaryl-CoA synthase, cytoplasmic Q01581 1/24 4.17% 
SRSF1 Serine/arginine-rich splicing factor 1 Q07955 2/24 8.33% 
NCBP1 Nuclear cap-binding protein subunit 1 Q09161 3/24 12.50% 

BNIP2 
BCL2/adenovirus E1B 19 kDa protein-interacting protein 
2 Q12982 1/24 4.17% 

FADD FAS-associated death domain protein Q13158 1/24 4.17% 
TUBB2A Tubulin beta-2A 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 Alpha-mannosidase 2 Q16706 2/24 8.33% 
TUBB8 Tubulin beta-8 chain Q3ZCM7 1/24 4.17% 
SFRP4 Secreted frizzled-related protein 4 Q6FHJ7 2/24 8.33% 
HIBCH 3-hydroxyisobutyryl-CoA hydrolase, mitochondrial Q6NVY1 1/24 4.17% 
TUBA1A Tubulin alpha-1A chain Q71U36 2/24 8.33% 
KDELC2 KDEL motif-containing protein 2 Q7Z4H8 2/24 8.33% 
S100A7A Protein S100-A7A Q86SG5 1/24 4.17% 
AHNAK2 Protein AHNAK2 Q8IVF2 2/24 8.33% 
SUMF2 Sulfatase-modifying factor 2 Q8NBJ7 2/24 8.33% 
ABCF1 ATP-binding cassette sub-family F member 1 Q8NE71 1/24 4.17% 
CMAS N-acylneuraminate cytidylyltransferase Q8NFW8 2/24 8.33% 

PREX1 Phosphatidylinositol 3,4,5-trisphosphate-dependent 
Rac exchanger 1 protein 

Q8TCU6 1/24 4.17% 

WHAMM WASP homolog-associated protein with actin, 
membranes and microtubules 

Q8TF30 3/24 12.50% 

PXDN Peroxidasin homolog Q92626 2/24 8.33% 
SORL1 Sortilin-related receptor Q92673 2/24 8.33% 
S100A13 Protein S100-A13 Q99584 2/24 8.33% 
MYD88 Myeloid differentiation primary response protein MyD88 Q99836 1/24 4.17% 
OSBPL2 Oxysterol-binding protein-related protein 2 Q9H1P3 1/24 4.17% 
RANBP3 Ran-binding protein 3 Q9H6Z4 2/24 8.33% 
SEPT11 Septin-11 Q9NVA2 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 Q9UGI8 1/24 4.17% 
IL36A Interleukin-36 alpha Q9UHA7 1/24 4.17% 
PCYOX1 Prenylcysteine oxidase 1 Q9UHG3 2/24 8.33% 
VSIG4 V-set and immunoglobulin domain-containing protein 4 Q9Y279 1/24 4.17% 
RAP2C Ras-related protein Rap-2c Q9Y3L5 2/24 8.33% 
ATP6V1D V-type proton ATPase subunit D Q9Y5K8 1/24 4.17% 

      

(PID ш UniProt-ID) 

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

10. Contrary to proteins in VLUs, some proteins in AWs demonstrated a distinctly higher 

coverage rate with for example Sialic acid-binding Ig-like lectin 16 (SIGLEC16) identified in 

each sample within the acute wound cohort (7/7 т 100.00% coverage). These 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 wounds. Further proteins in AWs with a high coverage included 
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myoglobin (MB; 71.43% - 5/7 samples), myosin-1 (MYH1; 85.71% - 6/7 samples), alpha-

actinin-2 (ACTN2; 57.14% - 4/7) and filamin A-interacting protein 1-like (FILIP1L; 57.14% - 

4/7) which are associated with muscle or cytoskeletal composition and actin microfilament 

structures. Even though AWs demonstrated the lowest overall number of identified proteins 

(876 proteins), they demonstrated the second highest number of uniquely identified proteins 

after VLUs and the highest rate of unique proteins in the resulting proteome for an entity 

(0.039% vs. 0.033% for VLU, 0.010% for PG,  0.008% for MIX, 0.005% for WHD and 0.003% 

for ALU) indicating a diverse proteome composition compared to chronic wound entities.  

Table 10 ш Proteins uniquely identified in acute wounds (AW). 

  Gene Protein PID Coverage 
      

A
W

 

SIGLEC16 Sialic acid-binding Ig-like lectin 16 A6NMB1 7/7 100.00% 
BIN1 Myc box-dependent-interacting protein 1 O00499 2/7 28.57% 
KLHL41 Kelch-like protein 41 O60662 2/7 28.57% 
LDB3 LIM domain-binding protein 3 O75112 2/7 28.57% 
IGF2 Insulin-like growth factor II 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 P07359 1/7 14.29% 

MYL2 Myosin regulatory light chain 2, ventricular/cardiac 
muscle isoform 

P10916 2/7 28.57% 

MYH1 Myosin-1 P12882 6/7 85.71% 
PGAM2 Phosphoglycerate mutase 2 P15259 2/7 28.57% 
CKMT2 Creatine kinase S-type, mitochondrial P17540 2/7 28.57% 
DES Desmin P17661 3/7 42.86% 

GPD1 
Glycerol-3-phosphate dehydrogenase [NAD(+)], 
cytoplasmic 

P21695 2/7 28.57% 

GSTT1 Glutathione S-transferase theta-1 P30711 2/7 28.57% 
CASQ1 Calsequestrin-1 P31415 2/7 28.57% 
ACTN2 Alpha-actinin-2 P35609 4/7 57.14% 
TNNT3 Troponin T, fast skeletal muscle P45378 2/7 28.57% 
TNNI2 Troponin I, fast skeletal muscle P48788 3/7 42.86% 
CSRP3 Cysteine and glycine-rich protein 3 P50461 2/7 28.57% 
MYOM1 Myomesin-1 P52179 2/7 28.57% 
MYOM2 Myomesin-2 P54296 3/7 42.86% 
TNNC1 Troponin C, slow skeletal and cardiac muscles P63316 2/7 28.57% 
MYBPC1 Myosin-binding protein C, slow-type 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 A-interacting protein 1-like Q4L180 4/7 57.14% 
PDLIM3 PDZ and LIM domain protein 3 Q53GG5 2/7 28.57% 
PGM2L1 Glucose 1,6-bisphosphate synthase Q6PCE3 2/7 28.57% 
MYLPF Myosin regulatory light chain 2, skeletal muscle isoform Q96A32 3/7 42.86% 
PLIN4 Perilipin-4 Q96Q06 2/7 28.57% 
MINPP1 Multiple inositol polyphosphate phosphatase 1 Q9UNW1 2/7 28.57% 

      

(PID ш UniProt-ID) 
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For further chronic wound entities, lower numbers of unique proteins were identified. 

Pyoderma gangrenosum (PG) wounds showed a total of 18 uniquely identified proteins (Table 

11) however with an overall low coverage. Only a maximum coverage of 18.18% was observed 

(protein found in 2/11 samples) and that was also only the case for five proteins: retinol-

binding protein 1 (RBP1), Immunoglobulin heavy variable 1-8 (IGHV1-8), cell division cycle and 

apoptosis regulator protein 1 (CCAR1), N-alpha-acetyltransferase 15, NatA auxiliary subunit 

(NAA15) and N-alpha-acetyltransferase 50 (NAA50). However, many of the uniquely identified 

proteins in pyoderma gangrenosum (PG) wounds are associated with DAMP/PAMP-induced 

inflammasome activation of the innate immune defense responsible for programmed cell 

death variants such as pyroptosis and necroptosis. Such proteins are Gasdermin-D (GSDMD), 

cell division cycle and apoptosis regulator protein 1 (CCAR1), protein VAC14 homolog 

(VAC14) or serine/threonine-protein kinase 26 (STK26). 

Table 11 ш Proteins uniquely identified in pyoderma gangrenosum (PG). 
 Gene Protein PID Coverage 

      

P
G 

HIP1 Huntingtin-interacting protein 1 O00291 1/11 9.09% 
RBP1 Retinol-binding protein 1 P09455 2/11 18.18% 
IGHV1-8 Immunoglobulin heavy variable 1-8 P0DP01 2/11 18.18% 
ARL1 ADP-ribosylation factor-like protein 1 P40616 1/11 9.09% 
CXCL5 C-X-C motif chemokine 5 P42830 1/11 9.09% 
RAP1GDS1 Rap1 GTPase-GDP dissociation stimulator 1 P52306 1/11 9.09% 
GSDMD Gasdermin-D P57764 1/11 9.09% 
IGLV3-21 Immunoglobulin lambda variable 3-21 P80748 1/11 9.09% 
VAC14 Protein VAC14 homolog Q08AM6 1/11 9.09% 
HERC4 Probable E3 ubiquitin-protein 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 Exportin-6 Q96QU8 1/11 9.09% 
NAA15 N-alpha-acetyltransferase 15, NatA auxiliary subunit Q9BXJ9 2/11 18.18% 
NAA50 N-alpha-acetyltransferase 50 Q9GZZ1 2/11 18.18% 
STK26 Serine/threonine-protein kinase 26 Q9P289 1/11 9.09% 
LCMT1 Leucine carboxyl methyltransferase 1 Q9UIC8 1/11 9.09% 

(PID ш UniProt-ID) 

Mixed arterio-venous 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 summarized in Table 12, proteins with higher coverage were for 

example monocarboxylate transporter 4 (SLC16A3), carnitine O-palmitoyltransferase 2, 



90 
 

mitochondrial (CPT2), E3 ubiquitin-protein ligase NEDD4 (NEDD4), phosphatidylinositol 4,5-

bisphosphate 3-kinase catalytic subunit gamma isoform (PIK3CG) or sterile alpha motif 

domain-containing protein 9-like (SAMD9L). These identified proteins are involved in various 

processes such as hypoxia-induced glycolysis or down-regulation of growth factor signaling 

via internalization of growth factor receptors.  

Table 12 ш Proteins uniquely identified in arterio-venous/mixed ulcers (MIX). 

  Gene Protein PID Coverage 
      

M
IX

 

SLC16A3 Monocarboxylate transporter 4 O15427 2/7 28.57% 
HMGA1 High mobility group protein HMG-I/HMG-Y P17096 1/7 14.29% 
CPT2 Carnitine O-palmitoyltransferase 2, mitochondrial P23786 2/7 28.57% 
OAS2 2-5-oligoadenylate synthase 2 P29728 1/7 14.29% 
SPRR1A Cornifin-A P35321 1/7 14.29% 
NEDD4 E3 ubiquitin-protein ligase NEDD4 P46934 2/7 28.57% 

PIK3CG 
Phosphatidylinositol 4,5-bisphosphate 3-kinase 
catalytic subunit gamma isoform 

P48736 2/7 28.57% 

PFKP ATP-dependent 6-phosphofructokinase, platelet type Q01813 1/7 14.29% 
HSD17B12 Very-long-chain 3-oxoacyl-CoA reductase Q53GQ0 1/7 14.29% 
ZC3HAV1 Zinc finger CCCH-type antiviral protein 1 Q7Z2W4 1/7 14.29% 
SAMD9L Sterile alpha motif domain-containing protein 9-like Q8IVG5 2/7 28.57% 
SACM1L Phosphatidylinositide phosphatase SAC1 Q9NTJ5 2/7 28.57% 
STK24 Serine/threonine-protein kinase 24 Q9Y6E0 1/7 14.29% 
OAS3 2-5-oligoadenylate synthase 3 Q9Y6K5 2/7 28.57% 

      

(PID ш UniProt-ID) 

In post-surgical 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 within the group (Table 13). These proteins 

were Corneodesmosin (CDSN; 7/19 т 36.84% coverage) and Arachidonate 12-lipoxygenase, 

12R-type (ALOX12B; 5/19 т 26.32% coverage) which 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 with epidermal differentiation and the 

integrity of the skin barrier, such as Keratinocyte proline-rich protein (KPRP), Envoplakin 

(EVPL) and Protein S100-A14 (S100A14).  
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Table 13 ш Proteins uniquely identified in wound healing disorders (WHD). 
 Gene Protein PID Coverage 

      

W
H

D 

ALOX12B Arachidonate 12-lipoxygenase, 12R-type O75342 5/19 26.32% 
CDSN Corneodesmosin Q15517 7/19 36.84% 
KPRP Keratinocyte proline-rich protein Q5T749 1/19 5.26% 
FAM101B Filamin-interacting 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 S100-A14 Q9HCY8 2/19 10.53% 

      

(PID ш UniProt-ID) 

The lowest number of uniquely identified proteins was observed in arterial leg ulcers (ALU) as 

summarized in Table 14. Only four unique proteins were found, all with the same level of 

coverage across the investigated cohort of 16.67% (2/12 samples). With Cartilage 

intermediate layer protein 1 (CILP) and EMILIN-1 (EMILIN1) two distinct proteins involved in 

extracellular matrix remodeling associated with the TGF-beta pathway and angiogenesis in 

terms of vessel assembly regulation were identified in the cohort.  

Table 14 ш Proteins uniquely identified in arterial leg ulcers (ALU). 

  Gene Protein PID Coverage 
      

A
LU

 

CILP Cartilage intermediate layer protein 1 O75339 2/12 16.67% 
SEC14L2 SEC14-like protein 2 O76054 2/12 16.67% 
PFKM ATP-dependent 6-phosphofructokinase, muscle type P08237 2/12 16.67% 
EMILIN1 EMILIN-1 Q9Y6C2 2/12 16.67% 

      

(PID ш UniProt-ID) 

Overall, the analysis of core and unique proteome aspects of the Wound-BIOME 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.  

To gain a more holistic view of the differential abundances and regulatory patterns including 

over-expressed or over-represented protein signatures and pathways and especially identify 

clusters of similarly regulated proteins within the entire cohort, a heatmap visualization and 

cluster analysis was performed. The analysis was based 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 categorization. Figure 29 displays the heatmap with the resulting three clusters on the 

column level and six clusters on the row level. Hierarchical clustering is a method used to 
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group proteins based on their expression patterns or abundance levels across various 

samples. It helps identify proteins with similar behavior, which can reveal functional 

relationships or regulatory mechanisms. Thereby, the pairwise distance between protein 

expression profiles using, in this case, the canberra distance was calculated and proteins 

grouped into clusters based on their similarity using complete linkage (maximum distance). 

Here, column clusters were formed based on patients and according to clinical parameters. 

Each single column in Figure 29 represents a patient sample annotated on the top based on 

ћÉƣċƣƨƚќЯШћÉƣċŊĲќШċŰĬШћEŰƣŔƣǃќЯШƽőŔũĲШĲċĦőШƖŸƽШƖĲƓƖĲƚĲŰƣƚШċШƚŔŊŰŔŉŔĦċŰƣũǃШĬŔŉŉĲƖĲŰƣŔċũũǃШĲǂƓƖĲƚƚĲĬШ

protein within the proteome. Variance 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, healing, acute wounds in the proliferation stage form a clearly 

distinguishable cluster on the column level to the left side compared to chronic wounds. 

Amongst chronic wounds two further clusters result on the column level, which do not 

demonstrate a specific distribution pattern based on clinical annotations as both clusters 

feature equal parts of healing vs. non-healing 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 observed. These 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 wounds (cluster 3).  
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Figure 29 ш Heatmap of significantly differentially abundant proteins of the proteome between acute wounds and different chronic wound entities stratified by clinical outcome parameters. 

Quantitative abundance results of all significantly differentially expressed/abundant proteins in at least one comparison between wound entities are shown. Each column represents the swab sample 
of a patient, corresponding outcome parameters are shown in the top annotations (wound healing status ш џÉƣċƣƨƚѠзЮƽŸƨŰĬЮőĲċũŔŰŊЮƚƣċŊĲЮш џÉƣċŊĲѠзЮƽŸƨŰĬЮĲŰƣŔƣǃЮш џEŰƣŔƣǃѠђ. A legend is added at the 
bottom. Data was hierarchically clustered on the column as well as row level using the canberra method for distance with complete linkage selecting n=3 cluster for column and n=6 cluster for row 
splitting to separate formed clusters. Lower abundant proteins are depicted in blue, higher expression in red. Data is based on relative LFQ intensities which were log2-transformed. (HEAL ш healing 
wound; NON-HEAL ш non-healing wound; INFE ш infection; INFLA ш inflammation; PROL ш proliferation; EPITH ш epithelization; ALU ш arterial leg ulcer; VLU ш venous leg ulcer; PG ш pyoderma 
gangrenosum; MIX ш arterio-venous/mixed ulcer; WHD ш post-surgical wound healing disorder; AW ш acute wound) 
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To understand which specific pathways and driving proteins are represented by these specific 

clusters, over-representation 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) are up- or downregulated in acute 

wounds compared to chronic wounds within the six row clusters .  

In cluster 1 (Figure 30), especially proteins 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 over-representation of corresponding pathways. These include the 

ĤŔŸũŸŊŔĦċũШƓƖŸĦĲƚƚШŸŉШћƽŸƨŰĬШőĲċũŔŰŊќЯШћŰĲŊċƣŔƻĲШƖĲŊƨũċƣŔŸŰШŸŉШƓƖŸƣĲŸũǃƚŔƚќШċŰĬШћĦŸċŊƨũċƣŔŸŰШċƚШ

ƽĲũũƚШċƚШĲŰőċŰĦĲĬШċĦƣŔƻŔƣǃШŔŰШċƓƓƖŸƓƖŔċƣĲШĦĲũũƨũċƖШĦŸůƓŸŰĲŰƣƚШƚƨĦőШċƚШƣőĲШE9~ШыћĦŸũũċŊĲŰ-

ĦŸŰƣċŔŰŔŰŊШĲǂƣƖċĦĲũũƨũċƖШůċƣƖŔǂќьЯШћƓũċƣĲũĲƣШċũƓőċШŊƖċŰƨũĲќ ċŰĬШћĤũŸŸĬШůŔĦƖŸƓċƖƣŔĦũĲƚќЮШSpecific 

proteins upregulated in acute wound healing represented by higher abundance in acute 

wounds in cluster 1, that have been observed in other analyses in this work comparing acute 

and chronic wounds, include  Metalloproteinase inhibitor 1 (TIMP1), Glutathione peroxidase 1 

(GPX1) or Carboxypeptidase B2 (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 Ficolin-3 (FCN3) or Complement factor D (CFD) as part of the complement pathways 

of the humoral, innate immune system or mechanistic pathways regulating response to 

oxidative stress or protease/peptidase regulation (e.g., Plasma serine protease inhibitor т 

SERPINA5 or SERPINB8).  
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Figure 30 ш Over-representation analysis (ORA) showing enriched pathways of the gene ontology (GO) terms for cluster 1. 

Table 15 ш Up-/Down-regulated proteins of Cluster 1 in acute and chronic wounds. 

  Gene Protein 
up/down  

in AW 
    

C
LU

S
T

E
R

 1 

UBA6 Ubiquitin-like modifier-activating enzyme 6 - 
APOL1 Apolipoprotein L1 + 
CS Citrate synthase, mitochondrial nde 
FCN3 Ficolin-3 + 
AK1 Adenylate kinase isoenzyme 1 + 
F10 Coagulation factor X + 
CFD Complement factor D + 
TIMP1 Metalloproteinase inhibitor 1 + 
SPTA1 Spectrin alpha chain, erythrocytic 1 + 
SLC4A1 Band 3 anion transport protein nde 
SERPINA5 Plasma serine protease inhibitor + 
F13B Coagulation factor XIII B chain + 
GPX1 Glutathione peroxidase 1 + 
BPGM Bisphosphoglycerate mutase + 
SPTB Spectrin beta chain, erythrocytic + 
JUP Junction plakoglobin nde 
LBP Lipopolysaccharide-binding protein + 
CAST Calpastatin + 
GPX3 Glutathione peroxidase 3 + 
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 factor-binding protein complex acid labile subunit + 
CCT6A T-complex protein 1 subunit zeta + 
CCT5 T-complex protein 1 subunit epsilon + 
IDH2 Isocitrate dehydrogenase [NADP], mitochondrial - 
CCT3 T-complex protein 1 subunit gamma + 
PSMB2 Proteasome subunit beta type-2 + 
SERPINB8 Serpin B8 - 
RAB14 Ras-related protein Rab-14 - 
EIF5A Eukaryotic translation initiation factor 5A-1 + 
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EFEMP1 EGF-containing fibulin-like extracellular matrix protein 1 + 
SELENBP1 Selenium-binding protein 1 + 
ALYREF THO complex subunit 4 - 
CPB2 Carboxypeptidase B2 + 

    

(AW ш acute wounds; nde ш not 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 non-healing wounds. ORA performed for differentially abundant proteins in cluster 2 

underline these results demonstrating similar or complementing pathways upregulated as in 

cluster 1 (Figure 31). For ĤŔŸũŸŊŔĦċũШƓƖŸĦĲƚƚĲƚШĲƚƓĲĦŔċũũǃШƣőĲШћƖĲƚƓŸŰƚĲШƣŸШŸǂŔĬċƣŔƻĲШƚƣƖĲƚƚќШċŰĬШ

ћĤũŸŸĬШ ĦŸċŊƨũċƣŔŸŰќШ ƓċƣőƽċǃƚШ ċƖĲШ ŸƻĲƖƖĲƓƖĲƚĲŰƣĲĬШ ƽőĲƖĲċƚШ ŉŸƖШ ĦĲũũƨũċƖШ ĦŸůƓŸŰĲŰƣШ ċŰĬШ

ůŸũĲĦƨũċƖШ ŉƨŰĦƣŔŸŰЯШ ĦŸƖƖĲƚƓŸŰĬŔŰŊШ ƓċƣőƽċǃƚШ ƚƨĦőШ ċƚШ ћĦŸũũċŊĲŰ-containing extracellular 

ůċƣƖŔǂќЯШ ћƚĲƖŔŰĲШ őǃĬƖŸũċƚĲШ ċĦƣŔƻŔƣǃќШ ċŰĬШ ћĲǂƣƖċĦĲũũƨũċƖШ ůċƣƖŔǂШ ƚƣƖƨĦƣƨƖĲШ ĦŸŰƚƣŔƣƨĲŰƣќЯШ

respectively, were pronounced. Such pathways again represent early reactions and relevant 

biomolecular responses to tissue damage and wounding such as blood coagulation, 

complement activation, inflammation and fibrinolysis. Together with secondarily 

ŸƻĲƖƖĲƓƖĲƚĲŰƣĲĬШƓċƣőƽċǃƚШċŰĬШŉƨŰĦƣŔŸŰċũШƚƓċĦĲƚШƚƨĦőШċƚШћůŔĦƖŸŉŔũċůĲŰƣШůŸƣŸƖШċĦƣŔƻŔƣǃќШċŰĬШ

ћůƨƚĦũĲШůǃŸƚŔŰШĦŸůƓũĲǂќШŸƖШћůǃŸƚŔŰШŉŔũċůĲŰƣќЯШůŸƚƣШũŔťĲũǃШŔŰĬŔĦċƣŔŰŊШƣŔƚƚƨĲШċŰĬШĦĲũũƨũċƖШ

damage, the results of the ORA for cluster 2 demonstrate distinct aspects of early clearing of 

tissue damage and tissue repair. Over-abundant proteins in acute wounds (Table 16) such as 

variants of the myosin-family (Myosin-1, -2 and -7), cell-ECM-interactions associated proteins 

such as thrombospondin-4 (THBS4) or proteases (Stromelysin-1; MMP3) and their inhibitors 

(Protein Z-dependent protease inhibitor; SERPINA10) as distinct differentially expressed 

markers upregulated in acute wounds highlight these processes which primarily characterize 

clusters 1 and 2 as hallmarks of acute wound healing.   
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Figure 31 ш Over-representation analysis (ORA) showing enriched pathways of the gene ontology (GO) terms for cluster 2. 

Table 16 ш Up-/Down-regulated proteins of Cluster 2 in acute and chronic wounds. 

  Gene Protein 
up/down  

in AW 
    

C
LU

S
T

E
R

 2 

SIGLEC16 Sialic acid-binding Ig-like lectin 16 + 
ADH1B Alcohol dehydrogenase 1B + 
ALDH1A1 Retinal dehydrogenase 1 + 
F9 Coagulation factor IX + 
MB Myoglobin + 
APOA2 Apolipoprotein A-II + 
PROC Vitamin K-dependent protein C + 
LCAT Phosphatidylcholine-sterol acyltransferase + 
VWF von Willebrand factor + 
SHBG Sex hormone-binding globulin + 
UROD Uroporphyrinogen decarboxylase + 
CKM Creatine kinase M-type + 
CA3 Carbonic anhydrase 3 + 
MMP3 Stromelysin-1 + 
SOD3 Extracellular superoxide dismutase [Cu-Zn] + 
SPARC SPARC + 
MYH1 Myosin-1 + 
MYH7 Myosin-7 + 
CPN1 Carboxypeptidase N catalytic chain + 
OGN Mimecan + 
MST1 Hepatocyte growth factor-like protein + 
NMT1 Glycylpeptide N-tetradecanoyltransferase 1 + 
THBS4 Thrombospondin-4 + 
SNCA Alpha-synuclein + 
BTD Biotinidase + 
GCLC Glutamate--cysteine ligase catalytic subunit + 
PSMC6 26S protease regulatory subunit 10B + 
GPLD1 Phosphatidylinositol-glycan-specific phospholipase D + 
HGFAC Hepatocyte growth factor activator + 
HAGH Hydroxyacylglutathione hydrolase, mitochondrial + 
DDI2 Protein DDI1 homolog 2 + 
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CD163 Scavenger receptor cysteine-rich type 1 protein M130 + 
PRG4 Proteoglycan 4 + 
C1RL Complement C1r subcomponent-like protein + 
FETUB Fetuin-B + 
SERPINA10 Protein Z-dependent protease inhibitor + 
MYH2 Myosin-2 + 
FBXO7 F-box only protein 7 + 
FCGBP IgGFc-binding protein + 

    

(AW ш acute wounds; nde ш not 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 intensity in Figure 

29. Other than in clusters 1 and 2, the ORA of proteins in cluster 3 reveals cellular 

ĦŸůƓŸŰĲŰƣƚШƚƨĦőШċƚШћƻĲƚŔĦũĲШũƨůĲŰќЯШћŉŸĦċũШċĬőĲƚŔŸŰќШċŰĬШћĤũŸŸĬШůŔĦƖŸƓċƖƣŔĦũĲƚќШƣŸШĤĲШƣőĲШ

prominent origins of differentially expressed proteins driving the overrepresentation of those 

pathways (Figure 32). Together with the ůŸũĲĦƨũċƖШŉƨŰĦƣŔŸŰƚШŸŉШћĲŰǍǃůĲШŔŰőŔĤŔƣŸƖШċĦƣŔƻŔƣǃќШċŰĬШ

the biological ƓƖŸĦĲƚƚĲƚШŸŉШћŰĲŊċƣŔƻĲШƖĲŊƨũċƣŔŸŰШŸŉШőǃĬƖŸũċƚĲШċĦƣŔƻŔƣǃќЯШћŰĲŊċƣŔƻĲШƖĲŊƨũċƣŔŸŰШŸŉШ

ƓĲƓƣŔĬċƚĲШċĦƣŔƻŔƣǃќШċŰĬШћĬĲŉĲŰƚĲШƖĲƚƓŸŰƚĲШƣŸШĤċĦƣĲƖŔƨůќЯШƣőŔƚШƓŸŔŰƣƚШƣŸШċШůŸƖĲШŰƨċŰĦĲĬШ

regulation of an immune response happening in both acute as well as chronic wounds in 

parallel to specifically up- or 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 chronic wounds (Table 17). While 

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

and protection from oxidative stress such as Kininogen-1 (KNG1), Protein AMBP (AMBP), 

histidine-rich glycoprotein (HRG) or Inter-alpha-trypsin inhibitor heavy chain H4 (ITIH4) higher 

abundant in acute wounds, however mainly major players of the progressing successive 

immune response are down-regulated in acute wounds or rather even higher abundant in 

chronic wounds in comparison. These include proteins focusing on host-protection from 

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

proteins observed are Lactotransferrin (LTF), Annexin A1 (ANXA1), Myeloperoxidase (MPO), 

Azurocidin (AZU1), Neutrophil defensin 3 (DEFA3) or Lysozyme C (LYZ). Most are released 

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

ůŸŰŸĦǃƣĲƚШŸƖШůċĦƖŸƓőċŊĲƚШƣőƨƚШƣőĲШŸƻĲƖƖĲƓƖĲƚĲŰƣċƣŔŸŰШŸŉШƣőĲШĦĲũũƨũċƖШĦŸůƓŸŰĲŰƣШћƻĲƚŔĦũĲШ
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ũƨůĲŰќЮШTherefore, cluster 3 mainly represents the highly active baseline of the underlying 

defensive immune response in both acute and chronic wounds.  

Figure 32 ш Over-representation analysis (ORA) showing enriched pathways of the gene ontology (GO) terms for cluster 3. 

Table 17 ш Up-/Down-regulated proteins of Cluster 3 in acute and chronic wounds. 

  Gene Protein 
up/down  

in AW 
    

C
LU

S
T

E
R

 3 

PGK1 Phosphoglycerate kinase 1 - 
KNG1 Kininogen-1 + 
APOA1 Apolipoprotein A-I + 
AMBP Protein AMBP + 
LTF Lactotransferrin - 
VTN Vitronectin + 
ALDOA Fructose-bisphosphate aldolase A - 
ANXA1 Annexin A1 - 
HRG Histidine-rich glycoprotein + 
MPO Myeloperoxidase - 
ENO1 Alpha-enolase - 
GPI Glucose-6-phosphate isomerase - 
PFN1 Profilin-1 - 
GSTP1 Glutathione S-transferase P - 
HSPA1B Heat shock 70 kDa protein 1B - 
HSPA8 Heat shock cognate 71 kDa protein - 
ANXA3 Annexin A3 - 
ACTN1 Alpha-actinin-1 - 
LCP1 Plastin-2 - 
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 GDP-dissociation inhibitor 2 - 
DEFA3 Neutrophil defensin 3 - 
LYZ Lysozyme C - 
HIST1H4A Histone H4 - 
PPIA Peptidyl-prolyl cis-trans isomerase A - 
YWHAZ 14-3-3 protein zeta/delta - 
EEF1A1 Elongation factor 1-alpha 1 - 
LCN2 Neutrophil gelatinase-associated lipocalin - 
CAP1 Adenylyl cyclase-associated protein 1 - 

  ITIH4 Inter-alpha-trypsin inhibitor heavy chain H4 + 
    

(AW ш acute wounds; nde ш not 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 abundance. As suggested by ORA, this cluster represents the proteins and pathways 

majorly involved in cellular and extracellular remodeling and reparative processes, cell-ECM 

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

ћƖĲŊƨũċƣŔŸŰШŸŉШċĦƣŔŰШĦǃƣŸƚťĲũĲƣŸŰШŸƖŊċŰŔǍċƣŔŸŰќЯ ћċĦƣŔŰШŉŔũċůĲŰƣШŸƖŊċŰŔǍċƣŔŸŰќ for example actin-

related protein 2/3 complex proteins (Arp2/3 complex; ARPC1B and ARPC3), Alpha-actinin-4 

(ACTN4), Vinculin (VCL) or Filamin-A (FLNA). Also, again proteins belonging to the 

ĦũċƚƚŔŉŔĦċƣŔŸŰШŸŉШƣőĲШĤŔŸũŸŊŔĦċũШƓƖŸĦĲƚƚШћƽŸƨŰĬШőĲċũŔŰŊќШƽĲƖĲШŸƻĲƖƖĲƓƖĲƚĲŰƣĲĬШƻċũŔĬċƣŔŰŊШƣőĲШ

results found here. ÑőĲШĦĲũũƨũċƖШĦŸůƓŸŰĲŰƣƚШћĦĲũũ-ƚƨĤƚƣƖċƣĲШŢƨŰĦƣŔŸŰќШċŰĬШћĦŸũũċŊĲŰ-containing 

ĲǂƣƖċĦĲũũƨũċƖШ ůċƣƖŔǂќШ ŸƻĲƖƖĲƓƖĲƚĲŰƣĲĬШ őĲƖĲШ ĦŸŰŉŔƖůƚШ ƣőŔƚШŉƨƖƣőĲƖЮШHowever, again a great 

number of proteins relevantly involved in host defense and immune response, various 

antimicrobial peptides and peptidases/proteases and inhibitors involved in the remodeling of 

the ECM could be observed. These were thereby highly abundant in chronic wounds yet 

reduced in acute wounds (Table 18): Neutrophil collagenase (MMP8), Matrix 

metalloproteinase-9 (MMP9), Protein S100-A4 (S100A4), Protein S100-A7 (S100A7), 

Bactericidal permeability-increasing protein (BPI) or Cathelicidin antimicrobial peptide 

(CAMP).  
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Figure 33 ш Over-representation analysis (ORA) showing enriched pathways of the gene ontology (GO) terms for cluster 4. 

Table 18 ш Up-/Down-regulated proteins of Cluster 4 in acute and chronic wounds. 

  Gene Protein 
up/down  

in AW 
    

C
LU

S
T

E
R

 4 

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 Alpha-actinin-4 - 
WDR1 WD repeat-containing protein 1 - 
GSR Glutathione reductase, mitochondrial nde 
ARG1 Arginase-1 - 
P4HB Protein disulfide-isomerase - 
ANXA2 Annexin A2 - 
HSP90AA1 Heat shock protein HSP 90-alpha - 
ANXA6 Annexin A6 - 
ANXA5 Annexin A5 - 
IGHV3-30-3 Immunoglobulin heavy variable 3-30-3 - 
HSPA5 78 kDa glucose-regulated protein - 
G6PD Glucose-6-phosphate 1-dehydrogenase - 
MMP9 Matrix metalloproteinase-9 - 
HIST1H1C Histone H1.2 - 
BPI Bactericidal permeability-increasing protein - 
VCL Vinculin - 
FLNA Filamin-A - 
MMP8 Neutrophil collagenase - 
S100A4 Protein S100-A4 - 
HMGB2 High mobility group protein B2 - 
SERPINB3 Serpin B3 - 
PDIA3 Protein disulfide-isomerase A3 - 
S100A7 Protein S100-A7 - 
YWHAB 14-3-3 protein beta/alpha - 
CAPG Macrophage-capping protein - 
MNDA Myeloid cell nuclear differentiation antigen - 
CAMP Cathelicidin antimicrobial peptide - 
ARHGDIA Rho GDP-dissociation inhibitor 1 - 
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CAPZA1 F-actin-capping protein subunit alpha-1 - 
ACTR3 Actin-related protein 3 nde 
FABP5 Fatty acid-binding protein, epidermal - 
COTL1 Coactosin-like protein - 
EFHD2 EF-hand domain-containing protein D2 - 
TLN1 Talin-1 - 

    

(AW ш acute wounds; nde ш not 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 yielded similar results to cluster 4 with biological processes involved in 

ĦĲũũƨũċƖШċŰĬШĲǂƣƖċĦĲũũƨũċƖШƖĲƚƣƖƨĦƣƨƖŔŰŊШƚƨĦőШċƚШћċĦƣŔŰШŉŔũċůĲŰƣШŸƖŊċŰŔǍċƣŔŸŰќШŸƖШћШƖĲŊƨũċƣŔŸŰШŸŉШ

ċĦƣŔŰШĦǃƣŸƚťĲũĲƣŸŰШŸƖŊċŰŔǍċƣŔŸŰќШoverrepresented (Figure 34). Proteins lower abundant in acute 

wounds and higher abundant in chronic wounds in cluster 4 were for example Copine-3 

(CPN3), Pleckstrin (PLEK), Erythrocyte band 7 integral membrane protein (STOM) or Twinfilin-

2 (TWF2; Table 19). Yet a distinct representation of proteins involved in proteolysis and 

remodeling mechanisms could also be observed to be higher abundant in chronic wounds. 

ÑőŔƚШŔƚШƖĲƓƖĲƚĲŰƣĲĬШċŊċŔŰШĤǃШċŰШŸƻĲƖƖĲƓƖĲƚĲŰƣċƣŔŸŰШŸŉШƣőĲШĦĲũũƨũċƖШĦŸůƓŸŰĲŰƣƚШћƻĲƚŔĦũĲШũƨůĲŰќЯШ

ћƣĲƖƣŔċƖǃШŊƖċŰƨũĲќШċŰĬШћċǍƨƖŸƓőŔũШŊƖċŰƨũĲќ ŸƖШůŸũĲĦƨũċƖШŉƨŰĦƣŔŸŰƚШƚƨĦőШċƚШћƓĲƓƣŔĬċƚĲШƖĲŊƨũċƣŸƖШ

ċĦƣŔƻŔƣǃќШŸƖШĦŸƖƖĲƚƓŸŰĬŔŰŊШĤŔŸũŸŊŔĦċũШƓƖŸĦĲƚƚĲƚШƚƨĦőШċƚШћƖĲŊƨũċƣŔŸŰШŸŉШƓĲƓƣŔĬċƚĲШċĦƣŔƻŔƣǃќ 

indicating a high number of proteins involved in peptide and protein degradation and 

clearance. Proteins of such classes observed here were Cystatin-A (CSTA) und -B (CSTB), 

Cathepsin D (CTSD) and -S (CTSS) or Proteasome subunit beta type-8 (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 protein-structures based on the proteolytic signature observed.   
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Figure 34 ш Over-representation analysis (ORA) showing enriched pathways of the gene ontology (GO) terms for cluster 5. 

Table 19 ш Up-/Down-regulated proteins of Cluster 5 in acute and chronic wounds. 

  Gene Protein 
up/down  

in AW 
    

C
LU

S
T

E
R

 5 

ARPC5 Actin-related protein 2/3 complex subunit 5 - 
CPNE3 Copine-3 - 
H2AFY Core histone macro-H2A.1 - 
IDH1 Isocitrate dehydrogenase [NADP] cytoplasmic - 
CSTA Cystatin-A - 
CSTB Cystatin-B - 
SOD2 Superoxide dismutase [Mn], mitochondrial - 
GNAI2 Guanine nucleotide-binding protein G(i) subunit alpha-2 - 
ITGB2 Integrin beta-2 - 
CTSD Cathepsin D - 
HNRNPC Heterogeneous nuclear ribonucleoproteins C1/C2 - 
HSP90AB1 Heat shock protein HSP 90-beta - 
PLEK Pleckstrin - 
RNASE2 Non-secretory ribonuclease - 
ITGAM Integrin alpha-M - 
RNASE3 Eosinophil cationic protein - 
EEF2 Elongation factor 2 - 
MIF Macrophage migration inhibitory factor nde 
NCF1 Neutrophil cytosol factor 1 - 
HSP90B1 Endoplasmin - 
NCF2 Neutrophil cytosol factor 2 nde 
TYMP Thymidine phosphorylase - 
TCN1 Transcobalamin-1 - 
SFPQ Splicing factor, proline- and glutamine-rich nde 
PPIB Peptidyl-prolyl cis-trans isomerase B - 
CTSS Cathepsin S - 
EEF1G Elongation factor 1-gamma - 
STOM Erythrocyte band 7 integral membrane protein - 
APEX1 DNA-(apurinic or apyrimidinic site) lyase - 
PSMB8 Proteasome subunit beta type-8 - 
PTPN6 Tyrosine-protein phosphatase non-receptor type 6 - 
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PRDX5 Peroxiredoxin-5, mitochondrial nde 
ADSS Adenylosuccinate synthetase isozyme 2 - 
S100A11 Protein S100-A11 nde 
CDA Cytidine deaminase - 
ANP32A Acidic leucine-rich nuclear phosphoprotein 32 family member A - 
MDH2 Malate dehydrogenase, mitochondrial - 
IQGAP1 Ras GTPase-activating-like protein IQGAP1 - 
SERPINB10 Serpin B10 - 
RAB7A Ras-related protein Rab-7a - 
HK3 Hexokinase-3 - 
AK2 Adenylate kinase 2, mitochondrial - 
CDC42 Cell division control protein 42 homolog - 
NPC2 Epididymal secretory protein E1 - 
HNRNPK Heterogeneous nuclear ribonucleoprotein K - 
ARF1 ADP-ribosylation factor 1 - 
RHOG Rho-related GTP-binding protein RhoG - 
SET Protein SET - 
YWHAH 14-3-3 protein eta - 
CBX3 Chromobox protein homolog 3 - 
SPTAN1 Spectrin alpha chain, non-erythrocytic 1 - 
TWF2 Twinfilin-2 - 
PLBD1 Phospholipase B-like 1 - 
ANP32B Acidic leucine-rich nuclear phosphoprotein 32 family member B - 
GGH Gamma-glutamyl hydrolase - 
OSTF1 Osteoclast-stimulating factor 1 - 
ERO1L ERO1-like protein alpha - 
VAT1 Synaptic vesicle membrane protein VAT-1 homolog - 
TXNDC17 Thioredoxin domain-containing protein 17 - 
CPPED1 Serine/threonine-protein phosphatase CPPED1 nde 
SH3BGRL3 SH3 domain-binding glutamic acid-rich-like protein 3 - 
RETN Resistin - 
PYCARD Apoptosis-associated speck-like protein containing a CARD nde 
CAB39 Calcium-binding protein 39 - 

    

(AW ш acute wounds; nde ш not 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, 

ƓċƣőŸŊĲŰƚШċŰĬШƣŔƚƚƨĲШĬŔƚƖƨƓƣŔŸŰШƚƨĦőШċƚШћőƨůŸƖċũШŔůůƨŰĲШƖĲƚƓŸŰƚĲќЯШћƽŸƨŰĬШőĲċũŔŰŊќШŸƖШ

ћĦŸċŊƨũċƣŔŸŰќШы[ŔŊƨƖĲШΟΡьЮШÑőĲ proteins higher abundant in acute wounds as summarized in 

Table 20, thereby represent members of the complement system such as Complement C1r 

subcomponent (C1R), Complement C5 (C5), Complement C2 (C2) and Complement 

component C7 (C7) or are members of the acute phase proteins (APP) such as C-reactive 

protein (CRP), Serum amyloid A-1 protein (SAA1), Prothrombin (F2) or Leucine-rich alpha-2-

glycoprotein (LRG1). These results again underline the dominance of early response 

mechanisms in acute wound healing.  



105 
 

Figure 35 ш Over-representation analysis (ORA) showing enriched pathways of the gene ontology (GO) terms for cluster 6. 

Table 20 ш Up-/Down-regulated proteins of Cluster 6 in acute and chronic wounds. 

  Gene Protein 
up/down  

in AW 
    

C
LU

S
T

E
R

 6 

CD5L CD5 antigen-like + 
ATRN Attractin + 
F2 Prothrombin + 
C1R Complement C1r subcomponent + 
F12 Coagulation factor XII + 
AGT Angiotensinogen + 
C5 Complement C5 + 
APOC1 Apolipoprotein C-I + 
APOC3 Apolipoprotein C-III + 
CRP C-reactive protein + 
LRG1 Leucine-rich alpha-2-glycoprotein + 
C2 Complement C2 + 
APOA4 Apolipoprotein A-IV + 
LDHB L-lactate dehydrogenase B chain + 
SAA1 Serum amyloid A-1 protein + 
C7 Complement component C7 + 
CFHR2 Complement factor H-related protein 2 + 
COMP Cartilage oligomeric matrix protein + 
ITIH3 Inter-alpha-trypsin inhibitor heavy chain H3 + 
PGLYRP2 N-acetylmuramoyl-L-alanine amidase + 

    

(AW ш acute wounds; nde ш not differentially expressed) 
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3.4.3. Proteomic diversity in chronic wound entities 

As stated in the previous chapter, chronic wounds need to be further differentiated into their 

individual entities to gain a more in-depth understanding of the pathologic underpinnings of 

ĲċĦőШ ĲŰƣŔƣǃЮШ ìőŔũĲШ ŔŰШ ĦőċƓƣĲƖШ ΟЮΠЮΞЮШ љìŸƨŰĬШ ĲŰƣŔƣǃШ ĬŔŉŉĲƖĲŰƣŔċƣŔŸŰШ ĤċƚĲĬШ ŸŰШ ƓƖŸƣĲŸůŔĦШ

signatures (core vs. entity-ƚƓĲĦŔŉŔĦШƓƖŸƣĲŸůĲьњШƽŸƨŰĬƚ were primarily distinguished into acute 

and chronic wounds as 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 wound entities (Figure 36). While a considerable 

amount of overlap was still observed as has already been the case in previous PCA including 

acute wounds (Figure 27), a better clustering could be observed in chronic entities alone, 

depicting some form of differentiability between entities. While post-surgical wound healing 

disorders (WHD) showed a generally centralized clustering, especially arterial leg ulcers 

(ALUs) clustered away from this centralized group moving to the left on the x-axis (Figure 36). 

While venous leg ulcers (VLUs) and pyoderma gangrenosum (PGs) appeared nearly congruent 

with WHDs, VLUs and even more so PGs pulled their entity-clustering towards the top of the 

y-axis breaking out of the centralized grouping and thereby especially clustering away from 

ALUs. Interestingly, mixed arterio-venous leg ulcers (MIX) also demonstrated a shift of its 

clustering towards the top of the y-axis, somewhat forming an in-between clustering between 

its constituting entities of arterial and venous pathologies.  
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Figure 36 ш Principal component analysis (PCA) for differentiation of chronic wound entities only in the Wound-BIOME cohort. 

Individual patients are outlined and clustered based on principal components 1 and 4. 95%-CI ellipses are shown for entity 
differentiation among sampled chronic wound entities of the Wound-BIOME cohort (arterial leg ulcers ш ALU; arterio-venous / 
mixed ulcers ш MIX; venous leg ulcers ш VLU; post-surgical wound healing disorders ш WHD; pyoderma gangrenosum ш PG).  

As for the comparison between acute and chronic wounds and the core proteome and 

uniquely identified ƓƖŸƣĲŔŰƚШŔŰШĦőċƓƣĲƖƚШΟЮΠЮΝШыљÂƖŸƣĲŸůĲШĬŔƚƣŔŰĦƣŔŸŰШŸŉШċĦƨƣĲШƻƚЮШĦőƖŸŰŔĦШ

ƽŸƨŰĬƚњьШċŰĬШΟЮΠЮΞШыљìŸƨŰĬШĲŰƣŔƣǃШĬŔŉŉĲƖĲŰƣŔċƣŔŸŰШĤċƚĲĬШŸŰШƓƖŸƣĲŸůŔĦШƚŔŊŰċƣƨƖĲƚШыĦŸƖĲШƻƚЮШ

entity-ƚƓĲĦŔŉŔĦШ ƓƖŸƣĲŸůĲьњьШsignificantly differentially abundant proteins between chronic 

wound entities were analyzed to detect differences between proteomic make-up of those 

entities. The upset plot in Figure 37 depicts intersections and differences between the 

investigated entities highlighting those comparisons that yielded significantly differentially 

expressed proteins between entities (chronic wound entities only) in 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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Figure 37 ш Upset plot of significantly differentially abundant proteins between wound entities of the Wound-BIOME cohort. 

In Table 21 the individual 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 direction (up- or downregulated).  

For pyoderma gangrenosum wounds (PG) especially proteins involved in the interaction with 

the actin cytoskeleton such as actin-related protein 3 (ACTR3; lower abundant vs. VLU and 

MIX), erythrocyte band 7 integral membrane protein (STOM; lower abundant vs. ALU), 

Twinfilin-2 (TWF2; higher abundant vs. ALU) or Talin-1 (TLN-1; higher abundant vs. ALU) were 

differentially expressed. Interestingly, post-surgical wound healing disorders (WHD) displayed 

certain comparable differential expression patterns as were observed for acute wounds in this 

study (compare chapter ΟЮΠЮΝЮШљÂƖŸƣĲŸůĲШĬŔƚƣŔŰĦƣŔŸŰШŸŉШċĦƨƣĲШƻƚЮШĦőƖŸŰŔĦШƽŸƨŰĬƚњь, even 

though classified as chronic wounds based on the underlying current definition of a chronic 

wound in the literature. In contrast to chronic wounds, for example vs. pyoderma 

gangrenosum (PG), hepatocyte growth factor-like protein (MST1) and eukaryotic translation 

initiation factor 5A-1 (EIF5A) were higher abundant in WHD as observed in acute wounds as 

well. Compared to wounds with underlying vascular pathologies such as venous leg ulcers 

(VLU), arterial leg ulcers (ALU) or mixed arterio-venous ulcers (MIX), WHD showed a 

differential abundance in proteins of the regulatory system for dealing with oxidative stress 

such as glutathione reductase (GSR; lower abundant vs. VLU and ALU) or peroxiredoxin-5 

(PRDX5; higher abundant vs. ALU) but also increased levels of proteins involved in cellular 
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mechanical stability and cell-cell adhesion compared to other chronic wound entities. Such 

proteins included junction plakoglobin (JUP) (higher abundant vs. VLU and MIX) or serpin B8 

(SERPINB8; higher abundant vs. ALU). Over-representation analysis (ORA) of differentially 

abundant proteins in chronic wounds in general (Figure 38) underline the increased activity 

ƽŔƣőŔŰШƣőĲƚĲШƓċƣőƽċǃƚШƽŔƣőШĤŔŸũŸŊŔĦċũШƓƖŸĦĲƚƚĲƚШћƖĲƚƓŸŰƚĲШƣŸШŸǂŔĬċƣŔƻĲШƚƣƖĲƚƚќШċŰĬШћĦĲũũƨũċƖШ

ƖĲƚƓŸŰƚĲШƣŸШĦőĲůŔĦċũШƚƣƖĲƚƚќШċƚШƽĲũũШċƚШћƽŸƨŰĬШőĲċũŔŰŊќШŸƻĲƖƖĲƓƖĲƚĲŰƣĲĬЮШũƚŸЯШћċŰƣŔŸǂŔĬċŰƣШ

ċĦƣŔƻŔƣǃќШ ƽċƚШ ċůŸŰŊƚƣШ ƣőĲШ ŸƻĲƖƖĲƓƖĲƚĲŰƣĲĬШ ůŸũĲĦƨũċƖШ ŉƨŰĦƣŔŸŰƚЮШ §ƣőĲƖШ ĲƻĲŰШ ůŸƖĲШ

ŸƻĲƖƖĲƓƖĲƚĲŰƣĲĬШ ůŸũĲĦƨũċƖШ ŉƨŰĦƣŔŸŰƚШ ƽĲƖĲШ ћƓĲƓƣŔĬċƚĲШ ƖĲŊƨũċƣŸƖШ ċĦƣŔƻŔƣǃќШ ċŰĬШ ћƓƖŸƣĲċƚĲШ

ĤŔŰĬŔŰŊќЯШċƚШƽċƚШƣőĲШĤŔŸũŸŊŔĦċũШƓƖŸĦĲƚƚШŸŉШћŰĲŊċƣŔƻĲШƖĲŊƨũċƣŔŸŰШŸŉШƓƖŸƣĲŸũǃƚŔƚќЮШThese ORA 

results represent a distinct pro-oxidative and proteolytic environment (as part of a pro-

inflammatory reaction) especially 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), macrophage migration inhibitory factor (MIF) or apoptosis-associated speck-like 

protein containing a CARD (PYCARD or ASC) and decreased expression of counterparts such 

as metalloproteinase inhibitor 1 (TIMP1) compared to arterial wounds (ALU).  

Table 21 ш Significantly differentially expressed proteins between different chronic wound entities. 

 Gene Protein q-value 
up/ 

down 
 

      

P
G ACTR3 Actin-related protein 3 0.025 - vs. VLU 

ACTR3 Actin-related protein 3 0.025 - vs. MIX 

W
H

D 

MST1 Hepatocyte growth factor-like protein 0.001 + 
vs. PG EIF5A Eukaryotic translation initiation factor 5A-1 0.021 + 

CPPED1 Serine/threonine-protein phosphatase CPPED1 0.014 - 
GSR Glutathione reductase, mitochondrial 0.017 - 

vs. VLU 
JUP Junction plakoglobin 0.008 + 
HSPA4 Heat shock 70 kDa protein 4 0.036 - 
CPPED1 Serine/threonine-protein phosphatase CPPED1 0.014 - 
SIGLEC16 Sialic acid-binding Ig-like lectin 16 <0.001 + 

vs. MIX 
JUP Junction plakoglobin 0.008 + 
C1RL Complement C1r subcomponent-like protein 0.001 + 
FETUB Fetuin-B 0.001 + 

A
LU

 

TIMP1 Metalloproteinase inhibitor 1 0.001 + 

vs. MIX 

CA3 Carbonic anhydrase 3 0.001 + 
MIF Macrophage migration inhibitory factor 0.015 - 
NCF1 Neutrophil cytosol factor 1 0.003 - 
NCF2 Neutrophil cytosol factor 2 0.027 - 
ATIC Bifunctional purine biosynthesis protein PURH 0.010 + 
FETUB Fetuin-B 0.001 + 

PYCARD 
Apoptosis-associated speck-like protein 
containing a CARD 

0.024 - 

FBXO7 F-box only protein 7 0.001 + 
UBA6 Ubiquitin-like modifier-activating enzyme 6 0.028 - 

vs. VLU 
GSTP1 Glutathione S-transferase P 0.020 - 
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MIF Macrophage migration inhibitory factor 0.015 - 
NCF1 Neutrophil cytosol factor 1 0.003 - 
APEX1 DNA-(apurinic or apyrimidinic site) lyase 0.011 - 
PTPN6 Tyrosine-protein phosphatase non-receptor type 6 0.001 - 
CFHR2 Complement factor H-related protein 2 0.025 + 
HK3 Hexokinase-3 0.015 - 
EEF1A1 Elongation factor 1-alpha 1 0.001 - 

PYCARD Apoptosis-associated speck-like protein 
containing a CARD 

0.024 - 

CS Citrate synthase, mitochondrial 0.033 + 

vs. WHD 

GSR Glutathione reductase, mitochondrial 0.017 + 
LRG1 Leucine-rich alpha-2-glycoprotein 0.008 + 
ITGB2 Integrin beta-2 0.036 + 
NCF1 Neutrophil cytosol factor 1 0.003 - 
STOM Erythrocyte band 7 integral membrane protein 0.010 + 
PRDX5 Peroxiredoxin-5, mitochondrial 0.019 - 
HSPA4 Heat shock 70 kDa protein 4 0.036 + 
CFHR2 Complement factor H-related protein 2 0.025 + 
PSMB2 Proteasome subunit beta type-2 0.013 + 
SERPINB8 Serpin B8 0.008 - 
EEF1A1 Elongation factor 1-alpha 1 0.001 - 
TIMP1 Metalloproteinase inhibitor 1 0.001 + 

vs. PG 

LRG1 Leucine-rich alpha-2-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 Transcobalamin-1 0.048 - 
STOM Erythrocyte band 7 integral membrane protein 0.010 + 
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 - 

      

(ALU ш arterial leg ulcers; MIX ш arterio-venous / mixed ulcers; VLU ш venous leg ulcers; WHD ш post-surgical wound healing 
disorders; PG ш pyoderma gangrenosum). 
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Figure 38 ш Over-representation analysis (ORA) showing enriched pathways of the gene ontology (GO) terms in chronic wound 
entities. 

Bar graphs depict top over-ƖĲƓƖĲƚĲŰƣĲĬЮƓċƣőƽċǃƚЮŔŰЮƣőĲЮŊĲŰĲЮŸŰƣŸũŸŊǃЮё]§ђЮĬċƣċĤċƚĲЮĦċƣĲŊŸƖŔĲƚЮџ7ŔŸũŸŊŔĦċũЮÂƖŸĦĲƚƚѠЮё7ÂђеЮ
џ9ĲũũƨũċƖЮ9ŸůƓŸŰĲŰƣѠЮё99ђЮċŰĬЮџ~ŸũĲĦƨũċƖЮ[ƨŰĦƣŔŸŰѠЮё~[ђЮĤċƚĲĬЮŸŰЮĬŔŉŉĲƖĲŰƣŔċũũǃЮĲǂƓƖĲƚƚĲĬфċĤƨŰĬċŰƣЮƓƖŸƣĲŔŰƚЮĤĲƣƽĲĲŰЮ
chronic wound entities (as fully detailed in Table 21). 

 

3.4.4. Proteomic patterns of healing vs. non-healing chronic wounds 

Beyond investigating the proteome composition of the wound micro-environment, 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. non-healing wounds were of interest to 

ŔĬĲŰƣŔŉǃШƓŸƣĲŰƣŔċũШĬŔċŊŰŸƚƣŔĦШůċƖťĲƖƚШĬŔŉŉĲƖĲŰƣŔċƣŔŰŊШċШƽŸƨŰĬƚќШőĲċũŔŰŊШƣƖċŢĲĦƣŸƖǃЮ 

Principal component analysis (PCA) was again employed as a first step in making out 

underlying unified patterns in healing vs. non-healing wounds (Figure 39). Primarily no 

differentiation was made between acute and chronic wounds, and the entire studied cohort 

ƽċƚШŔŰĦũƨĬĲĬШŔŰШƣőĲШÂ9 ЮШÑőĲƖĲĤǃШċŊċŔŰШċШĦĲƖƣċŔŰШћĦŸƖĲќШĦũƨƚƣĲƖŔŰŊШĦŸƨũĬШĤĲШŸĤƚĲƖƻĲĬШƽŔƣőШċШ

considerable amount of overlap, however especially the cohort of acute wounds, which are 

also dubbed as healing wounds (since not exhibiting any delays in healing), demonstrated a 

specific clustering to the left of the x-axis, breaking out from the main part of the wound 

samples. This is in line with the so far observed results in differentiating acute from chronic 
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wounds closely resembling the PCA for acute vs. chronic wounds (Figure 21), thereby showing 

acute wounds to be the main driver of both PCAs.  

Figure 39 ш Principal component analysis (PCA) for healing vs. non-healing wounds in the Wound-BIOME cohort. 

Individual patients are outlined and clustered based on principal components 7 and 1. 95%-CI ellipses are shown for healing 
vs. non-healing wounds in the Wound-BIOME cohort (HEAL ш healing wound; N-HEAL ш non-healing wound). 

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 non-healing course is within the group of chronic wounds only. Therefore, another 

PCA was inspected which excluded acute wounds and only differentiated between healing 

and non-healing chronic wounds (Figure 40). Here, even though still showing considerable 

overlap, healing and non-healing wounds showed a more differentiable clustering with non-

healing wounds breaking out towards the right on the x-axis, while healing wounds located 

more to the left on the x-axis and to the top on the y-axis based on principal components 2 and 

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

healing and non-healing wounds, which for clinical samples is still quite well. 
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Figure 40 ш Principal component analysis (PCA) for healing vs. non-healing chronic wounds only in the Wound-BIOME cohort. 

Individual patients are outlined and clustered based on principal components 2 and 6. 95%-CI ellipses are shown for healing 
vs. non-healing chronic wounds only in the Wound-BIOME cohort (HEAL ш healing wound; N-HEAL ш non-healing wound). 

To understand which specific underlying proteins were driving the distinction between healing 

and non-healing wounds, again a differential expression analysis was performed and 

visualized using a volcano plot (Figure 41). Here, only one specific protein demonstrated a 

significant higher abundance in chronic non-healing wounds compared to healing wounds, 

which was the acute phase protein C-reactive protein (CRP; p = 0.004). Second highest 

abundant in chronic non-healing wounds, however not statistically significant in this cohort 

after FDR-based correction was Serum amyloid A-1 protein (SAA1; p = 0.081), another major 

acute phase protein. 
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Figure 41 ш Volcano plot for differentially abundant proteins in healing vs. non-healing wounds in the Wound-BIOME cohort. 

The plot depicts differentially expressed proteins or proteins present in greater or lesser relative abundance in comparison 
between healing and non-healing wounds (values were z-score 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, no protein) in non-
healing wounds. As an example, the 25 most differentially up- and downregulated proteins were annotated with their coding 
gene names. 

Since only one protein (CRP) demonstrated differential abundance between healing and non-

healing chronic wounds, the use of an over-representation 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 

ƣĲƖůШљ7ŔŸũŸŊŔĦċũШÂƖŸĦĲƚƚьШы7ÂьШƚőŸƽĲĬШƣőċƣШŔŰШĦőƖŸŰŔĦШŰŸŰ-healing wounds, the pathway of 

ћƓũċƣĲũĲƣШċĦƣŔƻċƣŔŸŰќШŔƚШhighly enriched, in contrast to multiple regulatory pathways of metabolic 

activity on various levels in healing wounds (Figure 42) potentially indicating an orderly 

balanced regenerative process in healing wounds.  
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Figure 42 ш ]ĲŰĲЮƚĲƣЮĲŰƖŔĦőůĲŰƣЮċŰċũǃƚŔƚЮё]ÉE ђЮŉŸƖЮĲŰƖŔĦőĲĬЮƓċƣőƽċǃƚЮŸŉЮƣőĲЮŊĲŰĲЮŸŰƣŸũŸŊǃЮё]§ђЮĦċƣĲŊŸƖǃЮџĤŔŸũŸŊŔĦċũЮ
ƓƖŸĦĲƚƚѠЮё7ÂђЮŔŰЮőĲċũŔŰŊЮĦŸůƓċƖĲĬЮƣŸЮŰŸŰ-healing wounds. 

[ŸƖШƣőĲШ]§ШƣĲƖůШљ~ŸũĲĦƨũċƖШ[ƨŰĦƣŔŸŰњШы~[ьШƣőĲШƓċƣőƽċǃƚШŸŉШћǍŔŰĦШŔŸŰШĤŔŰĬŔŰŊќШċŰĬШћƣƖċŰƚŔƣŔŸŰШ

ůĲƣċũШŔŸŰШĤŔŰĬŔŰŊќШƽĲƖĲШĲŰƖŔĦőĲĬШŔŰШƣőĲШ]ÉE ШŔŰШŰŸŰ-healing chronic wounds (Figure 43). In 

őĲċũŔŰŊШ ƽŸƨŰĬƚШ ŸŰШ ƣőĲШ ĦŸŰƣƖċƖǃЯШ ŉƨŰĦƣŔŸŰƚШ ƚƨĦőШ ċƚШ ћŸƖŊċŰŔĦШ ĦǃĦũŔĦШ ĦŸůƓŸƨŰĬШ ĤŔŰĬŔŰŊќЯШ

ћƓőŸƚƓőŸũŔƓŔĬШĤŔŰĬŔŰŊќШċŰĬШƻċƖŔŸƨƚШŸƣőĲƖШĦĲũũƨũċƖШċŰĬШĲǂƣƖċĦĲũũƨũċƖШĤŔŰĬŔŰŊШŉƨŰĦƣŔŸŰƚШƽĲƖĲШ

enriched.  

Figure 43 ш ]ĲŰĲЮƚĲƣЮĲŰƖŔĦőůĲŰƣЮċŰċũǃƚŔƚЮё]ÉE ђЮŉŸƖЮĲŰƖŔĦőĲĬЮƓċƣőƽċǃƚЮŸŉЮƣőĲЮŊĲŰĲЮŸŰƣŸũŸŊǃЮё]§ђЮĦċƣĲŊŸƖǃЮџůŸũĲĦƨũċƖЮ
ŉƨŰĦƣŔŸŰѠЮё~[ђЮŔŰЮhealing compared to non-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. non-healing 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. Immunomarker distribution patterns 

To gain an overview of the expression distribution of the immunomarkers investigated, a 

heatmap clustering was performed primarily (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 annotated at the bottom. The data was hierarchically stratified on the 

column level based on clinical assessment parameters into healing stage (from left to right), 

healing status (healing vs. non-healing), and microbial burden. Markers 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 were log10-transformed 

and z-scored.  

In general, non-healing wounds in the initial stages of healing and with elevated microbial 

burden exhibited increased immunomarker expression. Notably, infected and inflamed non-

healing wounds demonstrated a heightened expression level of the majority of inflammatory 

markers in comparison to non-infected, 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, including IL-1RA, G-CSF, TNF 

beta, IL-4, IL-13, and MMP-7. 13), Cluster B containing most growth factors (FGF-2, EGF, 

PDGF-BB), and Cluster C mainly consisting of type 1 and 3 immunity response markers as 

well as chemokines associated with pro-inflammatory 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 to non-healing or infected 

wounds, which show increased pro-inflammatory marker expression (darker coloring). 
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Figure 44 ш Heatmap of immunomarker measurements in swab samples stratified by clinical outcome parameter. 
Quantification results of all evaluated immunomarker are shown. Each column represents the swab sample of a patient, corresponding entities are shown in the bottom annotations. Data was 
hierarchically stratified on the column level based on clinical assessment parameters into healing stage (from left to right), healing status (healing vs. non-healing) and microbial burden. On the row 
level, hierarchical clustering using the canberra method for distance with complete linkage was performed selecting n=3 cluster. Lower concentrations of marker are depicted in lighter color, higher 
expression in darker red. Data is based on mean fluorescence intensity (MFI) which were log10-transformed and z-scored.  
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3.4.6. Immunomarker distribution based on wound entity differentiation 

Analysis of marker expression and distribution based on entity stratification revealed distinct 

patterns partially specific to certain subgroups of analytes investigated (Figures 45 т 48). 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 log10-transformed for better comparability (concentration in pg/mL). Data was analyzed 

using the non-parametric Kruskal-ìċũũŔƚШƣĲƚƣШƽŔƣőШ?ƨŰŰќƚШƓŸƚƣ-hoc test for multiple test 

ĦŸƖƖĲĦƣŔŸŰШċƣШċŰШ͈-level of 5% (p < 0.05).  

MMPs were especially elevated in diseases with a pathologic venous component (VLU and 

MIX) or in DFU compared to AW and WHD (Figure 45). MMP-1, MMP-2, MMP-8, MMP-9 and 

MMP-12 showed significantly higher expression in VLUs compared to AWs or WHDs (p < 

0.05). VLUs thereby often displayed the overall highest expression of MMPs amongst entities 

(MMP-1, MMP-8, MMP-9). For MMP-9 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-2, MMP-8 and MMP-12. For DFUs only MMP-12 and MMP-13 

demonstrated significantly elevated expression levels compared to AWs and WHDs (only for 

MMP-13). Generally, DFUs showed the highest levels for MMP-13 compared to other entities, 

also significantly higher than in PG (p = 0.0028). PGs only showed significantly elevated levels 

of MMP-8 and MMP-12 compared to AWs in this cohort. ALU only showed a significantly 

higher expression level compared to any other entity for MMP-8 (against AW; p = 0.0096). In 

contrast, AWs demonstrated elevated levels of MMP-3, and TIMP-1 compared to other 

entities. For both, AWs showed the highest levels in comparison, however for MMP-3 

significantly higher expression was only observed compared to WHD (p = 0.0018). For TIMP-1, 

AWs showed significantly higher expression levels compared to all other entities, except PGs. 
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Figure 45 ш Differences in matrix-metalloprotease (MMP)  expression between wound entities. 

Regarding chemokines, especially for MIXs significantly elevated levels compared to AWs or 

WHDs were observed (Figure 46). For CCL2, 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 AWs. 

  
Figure 46 ш Differences in chemokine expression between wound entities. 

For growth factors, a different pattern could be observed (Figure 47). Here, AWs showed 

higher expression levels compared to chronic wound entities for EGF and PDGF-BB. Thereby, 

EGF was especially significantly depleted in WHDs compared to AWs, but also compared to 

chronic wound entities (ALU, DFU, MIX, PG). PDGF-BB demonstrated a similar pattern with 

WHDs demonstrating significantly reduced levels compared to DFUs and MIXs and overall 

lowest expression levels of all entities. For FGF-2 however, 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 AWs (p = 0.0254). 

 
Figure 47 ш Differences in growth factor expression between wound entities. 

In the large group of cytokines investigated (Figure 48), 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 of pro-inflammatory cytokines 

compared to AWs 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 AWs, for most inflammatory markers (IL-1 ,͈ IL-4, IL-17A, IL-18, IL-21, G-CSF, 

GM-CSF, IFN gamma and TGF alpha). Especially analytes from the Interleukin-1 family (IL-1 

family) studied here (IL-1 ,͈ IL-1 ,͉ IL-1RA and IL-18) showed high expression patterns for 

chronic wound entities compared to AWs. This was also true for PGs, which in comparison did 

not show significantly elevated levels for other cytokine markers compared to AWs, except for 

GM-CSF (p = 0.0475) and TGF alpha (p = 0.0193). Interestingly, AWs demonstrated higher 

levels of IL-6, IL-10, IL-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 only for IL-6 

the levels were significantly different (p = 0.0123). 




























































































