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Summary    I 

Summary 

The enzyme hyaluronidase (HYAL) cleaves its substrate hyaluronic acid 

(hyaluronan; HA) generating fragments with size specific and widely differing cell 

specific activities. However, the molecular and cellular effects of applied HYAL 

on the physiological HA metabolism as well as the structural cells of the skin have 

not been fully elucidated. 

The aim of this work was the analysis of dose- and time-dependent molecular 

and cellular effects of HYAL on structural cells and HA metabolism of the skin. 

For this purpose, chip-based, genome-wide expression analyses (Affymetrix 

GeneChip® PrimeView™ human gene expression arrays), quantitative real-time 

polymerase chain reaction (RT-PCR) analyses, enzyme-linked immunosorbent 

assays (ELISA), immunohistochemical staining (DAB), and in vitro wound healing 

assays were used to characterize the dose-dependent and time-kinetic effects of 

HA and HYAL on human dermal fibroblasts (NHDF), primary human epidermal 

keratinocytes (HEK) and ex vivo cultured skin biopsies. 

Stimulation of NHDF with HA and HYAL showed up to 1.8-fold induced 

expression of HA synthases (HAS) in genome-wide expression analyses. In a 

cutaneous in vitro wound healing model, the addition of HA and HYAL resulted 

in significantly accelerated wound closure. Furthermore, HYAL induced HAS1 

and HAS2 mRNA gene expression in NHDF. Strikingly, the application of HYAL 

in low concentrations lead to a significantly higher induction of HAS compared to 

medium and high concentrations of HYAL. This observation correlated with 

elevated HA levels measured by ELISA in supernatants of HYAL-stimulated 

NHDF, with the highest HA levels detected after addition of HYAL at low 

concentration. Finally, in immunohistochemical analyses the addition of HYAL at 

low concentrations resulted in a pronounced HA accumulation in ex vivo cultured 

skin biopsies, while high concentrations of HYAL reduced dermal HA levels. 
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Zusammenfassung 

Das Enzym Hyaluronidase (HYAL) spaltet sein Substrat, die Hyaluronsäure 

(Hyaluronan; HA), in kleinere größenspezifische Fragmente, die sich durch 

unterschiedliche zellspezifische Eigenschaften auszeichnen. Die molekularen 

und zellulären Effekte applizierter HYAL auf die Regulation des HA-

Metabolismus sowie auf strukturelle Zellen der Haut wurden bis dato nur 

unzureichend untersucht. 

Das Ziel dieser Arbeit war es, die dosis- und zeitabhängigen molekularen und 

zellulären Effekte von HYAL auf strukturelle Zellen sowie den HA-Metabolismus 

der Haut zu analysieren. Dazu wurden Chip-basierte, genomweite 

Expressionsanalysen (Affymetrix GeneChip® PrimeView™ Human Gene 

Expression Arrays), quantitative Real-Time Polymerasekettenreaktion (RT-

PCR)-Analysen, Enzym-Linked Immunosorbent Assays (ELISA), 

immunhistochemische Färbungen (DAB) und in vitro-Wundheilungsassays 

durchgeführt, um die dosisabhängigen und zeitkinetischen Effekte von HA und 

HYAL auf humane dermale Fibroblasten (NHDF), primäre humane epidermale 

Keratinozyten (HEK) sowie ex vivo kultivierte Hautbiopsien näher zu 

charakterisieren. 

In genomweiten Expressionsanalysen zeigte die Stimulation von NHDF mit HA 

und HYAL eine bis zu 1,8-fach induzierte Expression von HA-Synthetasen (HAS). 

In einem kutanen in vitro-Wundheilungsmodell führte die Zugabe von HA und 

HYAL zu einem signifikant beschleunigten Wundverschluss. Darüber hinaus 

induzierte HYAL in NHDF die HAS1- und HAS2-mRNA-Genexpression. 

Interessanterweise führte die Anwendung von HYAL in niedrigen 

Konzentrationen im Vergleich zu mittleren und hohen Konzentrationen zu einer 

signifikant höheren Induktion von HAS. Diese Beobachtung korrelierte mit 

erhöhten, mittels ELISA gemessenen HA-Konzentrationen in Überständen 

HYAL-stimulierter NHDF, wobei die höchsten HA-Konzentrationen nach Zugabe 

niedrig-dosierter HYAL detektiert wurden. In immunhistochemischen Analysen 

zeigte sich schließlich, dass die Zugabe von HYAL in niedrigen Konzentrationen 

zu einer ausgeprägten HA-Akkumulation in ex vivo kultivierten Hautbiopsien 

führte, während hohe Konzentrationen von HYAL die dermale HA-Menge 

reduzierten. 
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Abbreviations 
 

BSA     Bovine serum albumin 

CD44      Cluster determinant 44 

cDNA     Complementary deoxyribonucleic acid 

CTRL     Control 

Da      Dalton 

DAB     3,3'-diaminobenzidine 

dT     Deoxy-thymidine 

ECM      Extracellular matrix 

EDC     Epidermal differentiation complex 

EDTA     Ethylenediaminetetraacetic acid 

EGF     Epidermal growth factor 

EGFR     Epidermal growth factor receptor 

ELISA     Enzyme-linked immunosorbent assay 

FC     Fold change 

FCS     Fetal calf serum 

GAG      Glycosaminoglycan 

GalNAc     N-acetylgalactosamine 

GlcA      Glucuronic acid 

GlcNAc     N-acetylglucosamine 

h     Hour 

HA      Hyaluronan 

HABP1    Hyaluronan-binding protein 1 

HaCaT Spontaneously immortalized human 

keratinocyte line 

HAS      HA synthase 

HBEGF    Heparin-binding EGF-like growth factor 

HEK      Human epidermal keratinocytes 

HMW-HA     High molecular weight HA 

HRP     Horseradish peroxidase 

HYAL      Hyaluronidase 

IL     Interleukin 
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LCE     Late cornified envelope gene cluster 

LMW-HA     Low molecular weight HA 

MMP     Matrix metalloproteinases 

MMW-HA     Medium molecular weight HA 

Mr     Relative molecular mass 

mRNA     Messenger ribonucleic acid 

NHDF     Normal human dermal fibroblasts 

OD     Optical density 

PBS     Phosphate-buffered saline 

PCR     Polymerase chain reaction 

PG      Proteoglycan 

pH     Potentia hydrogenii 

qPCR     Quantitative PCR 

RHAMM     Receptor for hyaluronic-acid-mediated motility 

RIN     RNA integrity number 

RMA     Robust multi-array average 

RNA     Ribonucleic acid 

ROS      Reactive oxygen species 

rRNA     Ribosomal ribonucleic acid 

RT-PCR    Real-time PCR 

SEM     Standard error of the mean 

SFM     Serum-free medium 

SPAM1     Sperm adhesion molecule 1 

TBS     Tris-buffered saline 

TGFA     Transforming growth factor alpha 

U     Unit 

UVB     Ultraviolet B 
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1. Introduction 

1.1 Human skin 

As the largest organ of the body, human skin accounts for approximately 15% of 

total body weight (Kanitakis, 2002). It covers the entire external surface and 

serves as an effective barrier against physical, chemical, and biological insults 

(Madison, 2003). In addition, skin is involved in thermoregulation and in 

prevention of excess water loss (Madison, 2003). 

Different layers of the human skin include: epidermis, dermis, and hypodermis 

(Wysocki, 1999). 

The most superficial epidermis is mainly composed of keratinocytes but also 

contains other cell populations, such as dendritic cells, melanocytes, Langerhans 

cells, and Merkel cells (Boulais and Misery, 2008). According to keratinocyte 

morphology and differentiation the epidermis can be divided from the deepest to 

the most superficial layer in: stratum basale, stratum spinosum, stratum 

granulosum, and stratum corneum (Simpson et al., 2011, Snell, 1965) (Fig. 1). 

Mitotically active cells in the stratum basale give rise to cells to the outer 

epidermal layers. Keratinocyte differentiation occurs as cells migrate to the 

surface of the skin which takes at least 28 days in human skin (Abdo et al., 2020, 

Usui et al., 2008). 

At the level of the basement membrane the epidermis connects to the underlying 

dermis. It is mostly composed of dense connective tissue that is divided into (i) 

the papillary layer which projects into the stratum basale of the epidermis and (ii) 

the reticular layer. The papillary dermis compromises a higher density of cells, a 

higher content of proteoglycans, and a weaker alignment of collagen fibers as 

compared to the reticular dermis (Meigel et al., 1977, Mine et al., 2008, Rippa et 

al., 2019, Smith and Melrose, 2015). The most prevalent cell type in the dermis 

are fibroblasts (Thulabandu et al., 2018). They are derived from the mesenchyme 

and play a pivotal role in the secretion of components of the extracellular matrix 

(ECM) (Tracy et al., 2016). 
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Fig. 1 Anatomy of human skin. Schematic illustration of distinct dermal components reflecting 

the complexity of their functions as a protective barrier. Human skin with a thickness of >100 µm 

consists of the epidermis, the dermis, and the subcutis. The epidermis is mainly composed of 

epidermal keratinocytes and can be divided into the stratum basale, the stratum spinosum, the 

stratum granulosum and the stratum corneum as the outermost barrier of the skin. Within the 

dermis, dermal fibroblasts produce and organize components of the extracellular matrix (ECM), 

e.g., collagen fibers and hyaluronan with proteoglycan monomers binding water molecules (H2O). 

Modified after:(Gerber et al., 2014, Nestle et al., 2009, Rock et al., 2012) 
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1.2 Extracellular matrix 

There are two main types of macromolecules which constitute the matrix: (i) 

proteoglycans (PGs) and (ii) fibrous proteins like collagens, elastins, fibronectins, 

and laminins (Iozzo et al., 2009). Whereas the fiber-forming molecules provide 

structure to the ECM by creating a complex three-dimensional framework, the 

nonfiber-forming structural molecules fill the extracellular interstitium forming a 

hydrated gel which functions as a charged, dynamic, and osmotically active 

space (Tracy et al., 2016). PGs are composed of glycosaminoglycan (GAG) 

chains which are covalently linked to a specific core protein – with the exception 

of hyaluronan (HA). GAGs are linear polysaccharide chains composed of 

repeating disaccharide units consisting of an amino sugar (N-acetylglucosamine 

(GlcNAc) or N-acetylgalactosamine (GalNAc)) and an uronic acid (glucuronic 

acid (GlcA)) that can be further divided into sulfated (chondroitin sulfate, heparan 

sulfate, and keratan sulfate) and non-sulfated HA (Frantz et al., 2010). 

The ECM is a highly dynamic structure that undergoes constant remodeling to 

control tissue homeostasis. It interacts with epithelial cells to regulate diverse 

functions including proliferation, migration, and differentiation (Bonnans et al., 

2014). Disturbances in the balance creates altered tissue architecture which 

impacts tissue function. Due to their ability to modify cellular properties, ECM 

components have become attractive targets for the emerging clinical use of 

bioactive wound dressing, engineered tissues, and topical wound treatments 

(Tracy et al., 2016). 

1.3 Hyaluronan (HA) 

HA consists of a linear polymer of repeating disaccharide units of [3)-β-D-N-

acetylglucosamine (GlcNAc)-β(1,4)-D-glucuronic acid (GlcA)-β(1] (Kobayashi et 

al., 2020) (Fig. 2). Unlike other GAGs, HA does not contain any sulfate and is not 

covalently linked to a protein core, but it may form non-covalently linked 

complexes with other PGs (i.e., versican, aggrecan) creating a hydrated and 

charged domain. 
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Fig. 2 Repeating disaccharide units of hyaluronan in human skin. Secondary chemical 

structure of negatively charged hyaluronan (HA) composed of n-repeating disaccharide units of 

glucuronic acid (GlcA) and N-acetylglucosamine (GlcNAc) with β-1,4- and β-1,3-glycosidic bonds. 

Hyaluronidase cleaves the bonds between GlcNAc and GlcA. Modified after:(de Oliveira et al., 

2016, Weber et al., 2019) 

 

Under physiological conditions, a typical polymer consists of 2,000 – 25,000 

disaccharides (molecular mass 106 – 107 daltons (Da) with polymer lengths of 2 –

25 m) (Toole, 2004). The total amount of HA in the human body is about 15  g 

for a 70 kg adolescent and has a high turnover of about 5 g per day which is 

precisely regulated through enzymatic synthesis and/or degradation (Volpi et al., 

2009). HA is most abundant in the skin (approximately 50%) but can also be 

found in the vitreous of the eye, the umbilical cord, and synovial fluid (Fallacara 

et al., 2018). In the skin HA is present in both the dermal connective tissue and 

the intercellular space of epidermis with exception of the upper granular layer and 

the stratum corneum (Juhlin, 1997, Tammi et al., 1994). Due to its excellent water 

binding capacity and viscoelastic properties, which are attributed to a high density 

of negative chain charges from carboxyl groups HA is highly effective in skin 

hydration even at low concentrations (Laurent, 1989). 

Besides providing structural framework in the ECM, HA has a wide variety of 

different functions which not only depend on chain length and concentration 

(Tavianatou et al., 2019), but also on the interaction with various HA-binding 
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proteins such as hyaladherins including aggrecan, neurocan, and versican. In 

addition, HA interacts with cell-surface receptors such as cluster determinant 44 

(CD44) and the receptor for hyaluronic-acid-mediated motility (RHAMM) either 

direct or by activating other receptors (Girish and Kemparaju, 2007, Knudson and 

Knudson, 1993, Turley et al., 2002). Thus, HA plays fundamental roles in 

regulating morphogenesis, migration, proliferation, and wound healing (Laurent 

and Fraser, 1992). In contrast, dysregulation of HA metabolism can result in 

altered production of HA and is associated with inflammation, malignant 

transformation, and metastasis (Adamia et al., 2005, Adamia et al., 2013, 

Fallacara et al., 2018, Kobayashi et al., 2020). 

1.4 Biological functions of hyaluronan polymers 

Biological functions of HA can differ depending on chain length and molecular 

mass (Girish and Kemparaju, 2007, Toole, 2004). Fragment size of HA can vary 

from high molecular weight HA (HMW-HA; >4 × 105 Da) and medium molecular 

weight HA (MMW-HA; 5 × 104 – 4 × 105 Da) to low molecular weight HA (LMW-

HA; <5 × 104 Da) (Buhren et al., 2016, Snetkov et al., 2020). Interestingly, HMW-

HA and LMW-HA can exhibit completely opposite effects and can provoke 

different biological responses. Whereas HMW-HA can be involved in tissue 

homeostasis and promotes anti-inflammatory, anti-proliferative, and anti-

angiogenic effects, the smaller HA fragments can lead to angiogenesis, cell 

proliferation, invasion, and inflammation (Bohaumilitzky et al., 2017, Stern et al., 

2006, Tammi et al., 2002, Tavianatou et al., 2019, Weigel and Baggenstoss, 

2017, Yang et al., 2012). Fragmentation of HMW-HA can result in two different 

ways: either mediated by enzymatic cleavage via exo-β-glycosidases and 

hyaluronidases (HYAL) or conducted non-enzymatically by reactive oxygen 

species (ROS) generated during inflammatory responses (Soltes et al., 2006, 

Weigel and DeAngelis, 2007). Indeed, increase in HA fragments might also be 

the result of HA synthases (HAS) when regulated to synthesize very small HA 

and thus producing smaller HA chains directly (Bracke et al., 2010, Lee-Sayer et 

al., 2015). 



Introduction    6 

1.5 Hyaluronan biosynthesis 

At the inner face of the plasma membrane HA is synthesized as a free linear 

polymer by specific enzymes (HA synthases; HAS) (Itano et al., 1999, Weigel et 

al., 1997). Three distinct highly conserved genes located on separated 

chromosomes encoding mammalian HAS have been cloned: HAS1 on human 

chromosome 19q13.4, HAS2 on human chromosome 8q24.12, and HAS3 on 

human chromosome 16q22.1 (Spicer et al., 1997). HAS isoforms exhibit distinct 

enzymatic properties in terms of activity and function which is regulated 

dynamically at transcriptional, post-transcriptional and post-translational levels 

(Heldin et al., 2019, Itano et al., 1999). Differential expression patterns of HA 

isoforms are cell-specific as they vary in different tissues and during different 

embryonic developmental stages and can be controlled by growth factors, 

cytokines and other proteins (Fallacara et al., 2018, Itano and Kimata, 2002). Of 

note, as biological and physiological roles of HA markedly depend on its size 

(Cyphert et al., 2015) each HAS can synthesize HA chains of various lengths 

(Weigel et al., 1997). In vitro analyzes revealed that HAS1 is the least active 

isoenzyme produces HA with an average molecular mass ranging from 2 × 105 

to ∼2 × 106 Da (Itano and Kimata, 2002, Itano et al., 1999). HAS2 which 

represents the main HAS in normal adult cells is more active compared to HAS1 

and synthesizes HA chains greater than 2 × 106 Da (Fallacara et al., 2018, Vigetti 

et al., 2014). HAS3 is the most active isoenzyme and produces HA of lower 

molecular weight size lower than 3 × 105 Da (Fallacara et al., 2018, Girish and 

Kemparaju, 2007, Papakonstantinou et al., 2012). As catalytic sites of HAS are 

located at the inner surface of the plasma membrane, the synthesized growing 

HA chains are extruded onto the cell surface in the plasma membrane via HAS 

protein complexes (Fallacara et al., 2018, Itano and Kimata, 2002, Weigel et al., 

1997). 

1.6 Hyaluronidase (HYAL) 

Regulation of HA synthesis and degradation is fundamental for skin homeostasis. 

HYALs are endoglucosaminidases randomly cleaving the β-N-acetyl-d-

glucosaminidic linkages (β-1,4 glycosidic bonds) of HA chains. Although they are 
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capable to hydrolyse chondroitin sulfate and chondroitin, they predominantly 

target HA (Fallacara et al., 2018, Stern and Jedrzejas, 2006). In humans, six gene 

sequences for HYAL genes have been recognized so far: gene sequences 

encoding for HYAL1, HYAL2, and HYAL3 which are clustered on chromosome 

3p21.3 as well as gene sequences for HYAL4, sperm adhesion molecule 1 

(SPAM1), and PHYAL1, a pseudogene, located on chromosome 7p31.3 (Csoka 

et al., 2001). In humans both HYAL1 and HYAL2 are the predominant isoforms 

to degrade HA and are highly expressed in somatic tissues (Csoka et al., 2001). 

Although similar in structure, they produce different reaction products. HYAL1 

can use HA of any size as a substrate and degrades HA into small fragments of 

one to six disaccharides (Bohaumilitzky et al., 2017, Girish and Kemparaju, 2007, 

Tavianatou et al., 2019). HYAL2 hydrolyses specifically HMW-HA into LMW-HA, 

thereby creating HA fragments of approximately 20 kDa which can be further 

degraded to smaller oligomers (Papakonstantinou et al., 2012, Stern, 2004). 

Apart from specific enzymatic degradation by HYALs, HA can also be fragmented 

by ROS and nitrogen species which are predominantly produced during 

inflammatory responses, ischemia, and malignancies (Fallacara et al., 2018, 

Soltes et al., 2006, Tavianatou et al., 2019). 

1.7 Biomedical application of HA and HYAL 

Due to its hygroscopic and highly viscoelastic nature, HA and HA-based products 

have gained popularity as major parts of pharmaceutical and biomedical 

components. Following large scale industrial preparation mostly via bacterial 

fermentation by Streptococci strains, HA has been implemented in a variety of 

biomaterial in clinical settings (Sze et al., 2016) such as skin tissue engineering 

in terms of wound dressing (Aya and Stern, 2014) but also soft tissue 

augmentation (Tezel and Fredrickson, 2008), viscosupplementation in 

osteoarthritis (Moreland, 2003), and opthalmological surgery (Neumayer et al., 

2008). In order to overcome rapid in vivo degradation of native HA, a number of 

chemical modification strategies including conjugation and crosslinking of HA 

have been developed recently to produce more insoluble HA polymers with 

improved customized activities (Fallacara et al., 2018, Knopf-Marques et al., 

2016).  Degradability studies show that the concentration and the degree of 



Introduction    8 

crosslinking of native HA can affect sensitivity to enzymatic degradation by HYAL  

(Buhren et al., 2018). As an endoglycosidase, HYAL cleaves HA thereby 

increasing membrane permeability, reducing viscosity, and rendering tissues 

more permeable to injected fluids which is characterized as a spreading effect 

(Buhren et al., 2016, Girish and Kemparaju, 2007). Thus, currently HYAL is 

frequently used to accelerate subcutaneous drug adsorption and dispersion 

(Kallio et al., 2000), for hypodermoclysis (Constans et al., 1991), management of 

extravasation injuries  (Bellin et al., 2002), and dissolution of misplaced HA-based 

fillers (Bailey et al., 2014, Weber et al., 2019). Different commercially available 

formulations of HYAL that have been used in several medical fields include 

agents derived from purified bovine testis (Hylase Dessau®, Riemser Pharma 

GmbH, Greifswald, Germany), from purified ovine testis (Vitrase®, ISTA 

Pharmaceuticals (Bausch & Lomb), Bridgewater, NJ), and human recombinant 

agents (Hylenex®, Halozyme, San Diego, CA) (Lee et al., 2010). 

1.8 Institutional review board statement 

The study was reviewed and approved by the institutional review board, the 

“Ethikkommission an der Medizinischen Fakultät der Heinrich-Heine-Universität 

Düsseldorf” (study numbers 2882 & 6058R). 

1.9 Aim of the thesis 

The extracellular matrix (ECM) of the skin comprises a three-dimensional network 

which is composed of an array of macromolecules organized in a cell-specific 

manner providing tensile strength but also playing a role in the regulation of a 

wide variety of cellular mechanisms including proliferation, adhesion, migration, 

and gene regulation. One significant but also abundant component of the ECM is 

HA. Due to its unique hydrophilic nature, it has the capacity to bind and retain 

great amounts of water thereby influencing physicochemical properties and cell 

biological functions of tissues. Degradation of HA can occur through free 

chemical radicals and enzymatically by different hyaluronidases (HYAL1 – 2) 

leading to smaller fragments of different sizes, which are then further degraded. 

Interestingly, biological functions of HA are related directly to its fragment size. 
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Therefore, the synthesis of individual-sized HA fragments but also the size-

dependent degradation of high molecular weight HA by HYAL is critically involved 

in the regulation of the ECM. To date, limited information is available regarding 

the mechanisms of HA catabolism and HYAL-HA interactions at the cellular and 

molecular levels in the skin. 

 

In this thesis the following points were addressed: 

1. Comprehensive genome-wide Affymetrix GeneChip® expression analyses 

of HA and HYAL application in structural cells of the skin (human dermal 

fibroblasts (NHDF), human epidermal keratinocytes (HEK)). 

2.  Dose-dependent effects on the biosynthesis of HA following HA and 

HYAL application in NHDF and HEK. 

3. Time-kinetic effects on the biosynthesis of HA following HA and HYAL 

application in NHDF and HEK. 

4.  Role of HA and HYAL on the healing of artificial wounds in vitro. 
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3. Discussion 

The effects of HA and HYAL on structural cells in normal human skin have not 

been clarified in detail, yet. In this thesis, new insights in HA metabolism have 

been gained by means of comprehensive genome-wide Affymetrix GeneChip® 

expression analyses followed by qPCR validation and quantitative protein 

analyses. 

Comprehensive literature search suggests an important role of structural skin 

cells such as dermal fibroblasts but also epidermal keratinocytes in HA 

metabolism. For instance, a wide variety of chemical signals have been found to 

stimulate HA biosynthesis such as cytokines like transforming growth factor-β 

(Midgley et al., 2013, Sugiyama et al., 1998) or interferon-γ (Sayo et al., 2002), 

different growth factors like epidermal growth factor (Jeon et al., 2019, Rock et 

al., 2012) or keratinocyte growth factor (Karvinen et al., 2003), but also retinoic 

acid (Saavalainen et al., 2005) as well as enzymatic degradation (Larnier et al., 

1989). However, regulatory mechanisms of HA synthesis remain elusive. 

In this thesis, initial Affymetrix GeneChip® expression analyses were carried out 

to systematically investigate the effects of HA and HYAL in NHDF. Consecutively, 

in comprehensive bioinformatic analyses, gene lists were generated containing 

the 50 most upregulated and most downregulated genes (Tables S1 – S6). 

Following 24 hours (h) stimulation of NHDF with bovine HYAL, induction of 

different genes within the late cornified envelope gene cluster (LCE2A, LCE2C, 

LCE3A, LCE1F) could be observed. These genes which encode major proteins 

of late epidermal differentiation are located on human chromosome 1q21 and 

belong to the “epidermal differentiation complex” (EDC) (Kypriotou et al., 2012, 

Mischke et al., 1996). LCE genes are attributed to skin barrier function and 

respond to environmental stimuli such as changes in calcium levels and UVB 

irradiation (Bergboer et al., 2011, Jackson et al., 2005). 

The list of top 50 induced genes also includes candidates which are involved in 

tissue repair and regeneration such as matrix metalloproteinases (MMPs) but 

also comprises ligands of the epidermal growth factor receptor (EGFR) signaling 

pathway like heparin-binding EGF-like growth factor (HBEGF) and transforming 

growth factor alpha (TGFA). MMP-10 or stromelysin-2 (fold change 2.02, rank 20, 

Table S1) is able to degrade several collagens and non-collagenous connective 
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tissue substrates including proteoglycans, and is found to be induced at the 

leading edge of the wounding site in response to skin injury (Caley et al., 2015, 

Vaalamo et al., 1996). The epidermal growth factor (EGF) family members 

HBEGF (fold change 1.98, rank 26, Table S1) and TGFA (fold change 1.93, rank 

20, Table S1) are critical regulators of migration, proliferation and differentiation 

of many cell types involved in wound healing and are each capable of stimulating 

HA synthesis (Bachem et al., 1989, Pasonen-Seppanen et al., 2008). 

Interestingly, EGFR knockout mice showed striking abnormalities such as wavy 

hair and deficient skin barrier function (Buhren, 2009, Lichtenberger et al., 2013, 

Shirakata et al., 2005). Shirakata et al. found that HBEGF is induced in wound 

healing predominantly at the migrating epidermal edge and functions by 

accelerating migration responses of human keratinocytes (Shirakata et al., 2005). 

HBEGF as an EGFR ligand is also required to mediate wound healing associated 

synthesis of HA and epithelial-mesenchymal transition (Monslow et al., 2009, 

Stoll et al., 2012). In contrast, neutralization of HBEGF results in diminished 

accumulation of HA after tissue injury (Dao et al., 2018). 

Additionally, interleukin-8 (IL-8; fold change 1.83, rank 50, Table S1) is well 

known to be expressed by numerous cells including fibroblasts (Strieter et al., 

1989) and keratinocytes  (Kondo et al., 1993). It plays a pivotal role in neutrophil 

recruitment and degranulation (Taub et al., 1996) and is also known to induce 

keratinocyte migration and proliferation, and enhanced re-epithelialization 

(Baggiolini et al., 1989, Rennekampff et al., 2000). 

Finally, the HA synthase HAS3 (fold change 1.80, rank 58, data not shown) 

showed an induced expression after HYAL stimulation in NHDF. Interestingly, in 

HYAL-treated NHDF the mRNA transcription levels of the HA synthase isoforms 

HAS1 and HAS2 are also increased. 

Thus, in summary, there is a relevant set of gene candidates each strongly and 

positively associated with wound healing and tissue remodeling. 

In line with these findings, published data suggests that enzymatic degradation 

of HA but also HA itself can stimulate HA induction in in vitro cell culture systems. 

The working group of Larnier et al. analyzed the effects of bovine testicular HYAL 

treatment on the incorporation of [3H]-glucosamine into HA in human skin 

fibroblast cultures. They found that the enzymatic degradation of HA by HYAL 

induced a specific stimulation of HA synthesis which resulted in an increase in 
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the amount of newly synthesized HA secreted into the medium (Larnier et al., 

1989, Moczar and Robert, 1993). Equivalently, results in this thesis show that 

treatment with HYAL increases HA amounts in conditioned supernatants of 

NHDF as measured by ELISA. Of interest, elevated HA amounts were especially 

found in the medium of those cells which showed high mRNA expression of the 

HA synthase HAS2 but no other isoforms. 

A wide variety of studies showed that HAS2 is the major isoform responsible for 

HA synthesis in fibroblastic cells (Sapudom et al., 2020). HAS2 is the only gene 

which knockout deletion (Has2-/- mice) leads to embryonic lethality at day 9.5 due 

to a failure to form HA-rich organs. Those mice exhibit severe cardiac and 

vascular deficiencies. Interestingly, administering of exogenous HA or restoring 

gene function in Has2-/- explants could rescue abnormalities (Camenisch et al., 

2002, Camenisch et al., 2000, Passi et al., 2019). Moreover, Röck et al. found 

that HAS2 appeared to be the most abundant isoform in skin fibroblasts as the 

extent of HAS2 downregulation correlated with the decrease of HA secretion 

(Rock et al., 2011). Data therefore highlights the predominant role of HAS2 in the 

regulation of HA and reveals its important role for HA metabolism. 

However, the increase of HA amount in the supernatants of HYAL-treated NHDF 

might be explained as a potential compensatory mechanism of transient HYAL-

induced HA loss in fibroblasts (Fig. 3). As a consequence, HA synthesis might be 

induced and therefore compensate HYAL-mediated degradation of HA locally. 

Another possible explanation could be the passive clearing of membrane-bound 

HA into the medium. Since radioactive HA labeling and HYAL activity studies 

were not included in this thesis, these specific questions could be addressed in 

future experiments. 

In this thesis dose-titration experiments were performed. Here, NHDF were 

treated with decreasing doses of HYAL. Unexpectedly, HAS2 mRNA gene 

expression increased with decreasing concentration of HYAL. Interestingly, the 

strongest induction of HAS2 could be observed in cells when HYAL was used at 

its lowest concentration (0.015 U/ml). Analogously, the highest amount of newly 

synthesized HA was measured in supernatants of those cells treated with the 

lowest concentration of HYAL. 
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Fig. 3 Putative role of HYAL in HA metabolism. (A) The injection of low-dose HYAL into the 

skin depolymerizes HA into smaller fragments. (B) HYAL and HYAL-mediated breakdown 

products induce the upregulation of HA synthase genes such as HAS2. (C) The induction of HA 

synthesis leads to an accumulation of HA compensating the HYAL-mediated degradation of HA 

locally. Modified after:(Buhren et al., 2020) 
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Finally, in ex vivo human skin samples incubated with HYAL, quantitative 

immunohistochemical analyses revealed similar observations: whereas the 

application of low dose HYAL (0.015 U/ml) led to a pronounced accumulation of 

HA, high concentrations of HYAL (15 U/ml) reduced the level of measured dermal 

HA. Correspondingly, the working group of Philipson et al. (Philipson et al., 1985) 

could show that low dose HYAL treatment of cells in a monolayer culture caused 

a 4- to 5-fold stimulation of HA activity not only in cultured cells but also in isolated 

membrane preparations (Philipson and Schwartz, 1984) which suggests the 

presence of a feedback mechanism enabling cells to sense levels of HA that has 

been synthesized (Stern, 2003, Stern, 2004). After HA is synthesized at the inner 

side of the plasma membrane, it is extruded to the cell surface where it can be 

degraded extracellularly by exogenously added HYAL (Prehm, 1984). 

Consequently, the transient hyaluronidase degradation of HA which translates 

that only insufficient quantities of HA have been synthesized might in turn result 

in an induction of HA synthesis to compensate HA deficits (Stern, 2003). An ever 

increasing number of evidences suggest the existence of a putative mini-

organelle lying just under and partially embedded within the plasma membrane 

that is responsible for such a feedback mechanism (Stern, 2004). This putative 

multi-protein membrane associated complex containing both synthetic and 

catabolic activities might provide sensitive sensor mechanisms to respond 

dynamically to a variety of metabolic states (Stern, 2010). Decades ago, the 

working group of Mian et al. characterized a high-Mr plasma-membrane-bound 

protein as a constituent of HA synthase complex featuring catabolic activity that 

was purified from human skin fibroblasts  (Mian, 1986b, Mian, 1986a). On the 

basis of parallels to glycogen granules which occur in muscle and liver tissue, 

some years later Robert Stern proposed a name for this mini-organelle – the 

hyaluronasome (Stern, 2003, Stern, 2010). Also still speculative, Robert Stern 

suggested that the hyaluronasome might be a membrane-bound structure which 

can respond dynamically to extracellular events but also intracellular metabolic 

states of the cell to regulate levels of HA deposition with great precision (Stern, 

2003, Stern, 2004). When the HA polymer after it is being extruded into the 

extracellular space is constantly clipped and degraded by HYAL this 

“misinformation” that only insufficient HA has been generated could in turn 

stimulate HA synthesis in a positive feedback loop (Fig. 3). Therefore, the 
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existence of such a multiplayer like the hyaluronasome could explain 

observations that low dose treatment of HYAL rather leads to induction of HA-

metabolism as compared to higher concentrations of HYAL which will lead to a 

total breakdown of all available HA as could be demonstrated in this thesis’ ELISA 

experiments. Still to be elucidated, in order to provide the structural organization, 

the hyaluronasome could work as a functional unit containing a variety of tools 

such as the HA receptors RHAMM and CD44, the HA synthase enzymes HAS1, 

HAS2, HAS3, the hyaluronidases, the hyaluronidase inhibitors, and hyaluronan 

binding protein 1 (HABP1) (Stern, 2003). Especially, the HA receptor CD44 which 

is plasma membrane bound seems to be an ideal candidate involved in a 

potential feedback mechanism described above. Of interest, it has already been 

shown that the expression of CD44 alternative splicing isoforms can be 

modulated in response to HYAL treatment (Stern et al., 2001, Tanabe et al., 

1993). In addition, Dowthwaite et al. could show that the decrease in liberated 

HA by HYAL treatment in fibrocartilage cells not only significantly increased the 

release of HA into tissue culture media over 24 h but was also associated with an 

increased CD44 expression, induction of HA synthase gene expression, and an 

enhanced binding of HA to the cell surface (Dowthwaite et al., 2003). In order to 

proof the existence of such a mini-organelle which (i) instructs the cell on how 

much HA has been made and (ii) which can respond dynamically to synthesize 

the needed amount of HA, cellular signal transduction analyses and 

immunohistochemical colocalization studies are still required to allow mechanistic 

insights. 

As demonstrated above, there is a dynamic feedback mechanism between HA 

synthesis and degradation which regulates the net deposition of HA in the cell. 

Out of a variety of cells from fibroblastic and epithelial origin, dermal human 

fibroblasts exhibit highest HA synthesizing activity (Li et al., 2007). Published data 

as well as results presented in this thesis indicate that HAS3 plays a crucial role 

in regulation of HA synthesis within the epidermis as demonstrated in cultured 

keratinocytes (Malaisse et al., 2014, Sayo et al., 2002), while HAS2 produces HA 

in fibroblasts  (Rock et al., 2011, Sapudom et al., 2020, Yamada et al., 2004). In 

addition, in NHDF the overall basal HA production was stronger as compared to 

HEK. 
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Until now, effects of HA and HYAL on re-epithelialization of wounds are not yet 

fully understood. Wound healing is comprised of complex, sequential and 

dynamic processes that can be divided into four distinct phases overlapping in 

time and space: (i) haemostasis, (ii) inflammation, (iii) proliferation, and (iv) 

remodeling (Ghatak et al., 2015). Firstly, at the site of injury vascular constriction 

and platelet aggregation trigger the formation of a temporary fibrin clot which 

provides a provisional matrix for migrating cells (Maytin, 2016). Adherence of 

platelets to the injured endothelium, coagulation, and the activated-complement 

pathways lead to the release of chemokines and numerous vasoactive mediators 

thereby recruiting a variety of cells of the inflammatory phase (DiPietro et al., 

1998, Gosain and DiPietro, 2004, Singer and Clark, 1999). Once the leakage 

from damaged blood vessels is controlled, inflammatory cells such as 

neutrophils, macrophages, and lymphocytes sequentially infiltrate into the wound 

attracted by chemotaxis (Ghatak et al., 2015). Following clearance of invading 

pathogens and cellular debris, neutrophils are phagocytosed by macrophages 

which help the resolution of inflammation (Ghatak et al., 2015). The third phase 

is characterized by rapid cellular migration and proliferation leading to the 

formation of a newly synthesized ECM – the granulation tissue (Velnar et al., 

2009). Thereafter, the phase of remodeling takes several months which results 

in increased wound strength and scar tissue formation (Maytin, 2016). Although 

it has been well established that HA is associated with tissue repair, it appears to 

have distinct biological effector functions depending on the basis of its molecular 

weight and depending on the circumstances under which it is produced (Chen 

and Abatangelo, 1999, Noble, 2002). Immediately after skin injury an 

accumulation of especially HMW-HA occurs in the ECM which is fundamental for 

clot formation (D'Agostino et al., 2015). Thereafter, in the inflammatory phase of 

wound healing, particularly LMW-HA can be found in the wounding bed which 

partly results from HMW-HA breakdown due to the rising levels of HYAL which is 

produced in the wound (D'Agostino et al., 2015, Maharjan et al., 2011, Noble, 

2002). The major function of these HA fragments includes the modulation of 

inflammatory and fibroblast cell migration, synthesis of proinflammatory 

chemokines, and activation of macrophages for phagocytosis (Chen and 

Abatangelo, 1999, D'Agostino et al., 2015, Ghatak et al., 2015, Stern et al., 2006). 
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Evidence from fundamental literature suggests a beneficial role of exogenously 

applied HA for cutaneous tissue repair (Aya and Stern, 2014, D'Agostino et al., 

2015, Diegelmann and Evans, 2004, Galeano et al., 2011, Prosdocimi and 

Bevilacqua, 2012). In this thesis’ wound healing assay, which was performed on 

a monolayer of scratched dermal fibroblasts, treatment with HA resulted in faster 

wound healing as compared to medium controls. Of interest, treatment with HYAL 

enhanced wound closure rate to the same extend. Interestingly, acceleration of 

cutaneous wound healing in the presence of HYAL has also been described by 

Fronza et al. in an in vivo full thickness excision wound model in Wistar rats 

(Fronza et al., 2014). Depending on the stage of wound healing they found an 

increased migration and proliferation of fibroblasts, induction of proinflammatory 

cytokines, a robust increase in the organization of collagen fibers, and an 

augmentation in angiogenesis (Fronza et al., 2014). Especially LMW-HA has 

been suggested to play a pivotal role in tissue repair (West et al., 1985). As HYAL 

is able to depolymerize HA, it might contribute to the balance between HA 

synthesis und HA fragmentation. Size specific degradation products of HA might 

then be beneficial as healing promoting agents for cutaneous injuries (Fronza et 

al., 2014). 

Decreased wound healing capacity in the aging skin is attributed in part to age-

dependent changes in HA metabolism such as decreased ability to process HA  

(Meyer and Stern, 1994, Stern and Maibach, 2008). Similarly, in the wounded 

skin of aged mice Reed et al. found decreased levels of LMW-HA in comparison 

to the dermis of young mice (Reed et al., 2013). The lack to generate such small 

fragments either due to reduced HYAL expression in the aged wound dermis  

(Reed et al., 2013) or due to an inability to synthesize smaller fragments would 

then compromise the healing process. In the aging human skin, the use of HA 

fillers for soft tissue augmentation has become increasingly popular due to its 

efficiency and safety since excessed material can be removed with the help of 

HYAL (Buhren et al., 2018, Buhren et al., 2016). Whether the improved 

appearance of skin is accompanied by the passive augmentation of physical 

volume or other mechanisms which include remodeling of the ECM is elusive. 

The study group of Wang et al. examined photodamaged skin biopsies of healthy 

volunteers after dermal HA filler injections and found a de novo synthesis of 

type  I collagen which they attributed to mechanical stretching and consequent 
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activation of collagen-producing fibroblasts in the dermis (Wang et al., 2007). 

Later on, the laboratory of Voorhees and Fisher showed that the injection of a 

cross-linked HA (Restylane®) into aged skin stimulated localized proliferation of 

fibroblasts and increased epidermal thickness (Quan et al., 2013). Examined 

fibroblasts were associated with type I collagen synthesis and exhibited an 

elongated stretched morphology resembling those in healthy young skin, 

suggesting that functional capacity in the aging skin can be partially restored 

(Fisher et al., 2016, Roy et al., 2020, Quan et al., 2013). However, it is to consider 

that the activation of ECM producing cells might be the result of different 

possibilities such as direct binding of HA fillers to cellular receptors, mechanical 

forces, or the result of low-level inflammation induced by the HA filler itself leading 

to fragmentation of HA (Quan et al., 2013). Thus, the increased concentration of 

HA fragments might then be beneficial in the rejuvenation of aged skin as it 

stimulates dermal fibroblasts to increase products of the ECM such as collagen 

and HA thereby restoring components which have been lost in photoaging. In this 

thesis, the external application of low-dose HYAL might utilize similar effects as 

it can elevate available amounts of fragmented HA via enzymatic degradation of 

HA which in turn might stimulate functional activation of fibroblasts. However, the 

dose-dependent application of small HA fragment sizes was not investigated in 

our study which could be addressed in future studies. 

In conclusion, the endoglucosaminidase HYAL is a bioactive enzyme that can 

exert a wide variety of effects on the HA metabolism in structural cells of the skin. 

Evidently, in this thesis it was demonstrated that especially low concentrations of 

HYAL resulted in a significant induction not only of HAS genes but also in an all 

over HA accumulation. In contrast, higher concentrations of HYAL 

downmodulated the amount of HA. Therefore, results of this thesis indicate that 

low-dose HYAL treatment might be involved in activating dermal fibroblasts to 

stimulate HA synthesis. Additionally, findings of this thesis point toward an 

important role of HYAL in wound healing as HYAL accelerates wound closure in 

an in vitro wound scratch model of dermal fibroblasts. Nevertheless, future 

experiments aiming to unravel the underlying mechanisms of HA and HYAL 

biology are necessary for potential medical applications not only for 

dermatologists but also for other clinicians as well. 
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