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1 Summary 
In the skin, a highly regulated interplay between keratinocytes, immune cells, and 

the skin microbiome provides a protective barrier against skin infections with 

Staphylococcus aureus (S. aureus). A disturbance of this balance can lead to 

increased S. aureus colonization of the skin, which is particularly evident in atopic 

dermatitis (AD), an inflammatory skin disorder with an impaired barrier function of the 

skin. The abundant presence of S. aureus on AD skin exacerbates inflammation and 

barrier defects in the skin. In order to develop effective treatments, it is crucial to 

understand how the immune system interacts in this scenario. Neutrophils, while 

essential for fighting S. aureus, may paradoxically create a favorable environment for 

its colonization in inflammatory skin conditions, particularly through interactions with 

keratinocytes and NET formation. However, the underlying mechanisms of this 

phenomenon remain unknown.  

Therefore, this work aimed to provide a detailed mechanistic understanding of how 

S. aureus colonization is enhanced in inflamed skin through the actions of neutrophils 

and NETs. We have demonstrated that disruption of the skin barrier by tape-stripping 

enhances S. aureus colonization of the skin and the presence of neutrophils in the skin 

in an in vivo epicutaneous colonization model. Neutrophil depletion reduced this 

enhanced S. aureus colonization revealing a functional role for them in this scenario. 

Further in vitro investigations using a human co-culture system of primary human 

keratinocytes and neutrophils showed that neutrophils co-incubated with keratinocytes 

are primed for NET formation in response to S. aureus infection. We show that the 

increased presence of neutrophils and NETs causes oxidative stress in the skin, which 

triggers the secretion of HMGB1. Extracellular HMGB1 induces further oxidative stress 

in the skin and NET formation in infiltrating neutrophils, leading to the decreased 

expression of epidermal barrier proteins and increased S. aureus colonization of the 

skin. The clinical evidence of our study is supported by analyses showing increased 

levels of HMGB1, neutrophils and NETs in the skin of AD patients.   

Since neutrophils possess immunomodulatory functions and are associated with the 

exacerbation of skin inflammation in a variety of skin diseases, we investigated how 

the interaction between keratinocytes and neutrophils in the skin affects the immune 

response to S. aureus skin infections. Using our in vitro co-culture model, we showed 
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that co-culturing neutrophils with keratinocytes leads to a significant prolongation of 

neutrophil lifespan, mediated by secreted IL-8, which was associated with an increased 

activity of neutrophils against S. aureus. Furthermore, prolonged co-culture with 

neutrophils induced inflammation in keratinocytes, which was exacerbated by S. 

aureus infection. Notably, the skin commensal S. epidermidis reduced neutrophil-

mediated skin inflammation in keratinocytes and induced apoptosis in activated 

neutrophils, suggesting a beneficial role of the skin microbiome in preventing excessive 

skin inflammation.  

In conclusion, this work provides the intriguing finding that the interaction between 

neutrophils and keratinocytes plays a critical role in S. aureus skin infections in 

inflamed skin. First, a crosstalk between keratinocytes and neutrophils primes 

neutrophils for NET formation, which promotes S. aureus colonization of the skin by 

causing skin barrier defects in a ROS-dependent manner. Second, the interplay 

between neutrophils and keratinocytes exacerbates skin inflammation induced by S. 

aureus infection. Therefore, we propose that the blockade of the interaction between 

neutrophils, NETs, and keratinocytes could serve as a potential treatment approach for 

skin disorders associated with S. aureus colonization, such as AD.  
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2 Zusammenfassung  
In der Haut sorgt ein hochgradig reguliertes Zusammenspiel zwischen 

Keratinozyten, Immunzellen und dem Hautmikrobiom für eine schützende Barriere 

gegen Staphylococcus aureus (S. aureus) Hautinfektionen. Eine Störung dieses 

Gleichgewichts kann zu einer verstärkten Besiedlung der Haut mit S. aureus führen, 

was besonders bei atopischer Dermatitis (AD), einer chronisch-entzündlichen 

Hauterkrankung mit gestörter Hautbarrierefunktion, deutlich wird. Die erhöhte S. 

aureus Kolonisierung in der AD-Haut verschlimmert die Entzündung und die Barriere 

Störungen in der Haut. Für die Entwicklung wirksamer Behandlungen ist es 

entscheidend zu verstehen, wie das Immunsystem in diesem Szenario interagiert. 

Neutrophile, die für die Bekämpfung von S. aureus unerlässlich sind, können 

paradoxerweise bei entzündlichen Hauterkrankungen ein günstiges Umfeld für die 

Besiedelung der Haut mit S. aureus schaffen, insbesondere durch Interaktionen mit 

Keratinozyten und der Bildung von neutrophilen extrazellulären Fallen (NETs). Die 

diesem Phänomen zugrunde liegenden Mechanismen sind jedoch unbekannt.  

Ziel dieser Arbeit war es daher, ein detailliertes mechanistisches Verständnis 

darüber zu erlangen, wie die S. aureus Kolonisierung in entzündeter Haut durch die 

Wirkung von Neutrophilen und NETs gefördert wird. Anhand eines in vivo epikutanen 

Kolonisierungsmodells konnten wir zeigen, dass eine Störung der Hautbarriere durch 

Tape-stripping die Kolonisierung der Haut mit S. aureus und die Anwesenheit von 

Neutrophilen in der Haut erhöht. Die Depletion von Neutrophilen reduzierte diese 

erhöhte S. aureus Kolonisierung, was auf eine funktionelle Rolle der Neutrophilen in 

diesem Szenario hindeutet. Weitere in vitro Untersuchungen unter Verwendung eines 

humanen Ko-Kultursystems aus primären humanen Keratinozyten und Neutrophilen 

zeigten, dass die Ko-Kultur mit Keratinozyten die Neutrophilen zur Bildung von NETs 

als Reaktion auf eine S. aureus-Infektion anregt. Wir postulieren, dass die erhöhte 

Anwesenheit von Neutrophilen und NETs oxidativen Stress in der Haut induziert und 

die Sekretion von HMGB1 anregt. Extrazelluläres HMGB1 vermehrt die Induktion von 

oxidativem Stress in der Haut und die Bildung von NETs in infiltrierenden Neutrophilen, 

was zu einer Herunterregulierung von epidermalen Barriere Proteinen und einer 

verstärkten Kolonisierung der Haut mit S. aureus führt. Die klinische Relevanz unsere 



Zusammenfassung 

 13 

Studie wird durch Analysen unterstützt, die ein erhöhtes Vorkommen von Neutrophilen, 

NETs und HMGB1 in der Haut von AD-Patienten zeigen. 

Da Neutrophile immunomodulatorische Funktionen besitzen und mit der 

Verschlimmerung von Entzündungen bei einer Reihe von Hautkrankheiten in 

Verbindung gebracht werden, haben wir untersucht, wie die Interaktion zwischen 

Keratinozyten und Neutrophilen in der Haut die Immunantwort auf S. aureus 

Hautinfektionen beeinflusst. Mit unserem in vitro Ko-Kultursystem konnten wir zeigen, 

dass die Ko-Kultivierung von Neutrophilen und Keratinozyten zu einer signifikanten 

Verlängerung der Lebenszeit der Neutrophilen führt, die durch die Sekretion von Il-8 

vermittelt wird und mit einer erhöhten Aktivität der Neutrophile gegen S. aureus 

einhergeht. Außerdem führte eine längere Ko-Kultur mit Neutrophilen zu einer 

entzündlichen Reaktion der Keratinozyten, die durch eine S. aureus Infektion noch 

verstärkt wurde. Bemerkenswert ist, dass der Kommensale S. epidermidis die durch 

Neutrophile vermittelte Hautentzündung reduzierte, was auf eine positive Rolle des 

Hautmikrobioms bei der Verhinderung übermäßiger Hautentzündungen hindeutet.  

Zusammenfassend liefert diese Arbeit die interessante Erkenntnis, dass die 

Interaktion zwischen Neutrophilen und Keratinozyten eine entscheidende Rolle bei S. 

aureus Infektionen in entzündeter Haut spielt. Erstens regt eine Wechselwirkung 

zwischen Keratinozyten und Neutrophilen die Neutrophilen zur Bildung von NETs an, 

die die Kolonisierung der Haut mit S. aureus fördern, indem sie auf ROS-abhängige 

Weise Defekte der Hautbarriere verursachen. Zweitens verschlimmert das 

Zusammenspiel von Neutrophilen und Keratinozyten die durch eine S. aureus Infektion 

ausgelöste Hautentzündung. Dies deutet darauf hin, dass eine Blockade der 

Interaktion zwischen Neutrophilen, NETs und Keratinozyten als potenzieller 

Behandlungsansatz für Hauterkrankungen dienen könnte, die mit der Kolonisierung 

durch S. aureus assoziiert sind, wie z.B. AD.  
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3 Introduction 

3.1 The skin immune system 

The skin is a complex organ that acts as a barrier between our body and the 

environment. As such, it ensures physiological homeostasis by stabilizing body 

temperature and by preventing water loss as well as the invasion of exogenous 

substances and microbes 1. Beyond providing a mechanical barrier, the skin fulfils 

crucial immunomodulatory functions that help maintain homeostasis and protect the 

host from inflammatory or infectious conditions 2. The epidermis, the uppermost layer 

of the skin, is made up primarily of keratinocytes.  Keratinocytes are the first cells to 

be exposed to exogenous pathogens such as Staphylococcus aureus (S. aureus), a 

facultative pathogen that causes most human skin infections 3. Therefore, they are 

critical for the initiation and maintenance of inflammation. Besides keratinocytes, 

several other cell types that either reside in or infiltrate the skin are involved in skin 

immunity 4,5. The effective immune function of the skin is mediated by the highly 

regulated interplay between these different cell types and skin-inhabitant 

microorganisms, e.g., the skin commensals. This interplay must be tightly controlled, 

as dysregulation of the skin immune system can lead to infection or chronic 

inflammation and the development of autoimmune diseases for instance 1,2,4. One 

example of an inflammatory skin condition is atopic dermatitis (AD). The skin barrier of 

AD patients is compromised, resulting from excessive skin inflammation mediated by 

various cells either residing or infiltrating in the skin 6-8. Additionally, there is a shift in 

the skin microbiome, with an overabundance of S. aureus 9. Inflammation-induced 

impairment of the skin barrier facilitates S. aureus colonization of the skin, causing 

additional skin inflammation and further skin barrier defects 10. This creates a vicious 

cycle underscoring the significance of maintaining an intact skin immune system to 

prevent chronic inflammatory skin conditions.  

From a structural view, the skin consists of the epidermal and dermal layer, which 

are separated by a basement membrane. The epidermis is the uppermost layer of the 

skin and contains four distinct keratinocyte layers. The stratum basale is the lowest 

layer of the epidermis and consists of one layer of undifferentiated, proliferating 

keratinocytes. The main function of this layer is the constant renewal of cells for the 

epidermis. Starting from the stratum basale, the keratinocytes undergo a 4-week 
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maturation process during which they migrate to the top of the epidermis before 

eventually being shed from the skin surface 11. During this process, keratinocytes 

differentiate and form the different layers of the epidermis starting with the stratum 

spinosum, the stratum granulosum, and the stratum corneum. The stratum corneum is 

the top layer of the epidermis and is composed of dead corneocytes that are integrated 

in a lipid-rich matrix. This layer acts as a physical barrier to prevent water loss from the 

skin 12. An additional barrier is provided by tight junctions, that tightly bind keratinocytes 

closely together in the stratum granulosum 13. The epidermis also comprises 

melanocytes and the antigen-presenting Langerhans cells besides keratinocytes 1. 

Beneath the epidermis is the dermis, the second layer of the skin. The primary 

functions of the dermis are to provide structural support, regulate temperature and 

facilitate sensory perception. Within the dermis, fibroblasts are responsible for 

generating proteins of the extracellular matrix like elastin or collagen. In addition, blood 

vessels, nerves, immune cells, sweat glands and sebaceous glands can be found in 

the dermis 14. The hypodermis, forming the deepest layer of the skin’s structure, 

consists mostly of subcutaneous fat and loose connective tissue. It facilitates the 

connection of the skin to the underlying muscles and bones 14.  

The subsequent sections will provide a comprehensive review of the various 

components of the skin immune system and their roles in homeostasis and skin 

inflammation. This will cover cellular components, signalling pathways, 

immunomodulatory mediators, and the skin microbiome.  

 

 
3.1.1 Cellular components of the skin  

The immune system consists of a variety of cell types that contribute to both skin 

homeostasis and host protection under inflammatory conditions 1. These cells 

comprise both skin-resident cells as well as cells migrating to the skin from either the 

circulation or the lymphatic vessels, as illustrated in Figure 1. In the following section, 

the various cell types contribute to functional skin immunity in both steady state and 

inflammatory conditions especially in context of S. aureus skin infections will be 

described in detail.  
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Figure 1: The skin immune system. The skin comprises the epidermis, dermis, and hypodermis. The epidermis 
contains four layers of keratinocytes in their different differentiation stages. Additionally, the epidermis is home to 
Langerhans cells, melanocytes, and CD8+ T cells. Fibroblasts serve as structural cells in the dermis, where several 
immune cells, such as mast cells, macrophages, NK cells, B cells, CD4+ T cells, and yd T cells, are present. These 
cells may either by tissue resident or infiltrate the skin through lymphatic or blood vessels. This illustration was 
created with BioRender.  

 
Keratinocytes 

Beyond their structural function within the skin, keratinocytes are actively involved 

in the innate immune defense of the skin under both homeostatic and inflammatory 

conditions. As the primary cells of the epidermis, they are the first cells to sense 

invading pathogens, such as S. aureus. Therefore, they play a critical role in initiating 

and maintaining inflammation to ensure effective host defense and subsequent 

restoration of homeostasis 5. They express multiple pattern recognition receptors 

(PRRs) with which they sense pathogen-associated-molecular patterns (PAMPs) 15. A 

detailed description of PRRs and their downstream signaling is provided in section 

3.1.2. In brief, the binding of PAMPs to PRRs initiates the activation of an intracellular 

signaling cascade. The most common pathways activated by PRRs signaling are the 

nuclear factor kappa-light-chain-enhancer of activated B cells (NFkB) pathway as well 

as the mitogen-activated protein kinase (MAPK) signaling pathway 16. Activation of 

these pathways results in the expression and secretion of immune mediators including 

cytokines, chemokines and antimicrobial peptides (AMPs) 17. This enables 

keratinocytes to both directly attack pathogens and to recruit immune cells to the 
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infection site and activate them to further promote immune responses 5. Besides 

sensing exogenous factors such as PAMPs from invading bacteria, PRRs expressed 

by keratinocytes can also sense endogenous factors, e.g. damage associated 

molecular patterns (DAMPs) secreted by cells under stress or cell death and indicate 

tissue damage 18. In addition to PRRs, keratinocytes express a variety of cytokine and 

chemokine receptors allowing them to sense and react to immunomodulatory factors 

secreted by surrounding immune cells. In the context of S. aureus skin infection, 

keratinocyte-derived IL-1 is a critical factor in orchestrating skin immune responses. 

IL-1 mediates signaling via the IL-1R/MyD88 pathway and induces the production of 

chemoattractants in keratinocytes, resulting in the recruitment of neutrophils which is 

essential for bacterial clearance 19 20,21 . On the other hand, keratinocyte-derived IL-1 

activates T cells that further drive the skin immune responses in epicutaneous S. 

aureus infections 22. This highlights the role of keratinocyte-derived IL-1 in 

orchestrating the immune defense against S. aureus.  

Keratinocytes are also significantly involved in the pathogenesis of several 

inflammatory skin diseases, including AD 23. For instance, keratinocyte-derived 

alarmins such as thymic stromal lymphopoietin (TSLP) activate T cells to produce Th2 

cytokines which can induce skin barrier dysfunction 24-26.  

In summary, keratinocytes not only provide barrier functions to the skin, but they are 

also an important part in the initial sensing of invading pathogens such as S. aureus 

and the initiation of subsequent immune responses. The interplay between 

keratinocytes and other immune cells in the skin and the skin microbiome will be further 

discussed in the following sections.  

 

Neutrophils 

Neutrophils are the initial responders to invading pathogens like S. aureus and are 

rapidly recruited to the site through chemokines released by skin-resident cells like 

keratinocytes 19,27. Upon reaching the site of infection, neutrophils mediate the 

clearance of bacteria by employing diverse antimicrobial mechanisms encompassing 

the production of reactive oxygen species (ROS), degranulation, phagocytosis, and 

the release of neutrophil extracellular traps (NETs) 28,29. Furthermore, neutrophils 

actively shape immune responses by the secretion and sensing of several 

immunomodulatory mediators 30,31.  A comprehensive description of neutrophils, 
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elucidating their antimicrobial strategies, immunomodulatory functions and their 

significance in combating S. aureus skin infection is provided in sections 3.2 and 3.3.  

 

Dendritic cells 

Dendritic cells (DCs) are antigen-presenting cells (APCs) present in the epidermis 

and dermis of the skin. They are activated by inflammatory mediators released by 

keratinocytes, for example by thymic stromal lymphopoietin (TSLP) 32,33. A specific type 

of DC that populates the epidermis are the Langerhans Cells (LCs) 34. LCs are 

leukocytes derived from yolk-sac derived myeloid progenitor cells that populate the 

skin before birth 35. They express cytoplasmic Birbeck granules and langerin, which 

they use for antigen-sensing and processing 36. In addition, they express a diverse set 

of surface markers such as adhesion molecules allowing the anchoring to neighboring 

keratinocytes or T cells 37.  

Being APCs, LCs express major histocompatibility complex (MHC) class II 

molecules and Fc- and complement receptors on their surface 38-40. LCs can use their 

dendrites to take up antigens that are too large to cross the tight junction barrier, 

thereby initiating immune responses against external pathogens 41. This process 

requires a close interaction with keratinocytes and ensures tight junction integrity 

during antigen uptake 42.  LCs then either present the antigen to skin-resident T cells 

or migrate through the dermal lymphatic vessel to the skin-draining lymph node and 

there present the antigen to naïve cluster of differentiation (CD) 4+ T cells in a CD1a-

dependent manner, ultimately leading to differentiation of the naïve T cells to a T helper 

(Th) 1, Th2, or Th17 effector phenotype 43. As LCs migrate to lymph nodes, the 

expression of the surface molecules on LCs is modified, allowing them to detach from 

keratinocytes and optimize antigen presentation to T cells 37. LC migration takes place 

under steady-state conditions; however, it is significantly increased under inflammatory 

conditions 44. In contrast to other DCs that are resident in lymphoid organs or the airway 

mucosa, LCs in the epidermis are long-lived and repopulate themselves from dividing 

skin-resident LC stem cells and are therefore not dependent on circulating precursor 

cells 45,46. However, under inflammatory conditions, LCs can also be repopulated by 

circulating monocytes in a CC chemokine receptor (CCR) 2/CCR6 dependent manner 
46-48 

In terms of functional properties, LCs can either stimulate or regulate the immune 

system, depending on the situation. During steady-state conditions, LCs activate the 
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proliferation of CD4+ memory regulatory T cells (Treg) located in the skin, which leads 

to the suppression the proliferation of skin-resident effector memory T cells (Tem) 49,50. 

Conversely, under inflammatory conditions, LCs induce the proliferation of pathogen-

specific skin-resident Tems, thereby stimulating the immune response 50. Due to their 

location in the epidermis, LCs contribute significantly to the immune response against 

S. aureus infections of the skin. LCs detect S. aureus surface proteins and wall teichoic 

acids (WTA) b-N-Acetylglucosamine (GlcNAc) via their PRR langerin and initiate 

subsequent immune responses in the skin including the proliferation of CD4+ T cells 
51,52. Langerin specifically senses S. aureus and does not recognize coagulase-

negative staphylococci 51. Notably, stimulation of LCs by AD-associated S. aureus 

strains induced greater LC-mediated T cell proliferation and a shift towards a Th2 

response compared to standard S. aureus strains or S. epidermidis 52. Furthermore, 

epicutaneous application of S. aureus to filaggrin (Flg) - deficient mice, which exhibit 

an impaired skin barrier similar to that seen in AD, resulted in LCs-mediated IL-17 

responses in the skin 53. This suggests a possible involvement of LCs in promoting 

skin inflammation in AD. Indeed, LCs have been connected with the pathogenesis of 

AD. Studies using mouse models for AD revealed that keratinocyte derived TSLP, 

abundantly expressed in the lesional skin of AD patients, enhanced LC proliferation. 

This, in turn, induced T cell proliferation, ultimately triggering a Th2 immune response 

and immunoglobulin (Ig) production. Furthermore, inflammation decreased when LCs 

were depleted 54. In summary, LCs show a dynamic and context-dependent role in the 

skin. During steady-state conditions, they primarily exhibit immunoregulatory functions, 

maintaining a balance in the immune system. However, when faced with inflammatory 

conditions, they contribute to aggravating of the inflammation of the skin.   

In addition to LCs, different subtypes of DCs populate the dermis, playing a pivotal 

role in orchestrating skin immunity through the regulation of humoral responses and 

the promotion of antibody production. Unlike LCs, dermal DCs have a short lifespan 

and rely on a continuous supply of bone marrow-derived precursors 55. Similar to LCs, 

they possess antigen-presenting capabilities and are proficient in inducing T cell 

responses in the skin-draining lymph nodes 56.  

 

Macrophages 

Macrophages are a subset of leukocytes that can be found in various tissues 

including the skin, where they are located in the dermis and hypodermis 1,57. Dermal-
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resident macrophages originate from both fetal-derived and monocyte-derived 

macrophages. 58-60. They are long-lived cells, ranging from weeks to months in mice 

and up to several years in humans and they proliferate under steady-state conditions 

in the tissue in which they reside 61-63. In principle, macrophages are divided into two 

subtypes: the “classically activated” macrophages (M1) with a proinflammatory 

phenotype, induced by IFN-y and LPS, and the “alternatively activated” macrophages 

(M2) with an anti-inflammatory phenotype, induced by IL-4, IL-10 or IL-13  64,65. 

However, this classification is somewhat rigid and additional subtypes of macrophages 

have been identified 66.  

Macrophages are professional phagocytes that aid in the host defense against S. 

aureus skin infections through phagocytosis and the production of ROS 67. In addition, 

they play a critical role in preserving tissue homeostasis through the removal of 

apoptotic or necrotic cells and cell debris in both steady state and inflammatory 

conditions, in a process called efferocytosis 68,69. Efferocytosis typically induces an 

anti-inflammatory M2 phenotype in macrophages accompanied by decreased 

proinflammatory cytokine and chemokine expression. Ultimately, efferocytosis induces 

macrophage apoptosis, further supporting inflammation resolution 70,71.  

In addition to their role in tissue repair and anti-inflammatory functions, 

macrophages express a variety of TLRs allowing them to sense invading bacteria and 

produce pro-inflammatory cytokines and chemokines to actively participate in the 

immune response 67. In case of an intradermal S. aureus challenge, resident 

macrophages promote rapid, but controlled, neutrophil recruitment in a MyD88-

dependent way to allow efficient bacterial killing and abscess resolution 72. Infiltrated 

neutrophils release NETs upon contact with bacteria, thereby immobilize the bacteria 

for macrophages to kill them by phagocytosis. Macrophages can then phagocytize 

neutrophils and NETs from the inflammation site, promoting inflammation resolution 

and restoration of homeostasis 73. The significance of macrophages in the host 

defense against intradermal S. aureus infection is underscored by a recent study 

demonstrating that CD169+ macrophages contribute to the defense against 

intradermal S. aureus infections by activating IL-17-producing gd T cells. Interestingly, 

CD196 expression on macrophages was regulated by commensal bacteria, 

highlighting the interplay between macrophages, commensal bacteria, and adaptive 

immune cells in shaping an effective defense strategy 74. Additionally, Feuerstein et al. 

found that dermal resident macrophages mediate innate memory against intradermal 
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S. aureus infections, leading to increased bacterial killing and reduced neutrophil 

infiltration after a second challenge with S. aureus. This effect was dependent upon 

STAT1 and CXCL9 signaling and was independent of MyD88 signaling. Depletion of 

skin-resident macrophages prior to the second challenge prevented the enhanced 

bacterial killing 75. This memory effect, however, was only transient for 6-12 weeks post 

infection. In contrast to their protective role against invading pathogens, macrophages 

can exert harmful effects and be involved in the pathogenesis of AD. The abundance 

of macrophages in AD skin is significantly increased compared to healthy skin 76. 

Furthermore, in a 2,4-Dinitrochlorbenzol (DNCB)-induced AD mouse model, an 

increased macrophage infiltration was observed, correlating with scratching behavior 

and skin inflammation 77. This suggests macrophages might be involved in the 

pathogenesis of AD by driving skin damage and inflammation.  

In summary, dermal macrophages play a crucial role in skin immunity to invading 

pathogens by actively contributing to immune response and subsequent restoration of 

homeostasis. Nevertheless, under pathological conditions, they can also contribute to 

skin inflammation.  

 

Mast cells 

Mast cells (MCs) are granulocytes that are present in all vascularized tissues where 

they contribute to host protection 78. They are derived from circulating hematopoietic 

progenitors that infiltrate tissues and mature through cytokine-mediated mechanisms 
59,79. MCs harbor a wide range of chemical mediators, including histamine, cytokines, 

chemokines, and proteases among others, stored within cytoplasmic granules  78. 

Activation of MCs can be triggered by several endogenous peptides and proteins, as 

well as microbial products, leading to the secretion of cytokines or chemokines and 

degranulation. Notably, the primary activator is immunoglobulin (Ig) E binding to Fc 

receptors on MCs 80-82.  MCs are classified into subtypes, based on their protease 

content. In the skin, the predominant subtype is represented by the tryptase-positive, 

chymase-positive MCs (MCTCs), primarily located in the dermis, either directly beneath 

or within the epidermis. The number of MCs in the skin significantly increases during 

inflamed conditions, such as those seen in AD or psoriasis 83,84. MCs play a role in 

regulating both the epidermal barrier function and antigen exposure. In an AD mouse 

model deficient in MCs, the expression of genes related to the epidermal differentiation 
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complex was decreased, coupled with an increase in antigen uptake 85. This highlights 

the involvement of MCs in maintaining skin homeostasis.  

Due to their surface expression of TLRs, FC- and cytokine receptors, MCs are 

capable of sensing bacterial products and mediators released by nearby cells, enable 

them to actively contribute to the immune responses of the skin during inflammatory or 

infectious conditions 86. In S. aureus skin infections, studies have shown that g-toxin 

from S. aureus triggers mast cell degranulation in a PI3K-dependent manner resulting 

in allergic skin disease 87. Additionally, in a murine epicutaneous colonization model, 

lipoteichoic acid (LTA) derived from S. aureus stimulates keratinocytes to produce stem 

cell factor, thereby promoting the proliferation and maturation of mast cells 88. Further 

experiments revealed that AD-associated S. aureus strains trigger mast cell 

degranulation, with IgE further exacerbates degranulation 87. Mast cells produce IL-4 

and IL-13, which both contribute to the pathogenesis of AD 82 Additionally, mast cells 

produce TSLP, which drives skin inflammation in a MC903-AD mouse model, 

suggesting a potential role of mast cells in AD development 89. Conversely, MCs may 

also be protective in AD, as MC depletion led to worse inflammation in several mouse 

models of AD 90,91. Furthermore, MCs stimulate regulatory T cells through IL-2 

production, indicating an immunosuppressive role for MCs 92. Collectively, these 

findings highlight the multifaceted and contextual influence of MCs in the pathogenesis 

of AD, especially in relation to S. aureus-triggered skin inflammation.  

 

Innate lymphoid cells  

In addition to the myeloid-derived effector cells, lymphocytes participate in skin 

immunity. The innate lymphoid cells (ILCs) represent one cell type involved in this 

process. Based on their cytokine stimulus, ILCs differentiate into ILC1s, ILC2s and 

ILC3s, promoting type 1, 2, and 3 immune responses, respectively 93. In addition, 

natural killer (NK) cells belong to the type 1 ILCs. While NK cells and ILC1s are 

circulating, ILC2s and ILC3s are tissue-resident, with the most abundant ILC found in 

the skin being the ILC2s 94-96. NK cells and ILC1s respond to intracellular microbial 

infections by generating IFNg, granzyme, and perforin. In addition, NK cells possess 

potent cytotoxic capabilities and can eliminating infected cells 97. ILC2s are associated 

with type 2 immunity against extracellular parasites and produce a variety of cytokines 

including IL-4, IL-5, IL-9, and IL-13 in response to keratinocyte-derived alarmins TSLP, 

IL-33 or IL-25 98-100. ILC3s promote type 3 immunity through the production of TNF, IL-
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22, and IL-17 for protection against extracellular bacteria and fungi. 93. Skin-resident 

ILCs can drive skin inflammation in mouse models of type 3 and type 2 immunity 95,101. 

In addition, skin-resident ILCs regulate the expansion of commensal microbiota by 

controlling AMP production through sebaceous glands, indicating their role in 

maintaining skin homeostasis 15. Furthermore, ILC-derived cytokines have been 

implicated in the pathogenesis of inflammatory skin disorders, including AD 102. 

Therefore, ILCs have a diverse impact on the complex balance between immune 

system and skin health. 

 

T cells 

T cells are lymphocytes derived from bone marrow precursors and are key players 

in the adaptive immune system by coordinating immune responses to pathogens 103. 

The development and maturation of T cells takes place in the thymus, and they are 

then distributed to a variety of different tissues, performing essential functions such as 

initiating and sustaining immune responses, ensuring homeostasis, and preserving 

immunological memory 103. 

Naïve T cells are predominantly located in lymph nodes, where they encounter 

antigens, presented to them on MHCs by migrating APC, such as LCs or DCs. This 

induces the differentiation and proliferation of the naïve T cells into effector T cell 

subtypes with specific phenotypes that defines their functionality in the tissue they 

migrate into 104. Naive CD4+ T cells differentiate into Th1, Th2, or Th17 phenotypes 

depending on the antigen stimulus and the cytokines expressed by the APC. Each 

phenotype expresses a distinct profile of T cell receptor (TCR) and produces specific 

cytokines and chemokines 105. Th1 cells participate in immune responses against 

intracellular pathogens, whereas Th2 cells are implicated in allergic inflammation and 

responses to extracellular parasites. Th17 cells are crucial for fighting extracellular 

bacteria and fungi 106. The effector T cells then migrate to the respective tissue, such 

as the skin where they combat invading pathogens as part of the immune response. 

Once the immune response is restrained, the majority of T cells in the skin die, while 

some remain as tissue resident memory T cells (TRMs). These T cells proliferate in 

situ, ensuring long-lasting memory and a prompt immune response upon subsequent 

antigen exposure 107. Additionally, TRMs perform immunosuppressive functions and 

ensure tissue homeostasis. In the human epidermis, CD8+ skin TRMs are predominant 

with primed cytotoxic functions, while CD4+ skin TRMs are present in the dermis 108. 
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In addition to skin TRMs, immunosuppressive, CD4+ Foxp3+ regulatory T cells 

(Tregs) can be found in the skin. In early life, numerous antigen encounters drive the 

differentiation of naïve CD4+ T cells into Tregs, ensuring immune tolerance against 

harmless and self-antigens 109. Fibroblast-derived cytokines and keratinocyte-derived 

transforming growth factor-β1 (TGFb-1) can induce Tregs proliferation under 

inflammatory conditions and promote inflammation resolution 110,111. Tregs secrete IL-

10 and TGFb, which decrease neutrophil recruitment and induce apoptosis. 

Additionally, they inhibit the proliferation and subsequent production of cytokines by 

other skin-resident T cells 110,112,113. Furthermore, Tregs interact with keratinocytes and 

regulate epidermal barrier repair and innate immune responses during S. aureus 

infections of the skin in a TGFb-mediated manner 111.  In addition, Tregs infiltrating the 

neonatal mouse skin are critical in mediating tolerance against skin commensals, 

further underscoring their integral role in orchestrating immune homeostasis within the 

skin microenvironment 114. 

Besides the classical CD4+ ab T cells, another subtype of T cells is located in the 

skin, the so-called gd T cells which inhabit the skin directly from the thymus 115,116. 

These cells differ from conventional ab T cells in that they are not dependent on MHC-

antigen presentation 117. In mice, the resident epidermal T cells are exclusively gd T 

cells, also referred to as dendritic epidermal T cells (DETCs) 118. In humans, this cell 

type does not exist and both the ab- and gd T cell populations reside in the dermis 
119,120. The gd T cells are critical for maintaining tissue homeostasis, participating in 

wound healing, and ensuring epidermal barrier function. Similar to ab T cells, gd T cells 

can produce proinflammatory cytokines, such as IL-17A or IFNg and actively shape 

immune responses 84. For instance, gd T cells are important for the immune response 

against intradermal and epicutaneous S. aureus infections by releasing IL-17 in 

response to stimulation with IL-1β and IL-36α, respectively 121,122. 

T cells are central players in multiple inflammatory skin disorders including atopic 

dermatitis or psoriasis. In AD, T cells promote skin inflammation and can mediate skin 

barrier dysfunctions by the secretion of Th2 cytokines 123,124. Targeting Th2 cytokine 

signaling with dupilumab, an antagonist for IL-4Rα, the receptor used by IL-4 and IL-

13, results in the improvement of AD symptoms 125,126. Interestingly, it also led to 

reduced S. aureus colonization on AD skin, thus further emphasizing the link between 

Th2 skin inflammation and S. aureus skin colonization in the pathogenesis of AD 127.   
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In conclusion, T cells play a central role in orchestrating immune responses and 

ensuring immune tolerance in the skin. However, uncontrolled T cell responses may 

disrupt the skin’s immune system and trigger inflammatory skin conditions like those 

seen in atopic dermatitis and psoriasis 128.  

 
B cells 

B cells are antibody-producing cells that resemble the humoral arm of the adaptive 

immunity and play a critical role in the host’s systemic inflammatory response. In the 

bone marrow, naïve B cells mature from hematopoietic stem cells and then enter 

secondary lymphoid organs (SLO) in an integrin- and chemokine-dependent manner 
129. Following binding of antigens to their B cell receptor (BCR), naïve B cells 

differentiate into plasma cells (PCs). These PCs produce antigen-specific antibodies 

to ensure efficient adaptive immune responses 130. In addition, naïve B cells can 

differentiate into memory B cells that persist for a long time ensuring a rapid response 

to re-encounters with the antigen. B cell activation is typically T-cell dependent, 

requiring several days to produce high-affinity antibodies 130. However, B cells can also 

function independently of T cells. A specific B cells subset, called innate-like B-1 cells, 

can be activated by PAMPs through TLRs. This alternative pathway allows for a rapid 

response to pathogens but leads to the production of low affinity antibodies 131. In 

addition to their ability to produce antibodies, B cells also participate in the immune 

response through cytokine production and by acting as APCs, enabling them to 

activate T cells 132-134.  

Although B cells are mainly located in SLOs, they are also present in human skin 

even under healthy conditions and their frequency increases significantly under 

inflammatory conditions 135. B cells are thought to migrate into the skin in a 

CCR6/CCL20 dependent way 136. Both, conventional B cells and B-1 cells, are present 

in the skin and they may play either immunoregulatory or immunostimulatory roles 135.  

Regulatory B cells (Bregs) are essential for regulating skin inflammation by releasing 

the anti-inflammatory cytokine IL-10. For example, in psoriasis, a reduced number of 

Bregs in the bloodstream leads to the decreased expression of IL-10, which is 

associated with an upregulation of proinflammatory cytokines 137. Additionally, B cell 

depletion by rituximab treatment was associated with the induction or exacerbation of 

psoriatic lesions 138. Furthermore, Jiang et al. reported a correlation between reduced 

level of IL-10-producing Bregs and an increased T follicular helper (Tfh)-induced 
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immune response and disease severity in children with extrinsic AD 139. These findings 

underscore the important role that Bregs play in regulating skin inflammation.  

B cells cannot only regulate but also contribute to skin inflammation. For example, 

B cells can produce harmful antibodies against the host’s self, leading to the generation 

of antinuclear and poly-reactive antibodies 140. Under steady-state conditions, 

checkpoints exist to eliminate autoreactive B cells during their maturation 141. Failure 

to remove them can result in an increase in auto-reactive B cells which have been 

involved in the development of various autoimmune diseases with cutaneous 

manifestations, including systemic lupus erythematosus (SLE) 142. B cells also 

contribute the pathogenesis of inflammatory skin diseases by activating T cell 

responses. In a mouse model of AD induced by ovalbumin sensitization, the quantity 

of CD4+ T cells and epidermal and dermal thickening were decreased in mice, deficient 

in CD19, suggesting that the expression of CD19 on B cells is important for T cell 

activation in AD-like skin inflammation 143. In addition, Aranda et al. reported an 

increased presence of IL-4R+IgG+ memory B cells, which was associated with 

increased circulating immunoglobulin (Ig) E, which can then trigger mast cell 

degranulation, another hallmark of AD 144. Interestingly, B cells also play a role in the 

skin’s immune response to S. aureus infections. In a murine model of epicutaneous S. 

aureus infection, keratinocyte-mediated IL-36 signaling activates PC differentiation 

which was associated with elevated levels of serum IgE. Further experiments provided 

clinical relevance for this finding by showing elevated levels of IL-36a in the epidermis 

of AD patients and patients with an IL-36RA deficiency show increased serum IgE 

levels 145. Taken together, the dual role of B cells, acting as both regulators and 

contributors to skin inflammation, highlights the complexity of their interactions within 

the skin microenvironment.  

 
3.1.2 Pattern recognition receptors in the skin 

The induction of a rapid and effective immune response to pathogens requires tools 

for efficient pathogen sensing. As discussed in the previous sections, various cells 

within the skin immune system express PRRs that can recognize PAMPs. 

Keratinocytes, as the first cells to sense S. aureus, express several PRRs, such as 

Toll-like receptors (TLRs), RIG-I-like receptors (RLRs), NOD-like receptors (NLRs), 

and C-type lectin receptors (CLRs), which are expressed on the surface of the cell or 

in the endosomal compartment 146. In addition to sensing PAMPs, PRRs also serve to 
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detect tissue damage by recognizing DAMPs 5. In the following section, the largest 

family of PRRs, the TLRs, and their associated signaling will be discussed in detail and 

is illustrated in Figure 2.   

TLRs represent the most extensively studied family of PRRs within the innate 

immune system. They bind PAMPs and therefore play a critical role in the skin immune 

defense against invading pathogens 147. Besides PAMPs, TLRs also bind DAMPs, like 

High-Mobility-Group-Box 1 (HMGB1), released by stressed or dying cells during tissue 

damage 148. They are type I transmembrane proteins with an extracellular glycoprotein 

domain, responsible for the recognition of microbial patterns, a transmembrane domain 

and a cytoplasmic tail, known as the Toll/IL1R (TIR) domain, responsible for initiating 

intracellular signaling cascades 149. So far, ten human and twelve mouse TLRs have 

been discovered 150. While TLRs 1, 2, 4, 6 and 10 are located on the surface of the cell 

and sense extracellular PAMPs, TLRs 3, 7, 8 and 9 are expressed intracellularly in 

endosomes and lysosomes and can detect nucleic acids released from viruses or 

bacteria that are degraded within endosomes and lysosomes within the cell 147. For 

optimal ligand binding and initiation of signaling cascades, TLRs form homo- or 

heterodimers. In addition, TLRs interact with cofactors that participate in TLR activation 

by facilitating TLR ligand binding 151. TLRs 1, 2, 3, 4, 5, 6 and 9 are constitutively 

expressed by keratinocytes while the expression of TLR7 can be caused by TLR3 

activation 152,153. 

Each TLR recognizes distinct PAMPs or DAMPs. TLR2 recognizes peptidoglycan of 

most bacterial species and LTA of gram-positive bacteria along with CD36 as its co-

receptor. Additionally, TLR2 senses bacterial tri- or diacyl lipopeptides by forming 

heterodimers with TLR1 and TLR6, respectively 154. TLR3 detects double-stranded 

ribonucleic acid (RNA) and plays a vital role in host antiviral defense 155. TLR4 in 

coordination with CD14 is responsible for detecting the presence of lipopolysaccharide 

(LPS) from gram-negative bacteria 156. TLR2 and TLR4 can also detect various 

DAMPs, including HMGB1, S100 proteins, and heat shock proteins (HSPs) 148. The 

ligands for TLR5 are bacterial flagellin protein components 16. TLR7&8 identify viral 

and bacterial single-stranded RNA 157,158. Lastly, TLR9 perceives hypomethylated CpG 

motifs of bacterial and viral double-stranded deoxyribonucleic acid (DNA) 159. The 

PAMP or DAMP that is recognized by TLR10 remains unidentified; however, literature 

suggests that TLR10 has anti-inflammatory properties 160.  
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The sensing of PAMPs and DAMPs by TLRs activates a downstream signaling 

cascade and is illustrated in Figure 2. This cascade leads to the activation of the NFkB 

and MAPK signaling pathways which subsequently result in the expression of 

immunomodulatory mediators, including cytokines, chemokines or AMPs 147. This 

signaling cascade is divided into two pathways based on the adaptor proteins involved. 

All TLRs use MyD88 activation during this signaling cascade, except TLR3 which 

utilizes a MyD88-independent pathway via TIR domain-containing adaptor molecule 1 

(TICAM1). This pathway can also be used by TLR4. The activation of TICAM1 not only 

activates NFkB and MAPK signaling, but also induces type I interferon production, 

which plays a critical role in antiviral defense 161. 

 
Figure 2: TLR signaling in keratinocytes. Keratinocytes express TLR1, TLR2, TLR4 and TLR5 on their surface 
and TLR3, TLR9 and TLR7 in the endosome. Binding of the indicated ligands to the TLRs activates a downstream 
signaling cascade. All TLRs use MyD88-dependent signaling except TLR3. The adaptor protein MyD88 activates 
the IRAK kinase members IRAK4, IRAK1 and IRAK3 which subsequently leads to the activation of the adaptor 
protein TRAF6. This results in the activation of MAPK and NFκB signaling. In addition, when TLR7 or TLR9 signaling 
is induced, TRAF6 activates the transcription factor IRF7 which activates Type I IFN gene expression. Instead of 
MyD88, TLR3 uses TRIF as adaptor protein which ultimately activates of Type I IFN gene expression mediated by 
the transcription factor IRF3. This signaling pathway can also be used by TLR4. This illustration was created with 
BioRender 

In the context of sensing S. aureus in the skin, TLR2 plays a significant role. TLR2-

deficiency in mice correlates with enhanced susceptibility to systemic S. aureus 
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infection 162,163. In addition, TLR2 signaling triggers innate immune responses such as 

the induction of AMPs (e.g., HBD3) and cytokines in keratinocytes in response to S. 

aureus 164,165. Furthermore, TLR2 signaling plays an important role in maintaining an 

intact epidermal barrier during infection, as S. aureus activation of TLR2 signaling 

induces the upregulation of tight junction proteins in keratinocytes and TLR2 knock-out 

mice exhibited impaired barrier recovery after tape-stripping 166. Besides S. aureus, 

other members of the skin microbiome induce innate immune responses in 

keratinocytes through TLR2. For instance, a newly discovered AMP called Lugdunin 

produced by the commensal S. lugdunensis induces IL-8 secretion and neutrophil 

recruitment to the skin in a TLR2/MyD88 dependent way  167. In addition, the skin 

commensal S. epidermidis induces the expression of AMPs in keratinocytes via TLR2 
168,169. This highlights the role of TLR2 in the commensal-mediated protective immune 

responses against S. aureus.   

While TLRs are critically involved in ensuring an efficient immune response to both 

exogeneous and endogenous insults, their activation must be tightly controlled in order 

to prevent excessive inflammation. Several mechanisms for the negative regulation of 

TLR signaling have been identified, including the release of soluble receptors or 

cofactors that can bind to ligands and inhibit membrane-bound receptor binding 170-172. 

In addition, TLR signaling can be downregulated by feedback inhibition or 

transcriptional regulation 173,174. Moreover, the influence of microRNAs on TLR 

signaling regulation has also been described 175-177.  

Dysregulated activation of TLR signaling can be detrimental to the host. 

Overactivated or impaired TLR signaling can cause chronic inflammation or increased 

susceptibility to invading pathogens, resulting in inflammatory skin diseases. For 

example, keratinocytes in psoriatic skin exhibit increased expression of TLR2 and 

TLR4. Furthermore, a correlation between disease severity in AD and a deficiency in 

TLR2 signaling has been observed 178,179. This is supported by findings that 

macrophages and monocytes in the peripheral blood of patients with AD exhibit 

downregulated TLR2 expression and impaired TLR2 activation in response to S. 

aureus by LCs in AD skin 180-182. As TLR2 signaling in keratinocytes regulates the 

expression of tight junction proteins and AMPs, it is believed that TLR2 deficiency in 

AD allows pathogens to penetrate the skin  166. 
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3.1.3 Signaling pathways activated by PRRs in the skin  

NFκB signaling  

PAMPs or DAMPs that bind to PRRs trigger a downstream signaling cascade that 

activates the NFkB pathway. NFkB is a transcription factor that regulates the gene 

expression of a wide range of immunomodulatory mediators including cytokines, 

chemokines, AMPs, and adhesion molecules. It therefore plays a crucial role in 

shaping the immune response. In addition, NFkB signaling controls the expression of 

regulators of the cell cycle and pro-survival factors, thereby exerting a protective effect 

on cells 88.  

The NFkB transcription factor family comprises five members, p105/p50 (NFkB1), 

p100/p52 (NFkB2), p65/RelA, RelB and c-Rel 183. In principle, two main mechanisms 

of NFkB signaling have been reported: the canonical or classical pathway and the non-

canonical or alternative pathway which differ in terms of their activation and signaling 
184. Here, only the canonical pathway will be discussed. Under steady-state conditions, 

the members of the NFkB family exist as homo- or heterodimers, with the p50/p65 

heterodimer being the dominant form. These dimers are present in the cytosol and 

bind to inhibitory proteins of the IkB family. In the presence of an activating stimuli, the 

IkB kinase (IKK) complex which consists of IKKa, IKKb, and the regulatory component 

NFkB essential modulator (NEMO), selectively phosphorylates the inhibitory IkB 

protein, leading to its ubiquitination and subsequent proteasomal degradation. As a 

result, the NFkB family proteins are released and able to enter the nucleus, bind to the 

DNA and exert their role as transcription factors 185.  

NFkB signaling plays a crucial role in coordinating the immune response by 

regulating neutrophil recruitment, M1 polarization in macrophages, and T cell activation 

and differentiation, among other functions 88. Precise regulation of NFkB signaling is 

essential and achieved in part by a negative feedback mechanism whereby activation 

of NFkB signaling induces inhibitory proteins such as IkBa, p105, or A20 186. 

Dysregulation of NFkB signaling is involved in the pathogenesis of inflammatory skin 

disorders, including AD. Numerous AD mouse models have shown overactive of NFkB 

signaling, and nuclear p65 expression is increased in the lesional skin of patients with 

AD compared to healthy skin 88,187,188. This suggests that inhibition of NFkB signaling 

may be a promising treatment approach. However, inhibition of NFkB signaling can 

paradoxically lead to exacerbated inflammation. Previous studies have demonstrated 
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that mouse models with a specific deletion of I IKKb in keratinocytes exhibited a lack 

of NFkB signaling, resulting in heightened skin inflammation shortly after birth and 

death within 10 days 189. These findings were further validated by additional studies 

using different mouse models with distinct defects in NFkB signaling, thereby 

underscoring the indispensable role of NFkB signaling in the maintenance of skin 

homeostasis 190,191. Moreover, a recent study indicates that restraining NFκB signaling 

leads to the necroptosis of keratinocytes and subsequent skin inflammation 192. 

Possible explanations suggest that this could result from the pro-survival 

characteristics of NFκB and potentially elevated keratinocyte apoptosis in its absence 
190,193. Additionally, NFkB signaling provides an important communication way between 

keratinocytes and other immune cells which is disrupted upon inhibition 193.  

 

MAPK signaling 

In addition to the NFκB pathway, the downstream signaling of TLRs includes the 

activation of MAPKs which contribute to the innate immune response by promoting the 

activation of both pro-inflammatory and anti-inflammatory mediators 194. The MAPK 

family can be divided in three pathways, the (classical) extracellular signal-regulated 

kinase (ERK) the stress-activated p38a and the Jun N-terminal kinase (JNK) pathway, 

with the ERK pathway being the most researched. These pathways vary in terms of 

their activating stimuli and downstream signaling response 195.  

There is evidence that dysregulated MAPK signaling is involved in inflammatory skin 

diseases. A study by Zeze et al. showed that p-ERK levels are elevated in the skin of 

patients with AD and AD mouse models. Targeting p-ERK activation in the AD mouse 

model improved skin barrier function, immune cell infiltration and dermatitis 196. 

Moreover, ERK-signaling is involved in the induction of epidermal barrier defects in AD. 

Ryu et al. demonstrated that in IL-33 transgenic mice, which display an AD-like 

phenotype, exhibit a notable reduction in CLDN1 expression in the epidermis. 

Subsequent experiments indicated that IL-33 downregulates CLDN1 in keratinocytes 

through ERK signaling 197.  

 

3.1.4 Cytokines and chemokines induced after PRR activation in the skin  

The sensing of DAMPs and PAMPs through PRRs and the subsequent downstream 

signaling, including NFkB and MAPK pathways, results in the enhanced production of 
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immune mediators such as cytokines and chemokines 198. This activation ensures an 

effective immune response to both exogenous and endogenous insults. Secreted 

cytokines and chemokines induce the infiltration of immune cells into the skin and 

facilitate communication between different cell types, further initiating the immune 

response and bridging the innate and adaptive immune systems 2. The following 

section and Figure 3 highlight the diverse array of cytokines and chemokines that play 

crucial roles in S. aureus skin infections. Their dynamics in both an intact skin barrier 

as well as in the context of an impaired skin barrier, as commonly observed in AD will 

be discussed.  

 

 
Figure 3: Cytokines involved in skin immunity. Epicutaneous S. aureus infection induces the secretion of IL-6, 
TNFα and IL-1 by keratinocytes, which induces the production of IL-17 by T cells. Additionally, macrophages induce 
IL-17 production by T cells. IL-17 leads to neutrophil recruitment to the skin and induces chemokines in 
keratinocytes which lead to further neutrophil recruitment that mediate bacterial clearance. Furthermore, AMPs 
induced by keratinocytes are bactericidal against S. aureus. In atopic dermatitis, the impaired skin barrier induces 
the secretion of the alarmins TSLP, IL-33 or IL-25 by keratinocytes. These alarmins induce the production of Th2 
cytokines which further promote skin barrier dysfunction and IgE production by B cells which induces mast cell 
degranulation. Skin barrier dysfunction promotes S. aureus skin colonization, which further induces alarmin 
secretion by keratinocytes. In addition, Th2 cytokines induce CCL26 secretion by keratinocytes, which induces 
eosinophil recruitment to the skin. This illustration was created with BioRender 

 

IL-1 family 

One large cytokine family involved in skin immunity is the IL-1 cytokine family, which 

includes 11 members - all expressed in the epidermis. The proinflammatory members, 
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IL-1a, IL-1b, IL-33, IL-36a, and IL-18, contribute to inflammation by inducing the 

expression of proinflammatory cytokines and chemokines. On the other hand, the anti-

inflammatory cytokines IL-37, IL-38, IL-1RA, and IL-36RA regulate IL-1-mediated 

inflammation by blocking signaling cascades through feedback inhibition or receptor 

blockade for instance 199.   

Each IL-1 family cytokine binds to a specific IL-1 receptor, all of which comprise 

three extracellular Ig domains, a transmembrane domain as well as an intracellular TIR 

domain that shares homology with TLRs 199. Like the TLRs, each IL-1 receptor forms 

complexes with specific accessory proteins for signal transduction 200. The 

downstream signaling cascade of IL-1 receptors involves MyD88 and leads to the 

activation of MAPKs, NFkB, and activator protein 1 (AP-1). This leads to the 

subsequent activated gene expression of proinflammatory cytokines, including IL-12, 

IL-6, TNFa, and IL-23, which drive the immune response 201-203.   

IL-1a is constitutively expressed in keratinocytes. Although proteolytic processing 

enhances the activity of IL-1a, it is not required, as full-length IL-1a already exhibits 

full biological activity 204. IL-1a is characterized as an alarmin and exhibits dual 

functionality. In addition to its function as an extracellular cytokine, it also contains DNA 

binding sites and can translocate into the nucleus and function as a transcription factor 

and thus is involved in the regulation of the immune response on a transcriptional level. 

For example, nuclear IL-1a can upregulate the gene expression of IL-8, a chemokine 

highly chemotactic for neutrophils 205.  

Unlike IL-1a, IL-1b is not constitutively expressed in keratinocytes but can be 

induced by microbial products, for instance. Moreover, IL-1b can induce its own gene 

expression 206. It is stored in the cytosol in its biologically inactive, full-length form and 

requires proteolytic cleavage for activation. Inflammasome-activated caspase-1 is 

responsible for this cleavage process, both intracellularly and extracellularly 206. 

Furthermore, other proteases such as neutrophil-derived proteases like neutrophil 

elastase (NE) or proteinase 3 can process IL-1b. However, this form of cleaved IL-1β 

is not as active as the one cleaved by capase-1. This suggests that neutrophils 

infiltrating inflamed skin can further contribute to skin inflammation by processing IL-

1b, IL-1a, and IL-36 cytokines 207.   

IL-36 can induce the expression of various genes in keratinocytes including pro-

inflammatory cytokines like further IL-36, IL-1b or IL-8, but also anti-inflammatory 
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mediators such as A20 or NFKBIA suggesting that IL-36 plays a regulatory role in the 

immune response. 208. Furthermore, IL-36 also affects the adaptive immune response 

by stimulating the differentiation of naïve T cells to Th1 cells 209,210. 

IL-1 cytokines promote wound repair by mediating keratinocyte and fibroblast 

proliferation as well as ECM protein production 211. The skin microbiome-mediated 

promotion of skin regeneration relies on IL-1b signaling in keratinocytes 212. In addition, 

a recent study in mice revealed that IL-1b mediates immune tolerance to skin 

commensal bacteria, while inducing inflammation in response to pathogens like S. 

aureus by negatively regulating S. aureus-specific Treg cells 114. This underscores the 

significance of IL-1 signaling in skin homeostasis and tolerance to commensal bacteria. 

Furthermore, IL-1 cytokines play a pivotal function in regulating skin infections induced 

by S. aureus. Interestingly, the IL-1 cytokine employed in response to S. aureus 

infections of the skin depends on the depth of the infection. During intradermal S. 

aureus infection, neutrophil-derived IL-1b, and IL-1R signaling is critical for the 

clearance of bacteria 21. In contrast to that, in epicutaneous S. aureus skin infection 

models, keratinocytes induce skin inflammation by releasing the alarmins IL-1a and 

IL-36a resulting in a T cell-driven immune response 88. Blocking IL-36 signaling using 

IL-36R-ko mice led to a reduction in skin inflammation and serum IgE levels, indicating 

a role for IL-36 in the onset of atopic inflammation in response to S. aureus 213. 

Additionally, skin lesions of AD patients demonstrated an increase in mRNA expression 

of IL-36α and IL-36γ in epidermal keratinocytes, further supporting the role of IL-1 

family cytokines in AD pathogenesis 213. Furthermore, a recent study showed that S. 

aureus infection activates the nucleotide-binding oligomerization domain, leucine rich 

repeat and pyrin domain containing (NLRP) 1 inflammasome in keratinocytes, resulting 

in IL-18 and IL-1b secretion 214. Additionally, this study found a correlation between 

NLRP1 and the expression of IL-1b  and IL-18 mRNA expression in AD patients 214. 

Moreover, IL-33, also an IL-1 family cytokine, is secreted by stressed or damaged cells, 

is associated with a type 2 immune response and causes the downregulation of 

filaggrin and HBD2 in the skin, potentially increasing the susceptibility to bacteria in AD 
215-217. However, IL-33 also contributes to the improved clearance of S. aureus in an 

intradermal infection model by inducing NET formation in neutrophils, thus enhancing 

their antimicrobial properties 218.  
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Taken together, these findings demonstrate that IL-1 cytokine signaling is critically 

involved in the skin immune defense against S. aureus, but it also contributes to the 

pathogenesis of AD by driving skin inflammation.  

 

TNFa 

TNFa is a cytokine found in low concentrations in the upper epidermis and exhibits 

a significant increase in expression in keratinocytes during inflammation 219. Both S. 

aureus infection and tape-stripping are stimuli that induce TNFa production in the skin 
220,221. TNFa signaling occurs through two receptors, TNFR1 and TNFR2, with 

keratinocytes predominantly utilizing TNFR1 222. Binding of TNFa to its receptor 

activates intracellular signaling resulting in the activation of NFκB and AP-1, among 

others, and subsequently triggers the expression of inflammatory cytokines and 

chemokines involved in innate immunity and inflammation 223.  TNFa plays a significant 

role in wound healing and considerably impacts the motility of keratinocytes 223. 

Interestingly, TNFR2 agonists have demonstrated therapeutic efficacy against 

intradermal S. aureus skin infections, involving increased formation of neutrophil 

extracellular traps which mediate bacterial clearance 224.  

 

IL-6 

S. aureus infection stimulates IL-6 expression in both keratinocytes and tape-

stripped skin. In mice, tape-stripping of the skin results in a rapid expression of IL-6 in 

keratinocytes throughout the epidermis and facilitates swift barrier repair 34. Binding of 

IL-6 to its receptor, IL-6R activates an intracellular signaling cascade that involves the 

transcription factors STAT1 and STAT3 225. The production of IL-6 is regulated by TLR 

and IL-1 signaling, as well as TNFa. IL-6 can transmit signals through both a 

conventional membrane-bound mechanism and a trans-signaling pathway. In the 

latter, soluble IL-6 binds to soluble IL-6R, allowing IL-6 signaling in cells deficient in IL-

6R expression, while augmenting IL-6 signaling in cells expressing IL-6R 226.  

IL-6 is actively involved throughout the entire inflammation process from initial 

infiltration of neutrophils to T cell differentiation, thus building a a bridge between the 

innate and adaptive immune system 227. Importantly, IL-6 contributes significantly to 

the control of bacterial infection, and impaired IL-6 signaling can enhance susceptibility 

to S. aureus infections 228. However, IL-6 signaling is also involved in the development 
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of AD. The concentration of soluble IL-6R is increased in the plasma of patients with 

AD, and a functional variant of IL-6R correlates with heightened AD persistence 229.  

 

IL-17 family  

The IL-17 family cytokines, including IL-17A, IL-17B, IL-17C, IL-17D, IL-17E (or IL-

25), and IL-17F, play a crucial role in the immune response to S. aureus skin infections. 

Binding to their specific receptors initiates a signaling cascade leading to the 

production of chemokines and consequent neutrophil migration, as well as the 

production of AMPs and cytokines, thereby amplifying the inflammatory response 230. 

The main producers of IL-17 are CD4+ T cells that have been differentiated into a Th17 

phenotype mediated by cytokines like IL-1b, IL-21, IL-6, IL-23, and TGFb 231. Apart 

from Th17 cells, IL-17 cytokines can also be expressed by innate immune cells, CD8+ 

T cells, B cells, or keratinocytes, for instance 232-234.  

IL-17 cytokines have an important function in the fight against S. aureus skin 

infections. Upon S. aureus infection, keratinocyte-derived IL-1a and IL-36a induce the 

production of IL-17 by gd T cells, resulting in neutrophil recruitment and subsequent 

bacterial clearance 121,235. Deficiencies in IL-17 or IL-17RA are associated with an 

enhanced susceptibility to staphylococcal infections and mice with a specific deletion 

of IL-17RA in keratinocytes exhibited impaired clearance of S. aureus from the skin 236-

238. IL-17 has been implicated in the pathogenesis of several skin disorders and has 

been used effectively used as a target to treat psoriasis 239. Some studies have 

proposed the involvement of IL-17 in AD, considering the increased levels of IL-17 

expression levels in AD skin compared to healthy skin and the correlation between 

increased levels of IL-17-producing T cells in the blood of patients with AD and AD 

severity 240,241. Deletion of IL-17 reduced Th2 induction in two mouse models of AD, 

further implying a potential contribution of IL-17 to AD pathogenesis 242. However, a 

recent study using secukinumab, a monoclonal antibody targeting IL-17A, reported that 

targeting IL-17A is not suitable for the treatment of AD 243.  

 

Th2 cytokines 

Th2 cytokines are elevated in AD skin and have been implicated in the pathogenesis 

of the disease 244-247. These cytokines include IL-4, IL-13, or IL-5 and are primarily 

derived from Th2 T cells, ILC2s, or MCs 248. The Th2 response can be induced by the 
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epidermal-derived alarmins IL-33, IL-25 or TSLP, which are induced in keratinocytes 

upon injury 249,250. For example, tape stripping leads to the secretion of TSLP from 

keratinocytes, which triggers the DC-mediated activation of IL-13- and IL-4-producing 

T cells 251. In addition, stimulation of keratinocytes with pro-inflammatory cytokines 

including TNFa or Th2 cytokines induces TSLP secretion 252. Interestingly, S. aureus 

infection of the skin, triggers TSLP and IL-33 secretion by keratinocytes and 

subsequent induction of a Th2 response 253. This suggests that the increased S. aureus 

colonization of the skin, as observed in AD skin, may further drive Th2 responses in 

the skin and thus exacerbate the disease.  

Th2 cytokines act in a number of ways. They can induce the expression of CCL26 

in keratinocytes, resulting in the recruitment of eosinophils to the skin, a hallmark of 

AD 254. However, IL-4 and IL-13 also promote skin barrier dysfunction by reducing the 

expression of filaggrin, involucrin and loricrin, and also affect the antimicrobial system 

of the skin by impairing the expression of human beta-defensins (HBDs) 255. Therefore, 

the elevated expression of Th2 cytokines in AD skin might explain why these patients 

are more susceptible for to bacterial infections, which then further promote Th2 

responses thus creating a vicious cycle of inflammation. Targeting Th2 cytokines with 

dupilumab, an antibody against IL-4Ra, impairs both IL-4 and IL-13 signaling and has 

been successfully used to treat AD 256. Interestingly, recent evidence shows that 

dupilumab treatment leads to a rapid reduction in S. aureus skin colonization on AD 

skin 127,257. In addition, another recent study showed that IL-4Ra blockade significantly 

reduced S. aureus-mediated skin inflammation in an ovalbumin-sensitized mouse 

model. This correlated with an increased expression of IL-17A and associated 

antimicrobial peptide genes which they propose as the underlying mechanism for the 

reduced S. aureus colonization 258.  

 
Chemokines  

The establishment and maintenance of an effective immune system relies on the 

dynamic migration of immune cells to, from and within tissues, both during 

homeostasis and in response to inflammatory stimuli. Chemoattractant cytokines, 

known as chemokines, orchestrate the rapid influx of immune cells into the skin, while 

also directing the migration of APCs from the skin to the skin-draining lymph nodes by 

selectively binding to their corresponding G-protein-coupled receptors (GPCRs) 

located on the surface of immune cells 259. As a result, these chemokines guide 
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immune cells in a chemotactic gradient-dependent manner, ensuring their precise 

localization within the designated target tissue. Based on their cysteine configurations, 

chemokines are divided into subfamilies: CC, CXC, CX3C, and XC 260. 

Immune cells change their chemokine receptor expression pattern depending on 

their maturation status, location, and function. For example, upon activation, the 

expression pattern of naïve ab T cells changes from CCR7+ CXCR4+ to a more skin-

specific phenotype, including the upregulation of CCR4, CCR6, CCR8 and CCR10 on 

the surface. The ligands for these receptors are produced by skin-resident 

keratinocytes and fibroblasts as well as APCs 261,262. In mice, keratinocyte-derived 

CCL27 is important in facilitating the migration of gd T cell progenitors into the skin via 

CCR10 receptor binding 263. Dermal gd T cells can migrate to the epidermis via 

CCL20/CCR6 signaling, where they produce IL-22 and IL-17 and thus contribute to the 

pathogenesis of psoriasis 264. The migration of skin-resident DCs and LCs to the skin-

draining lymph node depends on the interaction of their chemokine receptor CCR7 and 

the chemokine CCL27, which is located on the lymphatic vessel and in complex with 

collagen IV in the basement membrane 265. This is the main pathway by which immune 

cells navigate into the lymphatic vessels. Inflamed skin contains high levels of CCL2, 

CCL7 and CCL13 which bind to CCR2, highly expressed on monocytes, and initiate 

the entry of monocytes into the circulation and the epidermis 266. In addition, IL-8, 

CXCL1, CXCL2, CCL2, CCL3, and CCL4 induce neutrophil infiltration into inflamed 

skin and are expressed by keratinocytes, neutrophils, and macrophages, for instance 
267,268. Changes in chemokine receptors on the surface of neutrophils lead to their 

eventual remigration back to the bone marrow for subsequent clearance 269.  A detailed 

description of the migration of neutrophil from the circulation to inflammation sites is 

given in section 3.2.  

 

3.1.5 Antimicrobial peptides and the skin microbiome 

Antimicrobial peptides  

Besides the immunological and physical barriers, the skin possesses a chemical 

barrier involved in the fight against exogenous pathogenic bacteria. This consists 

mainly of AMPs, which are expressed by a variety of skin-resident or skin infiltrating 

cells. AMPs are either constitutively expressed or their expression can be induced or 

enhanced by pro-inflammatory cytokines or PAMPs 270. They are small, amphipathic, 

mostly cationic peptides that, due to their positive charge, have a high affinity for the 
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negatively charged bacterial membranes and induce cell lysis 271. AMPs have potent 

antimicrobial and immunomodulatory properties and thus contribute to the effective 

skin defense against invading pathogens  272.  

One group of AMPs in the skin are the human b-defensins (hBDs) consisting of 

hBD1-4. HBD1 is constitutively expressed in the skin. In addition, proinflammatory 

cytokines or PAMPs induce the expression of hBD2, hBD3 and hBD4 273,274. The 

different hBDs vary in their antimicrobial properties. While hBD1 and hBD2 are mainly 

active against gram-negative bacteria 275, hBD3 is the most potent antibiotic against a 

broad spectrum of bacteria including S. aureus 276. The significance of hBD3 in 

controlling S. aureus skin infections is highlighted by studies showing that a positive 

outcome of S. aureus skin infections is associated with higher inducibility of hBD3 in 

the skin 277. Due to their antimicrobial functions, hBDs have been proposed as 

therapeutic target for AD 278. AD skin is characterized by a Th2-dominated inflammation 

with an impaired barrier function and high S. aureus skin colonization. Th2-cytokines 

reduce the expression of hBD2 and hBD3 in keratinocytes 279,280. HBDs not only act 

antibacterial, but they contribute to an effective skin barrier by regulating gene 

expression for epidermal barrier and tight junction proteins 281,282. A recent study shows 

that hBD3 regulates the epidermal barrier function. They demonstrate that in an AD 

mouse model, the administration of the mouse homologue of hBD3, mBD-14, results 

in improved tight junction barrier function and reduced Th2 cytokines which was 

dependent on autophagy induction in keratinocytes 283. In addition to their antimicrobial 

properties, hBDs harbor important immunomodulatory functions by inducing the 

chemotaxis of several immune cells 273,284,285. 

In addition to hBDs, the AMP RNase 7 is constitutively expressed by human 

keratinocytes and contributes to the host defense against invading bacteria 286,287. Its 

expression can further be induced by proinflammatory cytokines or PAMPs 288,289. 

RNase 7 is highly bactericidal against S. aureus and the decreased expression of 

RNase 7 is linked to higher S. aureus skin infections 290. Similar to hBDs, RNase 7 is 

immunomodulatory and has been described to reduce Th2 cytokine production by T 

cells 291. Moreover, a recent study has revealed a potential role for RNase 7 as an 

alarmin, by binding self-DNA and subsequently inducing danger signals in 

keratinocytes 292.   

Another AMP in the skin is the cathelicidin LL-37. It is abundant in the specific 

granules of neutrophils 293. Furthermore, its expression can be induced in keratinocytes 
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upon inflammatory conditions 167. LL-37 is a small, highly cationic peptide that shows 

a wide range of antimicrobial activity against both gram-negative and gram-positive 

bacteria, including S. aureus 294,295. In addition, LL-37 has immunomodulatory 

functions and induces FPR1-mediated recruitment of immune cells including 

neutrophils, monocytes, and T cells 293. Furthermore, LL-37 can synergistically 

enhance the proinflammatory functions of immune mediators like IL-1b 296. As hBDs, 

LL-37 contributes to a functional skin barrier by regulating expression of epidermal 

barrier genes and tight junction proteins and by promoting autophagy in keratinocytes 
297,298.  

Dermcidin is generated exclusively by human sweat gland cells and can be found 

abundantly in sweat 299. Upon proteolytic processing, it harbors antimicrobial activity 

against skin pathogens including S. aureus. In contrast to the other AMPs described 

above, dermcidin is not cationic but carries a negative charge and thus exerts a 

different antimicrobial mechanism. Interestingly, AD sweat contains less dermcidin 

which is associated with enhanced susceptibility to skin infections, underscoring its 

role in the protection against invaders 300.  

In summary, AMPs are valuable mediators in the interplay between the physical, 

chemical, and immunological barriers in the skin to provide a functional skin barrier 

and an effective host defense against invading pathogens.  

 
The skin microbiome  

Our skin is a habitat for a multitude of microorganism communities, defined as skin 

commensals. They are in a symbiotic relationship with our skin; on the one hand the 

skin provides them with a habitat and nutrients, while on the other hand skin 

commensals protect us from pathogenic bacteria. They do this in various ways, by 

producing antibiotics that directly interfere with invading pathogens or by interacting 

with skin host cells and shaping our cutaneous immune system 301,302.  

The skin is a harsh environment to live in and is scarce of nutrients. Commensal 

bacteria express enzymes including proteases and lipases to make nutrients from the 

skin available from the skin 303. Lipases also help to release free fatty acids from lipids 

present in the stratum corneum, which in turn promote bacterial adherence 304,305. The 

composition of the skin microbiome undergoes changes with puberty and after that it 

stays stable 306. Furthermore, the skin microbiome composition also depends on the 

body site; dry, moist, or sebaceous. Moreover, changes have been observed under 
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inflammatory conditions 301,307. Interestingly, keratinocytes do not induce skin 

inflammation in response to skin commensals. Exposure to skin commensals early in 

life drives the development of S. epidermidis-specific Tregs in the skin that provide 

immune tolerance 308,309.  

Skin commensals are important for the establishment of the skin barrier 310. Uberoi 

et al. reported that germ-free mice had impaired barrier functions associated with 

aberrant keratinocyte differentiation and increased transepithelial electrical resistance 

(TEER). This could be retained by topical application of skin commensals highlighting 

the importance of the skin microbiome in the development of an effective skin barrier 

mediated by the induction of aryl hydrocarbon receptor (AhR) signaling in keratinocytes 
162 311. Moreover, S. epidermidis contributes to the maintenance of skin barrier 

homeostasis by providing ceramides to the skin via its sphingomyelinase 312.  

Many components of our skin microbiome act beneficial against S. aureus skin 

infections 313. For instance, S. epidermidis produces a serine protease that degrades 

proteins used by S. aureus for adhesion and biofilm formation 229,314. Moreover, 

lantibiotics, produced by skin commensals have potent antibacterial activity against S. 

aureus and can synergize with each other and with AMPs derived from skin cells. For 

example, lantibiotics produced by the coagulase-negative staphylococci S. epidermidis 

and S. hominis and Lugdunin, produced by S. lugdunensis acts synergistically with LL-

37 and dermcidin, derived from the host, in killing S. aureus 167,315.  Skin commensals 

can also be immunomodulatory. For example, S. epidermidis-specific T cells in the skin 

can induce AMP activation in keratinocytes which in turn act synergistically with S. 

epidermidis-derived bacteriocins to provide an effective defense against invading 

pathogens 316,317. 

A dysbiosis in the skin microbiome is associated with inflammatory skin diseases. 

In AD, a shift in the skin microbiome has been observed which is associated with an 

overabundance of S. aureus on the skin, influencing the local immune response and 

contributing to inflammation 10. This underscores the crucial role of the microbiome and 

its interplay with the skin in maintaining skin homeostasis 

  

3.2 Neutrophils 

   Neutrophils, which make up the majority of leukocytes in the human blood, are a key 

component of the innate immune system and play a vital role in fighting bacterial 

infections 31. They are the primary cells that enter a site of infection where they can 



Introduction 

 42 

deploy a diverse set of antimicrobial mechanisms to ensure a robust initial defense 

against invading pathogens such as S. aureus to ensure host protection 318. Beyond 

their antimicrobial functions, neutrophils actively modulate the immune response by 

detecting and releasing inflammatory mediators. This triggers the recruitment and 

activation of additional immune cells and facilitates the resolution of inflammation 319. 

In addition, neutrophils actively contribute to tissue repair by degrading cell debris and 

promoting revascularization of tissues 320.  

Studies showing that dysfunction or low counts of neutrophils are associated with 

recurrent severe infections underscore the importance of neutrophils in fighting S. 

aureus 321. However, excessive neutrophil activity can result in chronic inflammation 

and autoimmune disorders 67,322. The following sections will delve into the role of 

neutrophils in the innate immune system, covering their life cycle, antimicrobial 

mechanisms, and their implications in the pathogenesis of skin diseases.  

 

3.2.1 Neutrophil life cycle 

In the bone marrow, neutrophils differentiate from a common myeloid progenitor into 

terminally differentiated, mature neutrophils and subsequently enter the circulation in 

a granulocyte colony-stimulating factor (G-CSF) mediated manner 323. Large numbers 

of neutrophils circulate in the bloodstream from where they can rapidly infiltrate tissues 

to respond to sterile or infectious inflammation 324. In addition, neutrophils can also 

infiltrate and reside in naïve tissues including the spleen or the liver 325. Neutrophils 

are considered short-lived cells and are constantly replenished by the bone marrow 

with an estimated turnover rate of 5.07 +/- 0.87 x 10^9 cells/kg per day 326. Given the 

high production rate with about 1011 neutrophils per day, circulating neutrophils must 

be removed in a programmed manner to ensure homeostasis. Upon release of 

neutrophils into the circulation, their phenotype undergoes gradual changes with a 

decrease of CD62L surface expression and increase of CXCR4 surface expression 

over time in accordance with circadian rhythms 325,327. These changes affect their 

migratory capability towards inflamed tissues and induce the clearance of neutrophils 

from the circulation 325,327. Neutrophils re-enter the bone marrow, become apoptotic 

and are removed by macrophages by efferocytosis. Efferocytosis also takes place in 

the liver and the spleen 328,329. In addition to macrophages, neutrophils can also be 

eliminated by DCs 330. Neutrophil apoptosis and their clearance are key steps for 

inflammation resolution and important for maintaining immune homeostasis and 
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preventing the release of toxic substances from dying neutrophils which otherwise 

might induce tissue damage 331,332. Ren et al. reported that septic mice showed 

enhanced survival mediated by apoptotic neutrophils which had a reduced LPS binding 

and subsequent macrophage clearance 333. In addition, apoptotic neutrophils induce a 

pro-resolving phenotype in macrophages associated with the IL-23-mediated 

downregulation of G-CSF and subsequent inhibition of neutrophil infiltration 334.  

There is still a debate regarding the lifespan of neutrophils. Studies using mice 

models have proposed that circulating neutrophils have a half-life of about 12h-18h 335. 

Additionally, an investigation of the lifespan of murine neutrophils across various 

tissues – bone marrow, blood, liver, lung, spleen, intestine, and skin –revealed that the 

longevity of neutrophils depends upon the specific tissue they infiltrate 336. Intriguingly, 

this study demonstrates that neutrophils rapidly adopt a tissue-specific phenotype and 

transcriptional profile 336. This adaptation likely contributes to effective immune 

responses tailored to the demands of each particular tissue. The findings from these 

mouse studies underscore that the lifespan of neutrophils is linked to their location and 

function.  

However, the lifespan of human circulating and tissue neutrophils is poorly 

understood. Early studies using an ex vivo labeling and reinfusing model, revealed an 

estimated half-life of circulating neutrophils of about 7-9 hours in humans 326,337. A more 

recent study by Pillay et al. using in vivo labeling of human neutrophils with 2H2O 

showed that under homeostatic conditions, circulating human neutrophils have an 

estimated lifespan of 5.4 days 338. However, doubts have been risen concerning this 

finding as the method they used also labels neutrophils in the bone marrow 339.  

Inflammation is a key factor influencing the lifespan of neutrophils. The presence of 

inflammation leads to a notable increase, up to 10-fold, in the number of mature 

neutrophils in circulation 340. This is orchestrated by to emergency granulopoiesis, a 

process triggered by the TLR-dependent cytokine production such as G-CSF and IL-6 
341,342. Notably, several studies have shown that the extension of neutrophil lifespan 

under inflammatory conditions and multiple proinflammatory cytokines and PAMPs can 

delay neutrophil apoptosis 336,340,343-345. In addition, inflammatory stimuli induce a 

primed state in neutrophils, associated with several phenotypic and transcriptional 

alterations that affect the adhesion, transmigration, and chemotaxis of neutrophils. 

Primed neutrophils exhibit elevated ROS production and enhanced antimicrobial 

responses against invading pathogens 346. This suggests that the prolonged lifespan 
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observed under inflammatory conditions ensures the efficient use of neutrophil defense 

mechanisms to effectively eradicate infectious agents.  

 

3.2.2 Neutrophil migration into tissues 

Circulating neutrophils can rapidly migrate from the circulation into tissues during 

sterile or infectious inflammation to provide an effective first line of defense. This 

requires a multi-step process. In response to inflammatory signals, the expression of 

adhesion receptors like selectins on endothelial cells is increased. This enables 

circulating neutrophils to interact with these selectins, initiating the leukocyte adhesion 

cascade 347. The transient binding of neutrophils to selectins leads to their rolling on 

endothelial cells 348. This slowing of movement allows neutrophils to detect 

proinflammatory cytokines and chemokines at inflamed sites on the endothelial 

surface, inducing the upregulation of integrins on the surface of neutrophils 349,350. 

These integrins can firmly bind to receptors on endothelial cells, slowing neutrophil 

rolling and eventually causing their arrest 351. The subsequent transmigration of 

neutrophils through the endothelium to reach the inflammation site is known as 

diapedesis. This process involves alterations in neutrophil morphology, characterized 

by cell flattening and polarization, where neutrophils develop a leading edge, rich in 

filamentous actin and a trailing edge rich in myosin filaments. These structural changes 

facilitate their directed movement, aiding in the search for a suitable site to 

transmigrate through the endothelium into the extravascular space 352-354. For the 

subsequent diapedesis, neutrophils can employ either the paracellular pathway, 

passing between adjacent endothelial cells, or the transcellular pathway, passing 

directly through the endothelial cell. The paracellular pathway is the predominant 

method, involving the formation of a gap between endothelial cells through the 

disruption of vascular endothelial cadherin contacts 355-357.  Once in the extravascular 

space, neutrophils migrate directionally to the site of inflammation in an integrin-

dependent manner and guided by chemoattractant gradients 348. 

Various chemoattractants, including CXCL8 family chemokines, lipid mediators like 

Leukotriene B4 (LTB4), PAMPs derived from bacteria, or tissue-derived DAMPs, can 

facilitate the migration of neutrophils 358,359. Neutrophils display a range of surface 

receptors such as GPCRs, FPRs, and TLRs with which they can sense 

chemoattractants. Interestingly, neutrophils priorize chemoattractants as they show 

much higher chemotaxis towards bacterial stimuli than to endogenous chemokines 360. 
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Neutrophil migration can be divided into two phases. Early phase neutrophil 

recruitment is mediated by short-term signals such as bacterial products or DAMPs 

sensed by tissue-resident cells which subsequently release chemokines 361. For 

example, skin inflammation caused by tape-stripping of mouse skin leads to rapid 

upregulation of the neutrophil chemoattractants CXCL2 and IL-1b in the skin and is 

associated with an initial influx of neutrophils to the skin. Interestingly, these neutrophils 

then produce LTB4, which leads to the recruitment of additional neutrophils and 

initiates neutrophil swarming 361-363. Additionally, during intradermal S. aureus infection, 

early infiltrating neutrophils phagocytose the bacteria resulting in the inflammasome-

mediated secretion of IL-1b. In turn, this IL-1b triggers surrounding cells to generate 

additional neutrophil chemokines, consequently amplifying the recruitment of 

neutrophils to the skin 21,152. 

Interestingly, neutrophils can also migrate away from the inflammation site in a 

process called reverse transmigration. It is known that neutrophils can leave the 

inflammation site and relocalize to the lymph nodes or bone marrow, where they can 

be removed via efferocytosis by macrophages and activate T lymphocytes 364. 

Furthermore, several studies using intravital microscopy have shown that neutrophils 

can reenter the bloodstream and disseminate to secondary organs where they can 

cause tissue damage. This is associated with severe systemic inflammation 357,365,366. 

Neutrophils that underwent reverse transmigration are characterized by a prolonged 

lifespan and a proinflammatory phenotype 357,367. However, further investigations 

concerning the reverse transmigration of neutrophils are necessary.  

 

3.2.3 Antimicrobial mechanisms of neutrophils 

Under homeostatic conditions, circulating neutrophils are in a quiescent state 340. 

However, when exposed to proinflammatory factors, neutrophils are primed, enabling 

them to rapidly respond to activating stimuli. Primed neutrophils exhibit various 

phenotypic changes, including enhanced NADPH oxidase activation, granule release, 

cytokine and lipid synthesis, improved adhesion and transmigration, enhanced 

chemotaxis, and delayed apoptosis 346. The subsequent sections provide a detailed 

discussion of the diverse antimicrobial mechanisms employed by neutrophils to 

combat pathogens. Conversely, S. aureus has evolved numerous evasion strategies 

to escape neutrophil-mediated killing, which are elucidated in section 3.3. 
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One mechanism that neutrophils use against S. aureus is phagocytosis. In this 

process, neutrophils engulf S. aureus in phagosomes and subsequently kill the 

bacteria by releasing an arsenal of antimicrobial substances including ROS and 

cytosolic granules into the phagosome. This process requires recognition and binding 

of the bacterium by neutrophils. Neutrophils bind microbial structures via PRRs, such 

as TLRs, expressed on their surface and subsequently activate signaling cascades 

that initiate cellular antimicrobial responses that contribute to bacterial killing after 

ingestion 368. In addition, phagocytosis is enhanced by opsonization, a process in 

which the bacterium is coated with serum Igs and complement system factors. These 

factors are able to interact with Fc- and complement receptors, such as lectin, present 

on the surface of neutrophils, thereby facilitating bacterial binding and uptake 369. 

Human serum contains specific Igs against S. aureus cell wall proteins including wall 

teichoic acids (WTA) or peptidoglycans. Upon receptor binding, the plasma membrane 

engulfs S. aureus, leading to the formation of a vacuole called a phagosome 369. Once 

inside the phagosome, neutrophils employ several mechanisms to kill S. aureus. The 

fusion of granule membranes with the phagosome membrane results in the release of 

granule proteins into the phagosome. Myeloperoxidase (MPO), a granule present in 

azurophilic granules, generates highly cytotoxic ROS 370. The generation of ROS by 

MPO requires the assembly and the activation of the nicotinamide adenine 

dinucleotide phosphate (NADPH) oxidase in the phagosomal membrane. By electron 

transfer, NADPH oxidase generates superoxide anions in the phagosome, which are 

subsequently dismutated to H2O2. MPO then catalyzes the reaction of chloride and 

H2O2 resulting in the production of the ROS hypochlorous acid (HOCl), which exerts 

potent microbicidal capacities 370,371. Interestingly, patients with defective NADPH 

oxidase activity suffer from recurrent, life-threatening infections 372, underscoring the 

importance of ROS production by neutrophils. 

In addition to ROS production in the cytosol, S. aureus killing is mediated by the 

release of cytosolic granule contents into the phagosome in a process called 

degranulation. Neutrophils contain over 300 pre-formed proteins stored in 

cytoplasmic granules. These granules include azurophilic granules, specific granules, 

gelatinase granules, and secretory vesicles 373. They are produced at different stages 

of granulopoiesis starting from the promyelocyte stage, with the azurophilic granules 

being produced first, followed by the specific granules, gelatinase granules and finally 

the secretory vesicles in that order in a targeting by timing model 374.  They differ greatly 
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in their content. Azurophilic, or primary granules contain the most toxic compounds 

with potent bactericidal properties including the above-mentioned MPO as well as 

hydrolytic serine proteases including neutrophil elastase (NE), proteinase 3, and 

cathepsin G, and antimicrobial pore-forming a-defensins 375. The specific, or 

secondary granules contain lactoferrin, which sequesters iron to limit bacterial growth 
376, as well as defensins and MMPs. The gelatinase, or tertiary granules, contain 

MMPs, lysozyme and lipocalin-2 (LCN2), which also acts bactericidal by sequestering 

iron, among others 377. Finally, the secretory vesicles contain membrane receptors 

including CR1, CD14, CD16, and FPRs, as well as cytokines and albumin, indicative 

of endocytosis, and regulate the inflammatory response 378. Thus, neutrophils can 

adapt to their environment by changing the expression of surface receptors through 

degranulation. Granule release is precisely regulated to reduce host damage and is 

dependent on the intensity of the stimulus 340,379,380. Initial release occurs from the 

secretory vesicles, stimulated by chemokines or selectin signaling. Gelatinase 

granules are exocytosed at a higher threshold of stimulus concentration, and specific 

granules at even higher thresholds. Azurophilic granules, which contain the most toxic 

proteins, are released last 340. 

In addition to fusion with the phagosome membrane, cytosolic granules can also 

fuse with the plasma membrane leading to the expression of the granules on the cell 

surface as well as their secretion into the extracellular space where they can exert their 

function 381. Degranulation is tightly regulated to prevent excessive tissue damage 375. 

An illustration of neutrophil phagocytosis and degranulation is provided in Figure 4. 
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Figure 4: Neutrophil phagocytosis and degranulation. Phagocytosis of S. aureus is facilitated by opsonization 
of S. aureus with Igs and complement factors, which bind to FCRs and CRs on the neutrophil surface. Within the 
phagosome, the killing of S. aureus is orchestrated through the coordinated production of ROS by NADPH oxidase 
and MPO. In addition, cytosolic granules fuse with the phagosome membrane and cell membrane and expose S. 
aureus to defensins, serine protease and ROS. This illustration was created with BioRender. 

Another potent antimicrobial mechanism used by neutrophils involves the 

generation and release of neutrophil extracellular traps (NETs) through a 

mechanism called NETosis 382. NETs are chromatin structures enriched in antimicrobial 

peptides and histones 383. Prominent substances present in NETs include histones, 

serine proteases, MPO, calprotectin, cathelicidins, and defensins 384. Interestingly, 

NET formation does not occur in resting neutrophils and requires a priming stimulus 
385. NET formation is initiated by a wide variety of stimuli, including proinflammatory 

cytokines, activated platelets, bacteria and bacteria-derived products 386. In the case 

of bacteria-induced NETosis, the size of the microorganism appears to determine 

whether phagocytosis or NETosis is triggered 387. NETs act as antimicrobial agents by 

trapping pathogens, preventing them from spreading and killing them by exposing 

them to a high local concentration of antimicrobial peptides 387,388. Several receptors 

appear to work synergistically to induce effective NET formation as more NET 

formation is induced by microorganisms compared to stimulation with one single TLR 

ligand  386,389.  
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Two mechanisms of NET formation have been reported: the lytic or suicidal NETosis 

and non-lytic or vital NETosis formation, as illustrated in Figure 5. Lytic NETosis results 

in cell death, while neutrophils undergoing non-lytic NETosis remain viable 383,390. Lytic 
NETosis occurs within 45-240 minutes after the activation of neutrophils and involves 

several steps including chromatin decondensation, loss of nuclear membrane integrity, 

merging of chromatin and cytoplasmic components, disruption of the cell membrane, 

and eventual expulsion of NET structures into the surrounding space 386,389. Over the 

years, a more detailed mechanistic understanding of the lytic NETosis have been 

described. In lytic NETosis, a stimulus triggers Raf-MEK-ERK-mediated activation of 

the NADPH oxidase, resulting in the production of ROS by neutrophils. This causes 

MPO and NE to exit the azurosome into the cytosol. NE then binds and breaks down 

F-actin filaments, facilitating its translocation into the nucleus. NE in the nucleus 

mediates chromatin decondensation by proteolytic processing of histones 391. 

Additionally, H2O2 and increased intracellular calcium levels enhance the activation of 

peptidyl-arginine deiminase type 4 (PAD4), which triggers histone citrullination through 

the conversion of arginine residues, which have a positive charge, to citrulline, which 

is neutral. This modification affects histone-DNA interactions, causing chromatin 

decondensation 392. In order for chromatin to exit the nucleus, protein kinase C and 

PAD4 catalyze lamin B1 phosphorylation and gasdermin D forms pores in the nuclear 

membrane upon activation by caspases or NE, leading to nuclear disintegration 393 
394,395. To release NET structures into the extracellular space, cytoskeleton 

disassembly and plasma membrane rupture are necessary 393. PAD4 plays a critical 

role in this intricate process. For example, PAD4 facilitates NRLP3 inflammasome 

activation, which in turn contributes to envelope or plasma rupture and the release of 

NETs 393,395-397. 

In contrast to lytic NETosis, non-lytic NETosis is a much more rapid process, only 

taking about 5-60 minutes 398. A prominent stimulus of non-lytic NETosis is S. aureus. 

Pilsczek et al. demonstrated that neutrophils release NETs within minutes following 

exposure to S. aureus and interestingly, this form of NETosis was independent of ROS 

production and did not require cell lysis to release the NETs 398. The nucleic DNA is 

packaged into vesicles and secreted into the extracellular space, where the vesicles 

lyse and mix with the secreted granule content. These NETs exhibit strong bactericidal 

activity against S. aureus 398. In non-lytic NETosis, a viable anuclear cytoplast with 

intact membranes is left behind that retains phagocytic capabilities. This viable form of 
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NET formation enables the neutrophils to trap bacteria and later phagocytize bacteria, 

keeping them local in the initial stages of infection and preventing subsequent systemic 

spread and infection 399.  

 
Figure 5: Mechanism of NET Formation. During lytic NETosis, stimuli activate the RAF-MEK-ERK-dependent 
activation of NADPH oxidase and subsequent ROS production. ROS induces the translocation or NE, MPO and 
PAD4 into the nucleus where they promote chromatin decondensation. Lytic NETosis is accompanied by cell lysis. 
In vital NETosis, stimuli activate PAD4 and NE which translocate into the nucleus and promote chromatin 
decondensation. This process is independent of ROS. NETs are packed in vesicles and are secreted to the 
extracellular space. An anuclear cytoplast remains. This illustration was created with BioRender. 

As NETs are enriched in components that possess potent cytotoxic and 

inflammatory properties, the timely clearance of NETs from sites of inflammation is 

critical. Macrophages are capable of removing NETs through endocytosis and 

successive lysosomal degradation. The prior degradation of NETs by endogenous 

DNase I facilitates the ingestion of NETs 400.  

 

3.2.4 The role of neutrophils and NETs in the skin immune system 

Besides their antimicrobial functions, neutrophils actively shape the innate immune 

response by expressing various PRRs, including TLRs and cytoplasmic sensors of 

ribonucleic acids like NOD1 and FPRs 401-404. In addition, neutrophils express several 

cytokine and chemokine receptors and produce various pro- and anti-inflammatory 

cytokines and chemokines. This allows neutrophils to detect and respond to immune 

reactions, as well as to recruit and activate immune responses in other immune cells. 

Neutrophils therefore both exert antimicrobial mechanisms and actively shape the 

immune response 343,405.  



Introduction 

 51 

Although neutrophils primarily exist in the bone marrow and blood, some have also 

been observed in the skin even under steady-state conditions 406. A recent study 

revealed a role of a keratinocyte-neutrophil crosstalk in maintaining skin microbiome 

diversity. Neutrophils express specific GPCRs, Mrgpra2, which bind to keratinocyte-

derived defensins. Interestingly, the disruption of this defensin/Mgrpra2a signaling by 

creation of knock-out mice resulted in a loss of the skin microbiome diversity with a 

shift toward a higher abundance of Staphylococcus species on the skin  407. This 

demonstrates the involvement of neutrophils in preventing dysbiosis of the skin 

microbiome.  Additionally, neutrophils have an active role in skin wound healing and 

repair. In a murine model where skin injury was caused by tape-stripping, skin-

infiltrated neutrophils were stimulated by the skin microbiota to generate CXCL10, 

which forms complexes with skin commensal derived DNA. These complexes induce 

plasmacytoid DCs (pDCs) to produce type I IFNs, triggering the production of growth 

factors by macrophages and fibroblasts which promote wound healing 408. 

Neutrophils interact with several immune cells in the skin, including keratinocytes, 

DCs, NK cells, B cells, and T cells, as evidenced by several studies 409. Neutrophils-

produced chemokines like CCL2, CXCL9, CXCL10, CCL2, and CCL20 facilitate the 

recruitment of Th1 and TH17 cells to inflammation sites 410. On the other hand, 

activated Th17 cells are able to induce additional recruitment and activation of 

neutrophils and stimulate granulopoiesis through upregulation of G-CSF mediated by 

IL-17 411. Additionally, cytokines produced by macrophages lead to neutrophil 

recruitment and prolong their survival, which provides optimal conditions for effective 

clearance of exogenous agents 412. This dynamic interplay highlights the complexity 

and mutual influence of the immune system.  

Effective neutrophil function requires a delicate balance between neutrophil 

infiltration, activation, and subsequent clearance from sites of inflammation. There is 

increasing evidence suggesting that dysregulated activation of neutrophils and 

increased formation of NETs are associated with the pathogenesis of several skin 

disorders 413. In a murine model of allergic skin inflammation induced by tape-stripping 

and ovalbumin sensitization, neutrophils infiltrating the skin produced LTB4, which led 

to the recruitment and accumulation of more neutrophils as well as CD4+ T cells, 

triggering allergic skin inflammation 362. Interestingly, individuals with AD have 

heightened LTB4 production in their neutrophils, and elevated levels of LTB4 have 

been observed in AD skin lesions 414-417. Additionally, tissue-resident CD4+ T cells 
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induce neutrophil recruitment, which is associated with chronic skin inflammation in AD 
418. Moreover, skin-infiltrating neutrophils were found to induce itch in a MC903 murine 

AD model by inducing CXCL10 419. These findings strongly suggest that neutrophils 

contribute to the initiation of allergic skin inflammation in the context of AD. 

Furthermore, Shibuya et al. showed that neutrophils are involved in skin inflammation 

development in a murine model of irritant contact dermatitis 420. The study found that 

the application of surfactants induced the accumulation of neutrophils in the skin, which 

was dependent on CCR2-mediated IL-1b production in the skin. Depletion of 

neutrophils eliminated skin inflammation signs, including epidermal thickening and 

TEWL, underscoring the key role of neutrophils in this model 420.  

The role of neutrophils and NETs in skin pathogenesis has been well described in 

psoriasis 421. Patients with psoriasis exhibit elevated levels of NETotic neutrophils in 

their bloodstream, which correlate with disease activity 422,423. Furthermore, there is an 

increase in neutrophil granule proteins in the bloodstream, which may amplify the 

inflammatory response 424. Psoriasis patients often display increased keratinocyte 

proliferation and neutrophil microabscesses in the skin, which are hallmarks of the 

disease 425,426. The interaction between neutrophils and keratinocytes induces 

proinflammatory responses in both cell types. For instance, neutrophil proteases can 

cleave and thereby activate IL-1 and IL-36 cytokines, promoting keratinocyte 

proliferation 425,426. In addition to neutrophils, NETs can induce inflammatory responses 

in keratinocytes by activating TLR4/IL36R-induced MyD88/NFkB signaling pathways. 

This leads to the production of LCN2, which further enhances neutrophil recruitment 

both in vitro and in vivo 422. Moreover, NETs are capable of activating inflammation and  

NET formation in neutrophils, thus further fueling skin inflammation 427. The ability of 

NETs to promote skin inflammation is underscored by a recent study which found that 

NETs trigger activation of the AIM2-inflammasome in keratinocytes through a MAPK-

p38-dependent mechanism resulting in the production and secretion of IL-1b by 

keratinocytes 428. Neutrophils and NETs are also involved in inducing the IL-23/IL-17 

response in the skin, which is dominant in psoriasis. They function as a source of IL-

17 and trigger IL-17R activation in keratinocytes, ultimately leading to psoriatic immune 

responses in an imiquimod murine model of psoriasis 429-431. Aside from keratinocytes, 

neutrophils and NETs can also stimulate plasmacytoid DCs to initiate an immune 

response and enhance T cell responses 432-434. NETs can induce Th17 cell expansion 

from PBMC-derived memory T cells 429. Taken together, these findings highlight the 
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role of neutrophils and NETs in the inflammatory process mediated by IL-23/IL-17, 

demonstrating their significant involvement in the development of psoriasis.  

Due to their high concentration of endogenous proteins, NETs are a source of 

autoantigens and are involved in the pathogenesis of various autoimmune diseases 

including SLE 435,436. Patients with SLE demonstrate increased levels of circulating 

NETotic neutrophils and pathogenic autoantibodies such as anti-DNA antibodies. 

Additionally, NETotic neutrophils are observed in the skin of patients with lupus 437,438. 

NET-derived LL37-DNA complexes activate B cells in a TLR9-dependent manner, 

including LL-37 specific memory B cells, thereby promoting the development of anti-

LL37 autoantibodies 439. Furthermore, NET-derived LL-37-DNA complexes stimulate 

the production of IFNa by pDCs 440. Therefore, these findings reveal a further role of 

NETs in promoting inflammation by activating self-reactive B cells or pDCs.  

Additionally, NETs contribute to inflammatory responses in lupus macrophages by 

instigating NLRP3-mediated release of IL-1b and IL-18 441.  Figure 6 illustrates the 

proinflammatory properties of NETs.  

 
Figure 6: Inflammatory function of NETs: NETs active immune responses in various cells. They mediate the 
secretion of IL-1b and IL-18 in an AIM2- and NLRP3-inflammasome mediated manner in keratinocytes and 
macrophages, respectively. Additionally, NETs cause hyperproliferation of keratinocytes, a hallmark of psoriasis, 
and can induce neutrophil recruitment to the skin by triggering the secretion of LCN2 by keratinocytes and IL-17 by 
Th17 cells. Furthermore, NETs stimulate NET formation in neutrophils. NETs also mediate autoimmune responses 
by eliciting the production of autoantibodies in B cells and IFN responses in pDCs. This illustration was created with 
BioRender. 
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In addition to their immunomodulatory functions, agents derived from activated 

neutrophils and NETs such as proteolytic enzymes, or the overproduction of ROS can 

induce tissue damage and impair the skin barrier 442,443.  For example, NETs can delay 

the healing of cutaneous wounds 444.  

In summary, excessive neutrophil activation and NET formation are associated with 

the pathogenesis of several inflammatory skin diseases. Targeting neutrophils and 

NETs may be a promising approach, as it has been demonstrated to improve 

symptoms in a murine model of psoriasis 445. Numerous strategies have been reported 

to target neutrophils or NETs 413,446. These include modulators that can influence the 

function of neutrophils either by blocking their recruitment, such as anti-IL-17 

antibodies, CXCR2 antagonists, or anti-G-CSF receptors, or by directly interfering with 

neutrophil activation and NET formation, such as PAD4 inhibitors, antioxidants, or 

MPO- or NE inhibitors 446.  

 

3.3 Staphylococcus aureus 
 S. aureus is a gram-positive coagulase-positive, facultative pathogen that either 

transiently or permanently colonizes about 30% of humans primarily in the nose  447,448.  

However, S. aureus causes the majority of skin infections worldwide and can lead to 

serious systemic infections which can be life-threatening 449. Nasal carriers of S. 

aureus are at great risk of S. aureus infections and targeting S. aureus in the nose 

temporarily protects against infections 450 451.The rise of community-associated 

methicillin-resistant S. aureus (CA-MRSA) has been described. As these strains 

quickly develop resistance to a wide range of antibiotics, they pose a major problem 

for our health 452. Therefore, new therapeutic strategies to effectively control S. aureus 

infections are required. For this, the further understanding of the mechanism regulating 

S. aureus infection is of high importance. 

 

3.3.1 S. aureus colonization as a driver of inflammatory skin diseases 

AD is a chronic inflammatory skin condition with a compromised skin barrier 6-8. The 

pathogenesis of AD is complex and various factors contribute to the development and 

progression of the disease. Additionally, there is a dysbiosis and a reduced diversity of 

the skin microbiome, with a shift towards S. aureus in AD skin. Approximately 90 % of 

AD patients exhibit colonization of S. aureus of their skin 453. This impedes the skin 
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microbiome-mediated protection against S. aureus, including skin microbiome-derived 

AMPs, thus facilitating further growth of S. aureus 315. Subsequently, epidermal S. 

aureus colonization exacerbates skin barrier defects and inflammation in AD skin 
454,455. Studies have demonstrated a positive correlation between AD severity and S. 

aureus abundance on the skin and targeting S. aureus colonization has been shown 

to alleviate AD severity 453,456,457.  

S. aureus possesses multiple tools that facilitate colonization, inflammation, and 

immune evasion, as illustrated in Figure 7. These consist of virulence factors, including 

phenol-soluble modulins (PSMs), pore-forming toxins, and superantigens, as well as 

extracellular enzymes, cell wall associated proteins, and PAMPs that trigger 

inflammation 458.  

 
Figure 7: S. aureus as driver of skin inflammation. S. aureus produces a variety of factors contributing to skin 
inflammation. Skin barrier defects as induced by PSMs, toxins, proteases, or biofilm formation, either directly or by 
inducing Th2 responses in the skin. Furthermore, S. aureus induces the production of serine proteases in 
keratinocytes and inhibits the fatty acid elongase enzymes causing the accumulation of shorter chain fatty acids in 
the skin. S. aureus PSMs drive skin inflammation by inducing IL-1 cytokine secretion by keratinocytes which leads 
to the activation of IL-17 producing Th17 cells and neutrophil recruitment. S. aureus PSM then can induce NET 
formation in the recruitment of neutrophils. This illustration was created with BioRender. 

The vast majority of the virulence factors is regulated by the quorum-sensing 

accessory gene regulatory system (agr), which is activated in response to bacterial 

density 459. One noteworthy group of virulence factors comprises the PSMs, which 
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include PSM a, b and g 460.  PSMa induces skin inflammation by stimulating 

keratinocytes to release IL-1a and IL-36a which, in turn, induces IL-17 production by 

gd T cells and neutrophil infiltration 235. S. aureus can subsequently induce NETs in the 

infiltrating neutrophils 461,462. The ability of PSMa to trigger skin inflammation has been 

verified by a recent study describing the induction of various proinflammatory cytokines 

and chemokines by keratinocytes in response to synthetic PSMa, as well as the lack 

of inflammation induction upon stimulation with S. aureus PSM mutants 463. 

Additionally, S. aureus-derived PSMd induces mast cell degranulation in lesional skin 

of AD by inducing IL-4 and IgE production 87,456. Moreover, PSMs derived from S. 

aureus demonstrate high cytotoxicity and the ability to lyse cells via pore formation. 

Lysis of neutrophils post-phagocytosis enables S. aureus to evade immune responses 
464. Furthermore, PSMs play a crucial role in the biofilm formation of S. aureus 465. A 

recent study reported that S. aureus colonization on AD skin can activate NLRP1 in 

keratinocytes, leading to the activation of IL-1b and IL-18 214. Moreover, Di Domenico 

et al. showed that proinflammatory cytokines IL-1b and IFNg, which are elevated in AD 

skin lesions and can be induced in keratinocytes by S. aureus itself, enhance the 

growth of both planktonic and biofilm cultures of S. aureus in a concentration-

dependent manner 466.  This suggests that S. aureus creates favorable growth 

conditions for itself by provoking inflammation in the skin.  

The formation of biofilms by S. aureus could account for the heightened antibiotic 

resistance observed. AD-associated S. aureus strains are proficient to generate 

biofilms, which displays a significant correlation between the severity of AD, the 

dysfunction of skin barrier, and the probability of biofilm generation by S. aureus 467. A 

study by Gonzales et al. sheds light on this relationship by revealing that an increased 

propensity of S. aureus to form biofilms is linked to a reduction in FLG expression in 

the skin 468. These results demonstrate the clinical significance of biofilm formation in 

AD-associated S. aureus strains and highlight the complex interrelation between 

biofilm dynamics, AD severity, and skin barrier integrity.  

Skin barrier defects facilitate colonization of S. aureus, and interestingly, S. aureus 

colonization further promotes skin barrier dysfunction. In lesional AD skin, S. aureus 

triggers the release of inflammatory cytokines including TNFa, IL-1b, IL-6. and IL-33 in 

keratinocytes, inhibiting the expression of fatty acid elongase enzymes, the so-called 

elongation of very long chain fatty acids proteins (ELOVL) in keratinocytes. This, in 

turn, leads to an accumulation of shorter chain fatty acids in the skin, which are 
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associated with skin barrier dysfunction 469. Additionally, S. aureus triggers Th2 

inflammation in the skin by secreting enterotoxin, which interacts with MHCII and TCR 

of Th2 cells leading to the production of Th2 cytokines which are associated with skin 

barrier dysfunctions. Furthermore, toxins secreted by S. aureus may cause cell lysis 

and subsequent death of keratinocytes, resulting in the secretion of DAMPs that 

activate the production of Th2 cytokines 470. As discussed in section 1.1.4, skin barrier 

dysfunction is closely linked to Th2 inflammation, highlighting the direct contribution of 

S. aureus to this inflammatory process. Furthermore, S. aureus can induce the 

expression of serine proteases in keratinocytes, which results in the degradation of 

epidermal barrier proteins and thus further driving skin barrier defects 471.  

In summary, S. aureus colonization on AD skin plays an active role in the 

progression of the disease through various mechanisms. As such, targeting S. aureus 

colonization appears to be a promising avenue for treatment. Targeting S. aureus using 

antibiotics is inefficient and leads to the rapid recolonization of the skin by S. aureus 

within weeks  472. This approach is impractical in light of the current antibiotic resistance 

crisis. A promising alternative is the use of skin commensals, such as S. epidermidis 

or S. hominis or S. lugdunensis which produce AMPs that provide both direct 

bactericidal and immunomodulatory protection against S. aureus 315,167. Additionally, a 

recent study demonstrated that S. aureus skin colonization in AD skin quickly 

decreased by treatment of dupilumab, an IL-4R inhibitor that blocks IL-4 and IL-13 

signaling, as a therapy for AD. This was also linked to decreased AD severity 127. 

Further comprehension of the regulation of S. aureus skin colonization is vital for the 

development of new approaches.  

 
 
3.3.2 Role of neutrophils in S. aureus skin infection 

As outlined in section 3.2, neutrophils are the initial cells to infiltrate the skin during 

S. aureus infection, and therefore serve as the first layer of defense in clearing bacteria 

and preventing systemic spread 473-475. Defects in the function of neutrophils correlate 

with severe relapsing infections, highlighting the significance of neutrophils in S. 

aureus skin infections 321. 

Interestingly, there is a different role for neutrophils in mouse models of 

epicutaneous or intradermal S. aureus infection. In intradermal S. aureus infection, 

neutrophil recruitment to the skin and subsequent clearing of bacteria from the skin is 
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dependent on IL-1R/Myd88 signaling initiated by inflammasome-dependent production 

of IL-1b in the skin, which subsequently induces IL-17 production in skin-resident gd T 

cells 21,121,476,477. A recent study further showed that during an intradermal S. aureus 

infection, keratinocyte-derived defensins activate neutrophils to release IL-1b and 

CXCL2, which increases further neutrophil recruitment and subsequent bacterial 

clearing 407. Neutrophil depletion in the intradermal S. aureus infection resulted in 

increased pathogen loads and skin lesions in the skin, highlighting the importance of 

neutrophils in bacterial clearance in this model which is proposed to be mediated by 

NADPH oxidase-dependent phagocytosis 478. In addition to relocating into the skin to 

fight S. aureus directly at the infection site, studies have revealed that intradermal S. 

aureus infection triggers neutrophil migration through high endothelial venules to the 

skin-draining lymph nodes, where they prevent systemic S. aureus dissemination and 

activate lymphocyte proliferation 474,479,480. Interestingly, the early infiltration of 

neutrophils into the skin-draining lymph node was only observed following S. aureus 

infection but not in sterile lesions 480. Neutrophil clearance in the skin-draining lymph 

nodes is regulated by conventional DCs, which helps to control skin inflammation in 

response to S. aureus skin infection 481.  

Interestingly, the immune response of neutrophils differs during epicutaneous S. 

aureus infection where keratinocytes are the first sensors of the pathogen. Although 

neutrophil depletion reduced the disease score in an epicutaneous infection model, it 

had no effect on the total bacterial loads on the skin. However, it led to the invasion of 

S. aureus into the dermis, suggesting a role of neutrophils in preventing S. aureus 

dissemination in the skin 478. Additionally, a recent study demonstrated that after 

epicutaneous S. aureus infection, defensins produced by keratinocytes activate 

Mrgpra2, a neutrophil-specific GPCR essential for the clearance of S. aureus from the 

skin. Mice with neutrophils lacking these receptors exhibited prolonged persistence of 

S. aureus on the skin, highlighting the critical role of Mrgpra2 in the immune response 

to S. aureus infection 407. Furthermore, Schulze et al. used a humanized model to 

demonstrate that the epicutaneous colonization of a non-invasive MRSA strain on the 

stratum corneum triggered the recruitment of neutrophils via IL-8 signaling, which 

subsequently eliminated S. aureus from the skin. This finding reveals a vital role for 

neutrophils in regulating transient S. aureus colonization of the skin 482.  

Although neutrophils are considered indispensable for S. aureus skin infection, 

there is increasing evidence of a correlation between neutrophils and S. aureus skin 
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colonization. In AD skin, elevated levels of IL-8 and GM-CSF, known chemoattractants 

for neutrophils, correlate with increased neutrophilic infiltrates in the dermis 483,484. The 

increased colonization of S. aureus in lesional AD skin is associated with elevated 

levels of IL-8 within the stratum corneum, indicating a connection with the severity of 

AD and skin barrier dysfunction 485. Moreover, the upregulation of IL-8 in an epidermal 

skin model with FLG knockdown is linked to enhanced S. aureus colonization of the 

skin 486.  Skin barrier disruption by tape-stripping enhances S. aureus persistence on 

the skin in vivo 220. This enhanced S. aureus colonization of the skin is mediated by 

the interaction of NETs, formed by infiltrating neutrophils, and skin-resident 

keratinocytes 221. Interestingly, a recent study showed that epicutaneous S. aureus 

colonization can induce NET formation in infiltrating neutrophils which subsequently 

triggers the development of autoantibodies as they occur in SLE 487. There is evidence 

that S. aureus colonization might be increased on the lesional skin of SLE subjects 

who also exhibit skin barrier dysfunctions 488.  

Taken together these findings suggest a potential role for neutrophils in increasing 

S. aureus colonization of the skin through the release of NETs. The resulting increase 

in S. aureus skin colonization may further contribute to skin inflammation and 

potentially play a role in the development of autoimmune inflammation. 

 

3.3.3 Evasion strategies of S. aureus 

S. aureus has developed a number of mechanisms to evade neutrophil-mediated 

killing, as illustrated in Figure 8. Especially highly virulent strains, which are increased 

in AD skin lesions, are capable of avoiding the antimicrobial response while at the 

same time exhibiting a potent colonization ability 164,489.   
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Figure 8: Strategies of S. aureus for evading neutrophil-mediated killing. Neutrophils employ various 
antimicrobial mechanisms including phagocytosis, degranulation, and NET formation to eliminate S. aureus. S. 
aureus can escape phagosomal killing by expressing catalase and superoxide dismutase, which neutralize ROS, 
lowering their negative charge to evade killing by cationic defensins and by expressing protease inhibitors Eap that 
inhibit serine proteases responsible for toxin degradation. Toxins produced by S. aureus can lyse the phagosome 
membrane, leading to the escape of the bacterium, as well as lysing the cell membrane, resulting in the death of 
neutrophils. Moreover, S. aureus induces NET formation via toxins or protein A and subsequently evades NET-
mediated killing by expressing nucleases that degrade NETs. This illustration was created with BioRender. 

One notable evasion strategy employed by S. aureus involves inhibiting neutrophil 

recruitment mediated by chemotaxis inhibiting proteins (CHIPs) in a C5a- and FPR-

mediated manner  490.  Furthermore, several factors of S. aureus, including Spa and 

clumping factor A (ClfA) have been identified to inhibit neutrophil phagocytosis-

mediated killing 491,492. S. aureus can evade ROS-mediated killing phagosome by 

expressing enzymes like catalase and superoxide dismutase which neutralize ROS 

within the phagosome 493. In addition, S. aureus can activate itaconate production in 

neutrophils, which blocks the production of ROS 494. By reducing its negative charge 

on the cell wall via dlt-mediated incorporation of D-alanine into teichoic acids or 

multiple peptide resistance factor (mprf)-mediated L-lysine into phosphatidylglycerol, 

S. aureus becomes less susceptible to killing by cationic AMPs such as a-defensins 

from neutrophils 495,496. The expression of protease inhibitors, such as the extracellular 

adherence protein (Eap), adds another layer of evasion strategy by inhibiting the 

activation of neutrophil-derived serine proteases, thereby preventing the degradation 

of its virulence factors, particularly PSMs 497,498. Moreover, S. aureus can evade 
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phagosomal killing and escape the phagosome via cell lysis. Toxins like leukocidins 

and PSMs actively participate in this process by lysing neutrophils through pore 

formation, ultimately facilitating the escape of S. aureus from the cell 464. 

In addition to phagocytosis, neutrophils can employ NET formation to eliminate S. 

aureus. Interestingly, S. aureus has the ability to both induce NET formation and 

subsequently evade NET-mediated killing. S. aureus-induced NET formation can be 

mediated by several virulence factors including leukocidin LukAB or Spa 499,500. To 

counteract NET-mediated killing, S. aureus has developed several strategies. S. 

aureus expresses nucleases that effectively degrade NETs, preventing their 

entrapment and subsequent killing 501. Thammavongsa et al. showed that intravenous 

S. aureus infection triggers a two-step process. Staphylococcal nuclease initially 

degrades the DNA of NETs to deoxyadenosine monophosphate, and subsequently, 

staphylococcal adenosine synthase A (AdsA) converts this into deoxyadenosine 

(dAdo), inducing apoptosis in macrophages 502. NETs can enhance bacterial killing of 

S. aureus by macrophages 503. Therefore, by degrading NETs and potentially inhibiting 

their microbicidal enhancement of macrophages, S. aureus manipulates the immune 

response to its advantage.  

A study by Kwiecinski et al. reported the involvement of the ArlRS two-component 

system, comprising ArlRs and MrgA, in regulating the expression of factors involved in 

immune evasion. Mutant strains have a lower nuclease expression and exhibit a 

decreased capacity to degrade NETs., highlighting the critical role of this regulatory 

system. Additionally, the expression of various S. aureus toxins, including leukocidins, 

which are linked to NET development and immune evasion, was also impaired in 

mutants 504. 

In conclusion, the extensive range of evasion mechanisms demonstrates S. 

aureus’s resilience against neutrophil-mediated immune responses, emphasizing the 

complexity of host-pathogen interaction. The further understanding of these 

sophisticated mechanisms is crucial for developing effective strategies to counteract 

S. aureus infections.  

 

 



 Introduction 

 

 62 

 
3.4 Aim of the Thesis 

S. aureus is the cause of the majority of skin infections, and it is highly prevalent on 

the skin of patients with AD where it actively contributes to the pathogenesis of the 

disease by exacerbating skin inflammation 456. Neutrophils are usually critical for 

controlling S. aureus skin infections. However, there is growing evidence that 

neutrophils may have an opposing effect in inflammatory skin conditions by potentially 

creating a favorable environment for S. aureus skin colonization. In particular, an 

interaction between NETs and keratinocytes has been demonstrated to increase S. 

aureus skin colonization. However, the underlying mechanisms of this phenomenon 

are as yet unknown. Thus, the purpose of this thesis was to examine in detail the 

interplay between neutrophils, NETs and keratinocytes that underlies the increased S. 

aureus colonization in inflamed skin. In addition, this thesis aimed to comprehend how 

the crosstalk between keratinocytes and neutrophils influences both cell types and 

contributes to skin inflammation in both a sterile environment and during S. aureus 

infection.  

The specific objectives for the manuscripts included were as follows:  

 

Manuscript I: The aim of this manuscript was to analyze in detail the effect of 

neutrophils and NETs on keratinocytes in promoting S. aureus colonization and 

persistence in inflamed skin. The specific objectives of this study were (i) to examine 

the role of neutrophils in the increased S. aureus colonization and persistence on tape-

stripped skin in vivo using an epicutaneous murine infection model, (ii) to analyze the 

innate immune response triggered in keratinocytes by neutrophils and NETs 

responsible for the increased colonization of S. aureus in vitro using a human co-

culture system, and (iii) to demonstrate the clinical significance of the results using 

CODEX analysis and immunofluorescence staining of the skin of AD patients.  

This manuscript is published in Cell Reports 505. 

 

Manuscript II: The aim of this manuscript was to examine the effect of neutrophil 

and keratinocyte crosstalk on immune response modulation in inflamed skin under 

sterile conditions and during S. aureus infection. The specific aims of this study were 

(i) to analyze how the communication between keratinocytes and neutrophils affects 

the lifespan and activation of neutrophils, as well as the proinflammatory responses in 
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keratinocytes, (ii) to analyze how the communication between neutrophils and 

keratinocytes affects the proinflammatory responses of both cell types during S. aureus 

skin infection and lastly, (iii) to investigate if and how the skin microbiome regulates 

neutrophil-mediated skin inflammation. 

This manuscript is published in Frontiers in Immunology 506 
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4 Manuscript I 
This work is published in Cell Reports 505: 

Focken J, Scheurer J, Jäger A, Schürch CM, Kämereit S, Riel S, Schaller M, Weigelin 

B, Schittek B. Neutrophil extracellular traps enhance S. aureus skin colonization by 

oxidative stress induction and downregulation of epidermal barrier genes. Cell Rep. 

2023 Oct 31;42(10):113148. doi: 10.1016/j.celrep.2023.113148.  
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Summary 18 

Staphylococcus aureus is the most common cause of bacterial skin infections in 19 

humans including patients with atopic dermatitis (AD). Polymorphonuclear neutrophils 20 

(PMNs) are the first cells to infiltrate an infection site where they usually provide an 21 

effective first-line of defense including neutrophil extracellular trap (NETs) formation. 22 

Here we show that infiltrating PMNs in inflamed human and mouse skin enhance S. 23 

aureus skin colonization and persistence. Mechanistically we demonstrate that a 24 

crosstalk between keratinocytes and PMNs results in enhanced NET formation upon 25 

S. aureus infection which in turn induces oxidative stress and expression of danger-26 

associated molecular patterns such as high-mobility-group-protein B1 (HMGB1) in 27 

keratinocytes. In turn, HMGB1 enhances S. aureus skin colonization and persistence 28 

by promoting skin barrier dysfunctions by the downregulation of epidermal barrier 29 

genes. Using patient material, we show that patients with AD exhibit enhanced 30 

presence of PMNs, NETs and HMGB1 in the skin demonstrating the clinical relevance 31 

of our finding.  32 

 33 

Keywords 34 

Neutrophil extracellular traps, neutrophils, Staphylococcus aureus, atopic dermatitis, 35 

skin barrier, oxidative stress, DAMPs   36 
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Introduction 37 

Staphylococcus aureus is a facultative pathogen and leading cause of skin infections 38 

in humans including patients with atopic dermatitis (AD) 1.  AD is a chronic and 39 

relapsing inflammatory skin disease and is often associated with skin barrier defects 2.   40 

S. aureus frequently colonizes the skin of patients with AD. S. aureus burden correlates 41 

with AD severity and targeting S. aureus colonization improves AD indicating that S. 42 

aureus skin colonization contributes to skin inflammation and promotes the disease 2-43 
5.   44 

Polymorphonuclear neutrophils (PMNs) are the first cells that infiltrate an infection site 45 

where they provide an effective first-line of defense 6.  The importance of PMNs in host 46 

defense against S. aureus is emphasized by studies showing that defects in PMN 47 

function correlate with immunodeficiency and recurrent severe infections 7.  PMNs are 48 

endowed with various antimicrobial mechanisms, including phagocytosis, reactive 49 

oxygen species 507 production, and degranulation of cytosolic granules 8.  In addition, 50 

PMNs can release neutrophil extracellular traps (NETs) in response to S. aureus 9.  51 

NETs are web-like chromatin structures decorated with histones and antimicrobial 52 

peptides that trap S. aureus, prevent it from spreading and expose it to high local 53 

concentrations of antimicrobial peptides 10.  Besides their antimicrobial role, NETs also 54 

exert immunomodulatory functions. For example, they can induce immune responses 55 

in keratinocytes via a Toll-like receptor 4(TLR4)interleukin-36 receptor (IL-36R) 56 

crosstalk and activate ROS production and IL-8 secretion in PMNs 11,12.   57 

Our recent results and those of other groups indicated that PMNs and NETs play a 58 

functional role in promoting S. aureus skin colonization 13,14.  These data suggest that 59 

skin infiltrating PMNs and NETs are important to keep infections local in the initial 60 

stages of colonization. However, the underlying mechanism of the crosstalk of skin-61 

derived cells such as primary human keratinocytes (PHKs) with PMNs/NETs to 62 

enhance S. aureus skin colonization is not yet understood. In this work, we elucidate 63 

in depth the mechanisms of PMN- and NET- mediated enhanced S. aureus skin 64 

colonization using an in vitro human co-culture model and an in vivo epicutaneous 65 

mouse skin infection model. Furthermore, we analyze the clinical relevance of our 66 

findings by immunofluorescence analysis of skin samples from AD patients. 67 

 68 

  69 
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Results 70 

Neutrophils enhance the persistence of S. aureus in inflamed skin  71 

We showed previously that tape-stripping of mouse skin results in the induction of 72 

proinflammatory cytokines and recruitment of PMNs to the skin, which enhances S. 73 

aureus skin colonization in an epicutaneous mouse infection model 15,16.  To elucidate 74 

how long-lasting this effect is and how this correlates with the number of PMNs in the 75 

skin we determined the number of bacteria on the skin of C57BL/6 mice 1, 3 and 7 76 

days after epicutaneous S. aureus application with or without previous tape-stripping. 77 

As shown in Figure 1 A, tape-stripping of mouse skin significantly increased S. aureus 78 

colonization and persistence compared with non-tape-stripped skin. Tape-stripping of 79 

mouse skin increased the number of skin infiltrating neutrophils (live CD45+ CD11b+ 80 

Ly6G+ Ly6C+) until 7 days after tape stripping compared with non-tape-stripped skin 81 

(Figure 1 B). S. aureus application on the skin further increased the number of PMNs 82 

under both conditions. However, in tape-stripped skin, the number of infiltrated PMNs 83 

was clearly higher compared with non-tape-stripped skin as observed by flow 84 

cytometry and by Myeloperoxidase (MPO) staining of skin sections (Figure 1 C and 85 

D). Furthermore, NET formation was detected in tape-stripped, S. aureus infected skin 86 

as detected by immunofluorescence staining for citH3 and MPO and western blot 87 

analysis for citH3 (Figure S1 A and B). To elucidate whether PMNs actively contribute 88 

to the enhanced persistence of S. aureus on tape-stripped skin, we depleted PMNs by 89 

intraperitoneal (i.p.) injection of anti-Ly6G antibody 24 h before epicutaneous S. aureus 90 

application and analyzed the number of colonizing S. aureus at days 1, 3 and 7 after 91 

infection. Antibody injection efficiently reduced the number of skin infiltrating PMNs in 92 

tape-stripped skin up to day 7 after epicutaneous S. aureus application as observed 93 

by flow cytometry and immunofluorescence staining for MPO as a PMN marker similar 94 

to the experiment shown in Figure 1D (Figure S1 B and D). Furthermore, PMN 95 

depletion significantly reduced the number of S. aureus 1 to 7 days after infection in 96 

tape-stripped skin compared to the control isotype treated mice (Figure 1 E). These 97 

data indicate that skin infiltrating PMNs are responsible for enhanced S. aureus skin 98 

colonization and persistence in inflamed skin. 99 

 100 

  101 
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Keratinocytes prime PMNs for NET formation which enhances S. aureus skin 102 

colonization  103 

We showed previously that co-incubation of PHKs with PMNs overnight in a transwell 104 

chamber system in vitro enhances S. aureus adhesion to PHKs by the induction of 105 

NET formation 15.  To decipher the mechanism behind this, we first performed kinetic 106 

experiments where PMNs and PHKs are co-incubated for different time periods prior 107 

to S. aureus infection and subsequently analyzed S. aureus colonization and NET 108 

formation (Figure 2 A). We observed that S. aureus adhesion steadily increases with 109 

extended co-incubation time of PHKs with PMNs (Figure 2 B). This correlated with 110 

increased NET formation by PMNs in response to S. aureus infection as determined 111 

by the measurement of extracellular DNA using SYTOX Green staining (Figure 2 C). 112 

We confirmed the induction of NETs in the co-culture upon S. aureus infection by live 113 

cell imaging (Figure 2 D; Video S1). Treatment of PMNs with phorbol 12-myristate 13-114 

acetate (PMA) served as a positive control. Whereas no NET formation was visible in 115 

the co-culture before the infection or after S. epidermidis infection, we could observe 116 

NET formation in the co-culture after S. aureus infection and PMA treatment. This 117 

suggests the involvement of S. aureus secreted factors in the induction of NET 118 

formation. NETs produced by PMNs in the co-culture are responsible for the colonizing-119 

enhancing effect as shown by the co-culture of PHKs with NETs and by the loss of the 120 

colonizing-enhancing effect after DNase I-treatment of the co-culture with PMNs or 121 

with NETs (Figure 2 E).  122 

To validate on a functional level that NETs induced in the co-culture after infection are 123 

responsible for enhanced S. aureus skin colonization, we treated PHKs overnight with 124 

supernatants of PHKs without PMN co-culture or of PHKs after an 18h co-culture with 125 

PMNs and either before and after S. aureus infection and determined the efficiency of 126 

S. aureus adhesion. Interestingly, only the supernatant of PHKs in the co-culture after 127 

infection increased S. aureus adhesion whereas the PHK supernatant without PMN 128 

co-culture and all the PHK supernatants before infection did not have an effect (Figure 129 

2 F). Moreover, only the PMN supernatant of the co-culture after and not before 130 

infection could induce NET formation in freshly isolated PMNs as observed by Sytox 131 

Green staining (Figure 2 G). These data indicate that a crosstalk between PHKs and 132 

PMNs during the co-incubation time primes PMNs for enhanced NET formation upon 133 

S. aureus infection which in turn modulates the PHKs in a way favorable for S. aureus 134 

adhesion. 135 
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PMN- and NET-mediated oxidative stress induction in PHKs is responsible for 136 

enhanced S. aureus skin colonization 137 

Next, we wanted to elucidate how PMNs and NETs influence PHKs to enhance S. 138 

aureus adherence. We hypothesized that infiltrating PMNs in tape-stripped skin induce 139 

oxidative stress in PHKs and that it is not induced solely by tape-stripping of the skin. 140 

To test this, we tape-stripped human skin explants and quantified levels of 141 

Malondialdehyde (MDA), a marker for lipid peroxidation which is a result of oxidative 142 

stress widely used as indirect ROS marker 17,18 , 24 h after tape-stripping. Indeed, tape-143 

stripping alone did not significantly induce oxidative stress in the skin explants (Figure 144 

S2 A). Interestingly, when skin explants were co-cultured with PMNs, tape-stripping 145 

does significantly induce oxidative stress (Figure S2 B). Next, we used our in vitro co-146 

culture model with PHKs and PMNs/NETs to test whether PMNs/NETs can induce ROS 147 

in PHKs. ROS induction in PHKs was measured by flow cytometry using H2DCFDA, 148 

a non-fluorescent dye that is taken up by the cells and converted to fluorescent DCF 149 

in the presence of intracellular ROS. Interestingly, ROS induction in PHKs steadily 150 

increases with PMN co-incubation time (Figure 3 A). Furthermore, co-incubation with 151 

NETs also induced ROS formation in PHKs (Figure 3 B). To analyze whether oxidative 152 

stress induction in PHKs is responsible for enhanced S. aureus skin colonization we 153 

treated PHKs in the co-culture with PMNs or NETs with N-Acetylcysteine (N-Ac), which 154 

efficiently prevented induction of ROS (Figure 3 C) in PHKs and is not toxic to the cells 155 

(Figure S2 C). N-Ac treatment of the co-culture does also not significantly affect NET-156 

production by the PMNs (Figure S2 D). Most importantly, inhibition of ROS induction 157 

in PHKs by N-Ac treatment prevented the PMN/NET-mediated S. aureus colonizing-158 

enhancing effect (Figure 3 D).  159 

To validate the results in vivo we analyzed oxidative stress induction 1, 3 and 7 days 160 

after tape-stripping of mouse skin by quantifying levels of MDA. Indeed, MDA levels 161 

were significantly elevated in tape-stripped skin compared to non-tape-stripped skin at 162 

all analyzed time points, indicating the induction of oxidative stress (Figure 3 E). 163 

Immunohistology staining for MDA of the mouse skin samples validated the results and 164 

revealed that oxidative changes are induced in keratinocytes in the tape-stripped skin 165 

24h after epicutaneous S. aureus application (Figure S2 E). As we showed above this 166 

correlated with enhanced S. aureus skin colonization (Figure 1 A). To investigate 167 

whether infiltrating PMNs are responsible for oxidative stress induction in the skin after 168 

S. aureus infection, we depleted PMNs in vivo by injecting an anti-Ly6G antibody or an 169 
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isotype control antibody i.p. and investigated MDA levels in tape-stripped or not tape-170 

stripped skin. Interestingly, depleting PMNs prevented the oxidative stress induction 171 

upon tape-stripping and S. aureus infection as indicated by reduced MDA levels 172 

(Figure 3 F). Therefore, our data show that the induction of oxidative stress in skin is 173 

mediated by skin infiltrating PMNs and by NET induction which correlates with 174 

enhanced S. aureus skin colonization and persistence.  175 

 176 

ROS induction by PMNs and NETs activate NFκB signaling in PHKs which 177 

enhances S. aureus skin colonization  178 

ROS can exert immunomodulatory functions and are able to activate proinflammatory 179 

signaling pathways in target cells. We analyzed signaling pathways activated in PHKs 180 

by PMNs or NETs in our in vitro co-culture model by western blot. We found that 181 

especially the NFκB and MAPK-signaling pathways are activated in PHKs in the co-182 

culture with PMNs or NETs in a time-dependent fashion as indicated by increased 183 

phosphorylation of ERK and p65, respectively (Figures 4 A and B). Interestingly, 184 

activation of MAPK- and NFκB -signaling in PHKs in the co-culture was prevented by 185 

the addition of N-Ac (Figures 4 A and B). This further indicates that activation of these 186 

signaling pathways is mediated by oxidative stress induction by the PMNs/NETs in 187 

PHKs. Next, we analyzed the effect of inhibiting these signaling pathways on S. aureus 188 

skin colonization. Inhibition of NFκB- or MAPK- signaling using celastrol or trametinib, 189 

respectively, significantly reduced the observed S. aureus colonizing-enhancing effect 190 

of PMNs or NETs in the co-culture (Figures 4 C and D) and was not toxic to the cells 191 

(Figures S3 A and B). These data indicate that PMNs and NETs induce ROS in PHKs, 192 

which activates NFκB- and MAPK-signaling pathways enabling enhanced S. aureus 193 

skin colonization.   194 

To validate the importance of the NFκB signaling pathway in the PMN/NET-mediated 195 

enhanced S. aureus skin colonization in vivo, we used NFκB1-ko mice, lacking the p50 196 

subunit of NFκB. Tape-stripping of mouse skin significantly enhanced S. aureus skin 197 

colonization in WT mice but not in NFκB1-ko mice (Figure 4E). This correlated with low 198 

numbers of infiltrating PMNs in the skin of NFκB1-ko mice, which did not increase after 199 

tape-stripping as observed by MPO staining of skin sections and quantification by flow 200 

cytometry (Figures 4 E and F). Interestingly, S. aureus skin colonization in NFκB1-ko 201 

mice was already lower compared to WT mice and correlated with lower infiltrated 202 

PMNs also under non-tape-stripped conditions indicating a pivotal role of the NFκB 203 
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signaling pathway already in S. aureus skin colonization in addition to the colonizing-204 

enhancing effect mediated by PMNs/NETs (Figures 4 E and F). These results indicate 205 

that NFκB signaling promotes S. aureus skin colonization under non-inflamed 206 

conditions. Under inflammatory conditions after tape-stripping activation of NFκB-207 

signaling in PHKs increases PMN recruitment to the skin, which induces ROS and 208 

enhances S. aureus skin colonization. 209 

 210 

PMNs and NETs mediate the induction and release of HMGB1 by PHKs  211 

Oxidative stress can result in the induction and secretion of damage-associated 212 

molecular patterns (DAMPs). Co-incubation of PHKs with PMNs or NETs induces the 213 

expression of several DAMPs in PHKs including HMGB1, S100A8, HSP70 and HSP27 214 

(Figures 5 A and B). We found especially a time-dependent increase in intracellular 215 

protein levels of HMGB1 in PHKs in the co-culture (Figure 5 C). Furthermore, secreted 216 

levels of HMGB1 are increased in the co-culture and further increased after S. aureus 217 

infection (Figure 5 D). In a similar way, co-culture of PHKs with NETs instead of PMNs 218 

increased intracellular and secreted HMGB1 levels (Figures 5 E and F). Induction of 219 

HMGB1 in PHKs in the co-culture is prevented after inhibition of ROS induction by 220 

addition of N-Ac to the co-culture (Figure S4 A) indicating that ROS induces these 221 

DAMPs in PHKs. Interestingly, NETs also contain HMGB1 as observed by ELISA 222 

analysis (Figure S4 B). To validate the role of PMNs in HMGB1 induction in PHKs and 223 

analyze the role of the NFkB signaling pathway in this respect, we analyzed protein 224 

expression of HMGB1 in tape-stripped and non-tape-stripped skin of PMN-depleted 225 

WT mice (Ly6G) or in NFKB1-ko mice, who have reduced PMN infiltration. We found 226 

that tape-stripping strongly increases HMGB1 protein expression in the skin of WT but 227 

not NFkB ko mice (Figure 5 G). Furthermore, PMN-depletion in WT mice (Ly6G) does 228 

not induce HMGB1 protein expression in skin compared to isotype-treated control mice 229 

(Figure 5 H). This further strengthens our conclusion that PMNs induce HMGB1 230 

expression in PHKs.  231 

Since HMGB1 is abundantly secreted in the co-culture, we studied the effect of HMGB1 232 

on ROS induction and S. aureus skin colonization. Stimulation of PHKs with 233 

recombinant HMGB1 highly induced intracellular ROS levels (Figure 5 I) and 234 

significantly enhanced S. aureus skin colonization on PHKs and human skin explants 235 

(Figures 5 J and K). This effect is specific for S. aureus since HMGB1 cannot increase 236 

skin colonization of the skin commensals S. epidermidis and S. lugdunensis (Figure 237 
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S4 C). In addition, neither treatment with neither S100A8/A9 nor HSP70 affected S. 238 

aureus skin colonization indicating that HMGB1 has a prominent role in the colonizing-239 

enhancing effect (Figures S4 D). Next, we analyzed whether HMGB1 can induce NETs 240 

in PMNs. Stimulation of freshly isolated PMNs with different concentrations of 241 

recombinant HMGB1 induced NET formation in a concentration-dependent manner as 242 

observed by live cell imaging and SYTOX Green staining (Figure 5 L). These results 243 

indicate that skin infiltrating PMNs induce oxidative stress in PHKs leading to the 244 

upregulation and secretion of HMGB1 which additionally induces ROS in PHKs 245 

followed by subsequent NET formation by PMNs and enhanced S. aureus skin 246 

colonization.  247 

  248 

The S. aureus skin colonizing enhancing effect depends on TLR4 and RAGE 249 

signaling 250 

We further aimed to investigate how PMNs/NETs/DAMPs can promote S. aureus skin 251 

colonization focusing on the role of TLRs, which are known to bind to DAMPs 19. We 252 

used mice deficient for TLR2, TLR3, TLR4, TLR7 and TLR9 (5xTLR-ko) and applied 253 

S. aureus epicutaneously on tape-stripped or non-tape-stripped skin. 24 h after S. 254 

aureus application the number of PMNs and the number of colonizing S. aureus were 255 

analyzed. Interestingly, whereas tape-stripping increased S. aureus skin colonization 256 

in the WT mice, this colonizing-enhancing effect was not detected in the 5xTLR-ko 257 

mice (Figure 6 A). By analyzing the number of skin-infiltrating PMNs via flow cytometry 258 

and immunofluorescence staining of skin sections for MPO, we found that 5xTLR-ko 259 

mice show an impaired PMN recruitment upon S. aureus infection in both tape-stripped 260 

and not tape-stripped skin (Figures 6 A and B). These data indicate that PMN 261 

recruitment upon tape-stripping and the resulting enhanced S. aureus skin colonization 262 

depend on TLR signaling.263 

Since HMGB1 plays a pivotal role in PMN recruitment, NET formation, and ROS 264 

induction 20,21, we focused in the following on the two main receptors for HMGB1: TLR4 265 

and RAGE. Interestingly, we found increased protein expression of TLR4 and RAGE 266 

in PHKs co-incubated with PMNs or NETs and also in skin explants co-incubated with 267 

PMNs (Figures S5 A-C). Inhibition of TLR4 signaling by TAK-242 or RAGE signaling 268 

by RAGE-AP in PHKs prevented enhanced S. aureus skin colonization by recombinant 269 

HMGB1 (Figure 6 C) and was not toxic to the cells (Figures S5 D and E). In addition, 270 

inhibition of each receptor alone prevented the enhanced S. aureus skin colonization 271 
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in the PMN- or NET-co-culture (Figure 6 D) highlighting the importance of HMGB1 and 272 

these receptors.  Furthermore, NET-mediated induction of ROS in PHKs is dependent 273 

on TLR4 and RAGE signaling as measured by reduced DCF fluorescence after TLR4 274 

or RAGE inhibition (Figure 6 E). Moreover, secretion of HMGB1 in the PMN co-culture 275 

is significantly decreased in the presence of TAK-242 or RAGE-AP (Figure 6 F). These 276 

results indicate that NETs induce oxidative stress in PHKs via TLR4/RAGE signaling 277 

leading to the secretion of HMGB1 from the PHKs which in turn signals via TLR4/RAGE 278 

to enhance S. aureus skin colonization.  279 

  280 

PMNs, NETs and increased HMGB1 expression are found in the skin of patients 281 

with AD 282 

To elucidate the clinical relevance of PMNs, NETs and HMGB1 expression in inflamed 283 

S. aureus infected skin we analyzed the skin of five patients with AD, an inflammatory 284 

skin disease associated with abundant S. aureus colonization, for the presence of 285 

PMNs, NETs, and for expression of HMGB1 using CODEX analysis.  286 

In the skin of these patients, we found an enhanced presence of PMNs, showing high 287 

expression of neutrophil elastase (NE) and significantly increased HMGB1 expression. 288 

Interestingly, in patients with AD, HMGB1 was more expressed in the cytoplasm than 289 

in the nucleus compared with healthy control subjects (Figure 7 A; Figure S6). This 290 

correlated with enhanced presence of S. aureus in the skin (Figure 7 A). Furthermore, 291 

immunofluorescence staining for MPO and 8-Oxoguanin-glycosylase enzyme (OGG1) 292 

revealed the presence of NETs in the stratum corneum of AD patients (Figure 7 B; 293 

Figure S7). OGG1 is an enzyme responsible for the excision of 8-Hydroxyguanosine 294 

(8-OHdG), which is elevated in NET DNA, previously described as an ideal marker for 295 

NETs 17,22,23. These data indicate that PMNs and NETs in the skin of patients with AD 296 

might drive the disease and increase S. aureus skin colonization by the induction of 297 

ROS and increasing levels of HMGB1.  298 

 299 

NETs and HMGB1 regulate the gene expression of epidermal barrier genes in 300 

PHKs  301 

Finally, as we found that PMNs, NETs and HMGB1 are elevated in the skin of patients 302 

with AD, we hypothesized that they could promote skin barrier dysfunctions. To test 303 

this hypothesis, we analyzed the expression of genes encoding for the epidermal 304 
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barrier molecules filaggrin, involucrin and tight-junction protein claudin-1 in PHKs co-305 

cultured with NETs or stimulated with recombinant HMGB1 for 18h. Co-incubation with 306 

NETs and stimulation with HMGB1 both significantly decreased the expression of FLG, 307 

IVL and CLDN-1 (Figure 7 C). We confirmed these data on protein level in skin explants 308 

treated with NETs or recombinant HMGB1 (Figure S8 A). Interestingly, the NET-309 

mediated downregulation of the epidermal barrier genes FLG and IVL in PHKs is 310 

completely prevented by N-Ac treatment indicating the involvement of a ROS-311 

dependent mechanism in epidermal barrier gene regulation (Figure S8 B).  312 

These results indicate that the enhanced presence of NETs and HMGB1 in the skin 313 

promotes skin barrier dysfunctions by the downregulation of epidermal barrier genes, 314 

which promotes S. aureus skin colonization. 315 

 316 

Discussion 317 

In our study we show that PMNs, NETs and HMGB1 are elevated in the skin of patients 318 

with AD, which downregulates epidermal barrier gene expression promoting an 319 

epidermal barrier defect. It is well known that patients with AD exhibit skin barrier 320 

defects with downregulation of epidermal barrier genes including FLG, IVL, and tight 321 

junction protein CLDN-1. These skin barrier defects have been considered an 322 

important step in developing AD 24-26 and also promote S. aureus skin colonization, a 323 

hallmark of AD. For instance, the lesional and non-lesional skin of patients with AD, 324 

where S. aureus is abundantly present, show reduced expression of filaggrin and 325 

filaggrin-like stratum corneum proteins 27. Moreover, filaggrin knockdown promotes 326 

enhanced S. aureus colonization in an epidermal skin model 28. Interestingly, AD-327 

associated proinflammatory cytokines IL-4 and IL-13 can also induce the 328 

downregulation of filaggrin in the skin thus further promoting S. aureus colonization 329 

and the development of AD 29. In addition, as we show here, the crosstalk of skin 330 

infiltrating PMNs and colonizing S. aureus promotes NET-induction, which induces 331 

expression of DAMPs such as HMGB1 in keratinocytes, which downregulates 332 

epidermal barrier genes further promoting disease progression.  333 

We found an increased number of PMNs and NETs in the skin of patients with AD, 334 

which correlated with enhanced presence of S. aureus in the skin. There is increasing 335 

evidence that the enhanced presence of PMNs in the skin of patients with AD 336 

contributes to increased S. aureus colonization and persistence on AD skin. For 337 
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example, gene expression of the neutrophil chemoattractants IL-8 and GM-CSF and 338 

neutrophilic infiltrates in the dermis are significantly increased in AD skin compared 339 

with in healthy control subjects and elevated PMN levels in AD skin are associated with 340 

S. aureus infection 30,31. Furthermore, S. aureus colonization is higher on the lesional 341 

skin of patients with AD compared to the non-lesional site and this correlates with 342 

higher IL-8 levels in the stratum corneum which in turn correlates with AD severity and 343 

skin barrier dysfunction 32-34. Moreover, S. aureus colonization is enhanced in an FLG 344 

knockdown epidermal skin model which correlated with enhanced IL-8 expression 28. 345 

In addition, here we found the enhanced presence of PMNs and NETs especially in 346 

the stratum corneum of patients with AD. As NETs play an important role to keep S. 347 

aureus local and prevent dissemination of the pathogen, their presence in the stratum 348 

corneum might prevent S. aureus from invading deeper tissues 14. Since Nakatsuji et 349 

al. showed that S. aureus is more present in the dermis of lesional skin from patients 350 

with AD 35  the invasion of S. aureus past the NETs into the dermis of AD skin might be 351 

due to its several escape mechanisms to evade NET-mediated killing 9,36. However, all 352 

these findings indicate that PMNs play a role in the pathogenesis of AD. 353 

Here, using a mouse model resembling the epidermal barrier defect in patients with 354 

AD, we show that PMNs actively contribute not only to the initial colonization but also 355 

to the enhanced persistence of S. aureus on tape-stripped and thus inflamed skin. We 356 

found that, although the overall numbers decreased over time, S. aureus skin 357 

colonization was significantly elevated up to day 7 on tape-stripped skin compared with 358 

non-tape-stripped skin. This enhanced S. aureus persistence was mediated by the 359 

enhanced presence of PMNs in the tape-stripped skin as observed by PMN depletion 360 

in vivo. Although the difference in the bacterial abundance on the skin of tape-stripped 361 

and non-tape-stripped mouse skin or with or without PMN-depletion seems to be low 362 

(between 36.000 and 57.000 CFU/skin punch), this small difference is clinically 363 

relevant, as demonstrated in a recent study that describes the treatment of AD patients 364 

with dupilumab. Already similar low changes in the abundance of S. aureus on the skin 365 

of these patients after therapy resulted in a significant decrease in AD severity 37. 366 

In healthy skin, PMNs mediate the transient colonization of S. aureus on the stratum 367 

corneum. Schulz et al reported that an epicutaneous challenge of S. aureus induces 368 

IL-8 secretion in the epidermis leading to PMN infiltration which ultimately reduces 369 

bacterial numbers on the stratum corneum 38. In non-tape-stripped skin, we detect 370 

something similar with initial PMN infiltration to the skin and a decrease of S. aureus 371 
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and PMNs over time. The clearing of PMNs from the infection site is considered a 372 

crucial factor for inflammation resolution and restoring homeostasis 8. In tape-stripped 373 

skin, we also detected overall decreasing numbers of S. aureus colonization and PMNs 374 

over time. However, S. aureus colonization was still higher in tape-stripped skin 375 

compared with in non-tape-stripped skin indicating that the infiltration of PMNs upon 376 

tape-stripping prior to S. aureus infection creates an environment favorable for S. 377 

aureus colonization. Indeed, we could show in vitro that a prolonged co-incubation of 378 

PHKs and PMNs correlates with enhanced S. aureus skin colonization further 379 

indicating that a crosstalk between skin infiltrating PMNs and PHKs underlies this 380 

colonizing-enhancing effect. Interestingly, Matsumoto et al. showed that in non-381 

inflamed skin, PMN-depletion does not affect bacterial numbers on the skin on day 7 382 

after epicutaneous S. aureus application 39. This suggests that the S. aureus 383 

colonizing-enhancing effect of PMNs depends on an inflammatory skin environment 384 

and on an already established crosstalk of infiltrating PMNs with PHKs. Indeed, we 385 

could show that a prolonged co-incubation of PHKs and PMNs in vitro correlates with 386 

enhanced S. aureus skin colonization.  387 

We found that the enhanced presence of PMNs in tape-stripped mice skin induces 388 

oxidative stress in the skin which correlates with enhanced S. aureus colonization. 389 

Further in vitro studies revealed that PMNs and NETs are able to induce ROS in PHKs. 390 

This induction is responsible for the enhanced S. aureus skin colonization as targeting 391 

ROS induction by N-Ac prevented the enhanced S. aureus colonization. Interestingly, 392 

oxidative stress has been involved in the pathogenesis of AD. Targeting ROS in a 2D 393 

AD model by the inhibition of NADPH oxidase promotes survival of keratinocytes 40,41. 394 

With our findings, we could link oxidative stress induction with S. aureus skin 395 

colonization thus proposing inhibition of oxidative stress induction as a potential 396 

treatment strategy for AD.  397 

Along with oxidative stress induction, we observed an upregulation of DAMPs in PHKs 398 

after co-culture with PMNs or NETs. Especially elevated levels of secreted HMGB1 399 

were observed in the supernatant of the co-culture. Oxidative stress is a central 400 

regulator of the function of HMGB1 42  and the upregulation of HMGB1 could be 401 

prevented by N-Ac addition suggesting that ROS induction promotes HMGB1 402 

secretion. This finding is supported by Cui et al, who described the release of HMGB1 403 

under the induction of ROS via hydrogen peroxide treatment by human keratinocytes 404 

and melanocytes 43. Furthermore, blocking the two prominent HMGB1 receptors TLR4 405 
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and RAGE prevented NET-mediated enhanced S. aureus skin colonization. Inhibition 406 

of TLR4 and RAGE signaling, respectively, also prevented the induction of ROS in 407 

PHKs, and the secretion of HMGB1 in the co-culture and treatment of PHKs with 408 

recombinant HMGB1 induced oxidative stress in PHKs. The fact that already individual 409 

blockade TLR4 or RAGE reduces ROS, and HMGB1 levels and S. aureus skin 410 

colonization suggests that TLR and RAGE signaling can influence each other. Indeed, 411 

there is evidence that RAGE and TLR4 are both required for HMGB1-induced 412 

inflammation in bone marrow derived macrophages and that RAGE and TLR4 can 413 

interact with each other to regulate the surface expression of both - TLR4 and RAGE 414 

on macrophages 44. 415 

HMGB1 has been shown to be involved in the pathogenesis of AD and targeting 416 

HMGB1 ameliorated inflammation and AD symptoms in AD mouse models 45,46. Here, 417 

we show that HMGB1 expression is significantly enhanced in the skin of patients with 418 

AD. Interestingly, we observed increased cytoplasmic HMGB1 expression and 419 

decreased nuclear expression of HMGB1 in AD skin compared with healthy controls 420 

indicating to a translocation of HMGB1. HMGB1 translocation from the nucleus to the 421 

cytoplasm is induced in response to stress and often results in the subsequent release 422 

of HMGB1 47,48. Indeed, Wang et al. reported enhanced HMGB1 expression in the 423 

epithelial intercellular space indicating HMGB1 secretion in AD 49. These results 424 

therefore indicate the possible activation of HMGB1 in the pathogenesis of AD.  425 

Interestingly, we found that stimulation of PHKs with recombinant HMGB1 was able to 426 

enhance S. aureus skin colonization in vitro, thereby revealing a functional role for 427 

HMGB1, suggesting it as a potential target in the treatment of AD. However, the exact 428 

mechanism by which HMGB1 enhances S. aureus skin colonization is unclear. A 429 

possible explanation is suggested by Nygaard et al. who showed that HMGB1 can 430 

downregulate skin barrier proteins 50. Indeed, we found that treatment of PHKs with 431 

recombinant HMGB1 significantly downregulates the expression of genes encoding for 432 

epidermal barrier proteins including filaggrin, involucrin and tight-junction proteins 433 

claudin-1 providing one mechanism underlying enhanced S. aureus skin colonization. 434 

Furthermore, our data indicate that epidermal barrier gene expression is regulated in 435 

a ROS-dependent manner. This ROS-mediated downregulation of epidermal barrier 436 

genes has already been reported for Th2 cytokines IL-13 and IL-4 51. 437 

In summary, our work revealed a mechanistic understanding of the functional role of 438 

PMNs and NETs in the colonization and persistence of S. aureus on inflamed skin. We 439 
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propose, as an underlying mechanism, that the enhanced persistence of PMNs and 440 

NETs in inflamed skin induces oxidative stress in keratinocytes leading to the secretion 441 

of DAMPs such as HMGB1, which induces skin barrier dysfunction thus driving S. 442 

aureus skin colonization. The enhanced S. aureus skin colonization further 443 

exacerbates skin inflammation thus promoting a vicious cycle with further PMN 444 

infiltration and epithelial barrier disruption as seen in AD.  In healthy skin, on the other 445 

hand, infiltration of neutrophils in response to epicutaneous S. aureus infection 446 

mediates transient colonization and ensures host protection. 447 

 448 

Limitations of the study 449 

We do not yet know how specific the PMN/NET/HMGB1/ROS-mediated effect on 450 

epidermal barrier gene expression and S. aureus skin colonization is for AD. Does it 451 

also play a role in other inflammatory skin diseases, such as psoriasis, and affect the 452 

skin colonization of other bacterial species? Further studies are needed to solve this 453 

question. Furthermore, since several biologically distinct populations of neutrophils 454 

exist 508 future studies should include additional markers other than Ly6G for their 455 

identification to better represent the different PMN subpopulations and differentiation 456 

stages.  457 
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Figure legends 482 

Figure 1: Neutrophils enhance the persistence of S. aureus on inflamed skin   483 

A-E: The dorsal skin of C57BL/6 mice was tape-stripped or left untreated. After 24h, 484 

1x10^8 S. aureus (A&C-E) or PBS (B) was epicutaneously applied onto the skin. A: 485 

On day 1, 3 and 7 after S. aureus application, 4 mm skin punches were used for CFU 486 

determination. Horizontal lines represent the mean of each group ± SEM. One dot 487 

represents one mouse. Significant differences were analyzed by multiple unpaired t-488 

tests *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. B&C: On day 1, 3 and 7 after 489 

epicutaneous PBS (B) or S. aureus (C) application, immune cells present in the skin 490 

were analyzed in 4 mm skin punches by flow cytometry. Shown is the mean percentage 491 

of PMNs (Ly6G+ Ly6C+) pre-gated on CD11b+ CD45+ live cells in the dorsal skin of 492 

mice (gating strategy shown in Figure S1 A). One dot represents one mouse. 493 

Horizontal lines represent the mean of each group ± SEM. Significant differences were 494 

analyzed by multiple unpaired t-tests *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 495 

0.0001. D: Representative MPO staining of tape-stripped and non-tape-stripped skin 496 

sections on day 1, 3 and 7 after epicutaneous S. aureus application. Scale bar = 100 497 

µm. MPO+ cells were quantified using Fiji. Significant differences were analyzed by 498 

multiple unpaired t-tests *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. E: PMNs 499 

were depleted in C57BL/6 mice by a single intraperitoneal injection of 100 µg anti-500 

Ly6G or isotype control. After 24 h, the dorsal skin was tape-stripped and 1x10^8 S. 501 

aureus was epicutaneously applied. On days 1, 3 and 7 after application, S. aureus 502 

skin colonization was analyzed in 4 mm skin punches. Horizontal lines represent the 503 

mean of each group ± SEM. One dot represents one mouse. Significant differences 504 
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were analyzed by multiple unpaired t-tests *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 505 

0.0001. TS = tape-stripping; MPO = myeloperoxidase; CFU = colony forming units 506 

 507 

Figure 2: Co-Culture with PHKs primes PMNs for NET formation which positively 508 

correlates with S. aureus skin colonization 509 

A: Graphical illustration of the in vitro co-culture system. B: PHKs were co-incubated 510 

with PMNs for 2, 4, 6 or 18 h before infection with S. aureus (MOI = 30) for 1.5 h. 511 

Subsequently, PHKs were lysed, serial dilutions were plated onto TSB agar plates, and 512 

CFUs were quantified. One representative experiment of three independent 513 

experiments is shown. Significant differences were analyzed by one-way ANOVA *P < 514 

0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. C: NET formation was analyzed by 515 

quantifying extracellular DNA in the PMN well of the co-culture at different co-516 

incubation times after S. aureus infection by SYTOX Green staining. The amount of 517 

extracellular DNA was normalized to the data of Triton-X treated cells representing the 518 

total DNA amount. One representative experiment of three independent experiments 519 

is shown. Significant differences were analyzed by one-way ANOVA *P < 0.05, **P < 520 

0.01, ***P < 0.001, ****P < 0.0001. D: NET formation in the co-culture upon S. aureus 521 

infection was visualized by live cell imaging. Scale bar = 100 µm. FIJI/ImageJ was 522 

used to quantify the SytoxGreen-+ area fraction of the image at each time-point. E: 523 

PHKs were co-cultured with PMNs or NETs in the presence or absence of DNAse I. 524 

After 18 h, PHKs were infected with S. aureus for 1.5 h and subsequently lysed and 525 

serial dilutions were plated onto TSB agar plates and CFUs were quantified. One 526 

experiment of three independent experiments is shown. Significant differences were 527 

analyzed by one-way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. F: 528 

The supernatant of PHKs without PMN co-culture or of PHKs after an 18 h co-culture 529 

with PMNs and either before and after S. aureus infection was filter sterilized and 530 

added to fresh PHKs. After 18 h, PHKs were infected with S. aureus (MOI = 30) for 1.5 531 

h. PHKs were lysed, serial dilutions were plated onto TSB agar plates and CFUs were 532 

quantified. One representative experiment of three independent experiments is 533 

shown. Significant differences were analyzed by one-way ANOVA *P < 0.05, **P < 534 

0.01, ***P < 0.001, ****P < 0.0001. G: NET formation in PMNs stimulated with the 535 

supernatant of the PMN well of the co-culture before and after infection was visualized 536 

by live cell imaging. Representative images and quantifications are shown. Scale bar 537 

= 200 µm NET formation is indicated by SYTOX Green+ cells. FIJI/ImageJ was used 538 
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to quantify the SytoxGreen+ area fraction of the image at each time-point. PHKs, 539 

primary human keratinocytes; PMNs, polymorphonuclear neutrophils; NETs, neutrophil 540 

extracellular traps; CFUs, colony forming units; MOI, multiplicity of infection 541 

 542 

Figure 3: PMN- and NET-mediated oxidative stress induction in PHKs is 543 

responsible for enhanced S. aureus skin colonization 544 

A: PHKs were co-incubated with PMNs. After 3, 6 and 18h, intracellular ROS induction 545 

in PHKs was analyzed by quantifying DCF fluorescence. Non-co-cultured PHKs were 546 

used as control. Shown is one experiment of three independent experiments. 547 

Significant differences were analyzed by one-way ANOVA *P < 0.05, **P < 0.01, ***P 548 

< 0.001, ****P < 0.0001. B: PHKs were co-incubated with PMNs or NETs. After 18 h, 549 

intracellular ROS levels in PHKs were analyzed by quantifying DCF fluorescence. 1 550 

hour treatment with VitC (8 mM) served as positive control. Shown is one experiment 551 

of three independent experiments. Significant differences were analyzed by one-way 552 

ANOVA *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. C: PHKs were co-incubated 553 

with PMNs or NETs for 18 h in the presence or absence of N-Ac (5 mM) and 554 

intracellular ROS was measured by quantifying DCF fluorescence. One representative 555 

experiment of three independent experiments is shown. Significant differences were 556 

analyzed by one-way ANOVA *P < 0.05, **P < 0.01, ***P < 0.001, 557 

****P < 0.0001. D: PHKs were co-incubated with PMNs or NETs in the presence or 558 

absence of N-Ac (5 mM). After 18 h, PHKs were infected with S. aureus (MOI = 30) for 559 

1.5 h. PHKs were subsequently lysed, serial dilutions were plated onto TSB agar plates 560 

and CFUs were quantified. Shown is one experiment of three independent 561 

experiments. Significant differences were analyzed by multiple unpaired t-tests *P < 562 

0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. E: The dorsal skin of C57BL/6 WT mice 563 

was either tape-stripped or left untreated. On days 1, 3 and 7, lipid peroxidation in the 564 

skin was analyzed by quantification of MDA levels in tissue lysates. Horizontal lines 565 

represent the mean of each group ± SD. One dot represents one mouse. Significant 566 

differences were analyzed by multiple unpaired t-tests *P < 0.05, **P < 0.01, ***P < 567 

0.001, ****P < 0.0001. F: C57BL/6 WT mice were injected intraperitoneally with 100 µg 568 

anti-Ly6G antibody, for neutrophil depletion, or isotype control. After 24 h, 1x10^8 S. 569 

aureus were applied epicutaneously on tape-stripped or non-tape-stripped dorsal skin. 570 

After 1 day, lipid peroxidation in the skin was analyzed by quantification of MDA levels 571 

in tissue lysates. Horizontal lines represent the mean of each group ± SD. One dot 572 
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represents one mouse. Significant differences were analyzed by one-way ANOVA *P 573 

< 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.  PHKs, primary human keratinocytes; 574 

DCF, dichlordihydrofluorescein; PMNs, polymorphonuclear neutrophils; NETs, 575 

neutrophil extracellular traps; N-Ac, N-Acetylcysteine, VitC, Vitamin C, MDA, 576 

Malondialdehyde; TS, tape-stripping; MOI, multiplicity of infection 577 

 578 

Figure 4: ROS induction by PMNs or NETs activates NFkB signaling in PHKs 579 

which enhances S. aureus skin colonization 580 

A&B: PHKs were co-cultured with PMNs (A) or NETs (B) in presence or absence of 581 

N-Ac (5 mM). At different time points, activated signaling pathways in PHKs were 582 

analyzed by western blot studies. Protein expression of b-actin was used as loading 583 

control. C&D: PHKs were co-cultured with PMNs (C) or NETs (D) in the presence or 584 

absence of Trametinib (15 nM) or Celastrol (1µM). PHKs were subsequently infected 585 

with S. aureus (MOI = 30) for 1.5 h. S. aureus skin colonization was analyzed by 586 

quantifiying CFUs. Non-co-cultured PHKs served as control. Shown is one 587 

representative experiment of three independent experiments. Significant differences 588 

were analyzed by One-Way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 589 

0.0001. E: The dorsal skin of WT of NFkB1-KO mice was tape-stripped or left untreated 590 

and 1x10^8 S. aureus was epicutaneously applied. After 24 h, S. aureus skin 591 

colonization was analyzed by quantifying CFUs. Significant differences were analyzed 592 

by One-Way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Horizontal 593 

lines represent the mean of each group ± SD. One dot represents one mouse. F: 594 

Presence of neutrophils in the skin 24 h after S. aureus application was analyzed by 595 

flow cytometry. Shown is the mean percentage of neutrophils (Ly6G+ Ly6C+) pre-gated 596 

on CD11b+ CD45+ live cells. One dot represents one mouse. Significant differences 597 

were analyzed by Two-Way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 598 

G: Representative MPO staining of tape-stripped and non-tape-stripped skin of WT 599 

and NFkB1-KO mice. Scale bar = 100 µm. MPO+ cells were quantified using ImageJ. 600 

One dot represents one mouse. Significant differences were analyzed by Two-Way 601 

ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. PHKs, primary human 602 

keratinocytes; PMNs, polymorphonuclear neutrophils; NETs, neutrophil extracellular 603 

traps; WT, wildtype; NFkB1,  nuclear factors kappa-light-chain-enhancer of activated 604 

B cells; TS,  tape-stripping; MPO,  myeloperoxidase; MOI,  multiplicity of infection 605 
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Figure 5: PMNs and NETs mediate induction and release of HMGB1 by PHKs  606 

A&B: PHKs were co-cultured with PMNs (A) or NETs (B). After 18 h, gene expression 607 

of DAMPs was analyzed by qPCR. Shown is one representative experiment of three 608 

independent experiments. Significant differences were analyzed by multiple t-tests *P 609 

< 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. C: Intracellular levels of HMGB1 in 610 

PHKs co-incubated with PMNs were detected at different time points via western blot. 611 

Protein expression of b-actin was used as loading control. D: Secreted levels of 612 

HMGB1 by PHKs co-incubated with PMNs before and after S. aureus infection were 613 

analyzed by ELISA. Shown is one representative experiment of three independent 614 

experiments. Significant differences were analyzed by One-Way-ANOVA *P < 0.05, **P 615 

< 0.01, ***P < 0.001, ****P < 0.0001.  E: Intracellular levels of HMGB1 in PHKs co-616 

incubated with NETs were analyzed at different time points via western blot. Protein 617 

expression of b-actin was used as loading control. F: Secreted levels of HMGB1 by 618 

PHKs after 18 h co-culture with NETs were analyzed by ELISA. Shown is one 619 

representative experiment of three independent experiments. Significant differences 620 

were analyzed by an unpaired t-test *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 621 

G & H: HMGB1 expression in skin tissue lysates of tape-stripped and non-tape-622 

stripped WT and NFkB1-KO mice (G) and in anti IgG2a control and anti-Ly6G treated 623 

mice (H) 24 h after S. aureus infection was analyzed via western blot. Expression of 624 

β-actin was used as loading control. I: PHKs were treated either with medium (Ctrl.) or 625 

with recombinant HMGB1 for 18 h and intracellular ROS levels were analyzed by 626 

quantifying DCF fluorescence. Shown is one representative experiment of three 627 

independent experiments. Significant differences were analyzed by an unpaired t-test 628 

*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. J: PHKs were treated with 629 

recombinant HMGB1 for 18h and subsequently infected with S. aureus (MOI = 30). 630 

After 1.5 h, PHKs were631 

lysed, serial dilutions were plated onto TSB plates and CFUs were quantified. Shown 632 

is one representative experiment of three independent experiments. Significant 633 

differences were analyzed by one-way ANOVA *P < 0.05, **P < 0.01, ***P < 0.001, 634 

****P < 0.0001. K: Skin explants of two donors were treated with HMGB1 or PBS for 635 

18h before S. aureus (1x10^8) was applied to the skin explants. 4 mm skin punches 636 

were used for CFU determination. Significant differences were analyzed by unpaired 637 

two-tailed t-tests *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. L: Freshly isolated 638 

PMNs were stimulated with different concentrations of HMGB1, and NET formation 639 
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was analyzed by live-cell imaging via analyzing extracellular DNA by SYTOX Green 640 

staining. Scale bar = 200 µm. FIJI/ImageJ was used to quantify the SytoxGreen+ area 641 

fraction of the image at each time-point. PHKs, primary human keratinocytes; PMNs, 642 

polymorphonuclear neutrophils; NETs, neutrophil extracellular traps; HMGB1, high-643 

mobility-group-protein B1; HSP, heat-shock-protein; DCF, dichlordihydrofluorescein; 644 

DNA, deoxyribonucleic acid; MOI, multiplicity of infection; TS, tape-stripped; WT, wild-645 

type 646 

 647 

Figure 6: The S. aureus skin colonization enhancing effect depends on TLR4 and 648 

RAGE signaling 649 

A: The dorsal skin of C57BL/6 WT mice and 5xTLR-ko mice was either tape-stripped 650 

or left untreated. After 24 h, 1x10^8 S. aureus was epicutaneously applied to the skin. 651 

S. aureus skin colonization was assessed 24 h after infection in 4 mm skin punches. 652 

Horizontal lines represent the mean of each group ± SEM. One dot represents one 653 

mouse Significant differences were analyzed by one-way ANOVA *P < 0.05, **P < 0.01, 654 

***P < 0.001, ****P < 0.0001. Presence of neutrophils in the skin 24 h after S. aureus 655 

application was analyzed by flow cytometry. Shown is the mean percentage of 656 

neutrophils (Ly6G+ Ly6C+) pre-gated on CD11b+ CD45+ live cells. One dot represents 657 

one mouse. Significant differences were analyzed by Two-Way ANOVA *P < 0.05, **P 658 

< 0.01, ***P < 0.001, ****P < 0.0001. B: Representative MPO stainings of tape-stripped 659 

and non-tape-stripped WT and 5xTLR-ko mice (Scale bar = 100 µm). MPO+ cells were 660 

quantified using Fiji. One dot represents one mouse. Significant differences were 661 

analyzed by Two-Way ANOVA *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 662 

C&D: PHKs were stimulated with HMGB1 (C) or co-incubated with PMNs/NETs (D) for 663 

18 h in the presence or absence of TLR4 inhibitor (TAK-242) or RAGE-inhibitor (RAGE-664 

AP) before S. aureus infection (MOI = 30). After 1.5 h, PHKs were lysed, serial dilutions 665 

were plated onto TSB agar plates. Shown is one representative experiment of three 666 

independent experiments. Significant differences were analyzed by one-way ANOVA 667 

*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. E: PHKs were co-incubated with 668 

NETs in the presence or absence of TAK-242 or RAGE-AP for 18 h. Intracellular ROS 669 

levels were analyzed by quantifying DCF fluorescence. Shown is one representative 670 

experiment of three independent experiments. Significant differences were analyzed 671 

by one-way ANOVA *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. F: Extracellular 672 

levels of HMGB1 in the PMN well of the co-culture in the presence or absence of TAK-673 
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242 or RAGE-AP was analyzed by ELISA. Shown is one representative experiment of 674 

three independent experiments. Significant differences were analyzed by one-way 675 

ANOVA *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. WT, wild type; TLR, toll-676 

like receptor; TS, tape-stripping; CFU, colony forming units; MPO, myeloperoxidase, 677 

PHKs, primary human keratinocytes; PMNs, polymorphonuclear neutrophils; NETs, 678 

neutrophil extracellular traps; RAGE, receptor for advanced glycation end products; 679 

HMGB1, high-mobility-group-protein B1; MOI, multiplicity of infection 680 

 681 

Figure 7: PMNs, NETs and HMGB1 are present in the skin of patients with AD 682 

A: Codex Analysis of skin sections of patients with AD or healthy controls for S. aureus, 683 

NE and HMGB1. Marker intensities were quantified using ImageJ. Significant 684 

differences between healthy skin and AD skin were analyzed by an unpaired t-test *P 685 

< 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. In the analysis, 5 patients with AD and 686 

5 healthy control subjects were included. B: Representative confocal images of healthy 687 

skin (a) and AD skin (b) stained for MPO (scale bar: 200 µm). Presence of NETs in AD 688 

skin was analyzed by immunofluorescence staining for MPO and OGG1 (c&d). Scale 689 

bars = 10 µm (c) and 5 µm (d). C: Expression of FLG, IVL and CLDN-1 in PHKs co-690 

incubated with NETs or stimulated with HMGB1 for 18 h. Non-co-cultured PHKs were 691 

used as control. Shown is one representative experiment of three independent 692 

experiments. Significant differences were analyzed by multiple t-tests. *P < 0.05, **P < 693 

0.01, ***P < 0.001, ****P < 0.0001. AD, atopic dermatitis; NE, neutrophil elastase; 694 

HMGB1, high-mobility-group-protein B1; MPO, myeloperoxidase; NETs, neutrophil 695 

extracellular traps, OGG1, 8-Oxoguanine DNA glycosylase; PHKs, primary human 696 

keratinocytes 697 

 698 

STAR★Methods 699 

Resource availability 700 

Lead contact 701 

Further information and requests for resources and reagents should be directed to and 702 

will be fulfilled by the Lead Contact, Birgit Schittek (birgit.schittek@uni-tuebingen.de). 703 

 704 

Materials availability 705 

mailto:birgit.schittek@uni-tuebingen.de
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This study did not generate new unique materials. 706 

 707 

Data and code availability 708 

• All data reported in this paper will be shared by the lead contact upon request. 709 

• This paper does not report original code. 710 

• Any additional information required to reanalyze the data reported in this paper 711 

is available from the lead contact upon request. 712 

Experimental model and study participant details 713 

Humans 714 

Primary human keratinocytes were isolated from human foreskin after routine 715 

circumcision from the Loretto Clinic in Tübingen as previously described 13, 52. 716 

Keratinocyte isolation from human foreskin was approved by the ethics committee of 717 

the medical faculty of the University Tübingen (654/2014BO2) and performed 718 

according to the principles of the Declaration of Helsinki. Immune cell isolation from 719 

human blood was approved by the ethics committee of the medical faculty of the 720 

University Tübingen (054/2017BO2). Sample analysis of atopic dermatitis patients and 721 

healthy controls (4 males, 6 females; 41-63 years old) were performed in full 722 

agreement with institutional guidelines with the approval of the Ethic committee of the 723 

medical faculty of the University Tübingen (654/2014B02; 093/2019B02). 724 

 725 

Mice 726 

All mouse experiments were conducted in accordance with the German regulations of 727 

the Gesellschaft für Versuchstierkunde/Society for Laboratory Animal Science (GV-728 

SOLAS) and the European Health Law of the Federation of Laboratory Animal Science 729 

Associations (FELASA). All mouse experiments were approved (HT1/17) by the local 730 

authorities (Regierungspräsidium Tübingen). Animal studies were performed with 6-8-731 

week-old female C57BL6 WT/5xTLR-ko/NFκB-1ko mice.  732 

 733 

Method Details 734 

Bacterial strains and culture conditions 735 
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In this study, Staphylococcus aureus USA300 LAC was used. The bacteria were 736 

aerobically grown in tryptic soy broth (TSB) at 37 °C and orbital shaking. All 737 

experiments were performed with logarithmically grown (OD = 0.5) bacteria.  738 

 739 

In-vivo skin colonization model 740 

The in vivo skin colonization model was performed as previously described 13, 52. 741 

Mouse skin was shaved 3 days before starting the experiments to allow healing of 742 

potential microwounds and recovery of the skin from shaving. Skin inflammation was 743 

induced by repeated tape-stripping (7 times) of the shaved dorsal skin. After 24h, finn 744 

chambers with filter discs containing 1x10^8 S. aureus were epicutaneously applied 745 

on the shaved, dorsal skin. Finn chambers were fixated with fixomull. On day 1, 3 and 746 

7 after S. aureus infection, mice were euthanized, and samples were taken. S. aureus 747 

skin colonization was analyzed by scraping 4 mm skin punches as previously 748 

described 13, 52. 749 

 750 

Neutrophil Depletion in vivo 751 

Neutrophils were depleted using an anti-Ly6G antibody as previously described 13. 752 

Briefly, 100 ug of anti-Ly6G or IgG control antibody (BioXCell, West Lebanon, NH, 753 

clone 1A8 and clone 2A3) were injected intraperitoneally 24h before epicutaneous S. 754 

aureus application on the skin. Successful depletion was ensured by flow cytometry. 755 

 756 

Mouse immune cell isolation and staining procedure 757 

Isolation of immune cells from mouse skin was performed as previously described 221. 758 

Briefly, relevant dorsal skin was removed and placed in PBS+2% FCS. Subcutaneous 759 

fat and blood vessels were removed using a razor blade and skin samples were 760 

subsequently placed into a reaction tube containing RPMI with 761 

0.05 mg/ml DNAse I (Roche) and 0.25 mg/ml Liberase (Roche). For digestion, tissue 762 

samples were disintegrated by scissors and incubated at 37 °C for 70 min. The 763 

digestion reaction was stopped by addition of 250 μl FCS. Single cell suspensions 764 

were generated using 70 μm cell strainers. After washing with PBS + 2% FCS, single 765 

cell suspensions were treated with TruStain fcXanti-CD16/32 (1:50, BioLegend) and 766 

subsequently surface stained with the following monoclonal antibodies: CD45.2 767 

(1:200, BioLegend, clone 104, Cat#109824), CD11b (1:200, BioLegend, clone M1/70, 768 



 Manuscript I 

 

 89 

Cat#101227), CD11c (1:200, BioLegend, clone N418, Cat#117337), Ly6G (1:200, 769 

BioLegend, clone 1A8, Cat#127614), Ly6C (1:200, BioLegend, clone HK1.4, 770 

Cat#128014). To exclude dead cells, a fixable viability dye eFluor520 (1:1000, 771 

eBioscience) was used. All samples were measured using a BD LSRII flow cytometer 772 

(CD Bioscience) and analyzed with FlowJo (TreeStar).  773 

 774 

Immunofluorescence staining for MPO 775 

For immunofluorescence staining for MPO, 2 µm skin sections were deparaffinized. 776 

Antigen retrieval was performed for MPO in EDTA buffer (pH = 9) for 7 min using a 777 

pressure cooker. After slow cooling down, tissue sections were washed with 1x PBS 778 

and blocked for 90 min with 1xPBS + 0.05% Triton-X containing 5% donkey serum 779 

before incubation in primary MPO antibody (Abcam, 1:75) diluted in blocking buffer 780 

overnight at 4 °C. The next day, tissue sections were washed 3 times with 1xPBS and 781 

incubated in Cy3-labeled goat anti-rabbit IgG antibody (Abcam, 1:250) for 1.5 h at RT. 782 

Nuclear DNA was detected by incubating tissue slides with Hoechst 33342 (Thermo 783 

Fisher) for 20 min at RT. Immunofluorescence images were acquired using the Zeiss 784 

Axiovert 200 microscope (Zeiss) with the VisiView software (Visitron systems, 785 

Puchheim, Germany).  MPO+ cells were quantified using Fiji.  786 

 787 

Confocal laser scanning microscopy for NETs in mouse skin 788 

4 µm skin sections were deparaffinized and antigen retrieval was performed for MPO 789 

and citH3 in EDTA buffer (pH = 9) for 15 min using a pressure cooker. After cooling 790 

down, tissue sections were blocked for 90 min at RT with 1xPBS + 0.05% Triton-X 791 

containing 5% donkey serum and subsequently incubated in primary MPO (1:50, R&D) 792 

and citH3 (1:50, abcam) diluted in blocking buffer overnight at 4°C. After three washing 793 

steps in 1xPBS, tissue sections were incubated in Alexa-400-labeled donkey anti-goat 794 

IgG antibody and Cy3-labeled goat anti-rabbit IgG antibody (both Abcam, 1:250) for 795 

1.5 h at RT. Nuclear DNA was detected by DAPI (Sigma) staining for 20 min at RT. 796 

Confocal laser scanning microscopy was performed using an LSM 800 (Zeiss, 797 

Oberkochen, Germany). 798 

 799 

  800 
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Immunohistochemical staining for Malondialdehyde 801 

For immunohistochemical staining for MDA, 4 µm skin sections were deparaffinized. 802 

Antigen retrieval was performed for MDA in citrate buffer (pH = 6) for 15 min using a 803 

pressure cooker. After slow cooling down, tissue sections were washed with 1x PBS 804 

and blocked for 90 min with 1xPBS + 0.05% Triton-X containing 5% donkey serum 805 

before incubation in primary MDA antibody (Novusbio, 1:100) diluted in blocking buffer 806 

overnight at 4 °C. The next day, tissue sections were washed 3 times with 1xPBS and 807 

incubated with primary enhancer (Lab Vision UltraVision LP Detection System, Thermo 808 

Fisher Scientific) for 20 min at room temperature and subsequently incubated with AP 809 

polymer (Lab Vision UltraVision LP Detection System, Thermo Fisher Scientific) for 30 810 

min at room temperature in a humid chamber. After three washing steps, skin sections 811 

were stained with the liquid fast red substrate system (Lab Vision UltraVision, Thermo 812 

Fisher Scientific) and subsequently hematoxylin-eosin (H&E, Agilent/Dako) was 813 

performed for 2 min.  814 

 815 

Confocal laser scanning microscopy for NETs in patients 816 

2 µm skin sections of atopic dermatitis patients and healthy control were 817 

deparaffinized. Antigen retrieval was performed in Citrate buffer (pH = 6) for 10 min 818 

and subsequent EDTA buffer (pH = 9) for 7 min using a pressure cooker. After slow 819 

cooling down, tissue sections were washed with 1x PBS and blocked for 90 min with 820 

1xPBS + 0.05% Triton-X containing 5% donkey serum before incubation in primary 821 

antibodies for MPO (R&D, 1:50) and OGG1 (Novus bio, 1:50) in blocking buffer 822 

overnight at 4 °C. The next day, tissue sections were washed three times with 1xPBS 823 

and incubated in Cy3-labeled goat anti-rabbit IgG (Abcam, 1:250) and Alexa488-824 

labeled donkey anti-goat IgG (Abcam, 1:250) for 1.5h at RT. Nuclear DNA was detected 825 

by incubating tissue slide with DAPI (Sigma) for 20 min at RT. Confocal laser scanning 826 

microscopy was performed using an LSM 800 (Zeiss, Oberkochen, Germany).  827 

 828 

CODEX Analysis 829 

CODEX was performed as previously described 53,54,55,56. Briefly, FFPE blocks of skin 830 

punches were evaluated on corresponding H&E staining and epidermal regions were 831 

annotated for preparation of a Tissue Micro Array of 1 mm diameter including 5 832 

samples of healthy skin, 5 sample from AD. 4 µm thick sections of the TMA were cut 833 
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and mounted on a Vectabond-treated coverslip for CODEX analysis. For tissue 834 

staining the samples were deparaffinized, rehydrated and antigen retrieval was 835 

performed. The tissue was then bleached for 90 min, followed by washing and blocking 836 

steps. Afterward an antibody cocktail containing all markers in the panel design was 837 

added and incubated overnight in a humidity chamber at 4°C. All antibodies were 838 

conjugated to a unique oligonucleotide and tested and validated beforehand. 839 

Oligonucleotide conjugation was performed as previously described 53. For all details 840 

concerning antibodies and oligonucleotides see  Table S2.841 

Staining was followed by washing and fixation of the tissue for imaging. Automated 842 

image acquisition was then performed using the Akoya CODEX phenocycler. For 843 

multicycle imaging of the TMA spots, the multipoint function of the BZ-X viewer 844 

software was manually programmed to the center of each TMA spot. All data was 845 

processed using the CODEX processor, creating hyperstacked images of all 846 

fluorescent channels following previous background subtraction. Processed images 847 

were analyzed using ImageJ. Single marker pictures were created using the CODEX-848 

Yury tool for combination of selected channels from focused CODEX stack. 849 

Quantification of marker intensities was performed by manual selection of epidermal 850 

regions using freehand selection and the Measure tool for Mean Marker Expression 851 

provided in ImageJ. Statistical data was then analyzed and visualized in Prism. 852 

 853 

Cell Culture and in-vitro co-culture model  854 

Keratinocytes were cultured in collagen-coated tissue flasks (Corning, BioCoat) in 855 

epidermal keratinocyte medium (CELLnTEC) at 37°C, 5% CO2. Keratinocytes were 856 

differentiated 24h before the experiments with keratinocyte bare medium (CELLTECH) 857 

containing 1.7 mM CaCl2. The in vitro co-culture model was performed as previously 858 

described 13221221. Keratinocytes were seeded in collagen-coated transwell inserts (0.4 859 

µm pores). PMNs were isolated as described above and seeded in a concentration of 860 

2x10^6/ml in a 24 well plate. Transwell inserts containing the differentiated 861 

keratinocytes were placed above the PMNs and co-incubated for indicated times. 862 

Where indicated, inhibitors were added to the upper and lower well of the co-culture 863 

and remained there during the whole experiment. For inhibition of TLR4, RAGE-AP, 864 

NFkB, MEK, ROS formation final concentrations of 1 μM TAK-242, 5 μM RAGE-AP, 1 865 

μM Celastrol, 15 nM Trametinib or 5 mM N-Actelycystein were used, respectively. 866 

 867 
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Skin Explants 868 

After removal of fact and blood vessels, human foreskins were incubated overnight at 869 

37 °C in epidermal keratinocyte medium (CellnTEC,) containing 0.2 % gentamycin 870 

(Sigma-Aldrich). After two washing steps with Hank’s Balanced Salt Solution (Sigma-871 

Aldrich), skin explants were cut into pieces and transferred in a 12 well plate and 872 

supplied with 700 µl epidermal keratinocyte medium. A filter disc containing 100 ng/ml 873 

recombinant HMGB1, or PBS was topically applied on the skin explants for 18h. 874 

Subsequently, the filter disc was replaced with a filter disc containing 1x10^8 S. aureus. 875 

After 18h, the filter disc was removed, and S. aureus adherence was determined in 4 876 

mm skin punches.  877 

 878 

PMN isolation from whole human blood 879 

Whole blood from healthy donors was mixed with dextran solution (2% Dextran, 0.9% 880 

NaCl) in a 1:1 ratio and incubated for 30 min until two phases have formed. The upper 881 

phase was layered on BioColl (1.077 g/ml, Bio&Sell) in a 3:2 ratio following density 882 

gradient centrifugation for 30 min @ 1600 rpm in a swinging bucket rotor without brake. 883 

After removing the plasma, PBMC ring and the BioColl layer, the pellet containing 884 

erythrocytes and granulocytes was resuspended in hypotonic erythrocyte lysis buffer 885 

(C-C-Pro), incubated for 10 min, and subsequently centrifuged for 10 min @ 1600 rpm 886 

in a swinging bucket rotor without brake. The remaining pellet containing PMNs was 887 

washed once in PBS and was then resuspended in keratinocyte base medium 888 

(CELLTECH) containing 1.7 mM CaCl2. 889 

 890 

Isolation of Neutrophil extracellular traps   891 

NETs isolation was performed as previously described 57. PMNs were isolated as 892 

described above and seeded in a concentration of 2x10^6/ml in a 6 well plate. NET 893 

formation was induced by addition of 500 nM PMA (Sigma). After 4h, 894 

supernatant was carefully removed, and NETs were collected by washing the plate 895 

with cold PBS followed by a centrifugation step for 10 min @ 450g and 4°C. The 896 

supernatant was removed and centrifuged @ 18,000g @ 4°C. After removal of the 897 

supernatant, the pellet was resuspended in cold water and DNA concentrations were 898 

measured. Indicated concentrations of isolated NETs were used for the co-incubation 899 

with keratinocytes instead of PMNs.  900 
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Viability Assay 901 

Toxicity of reagents used in this study on keratinocytes were tested using 4-902 

methylumbelliferyl heptanoate (MUH). Briefly, cells were treated with the respective 903 

reagents for 24h and subsequently incubated with 100 μg/ml MUH (Sigma-Aldrich) in 904 

PBS for 1h @ 37°C. The fluorescence intensity was quantified using a Fluoroskan II 905 

(Labsystems).  906 

Adhesion and invasion assay 907 

For analyzing S. aureus skin colonization in vitro, adhesion invasion assays were 908 

performed as previously described 13. Briefly, keratinocytes were either co-incubated 909 

with PMNs as described above or incubated alone in the presence or absence of 910 

inhibitors. After different co-incubation times, keratinocytes were infected with S. 911 

aureus (MOI = 30; OD = 0.5) for 1.5h. After the infection, keratinocytes were washed 912 

twice with Phosphate Buffered Saline (Sigma-Aldrich) and subsequently lysed with a 913 

lysis buffer containing PBS, 2.5% Trypsin and 1% Triton-X in a 7:2:1 ratio. Serial 914 

dilutions of the lysates were plated onto TSB agar plates and incubated at 37 °C 915 

overnight. The next day, S. aureus skin colonization was analyzed by quantifying CFU. 916 

  917 

Neutrophil extracellular traps quantification assay (SYTOX) 918 

Quantification of Neutrophil extracellular traps was performed as previously described 919 
13. Briefly, keratinocytes and PMNs were co-incubated for 2h, 4h, 6h or 18h following 920 

infection of keratinocytes with S. aureus (MOI = 30, 1.5h). After 3h of infection, 100 μl 921 

of the supernatant of the neutrophil well was transferred into a 96 well plate and 922 

incubated for 10 min in the dark with 5 μM SYTOX Green (Thermo Fisher). SYTOX 923 

Green fluorescence (λex: 488 nm; λem: 523 nm) was quantified using a Fluoroskan II 924 

(Labsystems). Treatment of PMNs with 500 nM PMA served as a positive control and 925 

treatment with 10% Triton X-100 served as a total DNA content control.  926 

 927 

Live Cell Imaging of NETosis  928 

NET formation of PMNs was analyzed by live-cell imaging using the Incucyte SX1 929 

(Sartorius) or a Thunder Imaging System (Leica Microsystems, 20x NA0.8 objective in 930 

24h recordings with a frame rate of 5 min). Briefly, freshly isolated PMNs were 931 

resuspended in keratinocyte base medium (CELLTECH) with 1.7 mM CaCl2  containing 932 

1 μM DRAQ5 and 0.2 μM SYTOX Green for staining of intracellular and extracellular 933 
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DNA, respectively. PMNs were further co-incubated for 18h with keratinocytes 934 

following the infection of keratinocytes with S. aureus (MOI = 30, 1.5h). PMNs 935 

undergoing NET formation upon the S. aureus infection were indicated by positive 936 

SYTOX Green staining. Treatment of PMNs with 500 nM PMA (Sigma) was used as 937 

control for NET formation. Furthermore, NET formation by freshly isolated PMNs 938 

stimulated with the supernatants of keratinocyte and neutrophil well of the co-culture 939 

before and after S. aureus infection was analyzed.  940 

 941 

RNA isolation and cDNA synthesis 942 

Isolation of total RNA of keratinocytes was performed using the Nucleospin RNA kit 943 

(Macherey-Nagel) according to the manufacturer’s protocol. Following RNA isolation, 944 

complementary DNA was synthesized using the Reverse-Transcriptase Kit (Thermo 945 

Scientific) with 1 μg of RNA, 4 μl of 5x RT buffer, 0.5 μl Maxima reverse transcriptase 946 

(200 U/ml), 1 μl of random hexamer primer (100 μM), dNTP (1mM) and RNAse-free 947 

water to a total volume of 20 μl. RNA was first pre-incubated with RNAse-free water at 948 

70°C for 10 min before the master mix was added and cDNA was synthesized for 10 949 

min @ 25°C and 45 min @ 50 °C followed by a heat-inactivation step for 5 min @ 950 

85°C.  951 

 952 

Quantitative reverse transcription-polymerase chain reaction  953 

Quantitative reverse transcription-polymerase chain reaction (qRT-PCR) was 954 

performed in a 10 μl reaction volume with SYBR Green PCR Master Mix (Thermo 955 

Fisher) according to the manufacturer’s instructions using a LightCycler 96 (Roche Life 956 

Science). The PCR program consisted of a denaturation step for 5 min @ 95°C 957 

followed by 40 cycles with 10s each for denaturation @ 95°C, annealing at individual 958 

temperature and elongation @ 72°C. Primer Sequences are listed in. (actin, Nrf2, 959 

DAMPs). To screen genes upregulated in keratinocytes co-incubated with PMNs 960 

before and after S. aureus infection, the antibacterial RT Profiler Array (Quiagen) was 961 

used according to the manufacturer’s instructions. Briefly, keratinocytes were co-962 

incubated with PMNs or NETs. To analyze the effect of the co-culture, not co-culture 963 

keratinocytes were used as control.  964 

 965 

  966 
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Western Blot  967 

Analysis of activated signaling pathways in keratinocytes was analyzed by western blot 968 

using whole cell lysates. Briefly, keratinocytes were co-incubated with PMNs for 3h, 6h 969 

and 18h in the presence or absence of inhibitors and keratinocytes were subsequently 970 

lysed in a lysis buffer containing protease and phosphatase inhibitors. Lysates were 971 

separated via SDS-polyacrylamide gel electrophoresis and plotted onto PVDF 972 

membranes. After 60 min blocking in PBS + 0.1% Tween + 5% dry milk, membranes 973 

were incubated overnight @ 4°C in the following antibodies: p-p65 and p-65 (1:1000 974 

Cell Signaling), p-ERK and ERK (1:1000 Cell Signaling), TLR4 (1:500 Santa Cruz), β-975 

actin (1:1000 Cell Signaling). As secondary antibodies, horseradish peroxidase-976 

conjugated goat anti-rabbit IgG or goat anti-mouse IgG (1:2000) were used. ECL 977 

(Thermo Fisher Scientific) or ECL prime (GE Healthcare Lifesciences) was used as 978 

chemiluminescence reagents, and an Amersham Imager 600 (General Electric) was 979 

used for detection.  980 

 981 

Enzyme-linked immunosorbent assay 982 

For HMGB1 ELISA, ELISA plates (Nunc) were coated with 100 μl of cell culture 983 

supernatant or 2-fold dilutions of recombinant HMGB1 starting from 8 μg/ml overnight 984 

at 4 °C. After three washing steps with PBS+0.05%Tween, 100 μl primary antibody 985 

against HMGB1 (Biolegend) at 37 °C for 1h. After three washing steps, 100 μl 986 

secondary antibody (Cell Signaling) were added and the plate was incubated @ 37°C 987 

for 1h. After three washing steps, 100 μl TMB substrate solution (Cell Signaling) was 988 

added to each well. Reaction was stopped with 50 μl 2 N H2SO4 and absorbance at 989 

450 nm was measured using a Fluoroskan II (Labsystems).  990 

 991 

Measurement of oxidative stress 992 

Oxidative stress in tape-stripped and not tape-stripped C57BL/6 WT mice was 993 

detected by measuring lipid peroxidation by quantifying malondialdehyde (MDA) in skin 994 

tissue lysates using a commercial kit (Sigma-Aldrich, St. Louis, USA) according to the 995 

manufacturer’s instructions.  996 

For measuring oxidative stress in-vitro, PHKs and PMNs were incubated with 997 

H2DCFDA (ThermoFisher) for 30 min and intracellular ROS levels were measured as 998 

DCF fluorescence via flow cytometry as described elsewhere.  999 



 Manuscript I 

 

 96 

Quantification and statistical analysis 1000 

Significant differences between the means of the different treatments were evaluated 1001 

using GraphPad Prism 9.0 (GraphPad Software, Inc.). Either unpaired, two-tailed 1002 

Student’s t test or one-way analysis of variance followed by Dunnett’s multiple 1003 

comparisons test was used for statistical analysis and indicated in the respective figure 1004 

legends. Differences were considered statistically significant with a p value of <0.05. 1005 

Data were visualized using GraphPad 9.0 (GraphPad Software Inc.), MS Excel 1006 

(Microsoft Corporation), or FlowJo (TreeStar).  1007 

 1008 
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Supplementary Figure legends  1 
 2 
Figure S1: NETs Detection and quantification of PMNs after PMN depletion 3 

A: Presence of citH3 in skin lysates of mice +/- tape-stripping and +/- S. aureus 4 

infection was analyzed after 24h by western blot. Expression of β-actin was used as 5 

loading control. B: Representative image of immunofluorescence staining for citH3 and 6 

MPO, indicating NETs, in tape-stripped mouse skin after 24h epicutaneous S. aureus 7 

application. Scale bar = 50 μm C: Gating Strategy for immune cell analysis in mouse 8 

skin. Isolated cells were first gated for viability and CD45+ positivity (live CD45+). Then 9 

the live CD45+ cells were gated for CD11b. Neutrophils were then gated from the 10 

CD11b+ cells and defined as live CD45+ CD11b+ Ly6G+ Ly6C+ cells. D: Efficiency of 11 

PMN depletion was analyzed by quantifying numbers of PMNs (live CD45+ CD11b+ 12 

Ly6G+ Ly6C+) in the tape-stripped skin of mice injected intraperitoneal with an anti-13 

Ly6G antibody or isotype control (IgG2a) on days 1, 3 and 7 after epicutaneous S. 14 

aureus application via flow cytometry. Shown is the mean of each group ± SD. One 15 

point represents one mouse. E: MPO staining of tape-stripped skin of PMN-depleted 16 

(Ly6G) or isotype-treated (IgG2a) mice on day 3 and 7 after epicutaneous S. aureus 17 

application to proof efficient PMN depletion. Scale bar = 50 μm. MPO+ cells were 18 

quantified using Fiji. Significant differences were analyzed by multiple unpaired t-tests. 19 

*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 20 

 21 

Figure S2: Lipid Peroxidation assay of skin explants and viability assay of PHKs 22 

after N-Acetylcystein treatment               23 

A: Human skin explants of three donors either tape-tripped or left untreated. After 24h, 24 

signs of oxidative stress were analyzed in the skin by quantifiying MDA levels in tissue 25 

lysates. Significant differences were analyzed by multiple unpaired t-tests. *P < 0.05, 26 

**P < 0.01, ***P < 0.001, ****P < 0.0001. B: Human skin explants were either tape-27 
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stripped or left untreated and subsequently incubated alone or in co-culture with PMNs. 28 

After 24h, MDA levels in the tissue lysates was analyzed. Significant differences were 29 

analyzed by One-Way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. C: 30 

PHKs were stimulated with 5 mM N-Acetylcysteine (N-Ac) for 18h or left unstimulated 31 

and subsequently infected with S. aureus (MOI = 30) for 1.5h or left uninfected. Viability 32 

of the PHKs was analyzed using 4-methylumbelliferyl heptanoate (MUH). As positive 33 

control, cells were treated with 1% Triton-X. Shown is one representative experiment 34 

of three independent experiments. Significant differences were analyzed using one-35 

way ANOVA *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.  D: NET formation in 36 

the co-culture upon S. aureus infection was analyzed in the presence or absence of 37 

N-Acetylcysteine by SYTOX Green staining. The amount of extracellular DNA was 38 

normalized to the data of Triton-X treated cells representing the total DNA amount. 39 

Significant differences were analyzed by One-Way ANOVA. *P < 0.05, **P < 0.01, ***P 40 

< 0.001, ****P < 0.0001. E: Representative immunohistochemistry staining for MDA of 41 

the skin of tape-stripped and not-tape-stripped mouse skin 24h after epicutaneous S. 42 

aureus application. Scale bar = 50 µm 43 

 44 

Figure S3: Viability assay of PHKs after Trametinib or Celastrol treatment  45 

A&B: PHKs were treated with MEK inhibitor Trametinib (A) or NFκB inhibitor Celastrol 46 

(B) for 18h or left untreated and subsequently infected with S. aureus (MOI = 30). After 47 

1.5h, viability of the PHKs was analyzed using 4-methylumbelliferyl heptanoate (MUH). 48 

As positive control, cells were treated with 1% Triton-X. Shown is one significant 49 

experiment of three independent experiments. Significant differences were analyzed 50 

using one-way ANOVA *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 51 

 52 

Figure S4: Effect of DAMPs on S. aureus skin colonization and effect of HMGB1 53 

treatment on skin colonization of skin commensals 54 

 A: Intracellular protein expression of HMGB1 in PHKs co-incubated with PMNs in the 55 

presence of 5 mM N-Acetylcystein was investigated via western blot analysis. Protein 56 

expression of β-actin was used as loading control. B: Presence of HMGB1 in isolated 57 

NETs was analyzed by ELISA. Supernatant of PHKs was used as negative control. C: 58 

PHKs were treated with recombinant HMGB1 (10 ng/ml) for 18h or left untreated and 59 
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subsequently infected with S. aureus, S. epidermidis or S. lugdunensis (all MOI = 30). 60 

After 1.5h infection, PHKs were lysed, and CFU were quantified the next day. 61 

Significant differences were analyzed using multiple unpaired t-tests *P < 0.05, **P < 62 

0.01, ***P < 0.001, ****P < 0.0001. D: PHKs were treated with recombinant HSP70 (1 63 

µM) or S100A8/A9 (10 ng/ml) for 18h or left untreated and subsequently infected with 64 

S. aureus (MOI = 30). After 1.5h PHKs were lysed and CFU were quantified. Shown is 65 

one representative experiment of three independent experiments. Significant 66 

differences to the untreated control were analyzed by an unpaired t-test *P < 0.05, **P 67 

< 0.01, ***P < 0.001, ****P < 0.0001. 68 

 69 

Figure S5: Protein Expression of TLR4 in PHKs and skin explants and viability 70 

assay of PHKs after TAK-242 and RAGE-AP treatment 71 

A&B: PHKs were co-incubated with PMNs (A) or NETs (B). After different time-points, 72 

protein expression of TLR4 and RAGE in PHKs was analyzed by western blot. Protein 73 

expression of β-actin was used as loading control. C: Human skin explants were either 74 

tape-stripped (TS) or left untreated and then placed in a transwell insert and co-75 

incubated with PMNs or alone. After 18h, protein expression of TLR4 was analyzed by 76 

western blot analysis. Protein expression of β-actin was used as loading control. D&E: 77 

PHKs were treated with TLR4 inhibitor TAK-242 or RAGE inhibitor RAGE-AP for 18h 78 

or left untreated and subsequently infected with S. aureus (MOI = 30). After 1.5h, 79 

viability of the PHKs was analyzed using 4-methylumbelliferyl heptanoate (MUH). As 80 

positive control, cells were treated with 1% Triton-X. Shown is one representative 81 

experiment of three independent experiments. Significant differences were analyzed 82 

using one-way ANOVA *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 83 

 84 

Figure S6: HMGB1 expression in the skin of AD patients compared to healthy 85 

controls 86 

A-C: Total, nuclear and cytoplasmic HMGB1 expression was quantified in the skin of 87 

AD patients compared to healthy control using QuPath. Significant differences were 88 

analyzed by unpaired two-tailed t-tests *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 89 

0.0001. 90 

 91 

  92 
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Figure S7: NETs are present in the skin of atopic dermatitis patients 93 

Representative immunofluorescence images of skin sections of three atopic dermatitis 94 

patients for NETs (a, c, e). Scale bar = 200 µm. NET formation, defined by the co-95 

localization of OGG1 and MPO, is indicated by white arrows (b, d, f). Scale bar = 20 96 

µm. 97 

 98 

Figure S8: NETs downregulate epidermal barrier genes in PHKs via ROS 99 

A: Protein expression of involucrin and filaggrin was investigated in skin explants 24h 100 

after topical application of NETs (25 ug/ml) or HMGB1 (100 ng/ml). Protein expression 101 

of â-actin was used as loading control. Semi-quantification was performed using 102 

ImageJ and significant differences to the control were analyzed using One-Way 103 

ANOVA *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. B: Differentiated PHKs 104 

were co-cultured with NETs for 24h in the presence or absence of ROS scavenger N-105 

Acetylcysteine. After 24h co-culture, gene expression of epidermal barrier genes 106 

filaggrin (FLG) and involucrin (IVL) was analyzed by qRT-PCR. Shown is one 107 

representative experiment of three independent experiments. Significant differences 108 

were analyzed using One-Way ANOVA *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 109 

0.0001.110 

111 
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Abstract 14 

Introduction: Staphylococcus aureus (S. aureus) infection of the skin leads to a rapid 15 

initial innate immune response with keratinocytes in the epidermis as the initial 16 

sensors. Polymorphonuclear neutrophils (PMNs) are the first innate immune cells to 17 

infiltrate infection sites where they provide an effective first-line of defense. Previous 18 

work of our group showed that in inflamed skin a crosstalk between PMNs and 19 

keratinocytes results in enhanced S. aureus skin colonization. 20 

 21 

Methods: In this work, we used an in vitro co-culture model to studied the crosstalk 22 

between primary human keratinocytes (PHKs) and PMNs in a sterile environment and 23 

upon S. aureus infection. We investigated the influence of PHKs on PMN activation by 24 

analyzing PMN lifespan, expression of degranulation markers and induction of 25 

proinflammatory cytokines. Furthermore, we analyzed the influence of PMNs on the 26 

inflammatory response of PHKs. Finally, we investigated the influence of the skin 27 

microbiome on PMN-mediated skin inflammation. 28 

 29 

Results: We show that co-culture of PMNs with PHKs induces activation and 30 

degranulation of PMNs and significantly enhances their lifespan compared to PMN 31 

cultivation alone by an IL-8 mediated mechanism and, furthermore, primes PMNs for 32 

enhanced activity after S. aureus infection. The prolonged incubation with PMNs also 33 

induces inflammatory responses in PHKs which are further exacerbated in the 34 

presence of S. aureus and induces further PMN recruitment thus fueling skin 35 

inflammation. Interestingly, infection of PHKs with the skin commensal S. epidermidis 36 

reduces the inflammatory effects of PMNs in the skin and exhibits an anti-inflammatory 37 

effect.  38 

 39 

Discussion: Our data indicate that skin infiltrating PMNs and PHKs influence each 40 

other in such a way to enhance skin inflammation and that commensal bacteria are 41 

able to reduce the inflammatory effect.  42 

 43 

 44 
 45 
 46 
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Introduction 47 
 48 

The skin immune barrier depends on the interplay of different cell types to ensure 49 

homeostasis under physiological conditions and protection against invading pathogens 50 

(Nguyen and Soulika, 2019). Keratinocytes are the predominant constituents of the 51 

epidermis and thus the first cells to sense an invading pathogen such as 52 

Staphylococcus aureus (S. aureus) and therefore are critical in initiating and 53 

maintaining skin inflammation (Bitschar et al, 2017). They contain pattern-recognition 54 

receptors that help to sense pathogen-associated-molecular-patterns (PAMPs) on the 55 

microbes which initiates secretion of cytokines, chemokines, and antimicrobial 56 

peptides (AMPs) and the recruitment of immune cells to infection site (Bitschar et al, 57 

2017).  58 

Polymorphonuclear neutrophils (PMNs) are the most abundant leucocytes in the 59 

human blood (Rosales, 2018). Upon skin infection, they are the first cells to arrive at 60 

the site of infection and ensure an effective first-line of protection (Burn et al., 2021, 61 

Kolaczkowska and Kubes, 2013) To ensure a fast response at infection sites, PMNs 62 

contain preformed molecules stored in cytoplasmic granules that can be rapidly 63 

mobilized via degranulation (Ley et al., 2018, Lacy, 2006). However, excessive 64 

degranulation can cause enormous collateral damage to surrounding tissue and lead 65 

to systemic inflammation. Therefore, PMN activation and degranulation needs to be 66 

tightly controlled and requires receptor-coupled mechanisms (Lacy, 2006). After 67 

completing their tasks, PMNs undergo apoptosis and are cleared by macrophages. 68 

This prevents excessive inflammation and helps restoring homeostasis (Hidalgo et al., 69 

2019, Summers et al., 2010, Gordy et al., 2011). 70 

S. aureus is a gram-positive facultative pathogen responsible for the majority of skin 71 

infections in humans. It asymptomatically colonizes about 30 % of the human 72 

population, mainly in the nose (Wertheim et al., 2005, Hanselman et al., 2009). S. 73 

aureus can be frequently found on the skin of patients with atopic dermatitis where it 74 

actively participates in skin inflammation (David and Daum, 2017, Eyerich et al., 2015). 75 

The recruitment of PMNs has been shown to be crucial for the clearance of S. aureus 76 

infections (Millet et al., 2006, Molne et al., 2000). However, we and others provide in 77 

vitro and in vivo evidence that PMNs promote S. aureus skin colonization and 78 

persistence through the interaction of PHKs with neutrophil extracellular traps (NETs) 79 

(Bitschar et al., 2020, Yipp et al., 2012). These data indicate that an interaction of PHKs 80 
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with PMNs via NETs are important for maintaining local infection during the early 81 

stages of colonization. Further studies of us revealed that PMNs and NETs present in 82 

the inflamed skin induce oxidative stress in PHKs which results in the secretion of 83 

HMGB1. NETs and HMGB1 can downregulate the expression of epidermal barrier 84 

genes thus promoting skin barrier defects which favors S. aureus skin colonization 85 

(Focken et al., 2023). 86 

Here, we studied the interaction between keratinocytes and PMNs independent of 87 

NETs in a sterile and an infectious environment. We investigated the influence of PHKs 88 

on activation of PMNs by analyzing PMN lifespan, expression of degranulation markers 89 

and induction of proinflammatory cytokines. Vice versa, we analyzed the influence of 90 

PMNs on the inflammatory response of PHKs. Finally, we investigated the influence of 91 

the skin microbiome on PMN-mediated skin inflammation. Our data highlight a 92 

sophisticated crosstalk of PMNs with PHKs in the skin which shapes immune 93 

responses to invading bacteria. 94 

 95 

Material & Methods 96 

Isolation of Primary Human PMNs        97 

Peripheral blood from healthy donors was mixed with dextran solution (2% Dextran, 98 

0.9% NaCl) and incubated for 30 min at RT. The upper phase was applied on BioColl 99 

(1.077 g/ml, Bio&Sell) in a 3:2 ratio and density gradient centrifugation was performed 100 

for 30 min at 1600 rpm in a swing-out bucket rotor with no brakes. Remaining 101 

erythrocytes in the cell pellet were lysed in hypotonic lysis buffer (C-C-Pro). After 10 102 

min incubation time, a second centrifugation step at 1600 rpm for 10 min without brake 103 

was performed. After one washing step with PBS, the remaining cell pellet containing 104 

the PMNs was resuspended in keratinocyte basal medium (CELLnTECH) 105 

supplemented with CaCl2 (1.7 mM). PMN isolation from human blood was permitted 106 

by the ethics committee of the medical faculty of the University of Tübingen 107 

(054/2017BO2).  108 

 109 

Cell Culture and in vitro co-culture system 110 

Primary human keratinocytes (PHKs) were isolated from human foreskin as previously 111 

described (Burian et al., 2017, Bitschar et al., 2020, Bitschar et al., 2019). PHK isolation 112 

was permitted by the ethics committee of the medical faculty of the University of 113 
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Tübingen (654/2014BO2) and conducted in accordance with the principles of the 114 

Declaration of Helsinki. PHKs were cultured at 37°C and 5% CO2 in tissue flasks 115 

(Corning, BioCoatTM) coated with collagen in epidermal keratinocyte medium 116 

(CELLnTEC). 24h prior the experiments, 1.7 mM CaCl2 was applied to keratinocyte 117 

base medium (CELLnTECH)  to induce PHK differentiation. The in vitro co-culture was 118 

conducted as described previously (Bitschar et al., 2020). Briefly, PHKs were grown in 119 

collagen-coated transwell inserts (pore size: 0.4 µm) and differentiated after reaching 120 

confluency. Isolated PMNs were then and seeded into 24 well plates in a concentration 121 

of 2x10^6/ml. The inserts containing differentiated PHKs were placed on top of the 122 

PMNs, and the cells were co-incubated for the indicated times.  123 

 124 

Flow cytometry  125 

1x10^6 PMNs were incubated with the following surface antibodies for 20 min on ice 126 

in the dark. Surface antibodies included PerCP-Cy5.5-anti-CD11b, APC-anti-CD63, 127 

APC-anti-CD66b (all Biolegend). Exclusion of dead cells was ensured using a fixable 128 

viability dye. Flow cytometry was performed using an LSR II (BD Bioscience) and 129 

FlowJo (TreeStar) was used for analysis.  130 

 131 

Annexin-V staining 132 

Annexin-V staining was performed as described previously. Briefly, 1x10^6 PMNs were 133 

resuspended in Annexin binding buffer containing Annexin and incubated for 15 min at 134 

RT in the dark. After one washing step with annexin binding buffer, PMNs were 135 

measured at the LSR II (BD Bioscience) and FlowJo (TreeStar) was used for analysis. 136 

 137 

Live Cell Imaging 138 

The Incucyte SX1(Sartorius) was used to investigate PMN viability over time. PMNs 139 

were seeded in a 24 well plate in a concentration of 1x10^6/ml and were either co-140 

incubated with PHKs or  stimulated with the PMN supernatant of the 18h co-culture. 141 

Non-co-cultured PMNs or PMNs incubated with medium served as control. DRAQ5 (1 142 

uM; Thermofisher) was used for staining the intracellular DNA and Sytox Green (0.2 143 

uM; Thermofisher) was used for staining the extracellular DNA, thus indicating cell 144 

death. Pictures were taken every hour when PMNs were stimulated with the 145 
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supernatant or after 6h, 18h and 30h when co-cultured with PHKs. Percentage of Sytox 146 

Green positive cells were quantified using Fiji/ImageJ.  147 

 148 

Western blot 149 

Capase-3 cleavage in whole cell lysates of PMNs was analyzed by western blot. Cell 150 

lysis was performed with a lysis buffer supplemented with protease- and phosphatase 151 

inhibitors. Lysates were subjected to SDS-polyacrylamide gel electrophoresis for 152 

separation followed by transfer to PVDF membranes. To block nonspecific binding 153 

sites, membranes were incubated in PBS+0.1%Tween+5% dry milk for 30 min followed 154 

by incubation in caspase-3 antibody (1:1000, Cell Signaling) at 4°C overnight.  155 

After a 60 min blocking step in PBS + 0.1% Tween + 5 % dry milk, the membranes 156 

were incubated in anti-caspase-3 antibody (1:1000, Cell Signaling) at 4°C overnight. 157 

The next day, the membrane was washed three times with PBS + 0.1% Tween before 158 

incubation in a secondary antibody, a horseradish peroxidase-conjugated anti-rabbit 159 

IgG (1:2000, Cell Signaling). The chemiluminescent reagent used was ECL 160 

(ThermoScientific). Detection was performed with an Amersham Imager 600 (General 161 

Electric)  162 

 163 

LEGENDplexTM multiplex cytokine analysis 164 

Cytokine analysis was performed with 25 µl of cell culture supernatants of either the 165 

PHK well or the PMN well of the co-culture using the LEGENDplexTM human cytokine 166 

panel 2 and essential immune response panel (BioLegend) according to the 167 

manufacturer’s instructions. Samples were acquired using a LSRII flow cytometry (BD 168 

Biosciences) and analyzed using the LEGENDplexTM Software (BioLegend). We 169 

assured that the cytokines we detect in the respective wells are derived from PMNs or 170 

PHKs, respectively.   171 

 172 

Enzyme-linked immunosorbent assay 173 

Secreted MPO and LCN2 in cell culture supernatants were analyzed using DuoSet 174 

ELISA Kits from R&D in accordance with the manufacturer’s instructions. Briefly, ELISA 175 

plates (Nunc) were coated with 50 µl capture antibody overnight at 4°C. The next day, 176 

the plate was washed three times with PBS + 0.05% Tween before being incubated in 177 

PBS + 1% BSA for 1h at RT. After three washing steps with PBS + 0.05% Tween, 50 178 
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µl cell culture supernatant or standards were added, and the plate was incubated for 179 

2h at RT. The plate was washed three times and incubated with a biotinylated detection 180 

antibody for 2h at RT. After three washing steps, the plate was incubated in HRP-181 

conjugated streptavidin for 20 min at RT in the dark. The plate was subsequently 182 

washed and TMB substrate solution (Cell Signaling) was given to the samples. 2N 183 

H2SO4  was used to stop the reaction and a Fluoroskan II (Labsystems) was used to 184 

measure absorbance at 450 nm.  185 

 186 

RNA Isolation & cDNA generation 187 

Total RNA from PHKs was isolated with the RNA kit (Macherey-Nagel) in accordance 188 

with the manufacturer’s instructions. After isolating the RNS, complementary DNA 189 

synthesis was performed with a reverse transcriptase kit (ThermoScientific) using 1 μg 190 

of RNA, 4 μl of 5x RT buffer, 0.5 μl Maxima reverse transcriptase (200 U/ml), 1 μl of 191 

random hexamer primer (100 μM), dNTP (1mM) and RNAse-free water in 20 μl volume 192 

total. Following an incubation step of RNA in RNase-free water at 70°C for 10 min the 193 

master mix was given to the samples and cDNA synthesis was performed for 10 min 194 

at 25°C and 45 min at 50°C and a final step for 5 min at 85°C for heat-inactivation.  195 

 196 

RT2 ProfilerTM PCR Array 197 

RT2 ProfilerTM PCR Array Antibacterial Response (PAHS-148Z) was used for the 198 

analysis of genes involved in inflammation and immune responses in PHKs after 18h 199 

co-incubation with PMNs. Non-co-cultured PHKs served as control. The assay and 200 

subsequent data analysis was performed in accordance with the manufacturer’s 201 

instructions. Samples were analyzed in triplicates.  202 

Bacterial strains  203 

Staphylococcus aureus USA300 LAC and Staphylococcus epidermidis 1457 was used 204 

in this study. Bacteria were grown aerobically in tryptic soy broth (TSB) at 37 °C with 205 

orbital shaking. Logarithmically grown bacteria (OD = 0.5) were used for the 206 

experiments.  207 

 208 

Neutrophil Recruitment Assay 209 

For the PMN recruitment assay, 1 μM Calcein (eBioscience) was used for labeling 210 

PMNs for 30 min, washed and seeded into a transwell insert with 3 µm pores 211 
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(Sarstedt). The transwell insert was then placed above a well containing different 212 

stimuli and incubated for 1 hour. The migrated PMNs in the lower well were then lysed 213 

in 1% Triton X-100. The fluorescence of the lysates was quantified in triplicates using 214 

a Fluoroskan II (Labsystems). As stimuli, the supernatants of the PHK well (upper well) 215 

or the PMN well (lower well) of the 18h co-culture with or without S. aureus infection 216 

was used. As controls, the supernatants of non-co-cultured PHKs with and without S. 217 

aureus infection and non-co-cultured PMNs was included. As positive control, N-218 

formyl-met-leu-phe was used (fMLF). Prior to the migration assay, the supernatants 219 

were centrifuged, and filter sterilized. A standard curve was included to calculate the 220 

absolute number of migrated PMNs.   221 

 222 

Statistical Analysis 223 

GraphPad Prism 9.0 (GraphPad Software, Inc.) was used for analysis of significant 224 

differences between the means of the different treatments. Statistical analyses were 225 

performed using either unpaired two-tailed Student’s t-test, one-way ANOVA followed 226 

by Dunnett’s multiple comparison test, or two-way ANOVA followed by Šídák's multiple 227 

comparison tests, as indicated in figure legends. P-value <0.05 was used to determine 228 

statistical significance. Data visualization was performed with GraphPad 9.0 229 

(GraphPad Software Inc.), FlowJo (TreeStar), MS Excel (Microsoft Corporation), or 230 

Fiji/ImageJ.  231 

 232 

  233 
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Results 234 

Co-Incubation with PHKs prolongs the lifespan of PMNs  235 

First, we were interested whether the viability of PMNs changes when we co-cultured 236 

with PHKs. Therefore, we analyzed the viability of PMNs by SYTOX Green staining, a 237 

non-permeable dye indicating dead cells, at different time points after co-culture with 238 

PHKs. We used an established in vitro co-culture transwell chamber model (Bitschar 239 

et al., 2020) and compared it to the results of the non-co-cultured PMNs (Fig.1A). We 240 

found that the percentage of SYTOX Green positive cells steadily increases overtime 241 

in the non-co-cultured PMNs. In contrast to this, co-cultured PMNs exhibit a 242 

significantly extended lifespan, with only little increase in Sytox Green positive cells in 243 

the first 18h. However, the induction of cell death was not completely prevented in co-244 

cultured PMNs as we see a clear increase in SYTOX Green positive cells at 30h co-245 

incubation time. Therefore, we conclude that the co-culture with PHKs significantly 246 

delays the induction of cell death in PMNs. We calculated the delay of cell death 247 

induction between the co-cultured and non-co-cultured PMNs using interpolation and 248 

found a delay of 9.3h until 50% of the cells are dead (S.Fig.1A). To unravel the type of 249 

cell death, we analyzed the induction of apoptosis in co-cultured and non-co-cultured 250 

PMNs by caspase-3 cleavage and Annexin-V staining (Fig.1B&C). After 18h, apoptosis 251 

induction of non-co-cultured PMNs was indicated by cleaved caspase-3 which was not 252 

observed in co-cultured PMNs (Fig.1B). Furthermore, we used Annexin-V staining, 253 

which detects cells in the early or late apoptosis phase before the cells lose their 254 

membrane integrity and get Sytox positive. Interestingly, Annexin-V staining after 255 

different incubation times revealed that apoptosis induction was significantly delayed 256 

in co-cultured PMNs compared to non-co-cultured PMNs (Fig.1C) confirming our Sytox 257 

experiments. Together, these data indicate that in the co-culture a beneficial interaction 258 

between PHKs and PMNs significantly extend the viability of PMNs by delaying 259 

apoptosis induction.  260 

 261 

The prolonged lifespan of PMNs in the co-culture with PHKs is mediated by 262 

secreted IL-8 263 

We hypothesized that the delayed apoptosis induction in PMNs is mediated by soluble 264 

factors released by the PMNs itself during the co-incubation with PHKs. To test this 265 

hypothesis, we co-cultured PMNs with PHKs for 18h and subsequently collected the 266 
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supernatant of the PMN well, filter-sterilized it and used it for stimulation of freshly 267 

isolated PMNs. Non-co-cultured PMNs incubated in medium were used as control. We 268 

investigated cell death of PMNs over time by Sytox Green staining and live cell imaging 269 

(Fig.2A). While the percentage of Sytox-Green-positive cells increased significantly 270 

after 5 hours in control PMNs cultured in medium, the induction of cell death was 271 

delayed in PMNs incubated with PMN supernatant. Here, a significant increase in 272 

Sytox-Green-positive cells was observed after 11 hours, which then steadily increased 273 

over time. We calculated the delay in cell death induction between PMNs incubated in 274 

medium or PMN supernatant by interpolation and found a delay of 8.3 hours until 50% 275 

of the cells were dead (S.Fig.1B). This delay (8.3 hours) is comparable to the delay 276 

found in co-cultured vs non-co-cultured PMNs (9.3 hours), observed in Figure 1A which 277 

indicates that the soluble factors released by PMNs during the co-culture are mainly 278 

accountable for the extended lifespan. To identify these factors, we performed 279 

LEGENDplex analysis of the PMN well after 3h, 6h and 18h co-culture with PHKs and 280 

compared these to secreted factors from non-co-cultured PMNs. We detected 281 

significantly increased amounts of secreted Interleukin (IL)-8 and IL-1a in PMNs co-282 

cultured with PHKs compared to non-co-cultured PMNs after 18h (Fig.2B). Other 283 

examined cytokines were not significantly induced (S.Fig.2A). To test whether the IL-284 

1α and IL-8 are responsible for the enhanced viability of PMNs co-cultured with PHKs, 285 

we co-cultured PMNs with PHKs for 18h in the presence of absence of either an anti-286 

IL-8, anti-Il-1a or both antibodies together and analyzed cell viability by Sytox Green 287 

staining. We compared the results to the non-cocultured PMNs. Interestingly, addition 288 

of the anti-IL-8 antibody led to a significant reversal of the life-prolonging effect of the 289 

co-culture, whereas IL-α had no significant life-prolonging effect (Fig.2C-D&S.Fig.2B-290 

C). Interestingly, the combined treatment with an anti-IL8 and anti-IL-1α antibody still 291 

reverted the life-prolonging effect of the co-culture indicating that the effect of IL-8 292 

dominates compared to IL-1α in the life prolongation of PMNs in the co-culture 293 

(Fig.2E&S.Fig.2D). Interestingly, recombinant IL-8 delayed apoptosis in freshly 294 

isolated PMNs in a concentration-dependent manner, further highlighting the anti-295 

apoptotic properties of IL-8 (S.Fig.2E). 296 

 297 

 298 

 299 
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Co-Culture with PHKs activates PMNs 300 

We next analyzed whether along with extending their lifespan, the co-culture with 301 

PHKs activates PMNs. Activated PMNs are characterized by degranulation 509. Indeed, 302 

we observed a decrease in the side scatter (SSC) of co-cultured 303 

PMNs after 18h compared to non-co-cultured PMNs or freshly isolated PMNs (0h), 304 

indicative for reduced granularity and thus degranulation (Fig.3A). We further analyzed 305 

degranulation by analyzing surface expression of CD11b, CD66b and CD63 and 306 

extracellular levels of MPO and LCN2, all markers for degranulation. We observed that 307 

PMNs co-cultured with PHKs for 18h released significantly more MPO and LCN2 308 

compared to non-co-cultured PMNs or freshly isolated PMNs (Fig.3B). Furthermore, 309 

while we did not detect a significant difference in the surface expression of CD11b or 310 

CD66b, surface expression of CD63 was significantly increased in co-cultured PMNs 311 

compared to non-co-cultured or freshly isolated PMNs (S.Fig.3). Together, these data 312 

indicate that PMNs are in an activated state after co-culture with PHKs.  313 

We next hypothesized that already activated state leads to an enhanced activation of 314 

PMNs in response to an infectious stimulus. To investigate this, we infected freshly 315 

isolated PMNs or PMNs non-co-cultured or co-cultured with PHKs for 18h with S. 316 

aureus (MOI = 10) and analyzed PMN activation by the analysis of extracellular levels 317 

of MPO and LCN2 as markers for degranulation. Interestingly, while S. aureus infection 318 

resulted in increased levels of secreted MPO and LCN2 in all conditions, the increase 319 

in MPO and LCN2 levels was especially prominent in co-cultured PMNs (Fig. 3C). 320 

Together, these data indicate that the co-culture with PHKs primes PMNs for enhanced 321 

activation in response to an infectious stimulus. 322 

 323 

Co-incubation with PMNs activates an inflammatory response in PHKs 324 

Our results show that the interaction between PHKs and PMNs boosts the activity of 325 

PMNs. Next, we analyzed whether the interaction with PMNs affects, on the other 326 

hand, also the PHKs and induces a proinflammatory response in PHKs. For this, we 327 

co-cultured PHKs with PMNs for 18h and subsequently analyzed in PHKs the 328 

expression of 84 different genes involved in inflammation using an RT-Profiler PCR 329 

Array and compared gene expression to 18h non-co-cultured PHKs. Interestingly, we 330 

detected significant upregulation of genes associated with immune cell recruitment 331 

(CXCL1, CXCL2, IL-8, CCL5), TLR signaling (CD14, LY96), regulation of apoptosis 332 
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(FADD, CARD6, BIRC3), NFkB signaling (CHUK, NFKB1a, IL-1b) as well as stress 333 

response (MAP2K3) in co-cultured PHKs compared to the non-co-cultured PHKs 334 

(Fig.4A). We further analyzed the induction of a proinflammatory response in PHKs by 335 

comparing the secretion of cytokines and chemokines by PHKs co-cultured with PMNs 336 

to the non-co-cultured PHKs at different time points using Legendplex analysis. With 337 

increasing incubation time, we detected in co-cultured PHKs elevated levels of 338 

secreted IL-1a, IL-1b, IL-8, IL-6, GM-CSF, and CXCL-10 compared to the non-co-339 

cultured PHKs (Fig.4B). Other analyzed cytokines and chemokines were not 340 

significantly induced (S.Fig.4). Our results indicate that co-culture with PMNs induce 341 

induces a proinflammatory state in PHKs.  342 

 343 

Crosstalk between PHKs and PMNs exacerbates immune responses to S. aureus 344 

infection  345 

Next, we analyzed whether the proinflammatory state in PHKs after co-culture with 346 

PMNs under sterile conditions results in an exacerbated response of PHKs after S. 347 

aureus infection. To explore this, we co-cultured PHKs with PMNs for 18h followed by 348 

infection of the PHKs with S. aureus. Subsequently, we examined the release of 349 

proinflammatory cytokines by PHKs using Legendplex analysis. Interestingly, our 350 

results revealed that S. aureus infection of the PHKs further enhanced the secretion of 351 

CXCL10, IL-1β and IL-8 by PHKs in the co-culture. Additionally, S. aureus infection 352 

induced the secretion of MCP-1, and IL-33 by PHKs, and notably, this induction was 353 

significantly higher in co-cultured PHKs compared to non-co-cultured PHKs (Fig.5A). 354 

The induction of other analyzed cytokine and chemokines were not significantly 355 

different between co-cultured and non-co-cultured PHKs (S.Fig.5A). Furthermore, S. 356 

aureus infection of co-cultured PHKs significantly enhances the secreted levels of IL-357 

1β, IL-8 and IL-1a in the co-cultured PMNs (Fig. 5B). Interestingly, the supernatant of 358 

co-cultured PHKs and to a lesser extent of non-co-cultured PHKs after S. aureus 359 

infection significantly enhanced migration of PMNs (Figure 5C). These findings 360 

demonstrate that the co-culture with PMNs significantly enhances the S. aureus-361 

induced inflammatory response in PHKs and PMNs. 362 

 363 

The skin microbiome reduces PMN-mediated inflammation and induces 364 

apoptosis in PMNs  365 
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Previous results of our group showed that the skin microbiome has a beneficial role in 366 

preventing S. aureus colonization of the skin in a non-inflammatory milieu (Burian et 367 

al., 2017). Interestingly, the decreased S. aureus colonization was accompanied by 368 

reduced skin inflammation and PMN recruitment (Bitschar et al., 2020). Our results 369 

also showed that in an inflammatory environment induced by tape-stripping, skin 370 

infiltrating PMNs enhance S. aureus skin colonization (Bitschar et al., 2020). Based on 371 

these results, we hypothesized that the skin microbiome affects PMN-mediated skin 372 

inflammation. To test this, we analyzed inflammatory responses in PHKs co-cultured 373 

with PMNs without or upon infection with the skin commensal S. epidermidis. 374 

Interestingly, we observed a significant decrease in the secreted levels of IL-1β and 375 

CXCL-10 by co-cultured PHKs upon S. epidermidis infection compared to the 376 

cocultured non-infected PHKs (Fig.6A). No significant difference between infected and 377 

not infected co-cultured PHKs were observed on other analyzed cytokines and 378 

chemokines (S.Fig.6A). This indicates that the skin microbiome reduces the 379 

inflammatory responses in PHKs induced by PMNs. Furthermore, we found that S. 380 

epidermidis infection of PHKs significantly reduces the secreted levels of IL-8 and IL-381 

1a by PMNs in the co-culture (Fig.6B) and significantly enhanced apoptosis induction 382 

in PMNs compared to the non-infected and co-cultured PMNs (Fig. 6C). These results 383 

indicate that the skin microbiome reduces PMN-mediated skin inflammation by 384 

downregulation of PMN-induced proinflammatory cytokines in PHKs and induction of 385 

apoptosis in PMNs.  386 

 387 

Discussion 388 

PMNs are the most common type of leucocytes in the human blood and are important 389 

for the innate immune system (Kobayashi and DeLeo, 2009). Upon inflammation, 390 

PMNs are rapidly recruited from the circulation to infection sites where they ensure 391 

effective initial protection. Several groups have shown that PMNs play a crucial role in 392 

clearing S. aureus skin infections (Miller et al., 2006, Molne et al., 2000). Here we 393 

demonstrate that the interaction between infiltrating PMNs and skin-resident PHKs 394 

enhances the proinflammatory responses of both cells upon S. aureus infection.  395 

PMNs have a relatively short lifespan. They are continually replenished from the bone 396 

marrow and released into the bloodstream. In circulation, they actively patrol for 397 

infection of tissue and in the absence of an inflammatory stimulus, PMNs undergo 398 
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spontaneous apoptosis and are cleared by macrophages, maintaining immune 399 

balance (Hidalgo et al., 2019). The lifespan of circulating murine PMNs is estimated to 400 

be about 12h (Pillay et al., 2010), however, this can be significantly extended upon 401 

inflammation (Kolaczkowska and Kubes, 2013). During inflammation, PMNs are 402 

rapidly recruited to the affected site. Inflammatory signals promote their survival and 403 

activation, enabling them to combat invading pathogens by releasing antimicrobial 404 

agents and engaging in phagocytosis (Fox et al., 2010). However, excessive PMN 405 

activation can cause tissue damage, so mechanisms exist to regulate inflammation 406 

resolution including the induction of PMN apoptosis and their subsequent clearance by 407 

macrophages for immune homeostasis (Fox et al., 2010). 408 

In their investigation of murine PMN lifespan in various tissues (bone marrow, blood, 409 

liver, lung, spleen, intestine, and skin) Ballesteros et al. discovered that the half-life of 410 

neutrophils varies depending on the specific tissue they infiltrate into (Ballesteros et 411 

al., 2020). Notably, this study reveals that PMNs quickly adopt a tissue-specific 412 

phenotype and transcriptional profile, likely contributing to efficient immune responses 413 

against invading pathogens. Interestingly, they showed that the half-life of PMNs was 414 

highest in the skin with about 18h.  415 

While several studies have examined the lifespan of PMNs in various tissues of mice, 416 

there is limited knowledge regarding the lifespan of PMNs in the human system, 417 

especially in the skin. Here, we demonstrate for the first time that the presence of PHKs 418 

during co-incubation significantly prolongs the lifespan of PMNs in a human in vitro co-419 

culture model. Compared to PMNs cultured alone, co-cultured PMNs exhibit a 420 

noticeable delay in apoptosis induction. This extended lifespan is facilitated by the 421 

secretion of IL-8, which increases progressively as the incubation time is prolonged. 422 

We observed a reversal of this effect when an anti-IL-8 antibody was added to the co-423 

culture. The ability of IL-8 to delay spontaneous apoptosis induction of PMNs is also 424 

described by previous studies  (Kettritz et al., 1998). Interestingly, we did find that 425 

depletion of IL-1α, which is also induced in the co-culture, further prevents cell death 426 

induction thus indicating that IL-1α is capable of inducing cell death in PMNs. The 427 

proapoptotic functions of IL-1α have been described for other cells (Gou et al., 2016), 428 

however, to the best of our knowledge not in PMNs. 429 

Nevertheless, the co-culture with PHKs and IL-8 stimulation did not entirely inhibit PMN 430 

apoptosis; instead, it caused a delay in the process, eventually leading to its induction 431 

within the co-culture system. Our findings revealed that co-cultured PMNs are 432 
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activated and released their granules after 18h incubation time. Excessive activation 433 

of PMNs can cause tissue damage, so mechanisms exist to regulate inflammation 434 

resolution including PMN apoptosis and their subsequent clearance by macrophages 435 

for homeostasis (Fox et al., 2010). Therefore, we hypothesize that the eventual 436 

induction of apoptosis in PMNs is required to minimize tissue damage and restore 437 

homeostasis.  438 

Interestingly, we found that co-cultured PMNs displayed an elevated activation and 439 

responsiveness towards an infectious stimulus in comparison to non-co-cultured or 440 

freshly isolated PMNs. This was demonstrated by increased degranulation upon S. 441 

aureus infection by co-cultured PMNs compared to non-co-cultured PMNs or freshly 442 

isolated PMNs. PMNs play a pivotal role in the immune response against S. aureus 443 

skin infections (Cho et al., 2012, Miller et al., 2006). The reactivity of circulating PMNs 444 

towards inflammatory stimuli is intentionally constrained to avoid tissue damage and 445 

uphold homeostasis (Miralda et al., 2017). However, this reactivity can be significantly 446 

enhanced by the exposure to inflammatory stimuli such as cytokines, chemokines, 447 

pathogen- or damage-associated molecular patterns (PAMPs or DAMPs, 448 

respectively). The exposure to such stimuli primes the PMNs for enhanced 449 

responsiveness towards invading pathogens (Elbim et al., 1994, El-Benna et al., 2008, 450 

Malachowa et al., 2013, Miralda et al., 2017). Some studies showed that PMNs primed 451 

by proinflammatory cytokines derived from PBMCs exert enhanced killing capacities 452 

against S. aureus (Ferrante et al., 1993, Bates et al, 1991). Therefore, we hypothesize 453 

that the crosstalk with PHKs contributes to shaping the immune response against S. 454 

aureus skin infections by priming PMNs for enhanced activation. The co-culture 455 

environment seems to provide a beneficial influence on the PMNs, enhancing their 456 

ability to combat S. aureus skin infections. This finding highlights the significance of 457 

cellular interactions and their impact on the immune system’s effectiveness in mounting 458 

a robust response against infectious agents.  459 

Moreover, we found that the extended co-incubation not only has a priming effect on 460 

PMNs but also induces a proinflammatory state in PHKs. This was characterized by 461 

increased secretion of IL-1α, IL-1b, IL-6, IL-8, GM-CSF and CXCL10 by PHKs. 462 

CXCL10 and GM-CSF are chemoattractants for other immune cells besides PMNs, 463 

such as monocytes, macrophages, T cells, NK cells or dendritic cells (Booth et al., 464 

2002, Kajah et al., 2011). This suggests that the extended crosstalk between PHKs 465 

and PMNs initiates the recruitment of other immune cells to the skin to facilitate the 466 
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advance of the immune response. The induction of these proinflammatory mediators 467 

is independent on direct cell-to-cell contact but is rather mediated by secreted factors. 468 

This finding is supported by previous studies describing the induction of inflammation 469 

in PHKs by PMNs (Liu et al., 2022, Shao et al., 2019). For example, Lieu et al showed 470 

that indirect co-culture with PMNs leads to the induction of several pro-inflammatory 471 

genes and secretion of IL-8 in HaCaT cells (Liu et al., 2022). Moreover, Shao et al 472 

showed that exosomes derived from PMNs are able to induce pro-inflammatory gene 473 

expression in PHKs (Shao et al., 2019). Interestingly, although the expression of 474 

neutrophilic chemoattractants such as CXCL-1/2 and IL-8 was highly elevated in PHKs 475 

after 18h co-culture with PMNs, the supernatant containing these chemoattractants 476 

was not able to induce PMN migration. This might be that the concentrations of the 477 

respective cytokines were too low for PMN migration. Another reason might be that 478 

some factor stops PMN migration as excessive PMN migration and activation can lead 479 

to tissue damage. 480 

As PHKs are the main constituents of the epidermis, the uppermost layer of our skin, 481 

they are constantly exposed to exogenous bacteria such as beneficial skin 482 

commensals like S. epidermidis or pathogenic bacteria like S. aureus and are therefore 483 

crucial in the initiation of skin inflammation (Bitschar et al., 2017). Here, we found that 484 

a previous co-culture with PMNs significantly elevated the level of proinflammatory 485 

cytokines and chemokines by PHKs induced by S. aureus infection. S. aureus is a 486 

facultative pathogen which is abundant on AD skin, exacerbating skin inflammation. 487 

There is evidence that PMNs are elevated in AD skin and contribute to its pathogenesis 488 

(Choy et al., 2012, Dhingra et al., 2013, Amarbayasgalan et al., 2013). Furthermore, 489 

previous results of our group showed that the PMNs can enhance S. aureus skin 490 

colonization (Bitschar et al., 2020, Focken et al, 2023). As a mechanism for this we 491 

show that PMNs infiltrating inflamed skin are primed by PHKs for NET formation in 492 

response to S. aureus infection. The increased presence of PMNs and NETs in the 493 

inflamed skin induces oxidative stress in PHKs which results in the secretion of 494 

HMGB1, which induces further oxidative stress in PHKs and NET formation in PMNs. 495 

Moreover, both NETs and HMGB1 induce the downregulation of epidermal barrier 496 

genes in PHKs, thus inducing a skin barrier defect which favors S. aureus skin 497 

colonization (Focken et al., 2023). Here, we observed that in addition to promoting skin 498 

barrier defects which could enhance S. aureus skin colonization, the co-culture with 499 
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PMNs exacerbates S. aureus induced skin inflammation. We believe that the PMNs 500 

secrete 501 

IL-8 during the co-culture, thereby prolonging their lifespan and becoming activated. 502 

The activated PMNs then induce an inflammatory state in PHKs and boost their 503 

inflammatory response against S. aureus. 504 

The eventual induction of PMN apoptosis in the co-culture might be necessary to not 505 

further prolong inflammation. Interestingly, we found that S. epidermidis infection of 506 

PHKs in the co-culture reduced the proinflammatory responses in PHKs mediated by 507 

the co-culture with PMNs. Furthermore, we found that S. epidermidis infection of PHKs 508 

induced apoptosis in PMNs in the co-culture. Previous work of our group showed that 509 

the skin microbiome has a protective role against S. aureus skin infections for example 510 

by reducing S. aureus-mediated skin inflammation and PMN recruitment (Bitschar et 511 

al., 2020, Burian et al., 2017). Our results here further show that the skin commensal 512 

bacteria could play a role in preventing PMN-mediated excessive skin inflammation. 513 

In conclusion, here we show for the first time that the interaction between PHKs and 514 

PMNs in the skin shaped the immune responses against S. aureus infections (see 515 

graphical abstract). On the one hand, the crosstalk delays the induction of apoptosis 516 

in PMNs, prolonging their lifespan and enhancing their activation and responsiveness 517 

against S. aureus. This effect is achieved through the release of IL-8 rather than direct 518 

cell-to-cell contact. However, it is important to note that prolonged incubation with 519 

PMNs also lead to inflammatory responses in keratinocytes. This inflammatory 520 

response is further exacerbated in the presence of S. aureus. Interestingly, the skin 521 

commensal S. epidermidis reduces the PMN-mediated skin inflammation in PHKs and 522 

induces apoptosis in activated PMNs which indicates a beneficial role of the skin 523 

microbiome in preventing excessive inflammation.  524 

  525 
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Figure Legends 526 

Figure 1: Co-incubation with PHKs prolongs the lifespan of PMNs 527 

A: PMNs (2x10^6/ml) were either incubated alone or in co-culture with differentiated 528 

PHKs seeded in a transwell insert (pore size 0.4 µm) and placed above the PMNs. Cell 529 

viability was analyzed at different times by quantifiying the percentage of Sytox Green 530 

positive cells (n = 4).  Representative pictures of one experiment after 6h, 18h and 30 531 

are shown. Scale bars = 200 µm. Significant differences between non-co-cultured and 532 

co-cultured PMNs at the different time point were analyzed by two-way ANOVA *P < 533 

0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Shown are the mean of four different 534 

experiments + SEM. B: Induction of apoptosis in non-co-cultured and co-cultured 535 

PMNs was analyzed at 3h, 6h and 18h incubation time by investigating caspase-3 536 

cleavage via western blot. Protein expression of b-actin was used as loading control. 537 

C: Apoptosis induction in non-co-cultured and co-cultured PMNs was analyzed at 18h 538 

and 30h by Annexin-V staining. Annexin positive cells were quantified and represent 539 

apoptotic cells. Shown are the mean of four different experiments + SEM. Significant 540 

differences were analyzed by unpaired two-tailed t-tests *P < 0.05, **P < 0.01, ***P < 541 

0.001, ****P < 0.0001. On representative experiment of three independent experiments 542 

is shown. PHKs = primary human keratinocytes; PMNs = polymorphonuclear 543 

neutrophils; SEM = standard error of the mean 544 

 545 

Figure 2: The prolonged lifespan of PMNs in the co-culture with PHKs is partly 546 

mediated by secreted IL-8 547 

A: Freshly isolated PMNs (2x10^6/ml) were incubated either in medium or in the PMN 548 

supernatant of the 18h co-culture. Cell viability was analyzed over time by Sytox Green 549 

staining. The percentage of Sytox Green positive cells, indicating dead cells, was 550 

quantified every hour for 18h using Fiji/ImageJ (n = 3).  Representative pictures after 551 

5h, 11h and 18h incubation are shown. Scale bars = 200 µm. B: Freshly isolated PMNs 552 

were co-cultured with differentiated PHKs or alone. After 3h, 6h and 18h, secreted 553 

factors in the PMN well were analyzed using Legendplex analysis. Significant 554 

differences between the non-co-cultured and co-cultured PMNs were analyzed for 555 

each time point by multiple unpaired t-tests *P < 0.05, **P < 0.01, ***P < 0.001, ****P 556 

< 0.0001. Shown is one representative experiment of four independent experiments + 557 

SD. C-E: PMNs were either incubated alone or in co-culture with differentiated PHKs 558 
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in the presence or absence of an anti-IL-8 antibody (C) or anti-IL-1a antibody (D) or 559 

both (E). Induction of cell death was analyzed after 18h by quantifiying Sytox Green 560 

positive cells using Fiji/Image J (n = 4). Shown is one representative experiment of four 561 

independent experiments + SD. Significant differences were analyzed between the 562 

percentage of SYTOX Green positive cells by one-way ANOVA   *P < 0.05, **P < 0.01, 563 

***P < 0.001, ****P < 0.0001. PMNs = polymorphonuclear neutrophils; PHKs = primary 564 

human keratinocytes; IL-1a = interleukin 1a; IL-8 = interleukin 8; SD = standard 565 

deviation 566 

 567 

Figure 3: Co-Culture with PHKs activates PMNs 568 

A: Forward Scatter (FSC) and Side Scatter (SSC) of freshly isolated PMNs and PMNs 569 

co-cultured with differentiated PHKs or alone for 18h were analyzed by flow cytometry. 570 

B: Secreted levels of MPO and LCN-2 by co-cultured and non-co-cultured PMNs after 571 

18h incubation was analyzed by ELISA and compared to freshly isolated PMNs (0h). 572 

Shown is one representative experiment of three independent experiments + SD. 573 

Significant differences were analyzed by one-way ANOVA *P < 0.05, **P < 0.01, ***P 574 

< 0.001, ****P < 0.0001. One representative experiment of three independent 575 

experiments is shown. C: Freshly isolated (0h), 18h co-cultured and 18h non-co-576 

cultured PMNs were infected directly with S. aureus (MOI = 10) or left uninfected. After 577 

2h, secreted MPO and LCN2 levels were analyzed by ELISA. Significant differences 578 

between uninfected and infected PMNs were analyzed by unpaired two-tailed t-tests 579 

*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Shown is one representative 580 

experiment of three independent experiments + SD. PMNs = polymorphonuclear 581 

neutrophils; PHKs = primary human keratinocytes; MOI = multiplicity of infection;  MPO 582 

= myeloperoxidase; LNC2 = lipocalin-2 583 

 584 

Figure 4: Extended co-incubation activates a proinflammatory state in PHKs  585 

A: Differentiated PHKs were co-incubated with freshly isolated PMNs. After 18h, the 586 

expression of 84 different genes was analyzed in PHKs by a RT-Profiler Array (n = 3). 587 

Significantly upregulated genes in co-cultured PHKs compared to non-co-cultured 588 

PHKs are marked green. B: Secreted factors by PHKs were analyzed after 3h, 6h and 589 

18h of co-incubation with PMNs. Ctrl. = non-co-cultured PHKs. Shown is one 590 

representative experiment of four independent experiments + SD. Significant 591 
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differences to the control were analyzed by one-way ANOVA  *P < 0.05, **P < 0.01, 592 

***P < 0.001, ****P < 0.0001. One representative experiment of three independent 593 

experiments is shown. PHKs = primary human keratinocytes; PMNs = 594 

polymorphonuclear neutrophils; RT = real-time 595 

 596 

Figure 5: Crosstalk between  PHKs and PMNs exacerbates immune responses 597 

to S. aureus infection  598 

A&B: Differentiated PHKs were co-incubated with freshly isolated PMNs or alone. After 599 

18h, PHKs were infected with S. aureus (MOI = 30) for 1.5h or left uninfected. Secreted 600 

factors in the PHK well (A) and PMN well (B) were analyzed by Legendplex analysis. 601 

Shown is one representative experiment of four independent experiments + SD.  602 

Significant differences between the samples were analyzed by one-way ANOVA  *P < 603 

0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. One representative experiment of three 604 

independent experiments is shown. C: Freshly isolated PMNs were seeded into 605 

transwell inserts with 3 µm pores and placed above a well containing supernatants of 606 

either non-co-cultured or co-cultured PHKs after S. aureus infection. After 1h, the 607 

number of migrated PMNs were quantified. Shown is one representative experiment 608 

of four independent experiments + SD. Significant differences between the samples 609 

were analyzed by one-way ANOVA  *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 610 

One representative experiment of three independent experiments is shown. PHKs = 611 

primary human keratinocytes; PMNs = polymorphonuclear neutrophils; MOI = 612 

multiplicity of infection; SD = standard deviation 613 

 614 

Figure 6: The skin microbiome reduces PMN-mediated inflammation and 615 

induces apoptosis in PMNs  616 

A&B: Differentiated PHKs were co-incubated with freshly isolated PMNs or alone. After 617 

18h, PHKs were infected with S. epidermidis (MOI = 30) for 1.5h or left uninfected. 618 

Secreted factors in the PHK well (A) and the PMN well (B) were analyzed by 619 

Legendplex analysis. Shown is one representative experiment of four independent 620 

experiments + SD.  Significant differences between the samples were analyzed by 621 

one-way ANOVA  *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. One 622 

representative experiment of three independent experiments is shown. C: Freshly 623 

isolated PMNs were incubated alone or in co-culture with PHKs. After 18h, PHKs were 624 
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infected with S. epidermidis or left uninfected (MOI = 30) for 1.5h. Apoptosis induction 625 

in PMNs was analyzed by Annexin-V staining. Shown is one representative experiment 626 

of four independent experiments + SD. Significant differences between the samples 627 

were analyzed by one-way ANOVA  *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.  628 
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Supplementary Figure legends 1 
 2 
Supplementary Figure 1: Calculation of the delay of cell death induction using 3 

interpolation A&B: Calculation of cell death delay between co-cultured and non-co-4 

cultured PMNs (A) and PMNs incubated in medium or PMN supernatant (B) using 5 

interpolation. Shown are the mean of four different experiments + SEM.  PMNs = 6 

polymorphonuclear neutrophil; SEM = standard error of the mean 7 

 8 

Supplementary Figure 2: Legendplex analysis, viability analysis of PMNs after 9 

IL-8 and IL-1⍺ blockade. A: Non-significantly induced cytokines and chemokines in 10 

PMNs co-cultured with PHKs or alone for different time points. Non-co-cultured PMNs 11 

served as control. Shown is one representative experiment of four different 12 

experiments + SD Significant differences to the control were analyzed by two-way 13 

ANOVA *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.  B-D: PMNs were co-14 

cultured with PHKs for 18h in the presence or absence of anti-IL-8 (B), anti-IL-1a (C), 15 

or both (D). After 18h, cell viability was analyzed by SYTOX Green staining. 16 

Representative pictures are shown. E: freshly isolated PMNs were stimulated with 17 

different concentrations of recombinant human IL-8. After 18h, apoptosis induction was 18 

analyzed by Annexin-V staining and flow cytometry. Shown is one representative 19 

experiment of three independent experiments + SD. Percentage of apoptotic cells was 20 

compared to unstimulated PMNs by one-way ANOVA *P < 0.05, **P < 0.01, ***P < 21 

0.001, ****P < 0.0001.  PMN = polymorphonuclear neutrophils; PHK = primary human 22 

keratinocyte; SD = standard deviation 23 

 24 

Supplementary Figure 3: Surface expression of activation markers on co-25 

cultured and non-co-cultured PMNs after 18h. Histograms and quantification of 26 

surface expression of CD63, CD66b, CD11b on freshly isolated, 18h co-cultured and 27 

non-co-cultured PMNs. Shown is one representative experiment of three independent 28 

experiments + SD. Significant differences between the samples were analyzed by one-29 

way ANOVA *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.  PMNs = 30 

polymorphonuclear neutrophils; SD = standard deviation 31 

 32 

Supplementary Figure 4: Non-significantly induced cytokines in PHKs co-33 

incubated with PMNs. To see, if proinflammatory responses upon S. aureus infection 34 

are affected by the co-culture, differentiated PHKs were co-incubated with PMNs for 35 
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3h, 6h and 18h, Secreted cytokines were analyzed by Legendplex. Uninfected PHKs 36 

were used as control. Shown is one representative experiment of four independent 37 

experiments + SD. Significant differences to the control were analyzed by one-way 38 

ANOVAs. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. PHKs = primary human 39 

keratinocytes; PMNs = polymorphonuclear neutrophil; S. = staphylococcus aureus; SD 40 

= standard deviation 41 

 42 

Supplementary Figure 5: Non-significantly induced cytokines in PHKs and PMNs 43 

after S. aureus infection in the co-culture. A: To see, if proinflammatory responses 44 

upon S. aureus infection are affected by the co-culture, differentiated PHKs were co-45 

incubated with PMNs for 18h and then infected with S. aureus or left uninfected for 46 

1.5h. Secreted cytokines were analyzed by Legendplex. Uninfected PHKs were used 47 

as control. Shown is one representative experiment of four independent experiments 48 

+ SD.  Significant differences to the control were analyzed by two-way ANOVA *P < 49 

0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.  B: PMNs were either co-cultured with 50 

PHKs or alone for 18h and subsequently, PHKs were infected with S. aureus (MOI = 51 

30). Secreted cytokines were analyzed by Legendplex analysis. Shown is one 52 

representative experiment of four independent experiments + SD.  Significant 53 

differences between the samples were analyzed by two-way ANOVA *P < 0.05, **P < 54 

0.01, ***P < 0.001, ****P < 0.0001.   PHKs = primary human keratinocytes; PMNs = 55 

polymorphonuclear neutrophils; S. = Staphylococcus; SD = standard deviation 56 

 57 

Supplementary Figure 6: Non-significantly induced cytokines in PHKs and PMNs 58 

after S. epidermidis infection in the co-culture. A: To see, if proinflammatory 59 

responses upon S. epidermidis infection are affected by the co-culture, differentiated 60 

PHKs were co-incubated with PMNs for 18h and then infected with S. epidermidis (MOI 61 

= 30) or left uninfected for 1.5h. Secreted cytokines were analyzed by Legendplex. 62 

Uninfected PHKs were used as control. Shown is one representative experiment of 63 

four independent experiments + SD. Significant differences between the samples were 64 

analyzed by two-way ANOVA *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.   B: 65 

PMNs were either co-cultured with PHKs or alone for 18h and subsequently, PHKs 66 

were infected with S. epidermidis (MOI = 30). Secreted cytokines were analyzed by 67 

Legendplex analysis. Shown is one representative experiment of four independent 68 

experiments + SD.  Significant differences between the samples were analyzed by two-69 
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way ANOVA *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. PHKs = primary human 70 

keratinocytes; PMNs = polymorphonuclear neutrophils; S. = Staphylococcus; MOI = 71 

multiplicity of infection;  SD = standard deviation72 
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6 Results and Discussion 
In the skin, a highly regulated interplay between keratinocytes, immune cells and 

the skin microbiome provides a protective barrier against skin infections caused by S. 

aureus. Dysregulation of this interplay can result in increased S. aureus colonization 

on the skin. In the context of AD, skin barrier defects, exacerbated skin inflammation 

and a loss of the skin microbiome diversity are associated with increased S. aureus 

skin colonization 510,511. The abundant presence of S. aureus actively contributes to the 

pathogenesis of AD by further exacerbating skin inflammation and skin barrier defects 
512,513. Targeting S. aureus skin colonization has been associated with decreased AD 

severity, underscoring the active role of S. aureus in the disease 514. Therefore, it is 

essential to gain a comprehensive understanding of how interactions within the skin 

immune system impact S. aureus skin colonization in order to develop novel treatment 

approaches. Neutrophils play a vital role in S. aureus skin inflammation and can target 

S. aureus using various antimicrobial mechanisms including NET formation. 

Additionally, they exhibit immunomodulatory functions that promote their interaction 

with different cells and shape immune responses in both sterile and infectious 

conditions. However, dysregulated neutrophil activation has been linked to 

exacerbated skin inflammation in several diseases. Recent studies suggest that 

neutrophils infiltrating inflamed skin can enhance the early colonization of S. aureus 

skin by releasing of NETs 221. However, the exact mechanism behind this phenomenon 

is still unknown. Therefore, the purpose of this study was to investigate the role of 

neutrophils in S. aureus colonization and persistence, particularly on inflamed skin. 

Manuscript I and Manuscript II conducted an in-depth analysis of the interaction 

between skin-infiltrating neutrophils, NETs, and skin-resident keratinocytes as well as 

their impact on skin inflammation and on the colonization of the skin by S. aureus. 
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6.1 Neutrophil extracellular traps promote S. aureus skin colonization by 
the induction of oxidative stress and the downregulation of epidermal 
barrier genes 

Skin barrier defects induced by tape-stripping have been shown to induce skin 

inflammation and enhance S. aureus skin colonization 510. A recent study from our 

group demonstrated that tape-stripping induced the infiltration of neutrophils into the 

skin. These neutrophils have been shown to actively contribute to increased skin 

colonization by S. aureus by releasing NETs, which then interact with keratinocytes to 

create a milieu that favors S. aureus skin colonization 221. However, the underlying 

mechanism of this phenomenon remains to be elucidated. Therefore, the aim of this 

study is to gain a comprehensive understanding of the mechanism of PMN- and NET-

mediated increase in S. aureus colonization of the skin. 

 

6.1.1 S. aureus persistence on inflamed skin is enhanced by the presence of 
Neutrophils 

Previous studies have examined the role of neutrophils in the increased S. aureus 

skin colonization only at 24h after epicutaneous S. aureus application. Therefore, we 

first investigated how long the increase in S. aureus colonization of the skin mediated 

by PMNs persisted. For this, we applied S. aureus epicutaneously to the tape-stripped 

and non-tape-stripped skin of C57BL/6 WT mice and subsequently analyzed the 

number of colony-forming units (CFU) and PMNs in the skin on day 1, 3 and 7 following 

epicutaneous S. aureus infection. We observed that S. aureus colonization was 

significantly increased in tape-stripped skin compared to non-tape-stripped skin on all 

days (Manuscript I, Figure 1A). The observed changes in S. aureus CFUs may appear 

small, however, a recent study suggests that even small changes in S. aureus CFUs 

following dupilumab treatment can have a beneficial impact on skin inflammation and 

AD severity 127. Therefore, we conclude that the relatively small changes in bacterial 

CFUs between tape-stripped and non-tape-stripped skin have biological significance.  

Notably, the amount of PMNs in tape-stripped skin was notably increased in 

comparison to non-tape-stripped skin as detected using flow cytometry (CD45+ Ly6G+ 

Ly6C+) and immunofluorescence staining for MPO on day 1 and day 3. Furthermore, 

S. aureus infection further elevated PMN numbers in the skin (Manuscript I, Figure 
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1B-D). Based on the correlation between the presence of PMNs and increased S. 

aureus colonization in tape-stripped skin, we hypothesized that PMNs play an active 

role in this effect. To address this question, we depleted PMNs in mice with onetime 

injection of either anti-Ly6G antibody or isotype control. Effective depletion was 

confirmed by the absence of PMNs, as demonstrated by flow cytometry analysis and 

immunofluorescence staining for MPO of corresponding skin samples (Manuscript I, 

S. Figure 1D&E). Notably, PMN depletion significantly reduced S. aureus skin 

colonization in the tape-stripped skin (Manuscript I, Figure 1E). These results suggest 

that PMNs are critical for shaping the initial and prolonged colonization of S. aureus on 

inflamed skin. Increasing evidence links PMNs present in the skin to S. aureus 

colonization. S. aureus skin colonization is increased in AD skin 307.  Studies have 

reported that AD skin contains high levels of cutaneous PMN chemoattractants, 

including IL-8 and GM-CSF. Accordingly, there is an increased neutrophilic infiltrate in 

the dermis 515,516. The stratum corneum of AD’s lesional skin has higher levels of IL-8 

compared to non-lesional skin which is associated with increased S. aureus 

colonization of the skin and skin barrier dysfunction and has been proposed as a 

marker of severity of skin inflammation 516-518. In addition, a recent study by Moos et 

al. showed that spontaneous S. aureus skin infection correlates with an increased level 

of activated PMNs in the skin 519. In addition to the mentioned literature, our data further 

suggest that PMNs present in inflamed skin actively promote the persistence of S. 

aureus on the skin. This PMN-mediated increase in S. aureus skin colonization 

appears to be specific to inflamed skin. A recent study using an epicutaneous S. aureus 

colonization model showed that PMN depletion had no impact on total bacterial CFU 

load in non-inflamed, non-tape-stripped skin 7 days after the application of S. aureus. 

However, PMNs prevented S. aureus invasion into the dermis 520. Furthermore, Schulz 

et al. showed that S. aureus applied epicutaneously to uninflamed skin induced the 

production of IL-8 and subsequent infiltration of PMNs into the skin which reduced the 

bacterial load on the stratum corneum 521. Additionally, in our work, we found a 

reduction in CFUs and PMNs over time in non-tape-stripped skin, aligning with the 

findings of the above-mentioned studies.  

Taken together, this indicates that in healthy, non-inflamed skin, PMN prevents the 

dissemination of S. aureus in the skin and mediates transient colonization. This 

suggests that the increased S. aureus colonization of the skin mediated by PMNs
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requires an inflammatory environment and an interaction between PMNs and PHKs 

prior to S. aureus infection. 

 

6.1.2 Enhanced S. aureus colonization increases with extended co-incubation  

Our next aim was to further analyze the interaction between primary human 

keratinocytes (PHKs) and PMNs that contributes to increased S. aureus colonization 

of the skin. We performed time-kinetic experiments using our established in vitro co-

culture system 221 to co-culture PMNs and PHKs for varying time periods before 

infecting the PHKs with S. aureus. Notably, we observed an increase in S. aureus 

adhesion to PHKs with extended co-culture time (Manuscript I, Figure 2B). This 

correlated with an increase in NET formation by the co-cultured PMNs following S. 

aureus infection as detected with SYTOX Green staining (Manuscript I, Figure 2B&C). 

This suggests that PMNs are primed for NET formation by a crosstalk with PHKs.  

We have further confirmed the formation of NETs in the co-culture using live cell 

imaging and staining with Sytox Green. Infection of the PHKs with S. aureus or 

stimulation with PMA clearly induced NET formation in the co-cultured PMNs, whereas 

no NETs were detected in the uninfected co-culture or upon S. epidermidis infection of 

the PHKs (Manuscript I, Figure 2D). In order to confirm these results in vivo, we 

examined the presence of NETs in the skin of C57BL/6 WT mice with and without tape-

stripping and with or without epicutaneous S. aureus application. Interestingly, citH3, a 

NET marker, was only observed by western blot analysis in the tape-stripped, S. 

aureus-infected skin. Furthermore, immunofluorescence staining for citH3 and MPO 

further confirmed the presence of NETs in the tape-stripped skin 24h after 

epicutaneous S. aureus infection (Manuscript I, S. Figure 1A&B). This confirmed our 

in vitro findings that PMNs co-cultured with PHKs, are primed for NET formation after 

S. aureus infection.  

We investigated the influence of NET formation on the increased adherence of S. 

aureus observed in the co-culture further by specifically targeting NETs by the addition 

of DNase I to the PMN well of the co-culture. Interestingly, DNase I treatment prevented 

the colonizing-enhancing effect in the co-culture (Manuscript I, Figure 2E). 

Furthermore, treatment of PHKs with the filter-sterilized supernatant from co-cultured, 

S. aureus-infected PHKs increased S. aureus adherence, while no effect was observed 

for supernatants from uninfected, co-cultured PHKs or non-co-cultured, infected PHKs 
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(Manuscript I, Figure 2F). This suggests that NETs induced in the co-culture have a 

functional impact on shaping PHKs to promote S. aureus adherence. Furthermore, 

treatment of freshly isolated PMNs with the filter-sterilized PMN supernatant from the 

S. aureus-infected co-culture induces NET formation (Manuscript I, Figure 2G). A 

recent study showed that NETs themselves can induce NET formation in PMNs 522. 

Since the supernatant of the PMNs from the S. aureus-infected co-culture contains 

NETs, we hypothesize that these NETs stimulate freshly isolated PMNs to form NETs. 

Further experiments using PAD4-ko mice, which exhibit impaired NET formation, 

would further elucidate the role of NETs in the in vivo setting further. In conclusion, 

these data suggest that the interaction between PMNs and PHKs prior to S. aureus 

infection activates PMNs to form more NETs, which promotes the S. aureus 

colonization of the skin.  

 

6.1.3 Oxidative stress induced in PHKs by PMNs, or NETs correlates with 
increased S. aureus colonization of the skin  

     Activated PMNs are characterized by increased production of ROS, which has been 

linked to oxidative stress induction in neighboring tissues 523,524. Oxidative stress 

results in an imbalance between oxidant production and antioxidant mechanisms and 

can lead to tissue damage, including lipid peroxidation 525.  Oxidative stress is involved 

in several skin disorders, including AD 526-529. We hypothesized that the increased 

amount of activated PMNs and NETs leads to the induction of oxidative stress in the 

skin. Therefore, we analyzed oxidative stress induction in PHKs in our in vitro co-

culture model after co-culture with NETs or PMNs using 2’,7’-

Dichlorodihydrofluorescein-diacetat (H2DCFDA), which detects intracellular ROS. 

Interestingly, prolonged co-culture time with PMNs and 18h co-culture with NETs 

increased the intracellular levels of ROS in PHKs (Manuscript I, Figure 3A&B). Since 

the induction of ROS in PHKs correlates with increased S. aureus adherence in the 

co-culture, we hypothesized that this ROS induction might affect S. aureus adherence 

in the co-culture model. To test this hypothesis, we targeted ROS induction in PHKs 

co-cultured with PMNs or NETs by the addition of the ROS scavenger N-Acetylcysteine 

(N-Ac). This effectively inhibited the induction of ROS in the PHKs (Manuscript I, Figure 

3C). Subsequent analysis of the S. aureus adherence in this setting revealed a 

functional role for ROS induction in PHKs, as the previously observed enhanced S. 

aureus adherence in the co-culture was prevented (Manuscript I, Figure 3D). We 
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further analyzed the induction of ROS in our in vivo epicutaneous infection model by 

measuring malondialdehyde (MDA) levels in skin tissue lysates. MDA is an indicator 

of lipid peroxidation, a result of excessive ROS and  is used as an indirect marker of 

oxidative stress 530. Interestingly, tape-stripping of mouse skin resulted in elevated 

MDA levels compared to non-tape-stripped skin (Manuscript I, Figure 3D). Based on 

our in vitro findings, we hypothesized that PMNs, infiltrating the skin during tape- 

stripping were responsible for the elevated MDA levels. To test this, we depleted PMNs 

in mice and analyzed levels of MDA in the skin of tape-stripped and non-tape-stripped 

mice 24h after epicutaneous S. aureus application. Notably, tape-stripping led to an 

increase of MDA levels in the skin of PMN-sufficient but not PMN-depleted mice 

(Manuscript I, Figure 3E).  

     We further investigated the impact of PMNs in the induction of oxidative stress in 

the skin using skin explants. We co-cultured tape-stripped and non-tape-stripped 

human skin explants with PMNs or alone and observed elevated MDA levels when 

PMNs were present, but not when PMNs were absent, suggesting that PMNs mediate 

ROS induction in the skin rather than tape-stripping alone (Manuscript I, S. Figure 

2A&B). Since PMNs themselves are a significant source of ROS, we performed 

immunohistochemical staining for MDA of tape-stripped and non-tape-stripped skin to 

see if ROS induction can be detected in the keratinocytes. We detected positive signals 

particularly in the epidermis of tape-stripped skin, indicating elevated MDA levels in 

keratinocytes, which were not observed in non-tape-stripped skin (Manuscript I, S. 

Figure 2E). This confirms that PMNs and NETs, present in tape-stripped, S. aureus-

infected skin, induce ROS in PHKs in the skin. PHK-derived ROS have been 

suggested to contribute to the progression of Th2-mediated inflammation, which is 

dominant in AD and causes skin barrier dysfunctions 531. Additionally, inhibiting ROS 

induction has been suggested as a possible therapeutic approach for AD 532. Our 

findings suggest that a correlation exists between the induction of oxidative stress in 

PHKs and the increased S. aureus colonization of the skin. This further indicated that 

targeting ROS induction in PHKs could serve as a possible target for the treatment for 

AD.  
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6.1.4 NFkB signaling is activated in PHKs by PMNs or NETs in a ROS-dependent 
manner which correlates with increased S. aureus colonization of the skin    

      Both PMNs and NETs can activate pro-inflammatory responses in PHKs 533,534. 

Additionally, it is well known that ROS are immunomodulatory and can contribute to 

skin inflammation 535. We next analyzed the activation of proinflammatory signaling 

pathways in PHKs co-cultured with PMNs or NETs. Western blot analysis showed that 

co-culture with PMNs or NETs induced the activation of the NFκB- and MAPK-ERK 

signaling pathways in PHKs (Manuscript I, Figure 4A&B). Interestingly, 

supplementation of the co-culture with N-Ac prevented the activation of both signaling 

pathways in PHKs, suggesting that this is mediated by ROS induction in PHKs.  

(Manuscript I, Figure 4A&B).  As previously described in section 3.1.3 inhibiting ROS 

in the co-culture prevented the enhanced adherence of S. aureus. Therefore, we 

hypothesized that targeting the ROS-activated signaling pathways in PHKs would 

impact S. aureus adherence. To test this hypothesis, we targeted the activation of 

MAPK-ERK and NFκB in PHKs co-cultured with PMNs or NETs by addition of 

trametinib or celastrol, respectively. Interestingly, the inhibition of each signaling 

pathway reduced S. aureus adherence in the PMN and NETs co-culture (Manuscript I, 

Figure 4C&D) highlighting the importance of both signaling pathways in this effect. 

    NFκB signaling is fundamental to the immune response by regulating the 

transcription of several immune mediators and providing a communication pathway 

between cells involved in the immune response 536. Interestingly, overactivation of both 

NFκB- and MAPK-ERK signaling is involved in the pathogenesis of inflammatory skin 

diseases such as AD. For example, p-ERK levels and nuclear p65 expression are 

elevated in AD lesional skin compared to healthy skin 537,538. In addition, p-ERK and 

NFκB activation has been reported in AD mouse models 537,539,540. We further 

investigated the involvement of the NFκB pathway in S. aureus colonization of the skin 

in vivo using NFκB1-ko mice, which are deficient in the p50 subunit 541. We analyzed 

S. aureus skin colonization and the numbers of PMNs in the tape-stripped and non-

tape-stripped skin of WT and NFκB1-ko mice 24h after epicutaneous S. aureus 

application. We already observed a decreased S. aureus colonization of the non-tape-

stripped skin of NFκB1-ko mice compared to WT mice (Manuscript I, Figure 4E). 

Furthermore, additional tape-stripping did not result in an increase in S. aureus 

colonization of the skin of NFkB1-ko mice in comparison to WT mice (Manuscript I, 

Figure 4E). Moreover, PMN recruitment to the skin after tape-stripping was impaired in 
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NFκB1-ko mice as observed by immunofluorescence staining for MPO and flow 

cytometry (Manuscript I, Figure 4F&G). These findings imply that NFkB signaling 

promotes PMN infiltration into the skin during inflammatory conditions, ultimately 

leading to increased S. aureus skin colonization. However, as these mice already 

exhibit impaired PMN infiltration into the skin, no conclusion can be drawn regarding 

the involvement of NFkB signaling in the crosstalk between PMNs and NETs in vivo.  

    In conclusion, our findings indicate that NFkB signaling in the skin triggers the 

recruitment of PMNs, which cause inflammation in PHKs via ROS-mediated activation 

of NFkB and MAPK-ERK pathways. Furthermore, in the context of an epicutaneous S. 

aureus infection, the subsequent release of NETs amplifies NFkB and MAPK-ERK 

signaling in PHKs. This amplification of signaling pathways exacerbates the 

inflammatory response provoked by S. aureus skin infection and promotes increased 

S. aureus colonization of the skin.

6.1.5 PMNs and NETs trigger HMGB1 induction and secretion from PHKs 

So far, our results suggest that PMNs and NETs trigger ROS-mediated inflammatory 

induction in PHKs, which is associated with increased S. aureus skin colonization. 

Oxidative stress can induce the secretion of DAMPs, which are endogenous molecules 

secreted by stressed or damaged cells that can have immunomodulatory effects on 

neighboring cells 542,543. The gene expression of several DAMPs in PHKs was 

upregulated after 18h co-incubation with PMNs or NETs, as observed by RT-qPCR 

(Manuscript I, Figure 5A&B). In particular, we observed an increase in intracellular 

HMGB1 in PHKs when co-cultured with PMNs, which was dependent on ROS 

induction (Manuscript I Figure 5C & S. Figure 4A). Additionally, co-cultured PHKs 

secreted elevated levels of HMGB1, which were further increased after infection with 

S. aureus (Manuscript I, Figure 5D). NETs also promote HMGB1 induction and 

secretion from PHKs, as observed by western blot and enzyme-linked immunosorbent 

assay (ELISA) studies (Manuscript I, Figure 5E&F). Notably, HMGB1 is also a 

component of NETs, as detected by ELISA (Manuscript I, S. Figure 4B).  

Based on our in vitro findings, we further investigated whether PMNs and NETs also 

induce HMGB1 in vivo. We examined HMGB1 protein levels in skin lysates of WT, 

PMN-depleted (Ly6G), or NFkB1-ko mice with impaired PMN recruitment. Interestingly, 
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we found increased levels of HMGB1 in the skin of tape-stripped, S. aureus-infected 

WT mice, compared to the skin PMN-depleted of NFkB1-ko mice (Manuscript I, Figure 

5G&H). This confirms our in vitro findings and further suggests that PMNs and NETs, 

present in tape-stripped, S. aureus-infected skin, trigger the production of HMGB1 in 

the skin.  

HMGB1 is a conserved, non-histone DNA-binding protein that typically resides in 

the nucleus where it facilitates DNA bending 544. However, inflammation may cause the 

relocation of HMGB1 to the cytoplasm and its release from stressed or dying cells 545. 

Oxidative stress can affect HMGB1 functionality, and a recent study by Cui et al. 

reported that H2O2 treatment of human keratinocytes and melanocytes induced 

HMGB1 secretion, consistent with our findings 546,547. Extracellular HMGB1 functions 

as an alarmin and can exert proinflammatory effects 548. It is linked to the development 

of inflammatory skin disorders, such as AD. For example, HMGB1 expression is 

increased in the intercellular spaces of the epithelium in lesional AD skin, suggesting 

HMGB1 secretion 88. Additionally, several mouse models have reported the 

translocation of HMGB1 from the nucleus to the cytoplasm. Inhibition of HMGB1 

signaling ameliorated AD symptoms in these models 549 187.  

Based on the increased amount of HMGB1 secreted in the co-culture, we 

hypothesized that this could be related to the enhanced S. aureus colonization of the 

skin. To analyze this, we conducted experiments to investigate if HMGB1 could induce 

ROS in PHKs. Our findings demonstrated that stimulating PHKs with recombinant 

HMGB1 resulted in increased intracellular ROS levels in PHKs after 18h, as observed 

by DCF fluorescence measurement (Manuscript I, Figure 5I). Furthermore, treatment 

of PHKs or topical application of recombinant HMGB1 to human skin explants 

significantly increased S. aureus adherence (Manuscript I, Figure 5J&K). Moreover, 

HMGB1 stimulation triggered isolated PMNs to form NETs in a concentration-

dependent fashion, as detected by staining with Sytox Green (Manuscript I, Figure 5L). 

This result confirms previous studies of HMGB1-induced NET formation 550,551. 

We further aimed to investigate the mechanisms underlying the increase in S. aureus 

colonization of the skin mediated by HMGB1, PMNs and NETs and we next examined 

the receptors involved in this process. Various DAMPs, including HMGB1, have been 

shown to bind to TLRs 552. To evaluate the impact of TLRs on S. aureus colonization 

of the skin, we used 5xTLR-ko mice that lack TLR2, TLR3, TLR4, TLR7, and TLR9 553. 

Tape-stripping of the skin of WT mice resulted in increased PMN infiltration and 
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subsequent increased S. aureus skin colonization. Notably, this effect was impaired in 

5xTLR-ko mice, indicating a functional role for TLR signaling in PMN recruitment during 

inflammation (Manuscript I, Figure 6A&B). No differences were observed in S. aureus 

skin colonization or PMN recruitment between WT and 5xTLRo-ko mice in non-tape-

stripped skin (Manuscript I, Figure 6A&B), confirming results from previous studies 
21,235. Based on our findings, it appears that HMGB1 plays a functional role in the 

increase of S. aureus colonization of the skin. In further experiments, we concentrated 

on the two primary HMGB1 receptors: TLR4 and the receptor for advanced glycation 

endproducts (RAGE). Although HMGB1 can also bind to TLR2, previous work of our 

groups has demonstrated that the colonizing-enhancing effect is unrelated to TLR2. 

This is evident from the increased S. aureus skin colonization observed in tape- 

stripped skin of TLR2-ko mice 221. Therefore, we did not investigate TLR2 signaling in 

the subsequent experiments. Interestingly, co-incubation with PMNs or NETs 

increased the protein levels of TLR4 and RAGE in PHKs and human skin explants 

(Manuscript I, S. Figure A-C). Since we found that treating PHKs with HMGB1 resulted 

in increased adherence of S. aureus, we investigated S. aureus adherence in PHKs 

treated with HMGB1 with and without TAK-242 or an antagonist peptide (AP) to RAGE 

to directly target TLR4 and RAGE signaling, respectively (Manuscript I Figure 6C). This 

suggests that HMGB1-mediated enhanced S. aureus skin colonization requires both 

receptors. Previous studies have noted an interaction between TLR4 and RAGE, which 

promotes the surface expression of each other and that TLR4/RAGE signaling is 

required for HMGB1-mediated inflammation in macrophages 554. Notably, targeting 

TLR4 or RAGE reduces S. aureus adherence in PMN or NETs co-culture (Manuscript 

I, Figure 6D). Furthermore, inhibition of TLR4 or RAGE prevented both NET-mediated 

ROS induction in PHKs and HMGB1 secretion in PMN co-culture (Manuscript I, Figure 

6E&F).  

    In conclusion, our results demonstrate that the presence of PMNs initiates the 

induction of HMGB1 in PHKs through ROS-mediated mechanisms in inflamed skin. 

Consequently, HMGB1 performs a dual function by inducing NET formation in PMNs 

and stimulating ROS production in PHKs, ultimately leading to increased S. aureus 

skin colonization. This process is likely coordinated through activation of TLR4 and 

RAGE signaling pathways. 
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6.1.6 Atopic dermatitis skin contains elevated levels of HMGB1, PMNs and NETs 

Next, we aimed to demonstrate the clinical significance of our findings. For this, we 

used CODEX analysis to assess the presence of S. aureus, PMNs and HMGB1 in 

healthy skin and the skin of AD patients. As expected, S. aureus was abundant in the 

skin of AD patients compared  to healthy skin. We observed that the epidermis and 

dermis of AD patients contain elevated levels of PMNs, as observed by NE staining, in 

contrast to healthy skin. This indicates a potential crosstalk between keratinocytes and 

PMNs in AD skin (Manuscript I, Figure 7A). Furthermore, HMGB1 expression was 

significantly increased in AD skin. Interestingly, we detected the expression of HMGB1 

predominantly in the cytoplasm rather than in the nucleus where it is located at steady 

state conditions (Manuscript I, Figure 7A, S. Figure 6A-C). This indicates that HMGB1 

translocates from the nucleus to the cytoplasm, resulting in potential HMGB1 secretion 
475,88,545,555. These findings support the results of a previous study that showed 

increased expression of HMGB1 in intercellular spaces of lesional AD skin 68.  The 

study additionally demonstrated elevated expression of TLR4 in AD lesional skin and 

proposed the involvement of HMGB1-TLR4 signaling in the pathogenesis of AD 88.  

We further investigated whether NET formation could be detected in the skin of AD 

patients. Using immunofluorescence staining for MPO and OGG1, a suitable NET 

marker 535, we confirmed that NETs are present in the skin of AD patients and are 

located in the stratum corneum (Manuscript I, Figure 7B & S. Figure 7). This 

localization may prevent the spread of S. aureus to deeper skin layers, as NETs are 

known to be critical in keeping S. aureus infections local 399. However, according to a 

study by Nakatsuji et al. S. aureus can be found in the dermis of the lesional skin from 

AD patients 556, which we confirmed in our analysis (Manuscript I, Figure 7A). One 

possible explanation for this could be the various escape strategies developed by S. 

aureus to evade NET-mediated killing. Interestingly, AD-associated S. aureus strains 

are distinct and produce higher levels of toxins. For example, S. aureus strains isolated 

from lesional AD skin had increased IL-8 induction in PHKs and increased ability to 

recruit neutrophils in comparison to non-lesional strains which also correlated with their 

ability to adhere to PHKs 164. Further research should investigate the potential of AD-

associated S. aureus strains to evade NET-mediated killing. This explanation would 

suggest that in AD, S. aureus triggers NET formation in infiltrating PMNs, thereby 

preventing PMNs from using other killing mechanisms. S. aureus subsequently evades 
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NET-mediated killing, while NETs cause skin inflammation that further promotes S. 

aureus colonization. 

The results reported in this section demonstrate the clinical significance of our 

findings and further suggest that PMNs and NETs present in AD skin might induce 

ROS-mediated HMGB1 secretion, subsequently promoting inflammation and S. 

aureus skin colonization.  

 

6.1.7 NETs and HMGB1 reduce epidermal barrier gene expression in PHKs 

We further sought to investigate the role of NETs and HMGB1 in promoting 

enhanced skin colonization by S. aureus. AD patients have an epidermal barrier defect 

that is thought to contribute to the development of the disease and facilitate S. aureus 

skin colonization and subsequent inflammation 557.  For example, the decreased 

filaggrin expression in lesional and non-lesional AD skin is associated with increased 

S. aureus skin colonization 417. In addition, S. aureus skin colonization is increased in 

a filaggrin knockdown epidermal skin model 486,558. Furthermore, by reducing the 

expression of epidermal barrier proteins, HMGB1 can impair the function of the skin 

barrier in human skin equivalents 559.   We aimed to determine whether the NETs and 

HMGB1 could lead to skin barrier dysfunction. To investigate this,  we co-incubated 

PHKs with NETs or stimulated PHKs with HMGB1 for 18h and subsequently assessed 

the expression of epidermal barrier genes encoding for filaggrin (FLG), involucrin (IVL), 

or the tight junction protein claudin-1 (CLN-1). Interestingly, both HMGB1 and NETs 

reduced the gene expression of  FLG, IVL, and CLN-1 in PHKs (Manuscript I, Figure 

7C&D). In addition, topical application of recombinant HMGB1 or NETs to skin explants 

reduced the protein expression of filaggrin and involucrin in the skin (Manuscript I, S. 

Figure 8A). These results suggest that NETs and HMGB1 can cause epidermal barrier 

defects. Previous studies have shown that the Th2 cytokines IL-13 and IL-4 can reduce 

the expression of epidermal barrier genes in PHKs through a ROS-dependent 

mechanism 560.  Since NETs induce ROS in PHKs, we analyzed the impact of ROS 

inhibition on the expression of epidermal barrier genes. To test this, we co-cultured 

PHKs with NETs with and without N-Ac for 18h and examined the expression of the 

genes IVL and FLG in PHKs. Interestingly, inhibition of ROS induction prevented the 

decrease in IVL and FLG gene expression in PHKs (Manuscript I, S. Figure 8B).  
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Taken together, these findings suggest that NETs and HMGB1 in inflamed skin 

cause skin barrier dysfunction, potentially leading to increased S. aureus skin 

colonization. Our observations show that the skin of AD patients contains elevated 

levels of NETs and HMGB1, which may further elucidate the skin barrier defects in AD 

and highlight potential therapeutic targets.  

 

6.1.8 Conclusion 

In this work, we provide a detailed mechanistic analysis of how PMNs and NETs 

promote S. aureus skin colonization in inflamed skin. We propose that PMNs and NETs 

induce oxidative stress in the skin, which then stimulates the secretion of HMGB1. 

Extracellular HMGB1 further induces oxidative stress in PHKs and NET formation in 

infiltrating PMNs. Interestingly, both HMGB1 and NETs induce a decrease in the 

expression of in epidermal barrier protein, which facilitates S. aureus colonization of 

the skin. We provide clinical relevance by showing that HMGB1, PMN, and NETs can 

be found in AD skin. NETs normally trap bacteria and prevent them from spreading. 

However, we observed the dissemination of S. aureus in the skin of patients with AD 

despite the presence of NETs in the stratum corneum. This suggests that NETs were 

ineffective in preventing S. aureus invasion. It is plausible that S. aureus triggers NETs 

and subsequently employs mechanisms to escape NET-mediated killing, while 

exacerbating skin inflammation, which favors its colonization. 

In conclusion, the role of PMNs in S. aureus skin infections appears to be context 

dependent. In non-inflamed skin, PMNs infiltrate the skin to prevent S. aureus invasion 

into the dermis and mediate transient S. aureus colonization, whereas in inflamed skin, 

PMNs promote S. aureus skin colonization. Our findings are illustrated in Figure 9.  
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Figure 9: Proposed model of how NETs enhance S. aureus skin colonization (Manuscript I, 505). PMNs 
infiltrate inflamed skin and induce the ROS-mediated induction of HMGB1 and activation of NFkB activation in 
PHKs. S. aureus infection induces NET formation, triggering HMGB1 secretion by PHKs, which in turn induces skin 
barrier gene downregulation in a ROS-dependent manner and promotes S. aureus skin colonization. This 
Illustration was created with BioRender.
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6.2 Crosstalk between neutrophils and keratinocytes shapes skin 
immunity against S. aureus infections 

Skin inflammation results in the rapid infiltration of neutrophils into the skin in both 

a sterile and infectious setting 350,561. Inflammatory conditions shape the phenotype of 

neutrophils, leading to a prolonged lifespan and increased activation. This adaptation 

ensures optimal neutrophil functionality in effectively combating invading pathogens 
340. However, the enhanced presence of activated neutrophils can also result in 

exacerbated skin inflammation. The purpose of this work was to examine how 

neutrophils and keratinocytes influence each other in both a sterile environment and 

during S. aureus infection.   

 

6.2.1 PMN lifespan is prolonged by co-incubation with PHKs in an IL-8 dependent 
manner 

    PMNs are typically short-lived cells that rapidly undergo spontaneous apoptosis 

upon completion of their task 340. A recent study proposed that the lifespan of PMNs 

depends on the tissue into which they infiltrate and has found that the lifespan of PMNs 

is highest in the skin 336. Based on the literature, we hypothesized that the close contact 

with keratinocytes in the skin influences the lifespan of PMNs. To test this, we co-

cultured PMNs with PHKs in our in vitro co-culture system. We then analyzed PMN 

viability over time using Sytox Green staining. Indeed, PMNs co-cultured with PHKs 

exhibited a significantly prolonged lifespan compared to non-co-cultured PMNs with a 

delay of 9.3h until 50% of the cells were dead (Manuscript II, Figure 1A, S. Figure 1A). 

Further investigation into the mechanism of cell death revealed a spontaneous 

induction of apoptosis in non-co-cultured PMNs. This induction was not observed in 

co-cultured PMNs after 18h of incubation (Manuscript II, Figure 1B&C). Nevertheless, 

the induction of apoptosis was not completely prevented in co-cultured PMNs but 

rather was delayed and eventually induced, and after 30h of co-culture approximately 

50% of the PMNs were apoptotic (Manuscript II, Figure 1C). Therefore, our findings 

indicate that co-culturing with PHKs creates a beneficial, lifespan-extending 

environment for PMNs.  

     Induction of spontaneous apoptosis by PMNs is considered a non-inflammatory 

form of programmed cell death required for inflammation resolution and homeostasis 

restoration 323. However, various stimuli such as proinflammatory cytokines or  



Results and Discussion 

 

 179 

chemokines can significantly extend the lifespan of PMNs, likely to ensure their optimal 

antimicrobial function in the presence of an infectious stimuli 340. We hypothesized that 

soluble factors, released during the co-culture mediate the extended lifespan of PMNs 

co-cultured with PHKs. To test this, we incubated freshly isolated PMNs in the sterile-

filtered PMN supernatant from the 18h co-culture and analyzed PMN viability over time 

using Sytox Green staining. Interestingly, freshly isolated PMNs incubated with co-

culture PMN supernatant exhibited a significantly prolonged lifespan compared to 

PMNs incubated in medium. The delay in cell death induction was comparable to that 

observed in the co-culture (Manuscript II, Figure 2A & S. Figure 1B). By analyzing the 

secreted factors present in the PMN supernatant that may promote the extended 

lifespan, we observed increasing levels of IL-8 and IL-1a with prolonged co-culture 

(Manuscript II, Figure 2B). Notably, targeting these cytokines with neutralizing-

antibodies revealed that IL-8, but not IL-1a, was involved in enhancing PMN viability 

in the co-culture (Manuscript II, Figure 2C).  

     Our findings are supported by previous studies, which reported that IL-8 can delay 

spontaneous and inflammation-induced apoptosis in PMNs 562. As mentioned in 

section 2.1, elevated IL-8 levels in the skin are associated with the disease severity of 

AD 518. Our findings here suggest that the elevated levels of IL-8 in AD skin could 

potentially prolong the lifespan of infiltrating PMNs.   

 

6.2.2 PMNs are activated by co-culture with PHKs 

The extension of PMN lifespan can potentially increase PMN activity 563. Therefore, 

we hypothesized that co-culture with PHKs would both extend the lifespan and activate 

PMNs. Strikingly, we observed higher levels of activation markers in co-cultured PMNs, 

including increased surface expression of CD63 and elevated secretion of MPO and 

LCN-2, compared to non-co-cultured PMNs (Manuscript II, Figure 3B, S. Figure 3). 

This indicates that the co-culture of PMNs with PHKs leads to an activated phenotype.  

Activated PMNs display an enhanced antimicrobial response to invading pathogens 
509. For instance, pro-inflammatory cytokines from PBMCs prime PMNs, leading to 

stronger killing of S. aureus 564,565. Given the critical role of PMNs in S. aureus skin 

inflammation, we hypothesized that co-culture with PHKs would prime PMNs for more 

potent reactivity against infectious stimuli. Exposure of PMNs co-cultured with PHKs 

to S. aureus for 18h resulted in a significant increase in reactivity and secretion of 
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higher levels of MPO and LCN-2 (Manuscript II, Figure 3C). This effect was not 

observed in freshly isolated or non-co-cultured PMNs incubated in medium for 18h, 

suggesting a possible role for PHK crosstalk in shaping the PMN immune response to 

infectious stimuli such as S. aureus. PMNs are critical for immune defense against S. 

aureus in mouse models of intradermal infection, where PMNs come into direct contact 

with S. aureus 21. In these models, PMN depletion is associated with increased 

bacterial burden and excessive inflammation 520. Given the findings here, it is possible 

that crosstalk with PHKs in the skin enhances PMN activity, resulting in increased host 

protection and killing of S. aureus infection. 

 

6.2.3 PHKs co-cultured with PMNs exhibit a proinflammatory state 

We hypothesized that extended co-culture with activated PMNs leads to 

inflammation in PHKs. We assessed the gene expression of 84 distinct genes in PHKs 

co-cultured with PMNs for 18 hours. We discovered an increased expression of genes 

associated with immune cell migration, TLR- and NFκB signaling, pro-survival genes, 

and stress response (Manuscript II, Figure 4A). Moreover, extended co-culture led to 

the increased secretion of IL-1a, IL-1b, IL-8, IL-6, GM-CSF, and CXCL-10 by co-

cultured PHKs compared to non-co-cultured PHKs (Manuscript II, Figure 4B). These 

results imply that PMN co-culture stimulates an inflammatory state in PHKs, thus 

confirming the results of previous studies regarding PMN-mediated inflammation in 

PHKs via soluble factors 27,534. Interestingly, some of the induced factors we discovered 

act as chemoattractants for other immune cells, such as monocytes, macrophages, T 

cells, NK cells, and DCs 566,567. This supports the potential role of PHKs and PMNs 

crosstalk in recruiting additional immune cells to the skin to enhance the skin’s immune 

response.  

 

6.2.4 Immune responses to S. aureus infection is exacerbated by the crosstalk 
between PHKs and PMNs 

     We further investigated whether the co-culture of PHK with PMNs affects the 

inflammatory responses of PHKs in response to S. aureus infection. To analyze this, 

we co-cultured PHKs and PMNs for 18h before infecting the PHKs with S. aureus. We 

then analyzed the induction of inflammatory mediators. Interestingly, co-culturing PHKs 

with PMNs and infecting them with S. aureus resulted in an increase of 
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proinflammatory responses within the PHKs. This is evident in the enhanced levels of 

CXCL-10, IL-1β and IL-8. Additionally, the co-culture environment results in increased 

secreted levels of IL-33 and MCP-1 induced in PHKs during S. aureus infection 

(Manuscript II, Figure 5A). Notably, IL-33 is elevated in the lesional skin of patients with 

AD and can induce the production of type 2 cytokines, which are associated with AD 

pathogenesis, by skin ILC2s 215,568. These findings collectively demonstrate that 

previous crosstalk with PMNs exacerbates the immune response of PHKs to S. aureus. 

We further observed that the supernatant of co-cultured PHKs and, to a lesser extent, 

non-co-cultured PHKs after S. aureus infection had the ability to induce PMN migration 

(Manuscript II, Figure 5C), which could potentially further fuel skin inflammation. 

   Previous research has reported a correlation between IL-8 levels (a potent PMN 

chemoattractant) and S. aureus skin colonization 516-518,569,570. S. aureus in turn actively 

contributes to the pathogenesis of AD by aggravating skin inflammation 571. Our results, 

combined with the literature, suggest that an interaction between PHKs and PMNs in 

the skin may exacerbate S. aureus-induced skin inflammation in AD.  

 

6.2.5 The skin microbiome reduces inflammation mediated by PMNs and induces 
PMN apoptosis 

     Previous results from our group have shown that the skin microbiome has a 

protective effect on the skin in response to S. aureus by reducing S. aureus skin 

colonization and associated skin inflammation 221,572,573. Interestingly, S. epidermidis 

also reduced S. aureus-induced PMN recruitment to the skin 221. Based on these 

findings and the results mentioned above, we hypothesized that the skin microbiome 

might have a preventive role in PMN-mediated inflammation in the skin. In order to test 

this, we analyzed the induction of proinflammatory mediators in the co-culture both 

before and after infecting the PHKs with S. epidermidis. We found that S. epidermidis 

infection significantly decreased the secreted levels of IL-1b and CXCL-10 as well as 

IL-8 and IL-1a in the co-culture by PHKs and PMNs, respectively (Manuscript II, Figure 

6A&B). This suggests that the skin microbiome can reduce PMN-mediated skin 

inflammation. Additionally, S. epidermidis infection of the co-cultured PHKs induced 

apoptosis in PMNs, which was a particularly intriguing finding (Manuscript II, Figure 

6C). As mentioned previously, apoptosis of PMNs is crucial for both resolving 

inflammation and re-establishing homeostasis 340. In healthy skin, the skin microbiome 

comprises a diverse set of beneficial commensals that actively contribute to skin 
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homeostasis 574. However, in individuals with AD, this diversity in the skin microbiome 

is lost and is associated with a higher abundance of S. aureus on the skin 307. Based 

on our previous research, our data suggests that the skin microbiome in healthy skin 

might prevent PMN-mediated skin inflammation by exerting an anti-inflammatory 

effect, and that this effect is lost in AD skin. However, further investigations are 

necessary to confirm this hypothesis. 

 

6.2.6 Conclusion 

The results of this work demonstrated that the interaction between PHKs and PMNs 

in the skin has a significant impact on the immune response to S. aureus skin 

infections. A proposed model of our results is illustrated in Figure 10. Co-culture of 

PMNs with PHKs resulted in a significant increased lifespan, mediated by secreted IL-

8. Moreover, the co-culture primes PMNs for enhanced activity against S. aureus. On 

the other hand, we discovered that prolonged co-culture with PMNs caused 

inflammation in PHKs, which was worsened by S. aureus infection. Notably, the skin 

commensal S. epidermidis decreased PMN-mediated skin inflammation in PHKs and 

induced apoptosis in activated PMNs. This implies that the skin microbiome has a 

constructive role in preventing excessive inflammation. Since several studies suggest 

that PMNs may be involved in AD development, the interaction between PHKs and 

PMNs may serve as a target to combat S. aureus-induced inflammation and offer a 

promising therapeutic approach for AD.  
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Figure 10: Proposed model of the PMNs/PHK crosstalk during skin inflammation. In a sterile environment, 
PMNs are activated, and their lifespan is prolonged in an IL-8-dependent manner. Additionally, proinflammatory 
responses are activated in PHKs. S. aureus infection exacerbates skin inflammation and triggers further PMN 
recruitment. In contrast, S. epidermidis infection exerts an anti-inflammatory effect by reducing PMN-mediated skin 
inflammation and promoting apoptosis in PMNs. This Illustration was created with BioRender. 
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6.3 Conclusive remarks and future perspective 

This work provides the intriguing finding that the interaction between PMNs and 

PHKs plays a vital role in S. aureus skin infections in inflamed skin. First, PMNs are 

primed for NET formation by interacting with PHKs, which increases S. aureus 

colonization of the skin by causing skin barrier defects in a ROS-dependent manner. 

Second, the interplay between PMNs and PHKs exacerbates skin inflammation 

induced by S. aureus infection. Therefore, these results propose that blocking the 

interaction between PMNs, NETs and PHKs could serve as a potential treatment 

approach for skin disorders associated with S. aureus colonization, such as AD. 

However, our findings have several limitations that need to be addressed in future 

studies.  

The role of NETs in enhanced skin colonization by S. aureus can be further 

investigated using PAD4-ko mice, which have impaired NET formation. This would not 

only provide further evidence that NETs are involved in the enhanced S. aureus 

colonization in vivo, but it would also provide more information on how NETs influence 

the immune response in inflamed, S. aureus-infected skin, as NETs have 

immunomodulatory properties and can recruit and activate various immune cells. This 

can be achieved using approaches like CODEX analysis, spatial transcriptomics and 

single cell RNA sequencing of non-tape stripped- and tape stripped skin under both 

sterile conditions and after epicutaneous S. aureus infection to reveal the presence of 

different immune cells as well as their phenotype and localization within the skin.  

In addition to analyzing the immune response within the skin, the bacterial 

component should also be considered. S. aureus has developed several escape 

strategies to evade neutrophil/NET-mediated killing, for example by degrading NETs 

using their nucleases. It would be interesting to use mutant strains of S. aureus that 

lack nuclease to see if their colonization is also enhanced by NETs or if they are more 

susceptible to NET-mediated killing. In addition, different S. aureus strains, preferably 

those associated with AD, should be analyzed for their ability to escape neutrophil-

mediated killing. This would provide information on whether NETs in inflamed skin fail 

to kill S. aureus but promote skin barrier defects that are beneficial for S. aureus skin 

colonization. 

Furthermore, it remains unclear how distinct the effects of PMNs/NETs and HMGB1 

observed here are for AD. NETs and HMGB1 are also elevated in skin diseases that 

are not typically associated with S. aureus skin colonization, including psoriasis or SLE. 
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Approaches such as CODEX analysis could be used to better understand the 

differences in immune responses between the diseases.



References 

 

 186 

7 References 
 
1 Nestle, F. O., Di Meglio, P., Qin, J. Z. & Nickoloff, B. J. Skin immune sentinels in 

health and disease. Nature Reviews Immunology 9, 679-691 (2009). 
https://doi.org:10.1038/nri2622 

2 Nguyen, A. V. & Soulika, A. M. The Dynamics of the Skin's Immune System. 
International Journal of Molecular Sciences 20 (2019). https://doi.org:ARTN 
181110.3390/ijms20081811 

3 Hersh, A. L., Chambers, H. F., Maselli, J. H. & Gonzales, R. National trends in 
ambulatory visits and antibiotic prescribing for skin and soft-tissue infections. 
Arch Intern Med 168, 1585-1591 (2008). https://doi.org:DOI 
10.1001/archinte.168.14.1585 

4 Pasparakis, M., Haase, I. & Nestle, F. O. Mechanisms regulating skin immunity 
and inflammation. Nature Reviews Immunology 14, 289-301 (2014). 
https://doi.org:10.1038/nri3646 

5 Bitschar, K., Wolz, C., Krismer, B., Peschel, A. & Schittek, B. Keratinocytes as 
sensors and central players in the immune defense against Staphylococcus 
aureus in the skin. Journal of Dermatological Science 87, 215-220 (2017). 
https://doi.org:10.1016/j.jdermsci.2017.06.003 

6 Han, H. W., Roan, F. & Ziegler, S. F. The atopic march: current insights into skin 
barrier dysfunction and epithelial cell-derived cytokines. Immunol Rev 278, 116-
130 (2017). https://doi.org:10.1111/imr.12546 

7 Gittler, J. K., Krueger, J. G. & Guttman-Yassky, E. Atopic dermatitis results in 
intrinsic barrier and immune abnormalities: Implications for contact dermatitis. J 
Allergy Clin Immun 131, 300-313 (2013). 
https://doi.org:10.1016/j.jaci.2012.06.048 

8 Howell, M. D. et al. Cytokine modulation of atopic dermatitis filaggrin skin 
expression (Reprinted from J Allergy Clin Immunol vol 120, pg 150-5, 2007). J 
Allergy Clin Immun 124, R7-R12 (2009). 
https://doi.org:10.1016/j.jaci.2009.07.012 

9 Kong, H. D. H. et al. Temporal shifts in the skin microbiome associated with 
disease flares and treatment in children with atopic dermatitis. Genome Res 22, 
850-859 (2012). https://doi.org:10.1101/gr.131029.111 

10 Kobayashi, T. et al. Dysbiosis and Colonization Drives Inflammation in Atopic 
Dermatitis. Immunity 42, 756-766 (2015). 
https://doi.org:10.1016/j.immuni.2015.03.014 

11 Fuchs, E. & Raghavan, S. Getting under the skin of epidermal morphogenesis. 
Nature Reviews Genetics 3, 199-209 (2002). https://doi.org:10.1038/nrg758 

12 Candi, E., Schmidt, R. & Melino, G. The cornified envelope: A model of cell 
death in the skin. Nature Reviews Molecular Cell Biology 6, 328-340 (2005). 
https://doi.org:10.1038/nrm1619 

13 Basler, K. & Brandner, J. M. Tight junctions in skin inflammation. Pflugers Arch 
469, 3-14 (2017). https://doi.org:10.1007/s00424-016-1903-9 

14 Brown, T. M. & Krishnamurthy, K. in StatPearls     (2023). 
15 Kobayashi, T., Naik, S. & Nagao, K. Choreographing Immunity in the Skin 

Epithelial Barrier. Immunity 50, 552-565 (2019). 
https://doi.org:10.1016/j.immuni.2019.02.023 



References 

 187 

16 Kawai, T. & Akira, S. The roles of TLRs, RLRs and NLRs in pathogen 
recognition. International Immunology 21, 317-337 (2009). 
https://doi.org:10.1093/intimm/dxp017 

17 SanMiguel, A. & Grice, E. A. Interactions between host factors and the skin 
microbiome. Cellular and Molecular Life Sciences 72, 1499-1515 (2015). 
https://doi.org:10.1007/s00018-014-1812-z 

18 Gong, T., Liu, L., Jiang, W. & Zhou, R. B. DAMP-sensing receptors in sterile 
inflammation and inflammatory diseases. Nature Reviews Immunology 20, 95-
112 (2020). https://doi.org:10.1038/s41577-019-0215-7 

19 Olaru, F. & Jensen, L. E. Stimulates Neutrophil Targeting Chemokine 
Expression in Keratinocytes through an Autocrine IL-1α Signaling Loop. J Invest 
Dermatol 130, 1866-1876 (2010). https://doi.org:10.1038/jid.2010.37 

20 Kuno, K. & Matsushima, K. The Il-1 Receptor Signaling Pathway. J Leukocyte 
Biol 56, 542-547 (1994). https://doi.org:DOI 10.1002/jlb.56.5.542 

21 Miller, L. S. et al. MyD88 mediates neutrophil recruitment initiated by IL-1R but 
not TLR2 activation in immunity against Staphylococcus aureus. Immunity 24, 
79-91 (2006). https://doi.org:10.1016/j.immuni.2005.11.011 

22 Liu, H. Y. et al. Epicutaneous Exposure Drives Skin Inflammation via IL-36-
Mediated T Cell Responses. Cell Host Microbe 22, 653-+ (2017). 
https://doi.org:10.1016/j.chom.2017.10.006 

23 Chieosilapatham, P. et al. Keratinocytes: innate immune cells in atopic 
dermatitis. Clin Exp Immunol 204, 296-309 (2021). 
https://doi.org:10.1111/cei.13575 

24 Segaud, J. et al. Context-dependent function of TSLP and IL-1β in skin allergic 
sensitization and atopic march. Nat Commun 13 (2022). https://doi.org:ARTN 
470310.1038/s41467-022-32196-1 

25 Humeau, M., Boniface, K. & Bodet, C. Cytokine-Mediated Crosstalk Between 
Keratinocytes and T Cells in Atopic Dermatitis. Front Immunol 13 (2022). 
https://doi.org:ARTN 80157910.3389/fimmu.2022.801579 

26 Leyva-Castillo, J. M., Hener, P., Jiang, H. & Li, M. TSLP Produced by 
Keratinocytes Promotes Allergen Sensitization through Skin and Thereby 
Triggers Atopic March in Mice. J Invest Dermatol 133, 154-163 (2013). 
https://doi.org:10.1038/jid.2012.239 

27 Liu, X. T. et al. Enhanced Migratory Ability of Neutrophils Toward Epidermis 
Contributes to the Development of Psoriasis via Crosstalk With Keratinocytes 
by Releasing IL-17A. Front Immunol 13 (2022). https://doi.org:ARTN 
81704010.3389/fimmu.2022.817040 

28 Soehnlein, O. Direct and alternative antimicrobial mechanisms of neutrophil-
derived granule proteins. J Mol Med-Jmm 87, 1157-1164 (2009). 
https://doi.org:10.1007/s00109-009-0508-6 

29 Rigby, K. M. & DeLeo, F. R. Neutrophils in innate host defense against  
infections. Semin Immunopathol 34, 237-259 (2012). 
https://doi.org:10.1007/s00281-011-0295-3 

30 Kobayashi, S. D., Voyich, J. M., Burlak, C. & DeLeo, F. R. Neutrophils in the 
innate immune response. Arch Immunol Ther Ex 53, 505-517 (2005).  

31 Kobayashi, S. D. & DeLeo, F. R. Role of neutrophils in innate immunity: a 
systems biology-level approach. Wiley Interdisciplinary Reviews-Systems 
Biology and Medicine 1, 309-333 (2009). https://doi.org:10.1002/wsbm.32 



References 

 188 

32 Hemmi, H. et al. Skin antigens in the steady state are trafficked to regional 
lymph nodes by transforming growth factor-beta 1-dependent cells. Int Immunol 
13, 695-704 (2001). https://doi.org:DOI 10.1093/intimm/13.5.695 

33 Stoitzner, P. The Langerhans cell controversy: are they immunostimulatory or 
immunoregulatory cells of the skin immune system? Immunol Cell Biol 88, 348-
350 (2010). https://doi.org:10.1038/icb.2010.46 

34 Wang, Y. et al. Human PAD4 regulates histone arginine methylation levels via 
demethylimination. Science 306, 279-283 (2004). 
https://doi.org:10.1126/science.1101400 

35 Hoeffel, G. et al. Adult Langerhans cells derive predominantly from embryonic 
fetal liver monocytes with a minor contribution of yolk sac-derived macrophages. 
Journal of Experimental Medicine 209, 1167-1181 (2012). 
https://doi.org:10.1084/jem.20120340 

36 Mc Dermott, R. et al. Birbeck granules are subdomains of endosomal recycling 
compartment in human epidermal Langerhans cells, which form where Langerin 
accumulates. Mol Biol Cell 13, 317-335 (2002). https://doi.org:10.1091/mbc.01-
06-0300 

37 Nishibu, A. et al. Behavioral responses of epidermal Langerhans cells in situ to 
local pathological stimuli. J Invest Dermatol 126, 787-796 (2006). 
https://doi.org:10.1038/sj.jid.5700107 

38 Stingl, G., Tamaki, K. & Katz, S. I. Origin and Function of Epidermal Langerhans 
Cells. Immunol Rev 53, 149-174 (1980). https://doi.org:DOI 10.1111/j.1600-
065X.1980.tb01043.x 

39 Klareskog, L., Tjernlund, U. M., Forsum, U. & Peterson, P. A. Epidermal 
Langerhans Cells Express Ia Antigens. Nature 268, 249-250 (1977).  

40 Rowden, G., Boudreau, S. & Higley, H. Langerhans Cells and Extra-Epidermal 
Dendritic Cells - an Investigation in Laboratory-Animals and Man with 
Immunomorphological Methods. Scand J Immunol 21, 471-478 (1985). 
https://doi.org:DOI 10.1111/j.1365-3083.1985.tb01834.x 

41 Kubo, A., Nagao, K., Yokouchi, M., Sasaki, H. & Amagai, M. External antigen 
uptake by Langerhans cells with reorganization of epidermal tight junction 
barriers. J Exp Med 206, 2937-2946 (2009). 
https://doi.org:10.1084/jem.20091527 

42 Kubo, A., Nagao, K., Yokouchi, M., Sasaki, H. & Amagai, M. External antigen 
uptake by Langerhans cells with reorganization of epidermal tight junction 
barriers. J Exp Med 206, 2937-2946 (2009). 
https://doi.org:10.1084/jem.20091527 

43 Hunger, R. E. et al. Langerhans cells utilize CD1a and langerin to efficiently 
present nonpeptide antigens to T cells. Journal of Clinical Investigation 113, 
701-708 (2004). https://doi.org:10.1172/Jci200419655 

44 Stoitzner, P., Tripp, C. H., Douillard, P., Saeland, S. & Romani, N. Migratory 
Langerhans cells in mouse lymph nodes in steady state and inflammation. 
Journal of Investigative Dermatology 125, 116-125 (2005). 
https://doi.org:10.1111/j.0022-202X.2005.23757.x 

45 Holt, P. G., Haining, S., Nelson, D. J. & Sedgwick, J. D. Origin and Steady-State 
Turnover of Class-Ii Mhc-Bearing Dendritic Cells in the Epithelium of the 
Conducting Airways. J Immunol 153, 256-261 (1994).  



References 

 189 

46 Merad, M. et al. Langerhans cells renew in the skin throughout life under steady-
state conditions. Nature Immunology 3, 1135-1141 (2002). 
https://doi.org:10.1038/ni852 

47 Ginhoux, F. et al. Langerhans cells arise from monocytes in vivo. Nat Immunol 
7, 265-273 (2006). https://doi.org:10.1038/ni1307 

48 Merad, M. et al. Depletion of host Langerhans cells before transplantation of 
donor alloreactive T cells prevents skin graft-versus-host disease (vol 10, pg 
510, 2004). Nat Med 10, 649-649 (2004). https://doi.org:10.1038/nm0604-649b 

49 Csomos, K. et al. Protein cross-linking by chlorinated polyamines and 
transglutamylation stabilizes neutrophil extracellular traps. Cell Death & 
Disease 7 (2016). https://doi.org:ARTN e233210.1038/cddis.2016.200 

50 Seneschal, J., Clark, R. A., Gehad, A., Baecher-Allan, C. M. & Kupper, T. S. 
Human Epidermal Langerhans Cells Maintain Immune Homeostasis in Skin by 
Activating Skin Resident Regulatory T Cells. Immunity 36, 873-884 (2012). 
https://doi.org:10.1016/j.immuni.2012.03.018 

51 van Dalen, R. et al. Langerhans Cells Sense Staphylococcus aureus Wall 
Teichoic Acid through Langerin To Induce Inflammatory Responses. mBio 10 
(2019). https://doi.org:10.1128/mBio.00330-19 

52 Iwamoto, K. et al. Staphylococcus aureus from atopic dermatitis skin alters 
cytokine production triggered by monocyte-derived Langerhans cell. Journal of 
Dermatological Science 88, 271-279 (2017). 
https://doi.org:10.1016/j.jdermsci.2017.08.001 

53 Kobayashi, T. et al. Dysbiosis and Staphylococcus aureus Colonization Drives 
Inflammation in Atopic Dermatitis. Immunity 42, 756-766 (2015). 
https://doi.org:10.1016/j.immuni.2015.03.014 

54 Nakajima, S. et al. Langerhans cells are critical in epicutaneous sensitization 
with protein antigen via thymic stromal lymphopoietin receptor signaling. J 
Allergy Clin Immunol 129, 1048-1055 e1046 (2012). 
https://doi.org:10.1016/j.jaci.2012.01.063 

55 Geissmann, F. et al. Development of monocytes, macrophages, and dendritic 
cells. Science 327, 656-661 (2010). https://doi.org:10.1126/science.1178331 

56 Hashimoto, D., Miller, J. & Merad, M. Dendritic Cell and Macrophage 
Heterogeneity In Vivo. Immunity 35, 323-335 (2011). 
https://doi.org:10.1016/j.immuni.2011.09.007 

57 Davies, L. C., Jenkins, S. J., Allen, J. E. & Taylor, P. R. Tissue-resident 
macrophages. Nat Immunol 14, 986-995 (2013). https://doi.org:10.1038/ni.2705 

58 Hoeffel, G. & Ginhoux, F. Ontogeny of Tissue-Resident Macrophages. Front 
Immunol 6, 486 (2015). https://doi.org:10.3389/fimmu.2015.00486 

59 Gomez Perdiguero, E. et al. Tissue-resident macrophages originate from yolk-
sac-derived erythro-myeloid progenitors. Nature 518, 547-551 (2015). 
https://doi.org:10.1038/nature13989 

60 Ginhoux, F. & Guilliams, M. Tissue-Resident Macrophage Ontogeny and 
Homeostasis. Immunity 44, 439-449 (2016). 
https://doi.org:10.1016/j.immuni.2016.02.024 

61 Yona, S. et al. Fate mapping reveals origins and dynamics of monocytes and 
tissue macrophages under homeostasis. Immunity 38, 79-91 (2013). 
https://doi.org:10.1016/j.immuni.2012.12.001 



References 

 190 

62 Hashimoto, D. et al. Tissue-resident macrophages self-maintain locally 
throughout adult life with minimal contribution from circulating monocytes. 
Immunity 38, 792-804 (2013). https://doi.org:10.1016/j.immuni.2013.04.004 

63 Patel, A. A., Ginhoux, F. & Yona, S. Monocytes, macrophages, dendritic cells 
and neutrophils: an update on lifespan kinetics in health and disease. 
Immunology 163, 250-261 (2021). https://doi.org:10.1111/imm.13320 

64 Wang, L. X., Zhang, S. X., Wu, H. J., Rong, X. L. & Guo, J. M2b macrophage 
polarization and its roles in diseases. J Leukocyte Biol 106, 345-358 (2019). 
https://doi.org:10.1002/Jlb.3ru1018-378rr 

65 Yao, Y. L., Xu, X. H. & Jin, L. P. Macrophage Polarization in Physiological and 
Pathological Pregnancy. Front Immunol 10 (2019). https://doi.org:ARTN 
79210.3389/fimmu.2019.00792 

66 Chávez-Galán, L., Olleros, M. L., Vesin, D. & Garcia, I. Much more than M1 and 
M2 macrophages, there are also CD169 and TCR macrophages. Front Immunol 
6 (2015). https://doi.org:ARTN 26310.3389/fimmu.2015.00263 

67 Herrero-Cervera, A., Soehnlein, O. & Kenne, E. Neutrophils in chronic 
inflammatory diseases. Cell Mol Immunol 19, 177-191 (2022). 
https://doi.org:10.1038/s41423-021-00832-3 

68 Gordon, P., Okai, B., Hoare, J. I., Erwig, L. P. & Wilson, H. M. SOCS3 is a 
modulator of human macrophage phagocytosis. J Leukoc Biol 100, 771-780 
(2016). https://doi.org:10.1189/jlb.3A1215-554RR 

69 Arandjelovic, S. & Ravichandran, K. S. Phagocytosis of apoptotic cells in 
homeostasis. Nat Immunol 16, 907-917 (2015). https://doi.org:10.1038/ni.3253 

70 Dockrell, D. H., Lee, M., Lynch, D. H. & Read, R. C. Immune-mediated 
phagocytosis and killing of Streptococcus pneumoniae are associated with 
direct and bystander macrophage apoptosis. J Infect Dis 184, 713-722 (2001). 
https://doi.org:10.1086/323084 

71 Frankenberg, T., Kirschnek, S., Hacker, H. & Hacker, G. Phagocytosis-induced 
apoptosis of macrophages is linked to uptake, killing and degradation of 
bacteria. Eur J Immunol 38, 204-215 (2008). 
https://doi.org:10.1002/eji.200737379 

72 Feuerstein, R., Seidl, M., Prinz, M. & Henneke, P. MyD88 in macrophages is 
critical for abscess resolution in staphylococcal skin infection. J Immunol 194, 
2735-2745 (2015). https://doi.org:10.4049/jimmunol.1402566 

73 Haider, P. et al. Neutrophil Extracellular Trap Degradation by Differently 
Polarized Macrophage Subsets. Arterioscler Thromb Vasc Biol 40, 2265-2278 
(2020). https://doi.org:10.1161/ATVBAHA.120.314883 

74 Park, Y. J., Kang, B. H., Kim, H. J., Oh, J. E. & Lee, H. K. A Microbiota-
Dependent Subset of Skin Macrophages Protects Against Cutaneous Bacterial 
Infection. Frontiers in Immunology 13 (2022). https://doi.org:ARTN 799598 
10.3389/fimmu.2022.799598 

75 Feuerstein, R. et al. Resident macrophages acquire innate immune memory in 
staphylococcal skin infection. Elife 9 (2020). https://doi.org:10.7554/eLife.55602 

76 Kiekens, R. C. M. et al. Heterogeneity within tissue-specific macrophage and 
dendritic cell populations during cutaneous inflammation in atopic dermatitis. 
Brit J Dermatol 145, 957-965 (2001). https://doi.org:DOI 10.1046/j.1365-
2133.2001.04508.x 



References 

 191 

77 Zeng, D. et al. TRPA1 deficiency alleviates inflammation of atopic dermatitis by 
reducing macrophage infiltration. Life Sci 266 (2021). https://doi.org:ARTN 
118906 10.1016/j.lfs.2020.118906 

78 Galli, S. J., Nakae, S. & Tsai, M. Mast cells in the development of adaptive 
immune responses. Nat Immunol 6, 135-142 (2005). 
https://doi.org:10.1038/ni1158 

79 Harvima, I. T. & Nilsson, G. Mast cells as regulators of skin inflammation and 
immunity. Acta Derm Venereol 91, 644-650 (2011). 
https://doi.org:10.2340/00015555-1197 

80 Varadaradjalou, S. et al. Toll-like receptor 2 (TLR2) and TLR4 differentially 
activate human mast cells. Eur J Immunol 33, 899-906 (2003). 
https://doi.org:10.1002/eji.200323830 

81 Orinska, Z. et al. TLR3-induced activation of mast cells modulates CD8+ T-cell 
recruitment. Blood 106, 978-987 (2005). https://doi.org:10.1182/blood-2004-07-
2656 

82 Mukai, K., Tsai, M., Saito, H. & Galli, S. J. Mast cells as sources of cytokines, 
chemokines, and growth factors. Immunol Rev 282, 121-150 (2018). 
https://doi.org:10.1111/imr.12634 

83 Sotlar, K. et al. CD25 indicates the neoplastic phenotype of mast cells: a novel 
immunohistochemical marker for the diagnosis of systemic mastocytosis (SM) 
in routinely processed bone marrow biopsy specimens. Am J Surg Pathol 28, 
1319-1325 (2004). https://doi.org:10.1097/01.pas.0000138181.89743.7b 

84 Cai, Y. et al. Pivotal role of dermal IL-17-producing gammadelta T cells in skin 
inflammation. Immunity 35, 596-610 (2011). 
https://doi.org:10.1016/j.immuni.2011.08.001 

85 Sehra, S., Serezani, A. P. M., Ocana, J. A., Travers, J. B. & Kaplan, M. H. Mast 
Cells Regulate Epidermal Barrier Function and the Development of Allergic Skin 
Inflammation. J Invest Dermatol 136, 1429-1437 (2016). 
https://doi.org:10.1016/j.jid.2016.03.019 

86 Tkaczyk, C. & Gilfillan, A. M. Fc(epsilon)Ri-dependent signaling pathways in 
human mast cells. Clin Immunol 99, 198-210 (2001). 
https://doi.org:10.1006/clim.2001.4992 

87 Nakamura, Y. et al. Staphylococcus delta-toxin induces allergic skin disease by 
activating mast cells. Nature 503, 397-401 (2013). 
https://doi.org:10.1038/nature12655 

88 Wang, Y. et al. Activation of the HMGB1-TLR4-NF-kappaB pathway may occur 
in patients with atopic eczema. Mol Med Rep 16, 2714-2720 (2017). 
https://doi.org:10.3892/mmr.2017.6942 

89 Svanberg, S., Li, Z., Ohlund, P., Roy, A. & Abrink, M. Mast Cells Limit Ear 
Swelling Independently of the Chymase Mouse Mast Cell Protease 4 in an 
MC903-Induced Atopic Dermatitis-Like Mouse Model. Int J Mol Sci 21 (2020). 
https://doi.org:10.3390/ijms21176311 

90 Keith, Y. H., Egawa, G., Honda, T. & Kabashima, K. Mast cells in type 2 skin 
inflammation: Maintenance and function. Eur J Immunol 53, e2250359 (2023). 
https://doi.org:10.1002/eji.202250359 

91 Ando, T. et al. Mast cells are required for full expression of allergen/SEB-
induced skin inflammation. J Invest Dermatol 133, 2695-2705 (2013). 
https://doi.org:10.1038/jid.2013.250 



References 

 192 

92 Hershko, A. Y. et al. Mast cell interleukin-2 production contributes to 
suppression of chronic allergic dermatitis. Immunity 35, 562-571 (2011). 
https://doi.org:10.1016/j.immuni.2011.07.013 

93 Vivier, E. et al. Innate Lymphoid Cells: 10 Years On. Cell 174, 1054-1066 (2018). 
https://doi.org:10.1016/j.cell.2018.07.017 

94 Dutton, E. E. et al. Peripheral lymph nodes contain migratory and resident 
innate lymphoid cell populations. Sci Immunol 4 (2019). 
https://doi.org:10.1126/sciimmunol.aau8082 

95 Bielecki, P. et al. Skin-resident innate lymphoid cells converge on a pathogenic 
effector state. Nature 592, 128-132 (2021). https://doi.org:10.1038/s41586-021-
03188-w 

96 Spencer, S. P. et al. Adaptation of innate lymphoid cells to a micronutrient 
deficiency promotes type 2 barrier immunity. Science 343, 432-437 (2014). 
https://doi.org:10.1126/science.1247606 

97 Prager, I. & Watzl, C. Mechanisms of natural killer cell-mediated cellular 
cytotoxicity. J Leukoc Biol 105, 1319-1329 (2019). 
https://doi.org:10.1002/JLB.MR0718-269R 

98 Price, A. E. et al. Systemically dispersed innate IL-13-expressing cells in type 2 
immunity. P Natl Acad Sci USA 107, 11489-11494 (2010). 
https://doi.org:10.1073/pnas.1003988107 

99 Brestoff, J. R. et al. Group 2 innate lymphoid cells promote beiging of white 
adipose tissue and limit obesity. Nature 519, 242-+ (2015). 
https://doi.org:10.1038/nature14115 

100 Kobayashi, T., Ricardo-Gonzalez, R. R. & Moro, K. Skin-Resident Innate 
Lymphoid Cells-Cutaneous Innate Guardians and Regulators. Trends Immunol 
41, 100-112 (2020). https://doi.org:10.1016/j.it.2019.12.004 

101 Kobayashi, T. et al. Homeostatic Control of Sebaceous Glands by Innate 
Lymphoid Cells Regulates Commensal Bacteria Equilibrium. Cell 176, 982-997 
e916 (2019). https://doi.org:10.1016/j.cell.2018.12.031 

102 Leyva-Castillo, J. M. et al. ILC2 activation by keratinocyte-derived IL-25 drives 
IL-13 production at sites of allergic skin inflammation. J Allergy Clin Immunol 
145, 1606-1614 e1604 (2020). https://doi.org:10.1016/j.jaci.2020.02.026 

103 Kumar, B. V., Connors, T. J. & Farber, D. L. Human T Cell Development, 
Localization, and Function throughout Life. Immunity 48, 202-213 (2018). 
https://doi.org:10.1016/j.immuni.2018.01.007 

104 McCully, M. L. et al. Epidermis instructs skin homing receptor expression in 
human T cells. Blood 120, 4591-4598 (2012). https://doi.org:10.1182/blood-
2012-05-433037 

105 O'Shea, J. J. & Paul, W. E. Mechanisms underlying lineage commitment and 
plasticity of helper CD4+ T cells. Science 327, 1098-1102 (2010). 
https://doi.org:10.1126/science.1178334 

106 Zhu, J. T Helper Cell Differentiation, Heterogeneity, and Plasticity. Cold Spring 
Harb Perspect Biol 10 (2018). https://doi.org:10.1101/cshperspect.a030338 

107 Watanabe, R. et al. Human skin is protected by four functionally and 
phenotypically discrete populations of resident and recirculating memory T cells. 
Sci Transl Med 7, 279ra239 (2015). 
https://doi.org:10.1126/scitranslmed.3010302 



References 

 193 

108 Mueller, S. N., Zaid, A. & Carbone, F. R. Tissue-resident T cells: dynamic players 
in skin immunity. Front Immunol 5, 332 (2014). 
https://doi.org:10.3389/fimmu.2014.00332 

109 Jordan, M. S. et al. Thymic selection of CD4+CD25+ regulatory T cells induced 
by an agonist self-peptide. Nat Immunol 2, 301-306 (2001). 
https://doi.org:10.1038/86302 

110 Clark, R. A. & Kupper, T. S. IL-15 and dermal fibroblasts induce proliferation of 
natural regulatory T cells isolated from human skin. Blood 109, 194-202 (2007). 
https://doi.org:10.1182/blood-2006-02-002873 

111 Moreau, J. M. et al. Regulatory T cells promote innate inflammation after skin 
barrier breach via TGF-beta activation. Sci Immunol 6 (2021). 
https://doi.org:10.1126/sciimmunol.abg2329 

112 Li, J., Tan, J., Martino, M. M. & Lui, K. O. Regulatory T-Cells: Potential Regulator 
of Tissue Repair and Regeneration. Front Immunol 9, 585 (2018). 
https://doi.org:10.3389/fimmu.2018.00585 

113 Sakaguchi, S. Naturally arising Foxp3-expressing CD25+CD4+ regulatory T 
cells in immunological tolerance to self and non-self. Nat Immunol 6, 345-352 
(2005). https://doi.org:10.1038/ni1178 

114 Scharschmidt, T. C. et al. A Wave of Regulatory T Cells into Neonatal Skin 
Mediates Tolerance to Commensal Microbes. Immunity 43, 1011-1021 (2015). 
https://doi.org:10.1016/j.immuni.2015.10.016 

115 Frascoli, M. et al. Skin y8 T cell inflammatory responses are hardwired in the 
thymus by oxysterol sensing via GPR183 and calibrated by dietary cholesterol. 
Immunity 56, 562-+ (2023). https://doi.org:10.1016/j.immuni.2023.01.025 

116 Nielsen, M. M., Witherden, D. A. & Havran, W. L. γδ T cells in homeostasis and 
host defence of epithelial barrier tissues. Nat Rev Immunol 17, 733-745 (2017). 
https://doi.org:10.1038/nri.2017.101 

117 Chien, Y. H. & Konigshofer, Y. Antigen recognition by γδ T cells. Immunol Rev 
215, 46-58 (2007). https://doi.org:DOI 10.1111/j.1600-065X.2006.00470.x 

118 Havran, W. L. & Jameson, J. M. Epidermal T Cells and Wound Healing. J 
Immunol 184, 5423-5428 (2010). https://doi.org:10.4049/jimmunol.0902733 

119 Xu, Y., Dimitrion, P., Cvetkovski, S., Zhou, L. & Mi, Q. S. Epidermal resident 
gammadelta T cell development and function in skin. Cell Mol Life Sci 78, 573-
580 (2021). https://doi.org:10.1007/s00018-020-03613-9 

120 Lockhart, E., Green, A. M. & Flynn, J. L. IL-17 production is dominated by 
gammadelta T cells rather than CD4 T cells during Mycobacterium tuberculosis 
infection. J Immunol 177, 4662-4669 (2006). 
https://doi.org:10.4049/jimmunol.177.7.4662 

121 Cho, J. S. et al. IL-17 is essential for host defense against cutaneous 
Staphylococcus aureus infection in mice. J Clin Invest 120, 1762-1773 (2010). 
https://doi.org:10.1172/JCI40891 

122 Liu, H. et al. Staphylococcus aureus Epicutaneous Exposure Drives Skin 
Inflammation via IL-36-Mediated T Cell Responses. Cell Host Microbe 22, 653-
666 e655 (2017). https://doi.org:10.1016/j.chom.2017.10.006 

123 Sawada, E., Yoshida, N., Sugiura, A. & Imokawa, G. Th1 cytokines accentuate 
but Th2 cytokines attenuate ceramide production in the stratum corneum of 
human epidermal equivalents: An implication for the disrupted barrier 
mechanism in atopic dermatitis. J Dermatol Sci 68, 25-35 (2012). 
https://doi.org:10.1016/j.jdermsci.2012.07.004 



References 

 194 

124 Moreno, A. S., McPhee, R., Arruda, L. K. & Howell, M. D. Targeting the T Helper 
2 Inflammatory Axis in Atopic Dermatitis. Int Arch Allergy Imm 171, 71-80 (2016). 
https://doi.org:10.1159/000451083 

125 Hamilton, J. D. et al. Dupilumab improves the molecular signature in skin of 
patients with moderate-to-severe atopic dermatitis. J Allergy Clin Immun 134, 
1293-1300 (2014). https://doi.org:10.1016/j.jaci.2014.10.013 

126 Beck, L. A. et al. Dupilumab treatment in adults with moderate-to-severe atopic 
dermatitis. N Engl J Med 371, 130-139 (2014). 
https://doi.org:10.1056/NEJMoa1314768 

127 Simpson, E. et al. Rapid reduction in S. aureus in atopic dermatitis subjects 
following dupilumab treatment. J Invest Dermatol 143, S274-S274 (2023).  

128 Sabat, R., Wolk, K., Loyal, L., Docke, W. D. & Ghoreschi, K. T cell pathology in 
skin inflammation. Semin Immunopathol 41, 359-377 (2019). 
https://doi.org:10.1007/s00281-019-00742-7 

129 Picker, L. J. & Butcher, E. C. Physiological and Molecular Mechanisms of 
Lymphocyte Homing. Annu Rev Immunol 10, 561-591 (1992). 
https://doi.org:DOI 10.1146/annurev.iy.10.040192.003021 

130 De Silva, N. S. & Klein, U. Dynamics of B cells in germinal centres. Nat Rev 
Immunol 15, 137-148 (2015). https://doi.org:10.1038/nri3804 

131 Davis, R. S. FCRL regulation in innate-like B cells. Ann N Y Acad Sci 1362, 110-
116 (2015). https://doi.org:10.1111/nyas.12771 

132 Rivera, A., Chen, C. C., Ron, N., Dougherty, J. P. & Ron, Y. Role of B cells as 
antigen-presenting cells  

 revisited:: antigen-specific B cells are essential for T cell expansion in lymph nodes 
and for systemic T cell responses to low antigen concentrations. Int Immunol 
13, 1583-1593 (2001). https://doi.org:DOI 10.1093/intimm/13.12.1583 

133 Lund, F. E. Cytokine-producing B lymphocytes - key regulators of immunity. Curr 
Opin Immunol 20, 332-338 (2008). https://doi.org:10.1016/j.coi.2008.03.003 

134 Barr, T. A., Gray, M. & Gray, D. B cells: programmers of CD4 T cell responses. 
Infect Disord Drug Targets 12, 222-231 (2012). 
https://doi.org:10.2174/187152612800564446 

135 Debes, G. F. & McGettigan, S. E. Skin-Associated B Cells in Health and 
Inflammation. J Immunol 202, 1659-1666 (2019). 
https://doi.org:10.4049/jimmunol.1801211 

136 Geherin, S. A. et al. The skin, a novel niche for recirculating B cells. J Immunol 
188, 6027-6035 (2012). https://doi.org:10.4049/jimmunol.1102639 

137 Mavropoulos, A. et al. IL-10 producing Bregs are impaired in psoriatic arthritis 
and psoriasis and inversely correlate with IL-17-and IFNγ-producing T cells. Clin 
Immunol 184, 33-41 (2017). https://doi.org:10.1016/j.clim.2017.04.010 

138 Dass, S., Vital, E. M. & Emery, P. Development of psoriasis after B cell depletion 
with rituximab. Arthritis Rheum 56, 2715-2718 (2007). 
https://doi.org:10.1002/art.22811 

139 Jiang, J. Q. et al. Crosstalk Between Circulating Follicular T Helper Cells and 
Regulatory B Cells in Children With Extrinsic Atopic Dermatitis. Front Immunol 
12 (2021). https://doi.org:ARTN 78554910.3389/fimmu.2021.785549 

140 Tiller, T. et al. Autoreactivity in human IgG memory B cells. Immunity 26, 205-
213 (2007). https://doi.org:10.1016/j.immuni.2007.01.009 

141 Nemazee, D. Mechanisms of central tolerance for B cells. Nat Rev Immunol 17, 
281-294 (2017). https://doi.org:10.1038/nri.2017.19 



References 

 195 

142 Yurasov, S. et al. Defective B cell tolerance checkpoints in systemic lupus 
erythematosus. J Exp Med 201, 703-711 (2005). 
https://doi.org:10.1084/jem.20042251 

143 Yanaba, K. et al. CD19 Expression in B Cells Regulates Atopic Dermatitis in a 
Mouse Model. Am J Pathol 182, 2214-2222 (2013). 
https://doi.org:10.1016/j.ajpath.2013.02.042 

144 Aranda, C. J. et al. IgG memory B cells expressing  and are associated with 
atopic diseases. Allergy 78, 752-766 (2023). https://doi.org:10.1111/all.15601 

145 Patrick, G. J. et al. Epicutaneous Staphylococcus aureus induces IL-36 to 
enhance IgE production and ensuing allergic disease. J Clin Invest 131 (2021). 
https://doi.org:ARTN e143334 10.1172/JCI143334 

146 Perez-Lopez, A., Behnsen, J., Nuccio, S. P. & Raffatellu, M. Mucosal immunity 
to pathogenic intestinal bacteria. Nat Rev Immunol 16, 135-148 (2016). 
https://doi.org:10.1038/nri.2015.17 

147 Kawasaki, T. & Kawai, T. Toll-like receptor signaling pathways. Front Immunol 
5, 461 (2014). https://doi.org:10.3389/fimmu.2014.00461 

148 Piccinini, A. M. & Midwood, K. S. DAMPening inflammation by modulating TLR 
signalling. Mediators Inflamm 2010 (2010). 
https://doi.org:10.1155/2010/672395 

149 Kang, J. Y. & Lee, J. O. Structural biology of the Toll-like receptor family. Annu 
Rev Biochem 80, 917-941 (2011). https://doi.org:10.1146/annurev-biochem-
052909-141507 

150 Takeda, K. & Akira, S. Toll-like receptors. Curr Protoc Immunol 109, 14 12 11-
14 12 10 (2015). https://doi.org:10.1002/0471142735.im1412s109 

151 Lee, C. C., Avalos, A. M. & Ploegh, H. L. Accessory molecules for Toll-like 
receptors and their function. Nat Rev Immunol 12, 168-179 (2012). 
https://doi.org:10.1038/nri3151 

152 Miller, L. S. & Modlin, R. L. Human keratinocyte Toll-like receptors promote 
distinct immune responses. J Invest Dermatol 127, 262-263 (2007). 
https://doi.org:10.1038/sj.jid.5700559 

153 Kalali, B. N. et al. Double-stranded RNA induces an antiviral defense status in 
epidermal keratinocytes through TLR3-, PKR-, and MDA5/RIG-I-Mediated 
differential signaling. J Immunol 181, 2694-2704 (2008). https://doi.org:DOI 
10.4049/jimmunol.181.4.2694 

154 Nguyen, M. T. & Gotz, F. Lipoproteins of Gram-Positive Bacteria: Key Players 
in the Immune Response and Virulence. Microbiol Mol Biol Rev 80, 891-903 
(2016). https://doi.org:10.1128/MMBR.00028-16 

155 Matsumoto, M., Oshiumi, H. & Seya, T. Antiviral responses induced by the TLR3 
pathway. Rev Med Virol 21, 67-77 (2011). https://doi.org:10.1002/rmv.680 

156 Lu, Y. C., Yeh, W. C. & Ohashi, P. S. LPS/TLR4 signal transduction pathway. 
Cytokine 42, 145-151 (2008). https://doi.org:10.1016/j.cyto.2008.01.006 

157 Mancuso, G. et al. Bacterial recognition by TLR7 in the lysosomes of 
conventional dendritic cells. Nat Immunol 10, 587-594 (2009). 
https://doi.org:10.1038/ni.1733 

158 Guiducci, C. et al. RNA recognition by human TLR8 can lead to autoimmune 
inflammation. J Exp Med 210, 2903-2919 (2013). 
https://doi.org:10.1084/jem.20131044 



References 

 196 

159 Huang, H. et al. Endogenous histones function as alarmins in sterile 
inflammatory liver injury through Toll-like receptor 9 in mice. Hepatology 54, 
999-1008 (2011). https://doi.org:10.1002/hep.24501 

160 Hess, N. J., Felicelli, C., Grage, J. & Tapping, R. I. TLR10 suppresses the 
activation and differentiation of monocytes with effects on DC-mediated 
adaptive immune responses. J Leukoc Biol 101, 1245-1252 (2017). 
https://doi.org:10.1189/jlb.3A1116-492R 

161 Matsumoto, M., Oshiumi, H. & Seya, T. Antiviral responses induced by the TLR3 
pathway. Rev Med Virol 21, 67-77 (2011). https://doi.org:10.1002/rmv.680 

162 Hoebe, K. et al. CD36 is a sensor of diacylglycerides. Nature 433, 523-527 
(2005). https://doi.org:10.1038/nature03253 

163 Takeuchi, O., Hoshino, K. & Akira, S. Cutting edge: TLR2-deficient and MyD88-
deficient mice are highly susceptible to Staphylococcus aureus infection. J 
Immunol 165, 5392-5396 (2000). https://doi.org:10.4049/jimmunol.165.10.5392 

164 Staudenmaier, L., Focken, J., Schlatterer, K., Kretschmer, D. & Schittek, B. 
Bacterial membrane vesicles shape Staphylococcus aureus skin colonization 
and induction of innate immune responses. Exp Dermatol 31, 349-361 (2022). 
https://doi.org:10.1111/exd.14478 

165 Menzies, B. E. & Kenoyer, A. Signal transduction and nuclear responses in 
Staphylococcus aureus-induced expression of human beta-defensin 3 in skin 
keratinocytes. Infect Immun 74, 6847-6854 (2006). 
https://doi.org:10.1128/IAI.00389-06 

166 Kuo, I. H. et al. Activation of epidermal toll-like receptor 2 enhances tight junction 
function: implications for atopic dermatitis and skin barrier repair. J Invest 
Dermatol 133, 988-998 (2013). https://doi.org:10.1038/jid.2012.437 

167 Bitschar, K. et al. Lugdunin amplifies innate immune responses in the skin in 
synergy with host- and microbiota-derived factors. Nat Commun 10, 2730 
(2019). https://doi.org:10.1038/s41467-019-10646-7 

168 Wanke, I. et al. Skin commensals amplify the innate immune response to 
pathogens by activation of distinct signaling pathways. J Invest Dermatol 131, 
382-390 (2011). https://doi.org:10.1038/jid.2010.328 

169 Lai, Y. et al. Activation of TLR2 by a small molecule produced by Staphylococcus 
epidermidis increases antimicrobial defense against bacterial skin infections. J 
Invest Dermatol 130, 2211-2221 (2010). https://doi.org:10.1038/jid.2010.123 

170 LeBouder, E. et al. Soluble forms of Toll-like receptor (TLR)2 capable of 
modulating TLR2 signaling are present in human plasma and breast milk. J 
Immunol 171, 6680-6689 (2003). https://doi.org:10.4049/jimmunol.171.12.6680 

171 Kitchens, R. L., Thompson, P. A., Viriyakosol, S., O'Keefe, G. E. & Munford, R. 
S. Plasma CD14 decreases monocyte responses to LPS by transferring cell-
bound LPS to plasma lipoproteins. J Clin Invest 108, 485-493 (2001). 
https://doi.org:10.1172/JCI13139 

172 Iwami, K. I. et al. Cutting edge: naturally occurring soluble form of mouse Toll-
like receptor 4 inhibits lipopolysaccharide signaling. J Immunol 165, 6682-6686 
(2000). https://doi.org:10.4049/jimmunol.165.12.6682 

173 Shi, M. et al. TRIM30 alpha negatively regulates TLR-mediated NF-kappa B 
activation by targeting TAB2 and TAB3 for degradation. Nat Immunol 9, 369-
377 (2008). https://doi.org:10.1038/ni1577 



References 

 197 

174 Yan, D., Wang, X., Luo, L., Cao, X. & Ge, B. Inhibition of TLR signaling by a 
bacterial protein containing immunoreceptor tyrosine-based inhibitory motifs. 
Nat Immunol 13, 1063-1071 (2012). https://doi.org:10.1038/ni.2417 

175 O'Neill, L. A., Sheedy, F. J. & McCoy, C. E. MicroRNAs: the fine-tuners of Toll-
like receptor signalling. Nat Rev Immunol 11, 163-175 (2011). 
https://doi.org:10.1038/nri2957 

176 Philippe, L. et al. TLR2 expression is regulated by microRNA miR-19 in 
rheumatoid fibroblast-like synoviocytes. J Immunol 188, 454-461 (2012). 
https://doi.org:10.4049/jimmunol.1102348 

177 Benakanakere, M. R. et al. Modulation of TLR2 protein expression by miR-105 
in human oral keratinocytes. J Biol Chem 284, 23107-23115 (2009). 
https://doi.org:10.1074/jbc.M109.013862 

178 Tyurin, Y. A., Shamsutdinov, A. F., Kalinin, N. N., Sharifullina, A. A. & 
Reshetnikova, I. D. Association of Toll-Like Cell Receptors TLR2 
(p.Arg753GLN) and TLR4 (p.Asp299GLY) Polymorphisms with Indicators of 
General and Local Immunity in Patients with Atopic Dermatitis. J Immunol Res 
2017, 8493545 (2017). https://doi.org:10.1155/2017/8493545 

179 Salpietro, C. et al. TLR2 and TLR4 gene polymorphisms and atopic dermatitis 
in Italian children: a multicenter study. Int J Immunopathol Pharmacol 24, 33-40 
(2011). https://doi.org:10.1177/03946320110240S408 

180 Panzer, R., Blobel, C., Folster-Holst, R. & Proksch, E. TLR2 and TLR4 
expression in atopic dermatitis, contact dermatitis and psoriasis. Exp Dermatol 
23, 364-366 (2014). https://doi.org:10.1111/exd.12383 

181 Hasannejad, H., Takahashi, R., Kimishima, M., Hayakawa, K. & Shiohara, T. 
Selective impairment of Toll-like receptor 2-mediated proinflammatory cytokine 
production by monocytes from patients with atopic dermatitis. J Allergy Clin 
Immunol 120, 69-75 (2007). https://doi.org:10.1016/j.jaci.2007.04.010 

182 Iwamoto, K. et al. Langerhans and inflammatory dendritic epidermal cells in 
atopic dermatitis are tolerized toward TLR2 activation. Allergy 73, 2205-2213 
(2018). https://doi.org:10.1111/all.13460 

183 Oeckinghaus, A. & Ghosh, S. The NF-kappaB family of transcription factors and 
its regulation. Cold Spring Harb Perspect Biol 1, a000034 (2009). 
https://doi.org:10.1101/cshperspect.a000034 

184 Sun, S. C. The noncanonical NF-kappaB pathway. Immunol Rev 246, 125-140 
(2012). https://doi.org:10.1111/j.1600-065X.2011.01088.x 

185 Hayden, M. S. & Ghosh, S. Shared principles in NF-kappaB signaling. Cell 132, 
344-362 (2008). https://doi.org:10.1016/j.cell.2008.01.020 

186 Prescott, J. A., Mitchell, J. P. & Cook, S. J. Inhibitory feedback control of NF-
kappaB signalling in health and disease. Biochem J 478, 2619-2664 (2021). 
https://doi.org:10.1042/BCJ20210139 

187 Karuppagounder, V. et al. Resveratrol attenuates HMGB1 signaling and 
inflammation in house dust mite-induced atopic dermatitis in mice. Int 
Immunopharmacol 23, 617-623 (2014). 
https://doi.org:10.1016/j.intimp.2014.10.014 

188 Carlucci, C. D. et al. Resveratrol Protects against Skin Inflammation through 
Inhibition of Mast Cell, Sphingosine Kinase-1, Stat3 and NF-kappaB p65 
Signaling Activation in Mice. Int J Mol Sci 24 (2023). 
https://doi.org:10.3390/ijms24076707 



References 

 198 

189 Pasparakis, M. et al. TNF-mediated inflammatory skin disease in mice with 
epidermis-specific deletion of IKK2. Nature 417, 861-866 (2002). 
https://doi.org:10.1038/nature00820 

190 Omori, E. et al. TAK1 is a master regulator of epidermal homeostasis involving 
skin inflammation and apoptosis. J Biol Chem 281, 19610-19617 (2006). 
https://doi.org:10.1074/jbc.M603384200 

191 Omori, E., Morioka, S., Matsumoto, K. & Ninomiya-Tsuji, J. TAK1 regulates 
reactive oxygen species and cell death in keratinocytes, which is essential for 
skin integrity. J Biol Chem 283, 26161-26168 (2008). 
https://doi.org:10.1074/jbc.M804513200 

192 Kumari, S. et al. NF-kappaB inhibition in keratinocytes causes RIPK1-mediated 
necroptosis and skin inflammation. Life Sci Alliance 4 (2021). 
https://doi.org:10.26508/lsa.202000956 

193 Pasparakis, M. Regulation of tissue homeostasis by NF-kappaB signalling: 
implications for inflammatory diseases. Nat Rev Immunol 9, 778-788 (2009). 
https://doi.org:10.1038/nri2655 

194 Arthur, J. S. & Ley, S. C. Mitogen-activated protein kinases in innate immunity. 
Nat Rev Immunol 13, 679-692 (2013). https://doi.org:10.1038/nri3495 

195 Zhang, W. & Liu, H. T. MAPK signal pathways in the regulation of cell 
proliferation in mammalian cells. Cell Res 12, 9-18 (2002). 
https://doi.org:10.1038/sj.cr.7290105 

196 Zeze, N. et al. Role of ERK Pathway in the Pathogenesis of Atopic Dermatitis 
and Its Potential as a Therapeutic Target. Int J Mol Sci 23 (2022). 
https://doi.org:10.3390/ijms23073467 

197 Ryu, W. I. et al. IL-33 down-regulates CLDN1 expression through the 
ERK/STAT3 pathway in keratinocytes. J Dermatol Sci 90, 313-322 (2018). 
https://doi.org:10.1016/j.jdermsci.2018.02.017 

198 Li, D. Y. & Wu, M. H. Pattern recognition receptors in health and diseases. Signal 
Transduct Tar 6 (2021). https://doi.org:ARTN 29110.1038/s41392-021-00687-0 

199 Palomo, J., Dietrich, D., Martin, P., Palmer, G. & Gabay, C. The interleukin (IL)-
1 cytokine family--Balance between agonists and antagonists in inflammatory 
diseases. Cytokine 76, 25-37 (2015). https://doi.org:10.1016/j.cyto.2015.06.017 

200 Fields, J. K., Gunther, S. & Sundberg, E. J. Structural Basis of IL-1 Family 
Cytokine Signaling. Front Immunol 10, 1412 (2019). 
https://doi.org:10.3389/fimmu.2019.01412 

201 Narayanan, K. B. & Park, H. H. Toll/interleukin-1 receptor (TIR) domain-
mediated cellular signaling pathways. Apoptosis 20, 196-209 (2015). 
https://doi.org:10.1007/s10495-014-1073-1 

202 Towne, J. E., Garka, K. E., Renshaw, B. R., Virca, G. D. & Sims, J. E. Interleukin 
(IL)-1F6, IL-1F8, and IL-1F9 signal through IL-1Rrp2 and IL-1RAcP to activate 
the pathway leading to NF-kappaB and MAPKs. J Biol Chem 279, 13677-13688 
(2004). https://doi.org:10.1074/jbc.M400117200 

203 Debets, R. et al. Two novel IL-1 family members, IL-1 delta and IL-1 epsilon, 
function as an antagonist and agonist of NF-kappa B activation through the 
orphan IL-1 receptor-related protein 2. J Immunol 167, 1440-1446 (2001). 
https://doi.org:10.4049/jimmunol.167.3.1440 

204 Afonina, I. S., Muller, C., Martin, S. J. & Beyaert, R. Proteolytic Processing of 
Interleukin-1 Family Cytokines: Variations on a Common Theme. Immunity 42, 
991-1004 (2015). https://doi.org:10.1016/j.immuni.2015.06.003 



References 

 199 

205 Werman, A. et al. The precursor form of IL-1alpha is an intracrine 
proinflammatory activator of transcription. Proc Natl Acad Sci U S A 101, 2434-
2439 (2004). https://doi.org:10.1073/pnas.0308705101 

206 Lopez-Castejon, G. & Brough, D. Understanding the mechanism of IL-1beta 
secretion. Cytokine Growth Factor Rev 22, 189-195 (2011). 
https://doi.org:10.1016/j.cytogfr.2011.10.001 

207 Macleod, T. et al. Neutrophil Elastase-mediated proteolysis activates the anti-
inflammatory cytokine IL-36 Receptor antagonist. Sci Rep 6, 24880 (2016). 
https://doi.org:10.1038/srep24880 

208 Swindell, W. R. et al. RNA-Seq Analysis of IL-1B and IL-36 Responses in 
Epidermal Keratinocytes Identifies a Shared MyD88-Dependent Gene 
Signature. Front Immunol 9, 80 (2018). 
https://doi.org:10.3389/fimmu.2018.00080 

209 Vigne, S. et al. IL-36 signaling amplifies Th1 responses by enhancing 
proliferation and Th1 polarization of naive CD4+ T cells. Blood 120, 3478-3487 
(2012). https://doi.org:10.1182/blood-2012-06-439026 

210 Foster, A. M. et al. IL-36 promotes myeloid cell infiltration, activation, and 
inflammatory activity in skin. J Immunol 192, 6053-6061 (2014). 
https://doi.org:10.4049/jimmunol.1301481 

211 Macleod, T. et al. The Immunological Impact of IL-1 Family Cytokines on the 
Epidermal Barrier. Front Immunol 12 (2021). https://doi.org:ARTN 808012 
10.3389/fimmu.2021.808012 

212 Wang, G. et al. Bacteria induce skin regeneration via IL-1beta signaling. Cell 
Host Microbe 29, 777-791 e776 (2021). 
https://doi.org:10.1016/j.chom.2021.03.003 

213 Patrick, G. J. et al. Epicutaneous Staphylococcus aureus induces IL-36 to 
enhance IgE production and ensuing allergic disease. J Clin Invest 131 (2021). 
https://doi.org:10.1172/JCI143334 

214 Vaher, H. et al. Skin Colonization with S. aureus Can Lead to Increased NLRP1 
Inflammasome Activation in Patients with Atopic Dermatitis. J Invest Dermatol 
143, 1268-1278 e1268 (2023). https://doi.org:10.1016/j.jid.2023.01.013 

215 Imai, Y. et al. Skin-specific expression of IL-33 activates group 2 innate lymphoid 
cells and elicits atopic dermatitis-like inflammation in mice. Proc Natl Acad Sci 
U S A 110, 13921-13926 (2013). https://doi.org:10.1073/pnas.1307321110 

216 Oyoshi, M. K., Venturelli, N. & Geha, R. S. Thymic stromal lymphopoietin and 
IL-33 promote skin inflammation and vaccinia virus replication in a mouse model 
of atopic dermatitis. J Allergy Clin Immunol 138, 283-286 (2016). 
https://doi.org:10.1016/j.jaci.2015.12.1304 

217 Salimi, M. et al. A role for IL-25 and IL-33-driven type-2 innate lymphoid cells in 
atopic dermatitis. J Exp Med 210, 2939-2950 (2013). 
https://doi.org:10.1084/jem.20130351 

218 Wang, X. et al. Interleukin-33 facilitates cutaneous defense against 
Staphylococcus aureus by promoting the development of neutrophil 
extracellular trap. Int Immunopharmacol 81, 106256 (2020). 
https://doi.org:10.1016/j.intimp.2020.106256 

219 Kristensen, M. et al. Localization of tumour necrosis factor-alpha (TNF-alpha) 
and its receptors in normal and psoriatic skin: epidermal cells express the 55-
kD but not the 75-kD TNF receptor. Clin Exp Immunol 94, 354-362 (1993). 
https://doi.org:10.1111/j.1365-2249.1993.tb03457.x 



References 

 200 

220 Wanke, I. et al. Staphylococcus aureus skin colonization is promoted by barrier 
disruption and leads to local inflammation. Exp Dermatol 22, 153-155 (2013). 
https://doi.org:10.1111/exd.12083 

221 Bitschar, K. et al. Staphylococcus aureus Skin Colonization Is Enhanced by the 
Interaction of Neutrophil Extracellular Traps with Keratinocytes. Journal of 
Investigative Dermatology 140, 1054-+ (2020). 
https://doi.org:10.1016/j.jid.2019.10.017 

222 Kondo, S. & Sauder, D. N. Tumor necrosis factor (TNF) receptor type 1 (p55) is 
a main mediator for TNF-alpha-induced skin inflammation. Eur J Immunol 27, 
1713-1718 (1997). https://doi.org:DOI 10.1002/eji.1830270718 

223 Banno, T., Gazel, A. & Blumenberg, M. Effects of tumor necrosis factor-alpha 
(TNF alpha) in epidermal keratinocytes revealed using global transcriptional 
profiling. J Biol Chem 279, 32633-32642 (2004). 
https://doi.org:10.1074/jbc.M400642200 

224 Youn, C. et al. Neutrophil-intrinsic TNF receptor signaling orchestrates host 
defense against Staphylococcus aureus. Sci Adv 9, eadf8748 (2023). 
https://doi.org:10.1126/sciadv.adf8748 

225 Rose-John, S. Interleukin-6 signalling in health and disease. F1000Res 9 
(2020). https://doi.org:10.12688/f1000research.26058.1 

226 Chalaris, A., Garbers, C., Rabe, B., Rose-John, S. & Scheller, J. The soluble 
Interleukin 6 receptor: generation and role in inflammation and cancer. Eur J 
Cell Biol 90, 484-494 (2011). https://doi.org:10.1016/j.ejcb.2010.10.007 

227 Tanaka, T., Narazaki, M. & Kishimoto, T. IL-6 in inflammation, immunity, and 
disease. Cold Spring Harb Perspect Biol 6, a016295 (2014). 
https://doi.org:10.1101/cshperspect.a016295 

228 Puel, A. et al. Recurrent Staphylococcal cellulitis and subcutaneous abscesses 
in a child with autoantibodies against IL-6. J Immunol 180, 647-654 (2008). 
https://doi.org:DOI 10.4049/jimmunol.180.1.647 

229 Esparza-Gordillo, J. et al. A functional IL-6 receptor (IL6R) variant is a risk factor 
for persistent atopic dermatitis. J Allergy Clin Immunol 132, 371-377 (2013). 
https://doi.org:10.1016/j.jaci.2013.01.057 

230 Gu, C., Wu, L. & Li, X. IL-17 family: cytokines, receptors and signaling. Cytokine 
64, 477-485 (2013). https://doi.org:10.1016/j.cyto.2013.07.022 

231 Korn, T., Bettelli, E., Oukka, M. & Kuchroo, V. K. IL-17 and Th17 Cells. Annu 
Rev Immunol 27, 485-517 (2009). 
https://doi.org:10.1146/annurev.immunol.021908.132710 

232 Cua, D. J. & Tato, C. M. Innate IL-17-producing cells: the sentinels of the 
immune system. Nat Rev Immunol 10, 479-489 (2010). 
https://doi.org:10.1038/nri2800 

233 Huber, M. et al. IL-17A secretion by CD8+ T cells supports Th17-mediated 
autoimmune encephalomyelitis. J Clin Invest 123, 247-260 (2013). 
https://doi.org:10.1172/JCI63681 

234 Bermejo, D. A. et al. Trypanosoma cruzi trans-sialidase initiates a program 
independent of the transcription factors RORgammat and Ahr that leads to IL-
17 production by activated B cells. Nat Immunol 14, 514-522 (2013). 
https://doi.org:10.1038/ni.2569 

235 Nakagawa, S. et al. Staphylococcus aureus Virulent PSM alpha Peptides 
Induce Keratinocyte Alarmin Release to Orchestrate IL-17-Dependent Skin 



References 

 201 

Inflammation. Cell Host & Microbe 22, 667-+ (2017). 
https://doi.org:10.1016/j.chom.2017.10.008 

236 Moos, S. et al. IL-17 Signaling in Keratinocytes Orchestrates the Defense 
against Staphylococcus aureus Skin Infection. J Invest Dermatol 143, 1257-
1267 e1210 (2023). https://doi.org:10.1016/j.jid.2023.01.016 

237 Fellmann, F. et al. IL-17 receptor A and adenosine deaminase 2 deficiency in 
siblings with recurrent infections and chronic inflammation. J Allergy Clin 
Immunol 137, 1189-1196 e1182 (2016). 
https://doi.org:10.1016/j.jaci.2015.07.053 

238 Levy, R. et al. Genetic, immunological, and clinical features of patients with 
bacterial and fungal infections due to inherited IL-17RA deficiency. Proc Natl 
Acad Sci U S A 113, E8277-E8285 (2016). 
https://doi.org:10.1073/pnas.1618300114 

239 Blauvelt, A. & Chiricozzi, A. The Immunologic Role of IL-17 in Psoriasis and 
Psoriatic Arthritis Pathogenesis. Clin Rev Allergy Immunol 55, 379-390 (2018). 
https://doi.org:10.1007/s12016-018-8702-3 

240 Koga, C., Kabashima, K., Shiraishi, N., Kobayashi, M. & Tokura, Y. Possible 
pathogenic role of Th17 cells for atopic dermatitis. J Invest Dermatol 128, 2625-
2630 (2008). https://doi.org:10.1038/jid.2008.111 

241 Eyerich, K. et al. IL-17 in atopic eczema: linking allergen-specific adaptive and 
microbial-triggered innate immune response. J Allergy Clin Immunol 123, 59-66 
e54 (2009). https://doi.org:10.1016/j.jaci.2008.10.031 

242 Nakajima, S. et al. IL-17A as an inducer for Th2 immune responses in murine 
atopic dermatitis models. J Invest Dermatol 134, 2122-2130 (2014). 
https://doi.org:10.1038/jid.2014.51 

243 Ungar, B. et al. Phase 2 randomized, double-blind study of IL-17 targeting with 
secukinumab in atopic dermatitis. J Allergy Clin Immunol 147, 394-397 (2021). 
https://doi.org:10.1016/j.jaci.2020.04.055 

244 Chan, L. S., Robinson, N. & Xu, L. T. Expression of interleukin-4 in the epidermis 
of transgenic mice results in a pruritic inflammatory skin disease: An 
experimental animal model to study atopic dermatitis. J Invest Dermatol 117, 
977-983 (2001). https://doi.org:DOI 10.1046/j.0022-202x.2001.01484.x 

245 Vakirlis, E. et al. Investigation of cytokine levels and their association with 
SCORAD index in adults with acute atopic dermatitis. J Eur Acad Dermatol 25, 
409-416 (2011). https://doi.org:10.1111/j.1468-3083.2010.03800.x 

246 Jeong, C. W. et al. Differential cytokine mRNA expression in lesional skin of 
intrinsic vs. extrinsic atopic dermatitis patients using semiquantitative RT-PCR. 
Clin Exp Allergy 33, 1717-1724 (2003). https://doi.org:DOI 10.1111/j.1365-
2222.2003.01782.x 

247 Lee, G. R. & Flavell, R. A. Transgenic mice which overproduce Th2 cytokines 
develop spontaneous atopic dermatitis and asthma. Int Immunol 16, 1155-1160 
(2004). https://doi.org:10.1093/intimm/dxh117 

248 Wynn, T. A. Type 2 cytokines: mechanisms and therapeutic strategies. Nat Rev 
Immunol 15, 271-282 (2015). https://doi.org:10.1038/nri3831 

249 Lloyd, C. M. & Hessel, E. M. Functions of T cells in asthma: more than just T2 
cells. Nat Rev Immunol 10, 838-848 (2010). https://doi.org:10.1038/nri2870 

250 Wang, Y. H. & Liu, Y. J. Thymic stromal lymphopoietin, OX40-ligand, and 
interleukin-25 in allergic responses. Clin Exp Allergy 39, 798-806 (2009). 
https://doi.org:10.1111/j.1365-2222.2009.03241.x 



References 

 202 

251 Oyoshi, M. K., Larson, R. P., Ziegler, S. F. & Geha, R. S. Mechanical injury 
polarizes skin dendritic cells to elicit a T2 response by inducing cutaneous 
thymic stromal lymphopoietin expression. J Allergy Clin Immun 126, 976-U133 
(2010). https://doi.org:10.1016/j.jaci.2010.08.041 

252 Bogiatzi, S. I. et al. Cutting edge: Proinflammatory and Th2 cytokines synergize 
to induce thymic stromal lymphopoietin production by human skin keratinocytes. 
J Immunol 178, 3373-3377 (2007). https://doi.org:DOI 
10.4049/jimmunol.178.6.3373 

253 Vu, A. T. et al. membrane and diacylated lipopeptide induce thymic stromal 
lymphopoietin in keratinocytes through the Toll-like receptor 2-Toll-like receptor 
6 pathway. J Allergy Clin Immun 126, 985-U145 (2010). 
https://doi.org:10.1016/j.jaci.2010.09.002 

254 Nishi, N. et al. Enhanced CCL26 production by IL-4 through IFN-γ-induced 
upregulation of type 1 IL-4 receptor in keratinocytes. Biochem Bioph Res Co 
376, 234-240 (2008). https://doi.org:10.1016/j.bbrc.2008.08.136 

255 Kim, B. E., Leung, D. Y. M., Boguniewicz, M. & Howell, M. D. Loricrin and 
involucrin expression is down-regulated by Th2 cytokines through STAT-6. Clin 
Immunol 126, 332-337 (2008). https://doi.org:10.1016/j.clim.2007.11.006 

256 Guttman-Yassky, E. et al. Dupilumab progressively improves systemic and 
cutaneous abnormalities in patients with atopic dermatitis. J Allergy Clin Immun 
143, 155-172 (2019). https://doi.org:10.1016/j.jaci.2018.08.022 

257 Callewaert, C. et al. IL-4Rα Blockade by Dupilumab Decreases  Colonization 
and Increases Microbial Diversity in Atopic Dermatitis. J Invest Dermatol 140, 
191-+ (2020). https://doi.org:10.1016/j.jid.2019.05.024 

258 Leyva-Castillo, J. M. et al. IL-4 receptor alpha blockade dampens allergic 
inflammation and upregulates IL-17A expression to promote S aureus clearance 
in antigen sensitized mouse skin. J Allergy Clin Immun 152, 907-915 (2023). 
https://doi.org:10.1016/j.jaci.2023.05.025 

259 Griffith, J. W., Sokol, C. L. & Luster, A. D. Chemokines and Chemokine 
Receptors: Positioning Cells for Host Defense and Immunity. Annual Review of 
Immunology, Vol 32 32, 659-702 (2014). https://doi.org:10.1146/annurev-
immunol-032713-120145 

260 Nourshargh, S. & Alon, R. Leukocyte migration into inflamed tissues. Immunity 
41, 694-707 (2014). https://doi.org:10.1016/j.immuni.2014.10.008 

261 Sigmundsdottir, H. et al. DCs metabolize sunlight-induced vitamin D3 to 
'program' T cell attraction to the epidermal chemokine CCL27. Nat Immunol 8, 
285-293 (2007). https://doi.org:10.1038/ni1433 

262 Campbell, J. J. et al. The chemokine receptor CCR4 in vascular recognition by 
cutaneous but not intestinal memory T cells. Nature 400, 776-780 (1999). 
https://doi.org:10.1038/23495 

263 Jin, Y., Xia, M., Sun, A., Saylor, C. M. & Xiong, N. CCR10 is important for the 
development of skin-specific gammadeltaT cells by regulating their migration 
and location. J Immunol 185, 5723-5731 (2010). 
https://doi.org:10.4049/jimmunol.1001612 

264 Mabuchi, T. et al. CCR6 is required for epidermal trafficking of gammadelta-T 
cells in an IL-23-induced model of psoriasiform dermatitis. J Invest Dermatol 
133, 164-171 (2013). https://doi.org:10.1038/jid.2012.260 



References 

 203 

265 Ohl, L. et al. CCR7 governs skin dendritic cell migration under inflammatory and 
steady-state conditions. Immunity 21, 279-288 (2004). 
https://doi.org:10.1016/j.immuni.2004.06.014 

266 Giustizieri, M. L. et al. Keratinocytes from patients with atopic dermatitis and 
psoriasis show a distinct chemokine production profile in response to T cell-
derived cytokines. J Allergy Clin Immunol 107, 871-877 (2001). 
https://doi.org:10.1067/mai.2001.114707 

267 Liu, X. T. et al. Enhanced Migratory Ability of Neutrophils Toward Epidermis 
Contributes to the Development of Psoriasis via Crosstalk With Keratinocytes 
by Releasing IL-17A. Front Immunol 13, 817040 (2022). 
https://doi.org:10.3389/fimmu.2022.817040 

268 De Filippo, K. et al. Mast cell and macrophage chemokines CXCL1/CXCL2 
control the early stage of neutrophil recruitment during tissue inflammation. 
Blood 121, 4930-4937 (2013). https://doi.org:10.1182/blood-2013-02-486217 

269 Martin, C. et al. Chemokines acting via CXCR2 and CXCR4 control the release 
of neutrophils from the bone marrow and their return following senescence. 
Immunity 19, 583-593 (2003). https://doi.org:10.1016/s1074-7613(03)00263-2 

270 Schauber, J. & Gallo, R. L. Antimicrobial peptides and the skin immune defense 
system (Reprinted from J Allergy Clin Immunol vol 122, pg 261-6, 2008). J 
Allergy Clin Immun 124, R13-R18 (2009). 
https://doi.org:10.1016/j.jaci.2009.07.014 

271 Zhang, Q. Y. et al. Antimicrobial peptides: mechanism of action, activity and 
clinical potential. Mil Med Res 8, 48 (2021). https://doi.org:10.1186/s40779-021-
00343-2 

272 Mookherjee, N., Anderson, M. A., Haagsman, H. P. & Davidson, D. J. 
Antimicrobial host defence peptides: functions and clinical potential. Nat Rev 
Drug Discov 19, 311-332 (2020). https://doi.org:10.1038/s41573-019-0058-8 

273 Niyonsaba, F., Nagaoka, I., Ogawa, H. & Okumura, K. Multifunctional 
antimicrobial proteins and peptides: natural activators of immune systems. Curr 
Pharm Des 15, 2393-2413 (2009). 
https://doi.org:10.2174/138161209788682271 

274 Harder, J., Glaser, R. & Schroder, J. M. Human antimicrobial proteins effectors 
of innate immunity. J Endotoxin Res 13, 317-338 (2007). 
https://doi.org:10.1177/0968051907088275 

275 Pazgier, M., Hoover, D. M., Yang, D., Lu, W. & Lubkowski, J. Human beta-
defensins. Cell Mol Life Sci 63, 1294-1313 (2006). 
https://doi.org:10.1007/s00018-005-5540-2 

276 Garcia, J. R. et al. Identification of a novel, multifunctional beta-defensin (human 
beta-defensin 3) with specific antimicrobial activity. Its interaction with plasma 
membranes of Xenopus oocytes and the induction of macrophage 
chemoattraction. Cell Tissue Res 306, 257-264 (2001). 
https://doi.org:10.1007/s004410100433 

277 Zanger, P. et al. Severity of Staphylococcus aureus infection of the skin is 
associated with inducibility of human beta-defensin 3 but not human beta-
defensin 2. Infect Immun 78, 3112-3117 (2010). 
https://doi.org:10.1128/IAI.00078-10 

278 Chieosilapatham, P., Ogawa, H. & Niyonsaba, F. Current insights into the role 
of human beta-defensins in atopic dermatitis. Clin Exp Immunol 190, 155-166 
(2017). https://doi.org:10.1111/cei.13013 



References 

 204 

279 Nomura, I. et al. Cytokine milieu of atopic dermatitis, as compared to psoriasis, 
skin prevents induction of innate immune response genes. J Immunol 171, 
3262-3269 (2003). https://doi.org:10.4049/jimmunol.171.6.3262 

280 Albanesi, C. et al. IL-4 and IL-13 negatively regulate TNF-alpha- and IFN-
gamma-induced beta-defensin expression through STAT-6, suppressor of 
cytokine signaling (SOCS)-1, and SOCS-3. J Immunol 179, 984-992 (2007). 
https://doi.org:10.4049/jimmunol.179.2.984 

281 Kiatsurayanon, C. et al. Host defense (Antimicrobial) peptide, human beta-
defensin-3, improves the function of the epithelial tight-junction barrier in human 
keratinocytes. J Invest Dermatol 134, 2163-2173 (2014). 
https://doi.org:10.1038/jid.2014.143 

282 Shelley, J. R. et al. A mechanistic evaluation of human beta defensin 2 mediated 
protection of human skin barrier in vitro. Sci Rep 13, 2271 (2023). 
https://doi.org:10.1038/s41598-023-29558-0 

283 Peng, G. et al. Human beta-defensin-3 attenuates atopic dermatitis-like 
inflammation through autophagy activation and the aryl hydrocarbon receptor 
signaling pathway. J Clin Invest 132 (2022). https://doi.org:10.1172/JCI156501 

284 Niyonsaba, F., Kiatsurayanon, C., Chieosilapatham, P. & Ogawa, H. Friends or 
Foes? Host defense (antimicrobial) peptides and proteins in human skin 
diseases. Exp Dermatol 26, 989-998 (2017). https://doi.org:10.1111/exd.13314 

285 Niyonsaba, F., Nagaoka, I. & Ogawa, H. Human defensins and cathelicidins in 
the skin: beyond direct antimicrobial properties. Crit Rev Immunol 26, 545-576 
(2006). https://doi.org:10.1615/critrevimmunol.v26.i6.60 

286 Rademacher, F. et al. The Antimicrobial and Immunomodulatory Function of 
RNase 7 in Skin. Front Immunol 10, 2553 (2019). 
https://doi.org:10.3389/fimmu.2019.02553 

287 Koten, B. et al. RNase 7 contributes to the cutaneous defense against 
Enterococcus faecium. PLoS One 4, e6424 (2009). 
https://doi.org:10.1371/journal.pone.0006424 

288 Harder, J. & Schroder, J. M. RNase 7, a novel innate immune defense 
antimicrobial protein of healthy human skin. J Biol Chem 277, 46779-46784 
(2002). https://doi.org:10.1074/jbc.M207587200 

289 Simanski, M. et al. IL-17A and IFN-gamma synergistically induce RNase 7 
expression via STAT3 in primary keratinocytes. PLoS One 8, e59531 (2013). 
https://doi.org:10.1371/journal.pone.0059531 

290 Simanski, M., Dressel, S., Glaser, R. & Harder, J. RNase 7 protects healthy skin 
from Staphylococcus aureus colonization. J Invest Dermatol 130, 2836-2838 
(2010). https://doi.org:10.1038/jid.2010.217 

291 Kopfnagel, V. et al. RNase 7 downregulates TH2 cytokine production by 
activated human T cells. Allergy 72, 1694-1703 (2017). 
https://doi.org:10.1111/all.13173 

292 Kopfnagel, V. et al. RNase 7 Strongly Promotes TLR9-Mediated DNA Sensing 
by Human Plasmacytoid Dendritic Cells. J Invest Dermatol 138, 872-881 (2018). 
https://doi.org:10.1016/j.jid.2017.09.052 

293 Yang, D. et al. LL-37, the neutrophil granule- and epithelial cell-derived 
cathelicidin, utilizes formyl peptide receptor-like 1 (FPRL1) as a receptor to 
chemoattract human peripheral blood neutrophils, monocytes, and T cells. J 
Exp Med 192, 1069-1074 (2000). https://doi.org:DOI 10.1084/jem.192.7.1069 



References 

 205 

294 Kang, J., Dietz, M. J. & Li, B. Antimicrobial peptide LL-37 is bactericidal against 
Staphylococcus aureus biofilms. PLoS One 14, e0216676 (2019). 
https://doi.org:10.1371/journal.pone.0216676 

295 Ridyard, K. E. & Overhage, J. The Potential of Human Peptide LL-37 as an 
Antimicrobial and Anti-Biofilm Agent. Antibiotics (Basel) 10 (2021). 
https://doi.org:10.3390/antibiotics10060650 

296 Yu, J. et al. Host defense peptide LL-37, in synergy with inflammatory mediator 
IL-1beta, augments immune responses by multiple pathways. J Immunol 179, 
7684-7691 (2007). https://doi.org:10.4049/jimmunol.179.11.7684 

297 Akiyama, T. et al. The human cathelicidin LL-37 host defense peptide 
upregulates tight junction-related proteins and increases human epidermal 
keratinocyte barrier function. J Innate Immun 6, 739-753 (2014). 
https://doi.org:10.1159/000362789 

298 Ikutama, R. et al. Cathelicidin LL-37 Activates Human Keratinocyte Autophagy 
through the P2X(7), Mechanistic Target of Rapamycin, and MAPK Pathways. J 
Invest Dermatol 143, 751-761 e757 (2023). 
https://doi.org:10.1016/j.jid.2022.10.020 

299 Schittek, B. et al. Dermcidin: a novel human antibiotic peptide secreted by sweat 
glands. Nat Immunol 2, 1133-1137 (2001). https://doi.org:10.1038/ni732 

300 Rieg, S. et al. Deficiency of dermcidin-derived antimicrobial peptides in sweat 
of patients with atopic dermatitis correlates with an impaired innate defense of 
human skin in vivo. J Immunol 174, 8003-8010 (2005). 
https://doi.org:10.4049/jimmunol.174.12.8003 

301 Chen, Y. E., Fischbach, M. A. & Belkaid, Y. Skin microbiota-host interactions. 
Nature 553, 427-436 (2018). https://doi.org:10.1038/nature25177 

302 Byrd, A. L., Belkaid, Y. & Segre, J. A. The human skin microbiome. Nat Rev 
Microbiol 16, 143-155 (2018). https://doi.org:10.1038/nrmicro.2017.157 

303 Scharschmidt, T. C. & Fischbach, M. A. What Lives On Our Skin: Ecology, 
Genomics and Therapeutic Opportunities Of the Skin Microbiome. Drug Discov 
Today Dis Mech 10 (2013). https://doi.org:10.1016/j.ddmec.2012.12.003 

304 Bruggemann, H. et al. The complete genome sequence of Propionibacterium 
acnes, a commensal of human skin. Science 305, 671-673 (2004). 
https://doi.org:10.1126/science.1100330 

305 Gribbon, E. M., Cunliffe, W. J. & Holland, K. T. Interaction of Propionibacterium 
acnes with skin lipids in vitro. J Gen Microbiol 139, 1745-1751 (1993). 
https://doi.org:10.1099/00221287-139-8-1745 

306 Rohrbach, A. S., Slade, D. J., Thompson, P. R. & Mowen, K. A. Activation of 
PAD4 in NET formation. Frontiers in Immunology 3 (2012). https://doi.org:ARTN 
36010.3389/fimmu.2012.00360 

307 Kong, H. H. et al. Temporal shifts in the skin microbiome associated with disease 
flares and treatment in children with atopic dermatitis. Genome Res 22, 850-
859 (2012). https://doi.org:10.1101/gr.131029.111 

308 Scharschmidt, T. C. et al. Commensal Microbes and Hair Follicle 
Morphogenesis Coordinately Drive Treg Migration into Neonatal Skin. Cell Host 
Microbe 21, 467-477 e465 (2017). https://doi.org:10.1016/j.chom.2017.03.001 

309 Leech, J. M. et al. Toxin-Triggered Interleukin-1 Receptor Signaling Enables 
Early-Life Discrimination of Pathogenic versus Commensal Skin Bacteria. Cell 
Host Microbe 26, 795-809 e795 (2019). 
https://doi.org:10.1016/j.chom.2019.10.007 



References 

 206 

310 Meisel, J. S. et al. Commensal microbiota modulate gene expression in the skin. 
Microbiome 6, 20 (2018). https://doi.org:10.1186/s40168-018-0404-9 

311 Uberoi, A. et al. Commensal microbiota regulates skin barrier function and repair 
via signaling through the aryl hydrocarbon receptor. Cell Host Microbe 29, 1235-
1248 e1238 (2021). https://doi.org:10.1016/j.chom.2021.05.011 

312 Zheng, Y. et al. Commensal Staphylococcus epidermidis contributes to skin 
barrier homeostasis by generating protective ceramides. Cell Host Microbe 30, 
301-313 e309 (2022). https://doi.org:10.1016/j.chom.2022.01.004 

313 Totte, J. E. et al. Prevalence and odds of Staphylococcus aureus carriage in 
atopic dermatitis: a systematic review and meta-analysis. Br J Dermatol 175, 
687-695 (2016). https://doi.org:10.1111/bjd.14566 

314 Iwase, T. et al. Staphylococcus epidermidis Esp inhibits Staphylococcus aureus 
biofilm formation and nasal colonization. Nature 465, 346-349 (2010). 
https://doi.org:10.1038/nature09074 

315 Nakatsuji, T. et al. Antimicrobials from human skin commensal bacteria protect 
against Staphylococcus aureus and are deficient in atopic dermatitis. Sci Transl 
Med 9 (2017). https://doi.org:10.1126/scitranslmed.aah4680 

316 Naik, S. et al. Commensal-dendritic-cell interaction specifies a unique protective 
skin immune signature. Nature 520, 104-108 (2015). 
https://doi.org:10.1038/nature14052 

317 Naik, S. et al. Compartmentalized control of skin immunity by resident 
commensals. Science 337, 1115-1119 (2012). 
https://doi.org:10.1126/science.1225152 

318 Rigby, K. M. & DeLeo, F. R. Neutrophils in innate host defense against 
Staphylococcus aureus infections. Semin Immunopathol 34, 237-259 (2012). 
https://doi.org:10.1007/s00281-011-0295-3 

319 Kobayashi, S. D., Voyich, J. M., Burlak, C. & DeLeo, F. R. Neutrophils in the 
innate immune response. Arch Immunol Ther Exp (Warsz) 53, 505-517 (2005).  

320 Peiseler, M. & Kubes, P. More friend than foe: the emerging role of neutrophils 
in tissue repair. J Clin Invest 129, 2629-2639 (2019). 
https://doi.org:10.1172/JCI124616 

321 Dinauer, M. C., Lekstrom-Himes, J. A. & Dale, D. C. Inherited Neutrophil 
Disorders: Molecular Basis and New Therapies. Hematology Am Soc Hematol 
Educ Program, 303-318 (2000). https://doi.org:10.1182/asheducation-
2000.1.303 

322 Fu, X., Liu, H., Huang, G. & Dai, S. S. The emerging role of neutrophils in 
autoimmune-associated disorders: effector, predictor, and therapeutic targets. 
MedComm (2020) 2, 402-413 (2021). https://doi.org:10.1002/mco2.69 

323 Hidalgo, A., Chilvers, E. R., Summers, C. & Koenderman, L. The Neutrophil Life 
Cycle. Trends Immunol 40, 584-597 (2019). 
https://doi.org:10.1016/j.it.2019.04.013 

324 Soehnlein, O., Steffens, S., Hidalgo, A. & Weber, C. Neutrophils as protagonists 
and targets in chronic inflammation. Nat Rev Immunol 17, 248-261 (2017). 
https://doi.org:10.1038/nri.2017.10 

325 Adrover, J. M. et al. A Neutrophil Timer Coordinates Immune Defense and 
Vascular Protection (vol 50, pg 390, 2019). Immunity 51, 966-967 (2019). 
https://doi.org:10.1016/j.immuni.2019.11.001 



References 

 207 

326 Dancey, J. T., Deubelbeiss, K. A., Harker, L. A. & Finch, C. A. Neutrophil Kinetics 
in Man. Journal of Clinical Investigation 58, 705-715 (1976). https://doi.org:Doi 
10.1172/Jci108517 

327 Casanova-Acebes, M. et al. Rhythmic Modulation of the Hematopoietic Niche 
through Neutrophil Clearance. Cell 153, 1025-1035 (2013). 
https://doi.org:10.1016/j.cell.2013.04.040 

328 Summers, C. et al. Neutrophil kinetics in health and disease. Trends in 
Immunology 31, 318-324 (2010). https://doi.org:10.1016/j.it.2010.05.006 

329 Gordy, C., Pua, H., Sempowski, G. D. & He, Y. W. Regulation of steady-state 
neutrophil homeostasis by macrophages. Blood 117, 618-629 (2011). 
https://doi.org:10.1182/blood-2010-01-265959 

330 Ozcan, A. et al. CCR7-guided neutrophil redirection to skin-draining lymph 
nodes regulates cutaneous inflammation and infection. Sci Immunol 7, 
eabi9126 (2022). https://doi.org:10.1126/sciimmunol.abi9126 

331 Fadok, V. A. et al. Macrophages that have ingested apoptotic cells in vitro inhibit 
proinflammatory cytokine production through autocrine/paracrine mechanisms 
involving TGF-beta, PGE2, and PAF. Journal of Clinical Investigation 101, 890-
898 (1998). https://doi.org:Doi 10.1172/Jci1112 

332 Korns, D., Frasch, S. C., Fernandez-Boyanapalli, R., Henson, P. M. & Bratton, 
D. L. Modulation of macrophage efferocytosis in inflammation. Front Immunol 
2, 57 (2011). https://doi.org:10.3389/fimmu.2011.00057 

333 Ren, Y. et al. Apoptotic cells protect mice against lipopolysaccharide-induced 
shock. Journal of Immunology 180, 4978-4985 (2008). https://doi.org:DOI 
10.4049/jimmunol.180.7.4978 

334 Greenlee-Wacker, M. C. Clearance of apoptotic neutrophils and resolution of 
inflammation. Immunol Rev 273, 357-370 (2016). 
https://doi.org:10.1111/imr.12453 

335 Liew, P. X. & Kubes, P. The Neutrophil's Role During Health and Disease. 
Physiol Rev 99, 1223-1248 (2019). https://doi.org:10.1152/physrev.00012.2018 

336 Ballesteros, I. et al. Co-option of Neutrophil Fates by Tissue Environments. Cell 
183, 1282-+ (2020). https://doi.org:10.1016/j.cell.2020.10.003 

337 Cartwright, G. E. et al. Blood Granulocyte Kinetics in Conditions Associated with 
Granulocytosis. Ann N Y Acad Sci 113, 963-967 (1964). 
https://doi.org:10.1111/j.1749-6632.1964.tb40716.x 

338 Pillay, J. et al. In vivo labeling with (H2O)-H-2 reveals a human neutrophil 
lifespan of 5.4 days. Blood 116, 625-627 (2010). https://doi.org:10.1182/blood-
2010-01-259028 

339 Tofts, P. S., Chevassut, T., Cutajar, M., Dowell, N. G. & Peters, A. M. Doubts 
concerning the recently reported human neutrophil lifespan of 5.4 days. Blood 
117, 6050-6052 (2011). https://doi.org:10.1182/blood-2010-10-310532 

340 Fox, S., Leitch, A. E., Duffin, R., Haslett, C. & Rossi, A. G. Neutrophil Apoptosis: 
Relevance to the Innate Immune Response and Inflammatory Disease. Journal 
of Innate Immunity 2, 216-227 (2010). https://doi.org:10.1159/000284367 

341 Bernad, A. et al. Interleukin-6 Is Required in-Vivo for the Regulation of Stem-
Cells and Committed Progenitors of the Hematopoietic System. Immunity 1, 
725-731 (1994). https://doi.org:Doi 10.1016/S1074-7613(94)80014-6 

342 Yvan-Charvet, L. & Ng, L. G. Granulopoiesis and Neutrophil Homeostasis: A 
Metabolic, Daily Balancing Act. Trends Immunol 40, 598-612 (2019). 
https://doi.org:10.1016/j.it.2019.05.004 



References 

 208 

343 Cassatella, M. A. Neutrophil-derived proteins: Selling cytokines by the pound. 
Adv Immunol 73, 369-509 (1999). https://doi.org:Doi 10.1016/S0065-
2776(08)60791-9 

344 Haslett, C., Guthrie, L. A., Kopaniak, M. M., Johnston, R. B. & Henson, P. M. 
Modulation of Multiple Neutrophil Functions by Preparative Methods or Trace 
Concentrations of Bacterial Lipopolysaccharide. American Journal of Pathology 
119, 101-110 (1985).  

345 Haslett, C. Granulocyte apoptosis and its role in the resolution and control of 
lung inflammation. American Journal of Respiratory and Critical Care Medicine 
160, S5-S11 (1999). https://doi.org:DOI 10.1164/ajrccm.160.supplement_1.4 

346 Miralda, I., Uriarte, S. M. & McLeish, K. R. Multiple Phenotypic Changes Define 
Neutrophil Priming. Front Cell Infect Microbiol 7, 217 (2017). 
https://doi.org:10.3389/fcimb.2017.00217 

347 Ley, K., Laudanna, C., Cybulsky, M. I. & Nourshargh, S. Getting to the site of 
inflammation: the leukocyte adhesion cascade updated. Nat Rev Immunol 7, 
678-689 (2007). https://doi.org:10.1038/nri2156 

348 Mócsai, A., Walzog, B. & Lowell, C. A. Intracellular signalling during neutrophil 
recruitment. Cardiovasc Res 107, 373-385 (2015). 
https://doi.org:10.1093/cvr/cvv159 

349 Futosi, K., Fodor, S. & Mócsai, A. Neutrophil cell surface receptors and their 
intracellular signal transduction pathways. Int Immunopharmacol 17, 638-650 
(2013). https://doi.org:10.1016/j.intimp.2013.06.034 

350 Kolaczkowska, E. & Kubes, P. Neutrophil recruitment and function in health and 
inflammation. Nat Rev Immunol 13, 159-175 (2013). 
https://doi.org:10.1038/nri3399 

351 Park, S. A. & Hyun, Y. M. Neutrophil Extravasation Cascade: What Can We 
Learn from Two-photon Intravital Imaging? Immune Netw 16, 317-321 (2016). 
https://doi.org:10.4110/in.2016.16.6.317 

352 Ridley, A. J. et al. Cell migration: integrating signals from front to back. Science 
302, 1704-1709 (2003). https://doi.org:10.1126/science.1092053 

353 Stephens, L., Milne, L. & Hawkins, P. Moving towards a better understanding of 
chemotaxis. Curr Biol 18, R485-494 (2008). 
https://doi.org:10.1016/j.cub.2008.04.048 

354 Williams, M. R., Azcutia, V., Newton, G., Alcaide, P. & Luscinskas, F. W. 
Emerging mechanisms of neutrophil recruitment across endothelium. Trends 
Immunol 32, 461-469 (2011). https://doi.org:10.1016/j.it.2011.06.009 

355 Carman, C. V. Mechanisms for transcellular diapedesis: probing and pathfinding 
by 'invadosome-like protrusions'. J Cell Sci 122, 3025-3035 (2009). 
https://doi.org:10.1242/jcs.047522 

356 Filippi, M. D. Mechanism of Diapedesis: Importance of the Transcellular Route. 
Adv Immunol 129, 25-53 (2016). https://doi.org:10.1016/bs.ai.2015.09.001 

357 Woodfin, A. et al. The junctional adhesion molecule JAM-C regulates polarized 
transendothelial migration of neutrophils in vivo. Nat Immunol 12, 761-769 
(2011). https://doi.org:10.1038/ni.2062 

358 Arancibia, S. A. et al. Toll-like receptors are key participants in innate immune 
responses. Biol Res 40, 97-112 (2007). https://doi.org:10.4067/s0716-
97602007000200001 

359 Zeytun, A., Chaudhary, A., Pardington, P., Cary, R. & Gupta, G. Induction of 
cytokines and chemokines by Toll-like receptor signaling: strategies for control 



References 

 209 

of inflammation. Crit Rev Immunol 30, 53-67 (2010). 
https://doi.org:10.1615/critrevimmunol.v30.i1.40 

360 Heit, B. et al. PTEN functions to 'prioritize' chemotactic cues and prevent 
'distraction' in migrating neutrophils. Nat Immunol 9, 743-752 (2008). 
https://doi.org:10.1038/ni.1623 

361 de Oliveira, S., Rosowski, E. E. & Huttenlocher, A. Neutrophil migration in 
infection and wound repair: going forward in reverse. Nat Rev Immunol 16, 378-
391 (2016). https://doi.org:10.1038/nri.2016.49 

362 Oyoshi, M. K. et al. Leukotriene B4-driven neutrophil recruitment to the skin is 
essential for allergic skin inflammation. Immunity 37, 747-758 (2012). 
https://doi.org:10.1016/j.immuni.2012.06.018 

363 Lammermann, T. In the eye of the neutrophil swarm-navigation signals that 
bring neutrophils together in inflamed and infected tissues. J Leukoc Biol 100, 
55-63 (2016). https://doi.org:10.1189/jlb.1MR0915-403 

364 de Oliveira, S., Rosowski, E. E. & Huttenlocher, A. Neutrophil migration in 
infection and wound repair: going forward in reverse. Nat Rev Immunol 16, 378-
391 (2016). https://doi.org:10.1038/nri.2016.49 

365 Buckley, C. D. et al. Identification of a phenotypically and functionally distinct 
population of long-lived neutrophils in a model of reverse endothelial migration. 
J Leukoc Biol 79, 303-311 (2006). https://doi.org:10.1189/jlb.0905496 

366 Skopelja-Gardner, S. et al. Acute skin exposure to ultraviolet light triggers 
neutrophil-mediated kidney inflammation. Proc Natl Acad Sci U S A 118 (2021). 
https://doi.org:10.1073/pnas.2019097118 

367 Colom, B. et al. Leukotriene B4-Neutrophil Elastase Axis Drives Neutrophil 
Reverse Transendothelial Cell Migration In Vivo. Immunity 42, 1075-1086 
(2015). https://doi.org:10.1016/j.immuni.2015.05.010 

368 Kobayashi, S. D., Malachowa, N. & Deleo, F. R. Neutrophils and Bacterial 
Immune Evasion. J Innate Immun 10, 432-441 (2018). 
https://doi.org:10.1159/000487756 

369 Lee, W. L., Harrison, R. E. & Grinstein, S. Phagocytosis by neutrophils. 
Microbes Infect 5, 1299-1306 (2003). 
https://doi.org:10.1016/j.micinf.2003.09.014 

370 Klebanoff, S. J., Kettle, A. J., Rosen, H., Winterbourn, C. C. & Nauseef, W. M. 
Myeloperoxidase: a front-line defender against phagocytosed microorganisms. 
J Leukocyte Biol 93, 185-198 (2013). https://doi.org:10.1189/jlb.0712349 

371 Winterbourn, C. C., Hampton, M. B., Livesey, J. H. & Kettle, A. J. Modeling the 
reactions of superoxide and myeloperoxidase in the neutrophil phagosome - 
Implications for microbial killing. J Biol Chem 281, 39860-39869 (2006). 
https://doi.org:10.1074/jbc.M605898200 

372 Segal, B. H., Leto, T. L., Gallin, J. I., Malech, H. L. & Holland, S. M. Genetic, 
biochemical, and clinical features of chronic granulomatous disease. Medicine 
79, 170-200 (2000). https://doi.org:Doi 10.1097/00005792-200005000-00004 

373 Borregaard, N. & Cowland, J. B. Granules of the human neutrophilic 
polymorphonuclear leukocyte. Blood 89, 3503-3521 (1997). https://doi.org:DOI 
10.1182/blood.V89.10.3503.3503_3503_3521 

374 Borregaard, N. & Cowland, J. B. Granules of the human neutrophilic 
polymorphonuclear leukocyte. Blood 89, 3503-3521 (1997).  

375 Lacy, P. Mechanisms of degranulation in neutrophils. Allergy Asthma Clin 
Immunol 2, 98-108 (2006). https://doi.org:10.1186/1710-1492-2-3-98 



References 

 210 

376 Aguila, A. et al. Bacteriostatic activity of human lactoferrin against  is a function 
of its iron-binding properties and is not influenced by antibiotic resistance. Fems 
Immunol Med Mic 31, 145-152 (2001). https://doi.org:DOI 10.1111/j.1574-
695X.2001.tb00511.x 

377 Flo, T. H. et al. Lipocalin 2 mediates an innate immune response to bacterial 
infection by sequestrating iron. Nature 432, 917-921 (2004). 
https://doi.org:10.1038/nature03104 

378 Soehnlein, O. et al. Neutrophil-derived heparin-binding protein (HBP/CAP37) 
deposited on endothelium enhances monocyte arrest under flow conditions. 
Journal of Immunology 174, 6399-6405 (2005). https://doi.org:DOI 
10.4049/jimmunol.174.10.6399 

379 Sengelov, H., Kjeldsen, L. & Borregaard, N. Control of exocytosis in early 
neutrophil activation. J Immunol 150, 1535-1543 (1993).  

380 Sengelov, H. et al. Mobilization of granules and secretory vesicles during in vivo 
exudation of human neutrophils. J Immunol 154, 4157-4165 (1995).  

381 Burgoyne, R. D. & Morgan, A. Secretory granule exocytosis. Physiol Rev 83, 
581-632 (2003). https://doi.org:10.1152/physrev.00031.2002 

382 Steinberg, B. E. & Grinstein, S. Unconventional roles of the NADPH oxidase: 
signaling, ion homeostasis, and cell death. Sci STKE 2007, pe11 (2007). 
https://doi.org:10.1126/stke.3792007pe11 

383 Brinkmann, V. et al. Neutrophil extracellular traps kill bacteria. Science 303, 
1532-1535 (2004). https://doi.org:DOI 10.1126/science.1092385 

384 Urban, C. F. et al. Neutrophil Extracellular Traps Contain Calprotectin, a 
Cytosolic Protein Complex Involved in Host Defense against Candida albicans. 
Plos Pathogens 5 (2009). https://doi.org:ARTN 
e100063910.1371/journal.ppat.1000639 

385 Vorobjeva, N. V. & Chernyak, B. V. NETosis: Molecular Mechanisms, Role in 
Physiology and Pathology. Biochemistry-Moscow+ 85, 1178-1190 (2020). 
https://doi.org:10.1134/S0006297920100065 

386 Brinkmann, V. & Zychlinsky, A. Beneficial suicide: why neutrophils die to make 
NETs. Nature Reviews Microbiology 5, 577-582 (2007). 
https://doi.org:10.1038/nrmicro1710 

387 Branzk, N. et al. Neutrophils sense microbe size and selectively release 
neutrophil extracellular traps in response to large pathogens. Nature 
Immunology 15, 1017-1025 (2014). https://doi.org:10.1038/ni.2987 

388 Walker, M. J. et al. DNase Sda1 provides selection pressure for a switch to 
invasive group A streptococcal infection. Nature Medicine 13, 981-985 (2007). 
https://doi.org:10.1038/nm1612 

389 Fuchs, T. A. et al. Novel cell death program leads to neutrophil extracellular 
traps. Journal of Cell Biology 176, 231-241 (2007). 
https://doi.org:10.1083/jcb.200606027 

390 Yipp, B. G. et al. Infection-induced NETosis is a dynamic process involving 
neutrophil multitasking. Nat Med 18, 1386-+ (2012). 
https://doi.org:10.1038/nm.2847 

391 Papayannopoulos, V., Metzler, K. D., Hakkim, A. & Zychlinsky, A. Neutrophil 
elastase and myeloperoxidase regulate the formation of neutrophil extracellular 
traps. J Cell Biol 191, 677-691 (2010). https://doi.org:10.1083/jcb.201006052 

392 Leshner, M. et al. PAD4 mediated histone hypercitrullination induces 
heterochromatin decondensation and chromatin unfolding to form neutrophil 



References 

 211 

extracellular trap-like structures. Front Immunol 3, 307 (2012). 
https://doi.org:10.3389/fimmu.2012.00307 

393 Thiam, H. R., Wong, S. L., Wagner, D. D. & Waterman, C. M. Cellular 
Mechanisms of NETosis. Annu Rev Cell Dev Biol 36, 191-218 (2020). 
https://doi.org:10.1146/annurev-cellbio-020520-111016 

394 Li, Y. et al. Nuclear envelope rupture and NET formation is driven by PKCalpha-
mediated lamin B disassembly. EMBO Rep 21, e48779 (2020). 
https://doi.org:10.15252/embr.201948779 

395 Sollberger, G. et al. Gasdermin D plays a vital role in the generation of neutrophil 
extracellular traps. Sci Immunol 3 (2018). 
https://doi.org:10.1126/sciimmunol.aar6689 

396 Munzer, P. et al. NLRP3 Inflammasome Assembly in Neutrophils Is Supported 
by PAD4 and Promotes NETosis Under Sterile Conditions. Front Immunol 12, 
683803 (2021). https://doi.org:10.3389/fimmu.2021.683803 

397 Neubert, E. et al. Chromatin swelling drives neutrophil extracellular trap release. 
Nat Commun 9, 3767 (2018). https://doi.org:10.1038/s41467-018-06263-5 

398 Pilsczek, F. H. et al. A Novel Mechanism of Rapid Nuclear Neutrophil 
Extracellular Trap Formation in Response to Staphylococcus aureus. Journal of 
Immunology 185, 7413-7425 (2010). https://doi.org:10.4049/jimmunol.1000675 

399 Yipp, B. G. et al. Infection-induced NETosis is a dynamic process involving 
neutrophil multitasking in vivo. Nature Medicine 18, 1386-+ (2012). 
https://doi.org:10.1038/nm.2847 

400 Farrera, C. & Fadeel, B. Macrophage Clearance of Neutrophil Extracellular 
Traps Is a Silent Process. Journal of Immunology 191, 2647-2656 (2013). 
https://doi.org:10.4049/jimmunol.1300436 

401 Hayashi, F., Means, T. K. & Luster, A. D. Toll-like receptors stimulate human 
neutrophil function. Blood 102, 2660-2669 (2003). https://doi.org:DOI 
10.1182/blood-2003-04-1078 

402 Tamassia, N. et al. Human neutrophils activated via TLR8 promote Th17 
polarization through IL-23. Journal of Leukocyte Biology 105, 1155-1165 (2019). 
https://doi.org:10.1002/Jlb.Ma0818-308r 

403 Clarke, T. B. et al. Recognition of peptidoglycan from the microbiota by Nod1 
enhances systemic innate immunity. Nature Medicine 16, 228-U137 (2010). 
https://doi.org:10.1038/nm.2087 

404 Dorward, D. A. et al. The role of formylated peptides and formyl peptide receptor 
1 in governing neutrophil function during acute inflammation. Am J Pathol 185, 
1172-1184 (2015). https://doi.org:10.1016/j.ajpath.2015.01.020 

405 Tecchio, C., Micheletti, A. & Cassatella, M. A. Neutrophil-derived cytokines: 
facts beyond expression. Frontiers in Immunology 5, 1-7 (2014). 
https://doi.org:ARTN 50810.3389/fimmu.2014.00508 

406 Sender, R. et al. The total mass, number, and distribution of immune cells in the 
human body. Proc Natl Acad Sci U S A 120, e2308511120 (2023). 
https://doi.org:10.1073/pnas.2308511120 

407 Dong, X. et al. Keratinocyte-derived defensins activate neutrophil-specific 
receptors Mrgpra2a/b to prevent skin dysbiosis and bacterial infection. Immunity 
55, 1645-1662 e1647 (2022). https://doi.org:10.1016/j.immuni.2022.06.021 

408 Di Domizio, J. et al. The commensal skin microbiota triggers type I IFN-
dependent innate repair responses in injured skin. Nat Immunol 21, 1034-1045 
(2020). https://doi.org:10.1038/s41590-020-0721-6 



References 

 212 

409 Rosales, C. Neutrophils at the crossroads of innate and adaptive immunity. J 
Leukocyte Biol 108, 377-396 (2020). https://doi.org:10.1002/Jlb.4mir0220-574rr 

410 Pelletier, M. et al. Evidence for a cross-talk between human neutrophils and 
Th17 cells. Blood 115, 335-343 (2010). https://doi.org:10.1182/blood-2009-04-
216085 

411 Andoh, A. et al. Interleukin-17 augments tumor necrosis factor-α-induced 
granulocyte and granulocyte/macrophage colony-stimulating factor release 
from human colonic myofibroblasts. J Gastroenterol 40, 802-810 (2005). 
https://doi.org:10.1007/s00535-005-1632-x 

412 Soehnlein, O. & Lindbom, L. Phagocyte partnership during the onset and 
resolution of inflammation. Nature Reviews Immunology 10, 427-439 (2010). 
https://doi.org:10.1038/nri2779 

413 Nakabo, S., Romo-Tena, J. & Kaplan, M. J. Neutrophils as Drivers of Immune 
Dysregulation in Autoimmune Diseases with Skin Manifestations. J Invest 
Dermatol 142, 823-833 (2022). https://doi.org:10.1016/j.jid.2021.04.014 

414 Hilger, R. A., Neuber, K. & Konig, W. Conversion of Leukotriene A4 by 
Neutrophils and Platelets from Patients with Atopic-Dermatitis. Immunology 74, 
689-695 (1991).  

415 Fogh, K., Herlin, T. & Kragballe, K. Eicosanoids in Skin of Patients with Atopic-
Dermatitis - Prostaglandin-E2 and Leukotriene-B4 Are Present in Biologically-
Active Concentrations. J Allergy Clin Immun 83, 450-455 (1989). 
https://doi.org:Doi 10.1016/0091-6749(89)90132-2 

416 Thorsen, S., Fogh, K., Brobyjohansen, U. & Sondergaard, J. Leukotriene-B4 in 
Atopic-Dermatitis - Increased Skin Levels and Altered Sensitivity of Peripheral-
Blood T-Cells. Allergy 45, 457-463 (1990). https://doi.org:DOI 10.1111/j.1398-
9995.1990.tb01097.x 

417 Koro, O., Furutani, K., Hide, M., Yamada, S. & Yamamoto, S. Chemical 
mediators in atopic dermatitis:: Involvement of leukotriene B released by a type 
I allergic reaction in the pathogenesis of atopic dermatitis. J Allergy Clin Immun 
103, 663-670 (1999). https://doi.org:Doi 10.1016/S0091-6749(99)70240-X 

418 Zheng, C., Cao, T., Ye, C. & Zou, Y. Neutrophil recruitment by CD4 tissue-
resident memory T cells induces chronic recurrent inflammation in atopic 
dermatitis. Clin Immunol 256, 109805 (2023). 
https://doi.org:10.1016/j.clim.2023.109805 

419 Walsh, C. M. et al. Neutrophils promote CXCR3-dependent itch in the 
development of atopic dermatitis. Elife 8 (2019). https://doi.org:ARTN 
e4844810.7554/elife.48448 

420 Shibuya, R., Kitoh, A., Hanakawa, S., Ishida, Y. & Kabashima, K. Essential role 
of CCL2-CCR2 axis in the pathogenesis of chronic irritant contact dermatitis. J 
Immunol 204 (2020).  

421 Wang, W. M. & Jin, H. Z. Role of Neutrophils in Psoriasis. J Immunol Res 2020, 
3709749 (2020). https://doi.org:10.1155/2020/3709749 

422 Shao, S. et al. Neutrophil Extracellular Traps Promote Inflammatory Responses 
in Psoriasis via Activating Epidermal TLR4/IL-36R Crosstalk. Front Immunol 10, 
746 (2019). https://doi.org:10.3389/fimmu.2019.00746 

423 Hu, S. C. et al. Neutrophil extracellular trap formation is increased in psoriasis 
and induces human beta-defensin-2 production in epidermal keratinocytes. Sci 
Rep 6, 31119 (2016). https://doi.org:10.1038/srep31119 



References 

 213 

424 Dilek, N. et al. Contribution of myeloperoxidase and inducible nitric oxide 
synthase to pathogenesis of psoriasis. Postepy Dermatol Alergol 33, 435-439 
(2016). https://doi.org:10.5114/ada.2016.63882 

425 Guo, J., Tu, J., Hu, Y., Song, G. & Yin, Z. Cathepsin G cleaves and activates IL-
36gamma and promotes the inflammation of psoriasis. Drug Des Devel Ther 
13, 581-588 (2019). https://doi.org:10.2147/DDDT.S194765 

426 Meyer-Hoffert, U., Wingertszahn, J. & Wiedow, O. Human leukocyte elastase 
induces keratinocyte proliferation by epidermal growth factor receptor 
activation. J Invest Dermatol 123, 338-345 (2004). 
https://doi.org:10.1111/j.0022-202X.2004.23202.x 

427 Dömer, D., Walther, T., Möller, S., Behnen, M. & Laskay, T. Neutrophil 
Extracellular Traps Activate Proinflammatory Functions of Human Neutrophils. 
Front Immunol 12 (2021). https://doi.org:ARTN 
63695410.3389/fimmu.2021.636954 

428 Cao, T. et al. Neutrophil extracellular traps promote keratinocyte inflammation 
via AIM2 inflammasome and AIM2-XIAP in psoriasis. Exp Dermatol 32, 368-378 
(2023). https://doi.org:10.1111/exd.14711 

429 Lambert, S. et al. Neutrophil Extracellular Traps Induce Human Th17 Cells: 
Effect of Psoriasis-Associated TRAF3IP2 Genotype. J Invest Dermatol 139, 
1245-1253 (2019). https://doi.org:10.1016/j.jid.2018.11.021 

430 Moos, S., Mohebiany, A. N., Waisman, A. & Kurschus, F. C. Imiquimod-Induced 
Psoriasis in Mice Depends on the IL-17 Signaling of Keratinocytes. J Invest 
Dermatol 139, 1110-1117 (2019). https://doi.org:10.1016/j.jid.2019.01.006 

431 Lin, A. M. et al. Mast cells and neutrophils release IL-17 through extracellular 
trap formation in psoriasis. J Immunol 187, 490-500 (2011). 
https://doi.org:10.4049/jimmunol.1100123 

432 Lande, R. et al. Neutrophils activate plasmacytoid dendritic cells by releasing 
self-DNA-peptide complexes in systemic lupus erythematosus. Sci Transl Med 
3, 73ra19 (2011). https://doi.org:10.1126/scitranslmed.3001180 

433 Herster, F. et al. Neutrophil extracellular trap-associated RNA and LL37 enable 
self-amplifying inflammation in psoriasis. Nat Commun 11, 105 (2020). 
https://doi.org:10.1038/s41467-019-13756-4 

434 Skrzeczynska-Moncznik, J. et al. Secretory leukocyte proteinase inhibitor-
competent DNA deposits are potent stimulators of plasmacytoid dendritic cells: 
implication for psoriasis. J Immunol 189, 1611-1617 (2012). 
https://doi.org:10.4049/jimmunol.1103293 

435 Lood, C. et al. Neutrophil extracellular traps enriched in oxidized mitochondrial 
DNA are interferogenic and contribute to lupus-like disease. Nat Med 22, 146-
153 (2016). https://doi.org:10.1038/nm.4027 

436 Khandpur, R. et al. NETs are a source of citrullinated autoantigens and stimulate 
inflammatory responses in rheumatoid arthritis. Sci Transl Med 5, 178ra140 
(2013). https://doi.org:10.1126/scitranslmed.3005580 

437 Georgakis, S. et al. NETs decorated with bioactive IL-33 infiltrate inflamed 
tissues and induce IFN-alpha production in patients with SLE. JCI Insight 6 
(2021). https://doi.org:10.1172/jci.insight.147671 

438 Safi, R., Al-Hage, J., Abbas, O., Kibbi, A. G. & Nassar, D. Investigating the 
presence of neutrophil extracellular traps in cutaneous lesions of different 
subtypes of lupus erythematosus. Exp Dermatol 28, 1348-1352 (2019). 
https://doi.org:10.1111/exd.14040 



References 

 214 

439 Gestermann, N. et al. Netting Neutrophils Activate Autoreactive B Cells in 
Lupus. J Immunol 200, 3364-3371 (2018). 
https://doi.org:10.4049/jimmunol.1700778 

440 Lande, R. et al. Neutrophils Activate Plasmacytoid Dendritic Cells by Releasing 
Self-DNA-Peptide Complexes in Systemic Lupus Erythematosus. Sci Transl 
Med 3 (2011). https://doi.org:ARTN 73ra1910.1126/scitranslmed.3001180 

441 Kahlenberg, J. M., Carmona-Rivera, C., Smith, C. K. & Kaplan, M. J. Neutrophil 
Extracellular Trap-Associated Protein Activation of the NLRP3 Inflammasome 
Is Enhanced in Lupus Macrophages. J Immunol 190, 1217-1226 (2013). 
https://doi.org:10.4049/jimmunol.1202388 

442 Jaffri, J. M. D. Reactive Oxygen Species and Antioxidant System in Selected 
Skin Disorders. Malays J Med Sci 30, 7-20 (2023). 
https://doi.org:10.21315/mjms2023.30.1.2 

443 Yokoyama, S., Hiramoto, K. & Yamate, Y. Impaired skin barrier function caused 
by reactive oxygen species in mice with colonic tumours. Cutan Ocul Toxicol 
38, 349-355 (2019). https://doi.org:10.1080/15569527.2019.1622559 

444 Hoste, E. et al. Epithelial HMGB1 Delays Skin Wound Healing and Drives Tumor 
Initiation by Priming Neutrophils for NET Formation. Cell Rep 29, 2689-2701 
(2019). https://doi.org:10.1016/j.celrep.2019.10.104 

445 Watanabe, S. et al. Neutrophil extracellular traps are induced in a psoriasis 
model of interleukin-36 receptor antagonist-deficient mice. Sci Rep 10, 20149 
(2020). https://doi.org:10.1038/s41598-020-76864-y 

446 Mutua, V. & Gershwin, L. J. A Review of Neutrophil Extracellular Traps (NETs) 
in Disease: Potential Anti-NETs Therapeutics. Clin Rev Allergy Immunol 61, 
194-211 (2021). https://doi.org:10.1007/s12016-020-08804-7 

447 Wertheim, H. F. et al. The role of nasal carriage in Staphylococcus aureus 
infections. Lancet Infect Dis 5, 751-762 (2005). https://doi.org:10.1016/S1473-
3099(05)70295-4 

448 Hanselman, B. A., Kruth, S. A., Rousseau, J. & Weese, J. S. Coagulase positive 
staphylococcal colonization of humans and their household pets. Can Vet J 50, 
954-958 (2009).  

449 Lowy, F. D. Staphylococcus aureus infections. N Engl J Med 339, 520-532 
(1998). https://doi.org:10.1056/NEJM199808203390806 

450 Nouwen, J. L., Fieren, M. W., Snijders, S., Verbrugh, H. A. & van Belkum, A. 
Persistent (not intermittent) nasal carriage of Staphylococcus aureus is the 
determinant of CPD-related infections. Kidney Int 67, 1084-1092 (2005). 
https://doi.org:10.1111/j.1523-1755.2005.00174.x 

451 Kluytmans, J. A. & Wertheim, H. F. Nasal carriage of Staphylococcus aureus 
and prevention of nosocomial infections. Infection 33, 3-8 (2005). 
https://doi.org:10.1007/s15010-005-4012-9 

452 Turner, N. A. et al. Methicillin-resistant Staphylococcus aureus: an overview of 
basic and clinical research. Nat Rev Microbiol 17, 203-218 (2019). 
https://doi.org:10.1038/s41579-018-0147-4 

453 Leung, A. D., Schiltz, A. M., Hall, C. F. & Liu, A. H. Severe atopic dermatitis is 
associated with a high burden of environmental Staphylococcus aureus. Clin 
Exp Allergy 38, 789-793 (2008). https://doi.org:10.1111/j.1365-
2222.2008.02964.x 

454 Peschel, A. & Otto, M. Phenol-soluble modulins and staphylococcal infection. 
Nat Rev Microbiol 11, 667-673 (2013). https://doi.org:10.1038/nrmicro3110 



References 

 215 

455 Nakagawa, S. et al. Staphylococcus aureus Virulent PSMalpha Peptides Induce 
Keratinocyte Alarmin Release to Orchestrate IL-17-Dependent Skin 
Inflammation. Cell Host Microbe 22, 667-677 e665 (2017). 
https://doi.org:10.1016/j.chom.2017.10.008 

456 Geoghegan, J. A., Irvine, A. D. & Foster, T. J. Staphylococcus aureus and Atopic 
Dermatitis: A Complex and Evolving Relationship. Trends Microbiol 26, 484-497 
(2018). https://doi.org:10.1016/j.tim.2017.11.008 

457 Huang, J. T., Abrams, M., Tlougan, B., Rademaker, A. & Paller, A. S. Treatment 
of Staphylococcus aureus colonization in atopic dermatitis decreases disease 
severity. Pediatrics 123, e808-814 (2009). https://doi.org:10.1542/peds.2008-
2217 

458 Chen, H. et al. Exploring the Role of Staphylococcus aureus in Inflammatory 
Diseases. Toxins (Basel) 14 (2022). https://doi.org:10.3390/toxins14070464 

459 Jenul, C. & Horswill, A. R. Regulation of Staphylococcus aureus Virulence. 
Microbiol Spectr 7 (2019). https://doi.org:10.1128/microbiolspec.GPP3-0031-
2018 

460 Le, K. Y. & Otto, M. Quorum-sensing regulation in staphylococci-an overview. 
Front Microbiol 6, 1174 (2015). https://doi.org:10.3389/fmicb.2015.01174 

461 Mazzoleni, V., Zimmermann, K., Smirnova, A., Tarassov, I. & Prévost, G. 
Panton-Valentine Leukocidin triggers an alternative NETosis process targeting 
mitochondria. Faseb J 35 (2021). https://doi.org:10.1096/fj.201902981R 

462 Björnsdottir, H. et al. Phenol-soluble Modulin a Peptide Toxins from aggressive  
induce rapid Formation of neutrophil extracellular Traps through a reactive 
Oxygen species-independent Pathway. Front Immunol 8 (2017). 
https://doi.org:ARTN 25710.3389/fimmu.2017.00257 

463 Damour, A. et al. Phenol-soluble modulins alpha are major virulence factors of 
Staphylococcus aureus secretome promoting inflammatory response in human 
epidermis. Virulence 12, 2474-2492 (2021). 
https://doi.org:10.1080/21505594.2021.1975909 

464 Surewaard, B. G. et al. Staphylococcal alpha-phenol soluble modulins 
contribute to neutrophil lysis after phagocytosis. Cell Microbiol 15, 1427-1437 
(2013). https://doi.org:10.1111/cmi.12130 

465 Schwartz, K., Syed, A. K., Stephenson, R. E., Rickard, A. H. & Boles, B. R. 
Functional amyloids composed of phenol soluble modulins stabilize 
Staphylococcus aureus biofilms. PLoS Pathog 8, e1002744 (2012). 
https://doi.org:10.1371/journal.ppat.1002744 

466 Di Domenico, E. G. et al. Inflammatory cytokines and biofilm production sustain 
Staphylococcus aureus outgrowth and persistence: a pivotal interplay in the 
pathogenesis of Atopic Dermatitis. Sci Rep 8, 9573 (2018). 
https://doi.org:10.1038/s41598-018-27421-1 

467 Gonzalez, T., Stevens, M. L. & Kyzy, A. B. Biofilm Propensity of Staphylococcus 
Aureus Skin Isolates Is Associated With Increased Atopic Dermatitis Severity 
and Barrier Dysfunction in the MPAACH Pediatric Cohort. Pediatrics 148, S15-
S15 (2021). https://doi.org:10.1542/peds.2021-053843T 

468 Gonzalez, T. et al. Biofilm propensity of Staphylococcus aureus skin isolates is 
associated with increased atopic dermatitis severity and barrier dysfunction in 
the MPAACH pediatric cohort. Allergy 76, 302-313 (2021). 
https://doi.org:10.1111/all.14489 



References 

 216 

469 Kim, J. et al. Staphylococcus aureus causes aberrant epidermal lipid 
composition and skin barrier dysfunction. Allergy 78, 1292-1306 (2023). 
https://doi.org:10.1111/all.15640 

470 Wichmann, K. et al. Isolation of alpha-toxin-producing Staphylococcus aureus 
from the skin of highly sensitized adult patients with severe atopic dermatitis. Br 
J Dermatol 161, 300-305 (2009). https://doi.org:10.1111/j.1365-
2133.2009.09229.x 

471 Williams, M. R., Nakatsuji, T., Sanford, J. A., Vrbanac, A. F. & Gallo, R. L. 
Induces Increased Serine Protease Activity in Keratinocytes. J Invest Dermatol 
137, 377-384 (2017). https://doi.org:10.1016/j.jid.2016.10.008 

472 Cluzet, V. C. et al. Risk factors for recurrent colonization with methicillin-
resistant Staphylococcus aureus in community-dwelling adults and children. 
Infect Control Hosp Epidemiol 36, 786-793 (2015). 
https://doi.org:10.1017/ice.2015.76 

473 Youn, C. et al. Neutrophil-intrinsic TNF receptor signaling orchestrates host 
defense against Staphylococcus aureus. Sci Adv 9 (2023). 
https://doi.org:10.1126/sciadv.adf8748 

474 Xue, J. N. et al. Lymph-derived chemokines direct early neutrophil infiltration in 
the lymph nodes upon skin infection. P Natl Acad Sci USA 119 (2022). 
https://doi.org:ARTN e211172611910.1073/pnas.2111726119 

475 Miller, L. S. & Cho, J. S. Immunity against  cutaneous infections. Nat Rev 
Immunol 11, 505-518 (2011). https://doi.org:10.1038/nri3010 

476 Miller, L. S. et al. Inflammasome-mediated production of IL-1beta is required for 
neutrophil recruitment against Staphylococcus aureus in vivo. J Immunol 179, 
6933-6942 (2007). https://doi.org:10.4049/jimmunol.179.10.6933 

477 Munoz-Planillo, R., Franchi, L., Miller, L. S. & Nunez, G. A critical role for 
hemolysins and bacterial lipoproteins in Staphylococcus aureus-induced 
activation of the Nlrp3 inflammasome. J Immunol 183, 3942-3948 (2009). 
https://doi.org:10.4049/jimmunol.0900729 

478 Matsumoto, M. et al. Interaction between Staphylococcus Agr virulence and 
neutrophils regulates pathogen expansion in the skin. Cell Host Microbe 29, 
930-940 e934 (2021). https://doi.org:10.1016/j.chom.2021.03.007 

479 Bogoslowski, A. et al. Neutrophils Recirculate through Lymph Nodes to Survey 
Tissues for Pathogens. J Immunol 204, 2552-2561 (2020). 
https://doi.org:10.4049/jimmunol.2000022 

480 Hampton, H. R., Bailey, J., Tomura, M., Brink, R. & Chtanova, T. Microbe-
dependent lymphatic migration of neutrophils modulates lymphocyte 
proliferation in lymph nodes. Nat Commun 6 (2015). https://doi.org:ARTN 
713910.1038/ncomms8139 

481 Özcan, A. et al. CCR7-guided neutrophil redirection to skin-draining lymph 
nodes regulates cutaneous inflammation and infection. Science Immunology 7 
(2022). https://doi.org:ARTN eabi912610.1126/sciimmunol.abi9126 

482 Schulz, A. et al. Neutrophil Recruitment to Noninvasive MRSA at the Stratum 
Corneum of Human Skin Mediates Transient Colonization. Cell Rep 29, 1074-
1081 e1075 (2019). https://doi.org:10.1016/j.celrep.2019.09.055 

483 Choy, D. F. et al. Comparative transcriptomic analyses of atopic dermatitis and 
psoriasis reveal shared neutrophilic inflammation. J Allergy Clin Immunol 130, 
1335-1343 e1335 (2012). https://doi.org:10.1016/j.jaci.2012.06.044 



References 

 217 

484 Dhingra, N. et al. Attenuated neutrophil axis in atopic dermatitis compared to 
psoriasis reflects TH17 pathway differences between these diseases. J Allergy 
Clin Immunol 132, 498-501 e493 (2013). 
https://doi.org:10.1016/j.jaci.2013.04.043 

485 Amarbayasgalan, T., Takahashi, H., Dekio, I. & Morita, E. Interleukin-8 content 
in the stratum corneum as an indicator of the severity of inflammation in the 
lesions of atopic dermatitis. Int Arch Allergy Immunol 160, 63-74 (2013). 
https://doi.org:10.1159/000339666 

486 van Drongelen, V., Haisma, E. M., Out-Luiting, J. J., Nibbering, P. H. & El 
Ghalbzouri, A. Reduced filaggrin expression is accompanied by increased 
Staphylococcus aureus colonization of epidermal skin models. Clin Exp Allergy 
44, 1515-1524 (2014). https://doi.org:10.1111/cea.12443 

487 Terui, H. et al. Staphylococcus aureus skin colonization promotes SLE-like 
autoimmune inflammation via neutrophil activation and the IL-23/IL-17 axis. Sci 
Immunol 7, eabm9811 (2022). https://doi.org:10.1126/sciimmunol.abm9811 

488 Sirobhushanam, S. et al. Staphylococcus aureus Colonization Is Increased on 
Lupus Skin Lesions and Is Promoted by IFN-Mediated Barrier Disruption. J 
Invest Dermatol 140, 1066-1074 e1064 (2020). 
https://doi.org:10.1016/j.jid.2019.11.016 

489 Nakamura, Y. et al. Staphylococcus Agr virulence is critical for epidermal 
colonization and associates with atopic dermatitis development. Sci Transl Med 
12 (2020). https://doi.org:10.1126/scitranslmed.aay4068 

490 Postma, B. et al. Chemotaxis inhibitory protein of Staphylococcus aureus binds 
specifically to the C5a and formylated peptide receptor. J Immunol 172, 6994-
7001 (2004). https://doi.org:10.4049/jimmunol.172.11.6994 

491 Higgins, J., Loughman, A., van Kessel, K. P. M., van Strijp, J. A. G. & Foster, T. 
J. Clumping factor A of  inhibits phagocytosis by human polymorphonuclear 
leucocytes. Fems Microbiol Lett 258, 290-296 (2006). 
https://doi.org:10.1111/j.1574-6968.2006.00229.x 

492 Cruz, A. R. et al. Toward Understanding How Staphylococcal Protein A Inhibits 
IgG-Mediated Phagocytosis. J Immunol 209, 1146-1155 (2022). 
https://doi.org:10.4049/jimmunol.2200080 

493 Guerra, F. E. et al. Staphylococcus aureus SaeR/S-regulated factors reduce 
human neutrophil reactive oxygen species production. J Leukoc Biol 100, 1005-
1010 (2016). https://doi.org:10.1189/jlb.4VMAB0316-100RR 

494 Tomlinson, K. L. et al. Staphylococcus aureus stimulates neutrophil itaconate 
production that suppresses the oxidative burst. Cell Rep 42 (2023). 
https://doi.org:ARTN 112064 10.1016/j.celrep.2023.112064 

495 Peschel, A. et al. Inactivation of the dlt operon in Staphylococcus aureus confers 
sensitivity to defensins, protegrins, and other antimicrobial peptides. J Biol 
Chem 274, 8405-8410 (1999). https://doi.org:10.1074/jbc.274.13.8405 

496 Collins, L. V. et al. Staphylococcus aureus strains lacking D-alanine 
modifications of teichoic acids are highly susceptible to human neutrophil killing 
and are virulence attenuated in mice. J Infect Dis 186, 214-219 (2002). 
https://doi.org:10.1086/341454 

497 Kretschmer, D. et al. Staphylococcus aureus Depends on Eap Proteins for 
Preventing Degradation of Its Phenol-Soluble Modulin Toxins by Neutrophil 
Serine Proteases. Front Immunol 12, 701093 (2021). 
https://doi.org:10.3389/fimmu.2021.701093 



References 

 218 

498 Stapels, D. A. et al. Staphylococcus aureus secretes a unique class of 
neutrophil serine protease inhibitors. Proc Natl Acad Sci U S A 111, 13187-
13192 (2014). https://doi.org:10.1073/pnas.1407616111 

499 Mazzoleni, V., Zimmermann, K., Smirnova, A., Tarassov, I. & Prevost, G. 
Staphylococcus aureus Panton-Valentine Leukocidin triggers an alternative 
NETosis process targeting mitochondria. FASEB J 35, e21167 (2021). 
https://doi.org:10.1096/fj.201902981R 

500 Hoppenbrouwers, T. et al. Protein A Is a Key Factor in Neutrophil Extracellular 
Traps Formation. Front Immunol 9 (2018). https://doi.org:ARTN 165 
10.3389/fimmu.2018.00165 

501 Berends, E. T. et al. Nuclease expression by Staphylococcus aureus facilitates 
escape from neutrophil extracellular traps. J Innate Immun 2, 576-586 (2010). 
https://doi.org:10.1159/000319909 

502 Thammavongsa, V., Missiakas, D. M. & Schneewind, O. Staphylococcus aureus 
degrades neutrophil extracellular traps to promote immune cell death. Science 
342, 863-866 (2013). https://doi.org:10.1126/science.1242255 

503 Monteith, A. J., Miller, J. M., Maxwell, C. N., Chazin, W. J. & Skaar, E. P. 
Neutrophil extracellular traps enhance macrophage killing of bacterial 
pathogens. Sci Adv 7 (2021). https://doi.org:ARTN 
eabj210110.1126/sciadv.abj2101 

504 Kwiecinski, J. M. et al. Staphylococcus aureus uses the ArlRS and MgrA 
cascade to regulate immune evasion during skin infection. Cell Rep 36, 109462 
(2021). https://doi.org:10.1016/j.celrep.2021.109462 

505 Focken, J. et al. Neutrophil extracellular traps enhance skin colonization by 
oxidative stress induction and downregulation of epidermal barrier genes. Cell 
Rep 42 (2023). https://doi.org:ARTN 113148 10.1016/j.celrep.2023.113148 

506 Focken, J. & Schittek, B. Crosstalk between keratinocytes and neutrophils 
shapes skin immunity against S. aureus infection. Front Immunol 15, 1275153 
(2024). https://doi.org:10.3389/fimmu.2024.1275153 

507 Jones, H. R., Robb, C. T., Perretti, M. & Rossi, A. G. The role of neutrophils in 
inflammation resolution. Semin Immunol 28, 137-145 (2016). 
https://doi.org:10.1016/j.smim.2016.03.007 

508 McKenna, E. et al. Neutrophils: Need for Standardized Nomenclature. Front 
Immunol 12 (2021). https://doi.org:ARTN 602963 10.3389/fimmu.2021.602963 

509 Miralda, I., Uriarte, S. M. & McLeish, K. R. Multiple Phenotypic Changes Define 
Neutrophil Priming. Front Cell Infect Mi 7 (2017). https://doi.org:ARTN 277 
10.3389/fcimb.2017.00217 

510 Wanke, I. et al. Staphylococcus aureus skin colonization is promoted by barrier 
disruption and leads to local inflammation. Exp Dermatol 22, 153-155 (2013). 
https://doi.org:10.1111/exd.12083 

511 Leung, A. D., Schiltz, A. M., Hall, C. F. & Liu, A. H. Severe atopic dermatitis is 
associated with a high burden of environmental Staphylococcus aureus. Clin 
Exp Allergy 38, 789-793 (2008). https://doi.org:10.1111/j.1365-
2222.2008.02964.x 

512 Nakatsuji, T. et al. Exploits Epidermal Barrier Defects in Atopic Dermatitis to 
Trigger Cytokine Expression. J Invest Dermatol 136, 2192-2200 (2016). 
https://doi.org:10.1016/j.jid.2016.05.127 



References 

 219 

513 Leyva-Castillo, J. M., McGurk, A. & Geha, M. D. R. Allergic skin inflammation 
and S. aureus skin colonization are mutually reinforcing. Clin Immunol 218, 
108511 (2020). https://doi.org:10.1016/j.clim.2020.108511 

514 Huang, J. T., Abrams, M., Tlougan, B., Rademaker, A. & Paller, A. S. Treatment 
of Staphylococcus aureus Colonization in Atopic Dermatitis Decreases Disease 
Severity. Pediatrics 123, E808-E814 (2009). https://doi.org:10.1542/peds.2008-
2217 

515 Dhingra, N. et al. Attenuated neutrophil axis in atopic dermatitis compared to 
psoriasis reflects T(H)17 pathway differences between these diseases. J Allergy 
Clin Immun 132, 498-+ (2013). https://doi.org:10.1016/j.jaci.2013.04.043 

516 Matsui, K., Nishikawa, A., Suto, H., Tsuboi, R. & Ogawa, H. Comparative study 
of Staphylococcus aureus isolated from lesional and non-lesional skin of atopic 
dermatitis patients. Microbiol Immunol 44, 945-947 (2000). https://doi.org:DOI 
10.1111/j.1348-0421.2000.tb02587.x 

517 Clausen, M. L., Kezic, S., Olesen, C. M. & Agner, T. Cytokine concentration 
across the stratum corneum in atopic dermatitis and healthy controls. Sci Rep-
Uk 10 (2020). https://doi.org:ARTN 21895 10.1038/s41598-020-78943-6 

518 Amarbayasgalan, T., Takahashi, H., Dekio, I. & Morita, E. Interleukin-8 Content 
in the Stratum Corneum as an Indicator of the Severity of Inflammation in the 
Lesions of Atopic Dermatitis. Int Arch Allergy Imm 160, 63-74 (2013). 
https://doi.org:10.1159/000339666 

519 Moos, S. et al. IL-17 Signaling in Keratinocytes Orchestrates the Defense 
against Staphylococcus aureus Skin Infection. J Invest Dermatol 143 (2023). 
https://doi.org:10.1016/j.jid.2023.01.016 

520 Matsumoto, M. et al. Interaction between Staphylococcus Agr virulence and 
neutrophils regulates pathogen expansion in the skin. Cell Host Microbe 29, 
930-+ (2021). https://doi.org:10.1016/j.chom.2021.03.007 

521 Schulz, A. et al. Neutrophil Recruitment to Noninvasive MRSA at the Stratum 
Corneum of Human Skin Mediates Transient Colonization. Cell Rep 29, 1074-+ 
(2019). https://doi.org:10.1016/j.celrep.2019.09.055 

522 Domer, D., Walther, T., Moller, S., Behnen, M. & Laskay, T. Neutrophil 
Extracellular Traps Activate Proinflammatory Functions of Human Neutrophils. 
Front Immunol 12 (2021). https://doi.org:ARTN 636954 
10.3389/fimmu.2021.636954 

523 Peake, J. & Suzuki, K. Neutrophil activation, antioxidant supplements and 
exercise-induced oxidative stress. Exerc Immunol Rev 10, 129-141 (2004).  

524 Mittal, M., Siddiqui, M. R., Tran, K., Reddy, S. P. & Malik, A. B. Reactive oxygen 
species in inflammation and tissue injury. Antioxid Redox Signal 20, 1126-1167 
(2014). https://doi.org:10.1089/ars.2012.5149 

525 Schieber, M. & Chandel, N. S. ROS function in redox signaling and oxidative 
stress. Curr Biol 24, R453-462 (2014). 
https://doi.org:10.1016/j.cub.2014.03.034 

526 Ji, H. X. & Li, X. K. Oxidative Stress in Atopic Dermatitis. Oxid Med Cell Longev 
2016 (2016). https://doi.org:Artn 2721469 10.1155/2016/2721469 

527 Bertino, L. et al. Oxidative Stress and Atopic Dermatitis. Antioxidants-Basel 9 
(2020). https://doi.org:ARTN 196 10.3390/antiox9030196 

528 Galiniak, S., Molon, M., Biesiadecki, M., Bozek, A. & Rachel, M. The Role of 
Oxidative Stress in Atopic Dermatitis and Chronic Urticaria. Antioxidants-Basel 
11 (2022). https://doi.org:ARTN 1590 10.3390/antiox11081590 



References 

 220 

529 Sivaranjani, N., Rao, S. V. & Rajeev, G. Role of reactive oxygen species and 
antioxidants in atopic dermatitis. J Clin Diagn Res 7, 2683-2685 (2013). 
https://doi.org:10.7860/JCDR/2013/6635.3732 

530 Cherian, D. A. et al. Malondialdehyde as a Marker of Oxidative Stress in 
Periodontitis Patients. J Pharm Bioallied Sci 11, S297-S300 (2019). 
https://doi.org:10.4103/JPBS.JPBS_17_19 

531 Choi, D. I. et al. Keratinocytes-Derived Reactive Oxygen Species Play an Active 
Role to Induce Type 2 Inflammation of the Skin: A Pathogenic Role of Reactive 
Oxygen Species at the Early Phase of Atopic Dermatitis. Ann Dermatol 33, 26-
36 (2021). https://doi.org:10.5021/ad.2021.33.1.26 

532 Hebert, A. A. Oxidative stress as a treatment target in atopic dermatitis: The role 
of furfuryl palmitate in mild-to-moderate atopic dermatitis. Int J Womens 
Dermatol 6, 331-333 (2020). https://doi.org:10.1016/j.ijwd.2020.03.042 

533 Shao, S. et al. Neutrophil Extracellular Traps Promote Inflammatory Responses 
in Psoriasis via Activating Epidermal TLR4/IL-36R Crosstalk. Front Immunol 10 
(2019). https://doi.org:ARTN 746 10.3389/fimmu.2019.00746 

534 Shao, S. et al. Neutrophil exosomes enhance the skin autoinflammation in 
generalized pustular psoriasis via activating keratinocytes. Faseb J 33, 6813-
6828 (2019). https://doi.org:10.1096/fj.201802090RR 

535 Mehling, R. et al. Immunomodulatory role of reactive oxygen species and 
nitrogen species during T cell-driven neutrophil-enriched acute and chronic 
cutaneous delayed-type hypersensitivity reactions. Theranostics 11, 470-490 
(2021). https://doi.org:10.7150/thno.51462 

536 Pasparakis, M. Regulation of tissue homeostasis by NF-kappa B signalling: 
implications for inflammatory diseases. Nat Rev Immunol 9, 778-788 (2009). 
https://doi.org:10.1038/nri2655 

537 Zeze, N. et al. Role of ERK Pathway in the Pathogenesis of Atopic Dermatitis 
and Its Potential as a Therapeutic Target. Int J Mol Sci 23 (2022). 
https://doi.org:ARTN 3467 10.3390/ijms23073467 

538 Wang, Y. et al. Activation of the HMGB1-TLR4-NF-kappa B pathway may occur 
in patients with atopic eczema. Mol Med Rep 16, 2714-2720 (2017). 
https://doi.org:10.3892/mmr.2017.6942 

539 Karuppagounder, V. et al. Modulation of HMGB1 translocation and RAGE/NFB 
cascade by quercetin treatment mitigates atopic dermatitis in NC/Nga 
transgenic mice. Exp Dermatol 24, 418-423 (2015). 
https://doi.org:10.1111/exd.12685 

540 Carlucci, C. D. et al. Resveratrol Protects against Skin Inflammation through 
Inhibition of Mast Cell, Sphingosine Kinase-1, Stat3 and NF-kappa B p65 
Signaling Activation in Mice. Int J Mol Sci 24 (2023). https://doi.org:ARTN 6707 
10.3390/ijms24076707 

541 Kanters, E. et al. Hematopoietic NF-kappaB1 deficiency results in small 
atherosclerotic lesions with an inflammatory phenotype. Blood 103, 934-940 
(2004). https://doi.org:10.1182/blood-2003-05-1450 

542 Wang, J. et al. Damage-associated molecular patterns in vitiligo: igniter fuse 
from oxidative stress to melanocyte loss. Redox Rep 27, 193-199 (2022). 
https://doi.org:10.1080/13510002.2022.2123864 

543 Bianchi, M. E. DAMPs, PAMPs and alarmins: all we need to know about danger. 
J Leukoc Biol 81, 1-5 (2007). https://doi.org:10.1189/jlb.0306164 



References 

 221 

544 Andersson, U., Erlandsson-Harris, H., Yang, H. & Tracey, K. J. HMGB1 as a 
DNA-binding cytokine. J Leukoc Biol 72, 1084-1091 (2002).  

545 Chen, R. C., Kang, R. & Tang, D. L. The mechanism of HMGB1 secretion and 
release. Exp Mol Med 54, 91-102 (2022). https://doi.org:10.1038/s12276-022-
00736-w 

546 Yu, Y., Tang, D. & Kang, R. Oxidative stress-mediated HMGB1 biology. Front 
Physiol 6, 93 (2015). https://doi.org:10.3389/fphys.2015.00093 

547 Cui, T. et al. Oxidative Stress-Induced HMGB1 Release from Melanocytes: A 
Paracrine Mechanism Underlying the Cutaneous Inflammation in Vitiligo. J 
Invest Dermatol 139, 2174-2184 e2174 (2019). 
https://doi.org:10.1016/j.jid.2019.03.1148 

548 Harris, H. E., Andersson, U. & Pisetsky, D. S. HMGB1: a multifunctional alarmin 
driving autoimmune and inflammatory disease. Nat Rev Rheumatol 8, 195-202 
(2012). https://doi.org:10.1038/nrrheum.2011.222 

549 Wang, Y., Zhang, Y., Peng, G. & Han, X. Glycyrrhizin ameliorates atopic 
dermatitis-like symptoms through inhibition of HMGB1. Int Immunopharmacol 
60, 9-17 (2018). https://doi.org:10.1016/j.intimp.2018.04.029 

550 Kim, S. W., Lee, H., Lee, H. K., Kim, I. D. & Lee, J. K. Neutrophil extracellular 
trap induced by HMGB1 exacerbates damages in the ischemic brain. Acta 
Neuropathol Com 7 (2019). https://doi.org:ARTN 11 10.1186/s40478-019-0747-
x 

551 Tadie, J. M. et al. HMGB1 promotes neutrophil extracellular trap formation 
through interactions with Toll-like receptor 4. Am J Physiol-Lung C 304, L342-
L349 (2013). https://doi.org:10.1152/ajplung.00151.2012 

552 Piccinini, A. M. & Midwood, K. S. DAMPening Inflammation by Modulating TLR 
Signalling. Mediat Inflamm 2010 (2010). https://doi.org:Artn 672395 
10.1155/2010/672395 

553 Conrad, M. L. et al. Maternal TLR signaling is required for prenatal asthma 
protection by the nonpathogenic microbe Acinetobacter lwoffii F78. J Exp Med 
206, 2869-2877 (2009). https://doi.org:10.1084/jem.20090845 

554 Zhong, H. H. et al. Interplay between RAGE and TLR4 Regulates HMGB1-
Induced Inflammation by Promoting Cell Surface Expression of RAGE and 
TLR4. J Immunol 205, 767-775 (2020). 
https://doi.org:10.4049/jimmunol.1900860 

555 Gauley, J. & Pisetsky, D. S. The translocation of HMGB1 during cell activation 
and cell death. Autoimmunity 42, 299-301 (2009). 
https://doi.org:10.1080/08916930902831522 

556 Nakatsuji, T. et al. Staphylococcus aureus Exploits Epidermal Barrier Defects in 
Atopic Dermatitis to Trigger Cytokine Expression. J Invest Dermatol 136, 2192-
2200 (2016). https://doi.org:10.1016/j.jid.2016.05.127 

557 Nakatsuji, T. et al. Staphylococcus aureus Exploits Epidermal Barrier Defects in 
Atopic Dermatitis to Trigger Cytokine Expression. J Invest Dermatol 136, 2192-
2200 (2016). https://doi.org:10.1016/j.jid.2016.05.127 

558 Pellerin, L. et al. Defects of filaggrin-like proteins in both lesional and 
nonlesional atopic skin. J Allergy Clin Immunol 131, 1094-1102 (2013). 
https://doi.org:10.1016/j.jaci.2012.12.1566 

559 Nygaard, U. et al. The "Alarmins" HMBG1 and IL-33 Downregulate Structural 
Skin Barrier Proteins and Impair Epidermal Growth. Acta Derm-Venereol 97, 
305-312 (2017). https://doi.org:10.2340/00015555-2552 



References 

 222 

560 Furue, M. Regulation of Filaggrin, Loricrin, and Involucrin by IL-4, IL-13, IL-17A, 
IL-22, AHR, and NRF2: Pathogenic Implications in Atopic Dermatitis. Int J Mol 
Sci 21 (2020). https://doi.org:ARTN 5382 10.3390/ijms21155382 

561 Burn, G. L., Foti, A., Marsman, G., Patel, D. F. & Zychlinsky, A. The Neutrophil. 
Immunity 54, 1377-1391 (2021). https://doi.org:10.1016/j.immuni.2021.06.006 

562 Kettritz, R. et al. Interleukin-8 delays spontaneous and tumor necrosis factor-
alpha-mediated apoptosis of human neutrophils. Kidney Int 53, 84-91 (1998). 
https://doi.org:DOI 10.1046/j.1523-1755.1998.00741.x 

563 Filep, J. G. Targeting Neutrophils for Promoting the Resolution of Inflammation. 
Front Immunol 13 (2022). https://doi.org:ARTN 866747 
10.3389/fimmu.2022.866747 

564 Ferrante, A. et al. Killing of Staphylococcus-Aureus by Tumor Necrosis Factor-
Alpha-Activated Neutrophils - the Role of Serum Opsonins, Integrin Receptors, 
Respiratory Burst, and Degranulation. J Immunol 151, 4821-4828 (1993).  

565 Bates, E. J., Ferrante, A. & Beard, L. J. Characterization of the Major Neutrophil-
Stimulating Activity Present in Culture-Medium Conditioned by Staphylococcus-
Aureus-Stimulated Mononuclear Leukocytes. Immunology 72, 448-450 (1991).  

566 Booth, V., Keizer, D. W., Kamphuis, M. B., Clark-Lewis, I. & Sykes, B. D. The 
CXCR3 binding chemokine IP-10/CXCL10: Structure and receptor interactions. 
Biochemistry-Us 41, 10418-10425 (2002). https://doi.org:10.1021/bi026020q 

567 Khajah, M., Millen, B., Cara, D. C., Waterhouse, C. & McCafferty, D. M. 
Granulocyte-macrophage colony-stimulating factor (GM-CSF): a 
chemoattractive agent for murine leukocytes in vivo. J Leukoc Biol 89, 945-953 
(2011). https://doi.org:10.1189/jlb.0809546 

568 Savinko, T. et al. IL-33 and ST2 in atopic dermatitis: expression profiles and 
modulation by triggering factors. J Invest Dermatol 132, 1392-1400 (2012). 
https://doi.org:10.1038/jid.2011.446 

569 van Drongelen, V., Haisma, E. M., Out-Luiting, J. J., Nibbering, P. H. & El 
Ghalbzouri, A. Reduced filaggrin expression is accompanied by increased 
Staphylococcus aureus colonization of epidermal skin models. Clin Exp Allergy 
44, 1515-1524 (2014). https://doi.org:10.1111/cea.12443 

570 Choy, D. F. et al. Comparative transcriptomic analyses of atopic dermatitis and 
psoriasis reveal shared neutrophilic inflammation. J Allergy Clin Immun 130, 
1335-+ (2012). https://doi.org:10.1016/j.jaci.2012.06.044 

571 Chung, E. J., Luo, C. H., Thio, C. L. & Chang, Y. J. Immunomodulatory Role of 
Staphylococcus aureus in Atopic Dermatitis. Pathogens 11 (2022). 
https://doi.org:ARTN 422 10.3390/pathogens11040422 

572 Burian, M., Bitschar, K., Dylus, B., Peschel, A. & Schittek, B. The Protective 
Effect of Microbiota on S-aureus Skin Colonization Depends on the Integrity of 
the Epithelial Barrier. J Invest Dermatol 137, 976-979 (2017). 
https://doi.org:10.1016/j.jid.2016.11.024 

573 Wanke, I., Schaller, M. & Schittek, B. Commensals amplify the innate immune 
response to pathogens in human skin. Exp Dermatol 20, 191-191 (2011).  

574 Grice, E. A. & Segre, J. A. The skin microbiome. Nat Rev Microbiol 9, 244-253 
(2011). https://doi.org:10.1038/nrmicro2537 



Acknowledgments 

 

 223 

8 Acknowledgments 

This thesis is the result of a long journey full of hard work, success, frustration, joy, 

and self-development. Along the way, I have been fortunate enough to be 

accompanied by many people who have supported me tremendously.  

I want to start by thanking my supervisor, Prof. Dr. Birgit Schittek, for giving me the 

opportunity to pursue my PhD in her lab, for always supporting me and for her trust 

and the opportunity to also work independently and follow my own ideas.  

Next, I would like to thank Prof. Dr. Andreas Peschel, for agreeing to be my second 

supervisor.  

A big thank you to all the members of the lab who accompanied me during my PhD 

journey for their support and the daily lunch breaks. I would like to mention three people 

in particular: Thank you, Lena, for being with me from the beginning. You have become 

a valuable friend outside of the lab, and I am grateful to have you in my life. Thank you, 

Jasmin, for your support with all the mouse experiments and flow cytometry 

experiments. Thank you, Lisa, for supporting me all these years with your passion and 

all your ideas and for being a friend in and out of the lab and for helping me to improve 

not only my lab skills but also my MTB skills. I will always remember our fun biking trips 

in the forest.  

Finally, I would like to thank my friends and family for always supporting me and 

believing in me. Max, thank you for being by my side for so many years and for giving 

me your unconditional love and support. Thank you for being there after long working 

days and through all the mental breakdowns and for giving me the confidence to 

believe in myself. There are no words that can describe how grateful I am to have you 

in my live.


