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ABSTRACT 
At birth, the newborn infant is transferred from a sterile life in utero to an earthly life 
in coexistence with microbes. This transition includes the potential danger of a 
microbial invasion through the epithelial linings, and the infant must find a balance 
between elimination of harmful pathogens and cooperation with microorganisms that 
are of benefit. The neonatal skin immune system plays an important role in this 
regard; however its interactions with the commensal flora are still poorly understood. 
The common rash erythema toxicum (ET) affects healthy newborn infants and is 
characterized by local eosinophil accumulation. In Paper I, evidence is provided that 
the rash reflects the penetration of a rapidly colonizing microflora through the hair 
follicles. Electron-microscopic (EM) analysis of skin biopsies obtained from ET 
lesions showed cocci-like bacteria located near or in the hair follicle epithelium, and 
skin cultures obtained from healthy infants showed that 84% were colonized with 
coagulase-negative staphylococci already at one day of age. Bacterial penetration 
might induce an activation of a local innate immune response which most probably 
also contributes to a postnatal systemic acute-phase response, including a significant 
increase in body temperature found in infants with ET. As shown in Papers III and IV 
the local response in ET also includes mast cells and high mobility group box protein 
1 (HMGB1). Mast cells are well known for their role in allergic diseases and in the 
protection against parasitic infections, but the cells are also important parts of host 
defense against bacteria. HMGB1 is an important cytokine, but also has potential to 
function as an antimicrobial peptide in skin.  
In the second study we found that S. epidermidis isolated from newborn infants 
commonly expressed two kinds of pilus-like structure, as visualised with negative-
staining transmission EM.  Pili may be involved in functions such as attachment and 
bacterial virulence, but their role in S. epidermidis is unknown. Cathelicidin 
antimicrobial peptide LL37, constitutively expressed in the skin barrier of the newborn 
infant, significantly inhibited growth of S. epidermidis, indicating its importance for the 
homeostasis of the colonizing flora.  
In the fifth study we focused on incontinentia pigmenti (IP), a rare neurodermatosis 
caused by mutations leading to loss of nuclear factor-kappa B activation. In neonatal 
skin lesions, showing a predominant eosinophil infiltration, we found an upregulation 
and activation of LL37, psoriasin and HMGB1. These findings, combined with relevant 
inhibition of local microbial growth, indicate that the inflammatory process naturally 
occurring in IP contributes to effective local defense and that it may be relevant in the 
context of commensal homeostasis.  
In summary, these studies show that the skin innate immune system in the newborn 
infant is highly activated, and we suggest that local commensal flora may have a part in 
this reactivity. 
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1 BACKGROUND 
 
1.1 INTRODUCTION 

Birth marks a transition from a sterile fetal environment to an earthly life in coexistence 
with microbes. The newborn infant needs to cope with this pressure and find a balance 
between eliminating harmful pathogens and cooperating with microorganisms that are 
beneficial. The skin immune system is strategically situated at the site of microbial 
entry and plays a decisive role in the protection against invading pathogens. The skin 
immune system forms a physical barrier but also acts together with for example 
antimicrobial peptides and proteins (AMPs) to create a chemical barrier against the 
environment (Elias 2007).  
 
The neonatal immune system is not fully matured, and this leads to increased 
susceptibility to infections. This is partly due to the impaired production of TH1-cell-
associated cytokines which in turn are necessary to protect the fetus from spontaneous 
abortion (Makhseed et al. 2001). However, the stimulus-induced production of certain 
cytokines such as interleukin (IL)-6 (Angelone et al. 2006) and IL-23 (Vanden Eijnden 
et al. 2006) in full-term newborn infants actually exceeds that of adults. It is thought 
that maturation of the immune system is induced through the exposure to 
environmental microbial products, which will shift the immune system towards a 
diminished TH2-polarisation and/or an increased TH1 response, potentially also 
reducing the risk of developing atopy (Bach 2002; Liu et al. 2006).  
 
1.2 COAGULASE-NEGATIVE STAPHYLOCOCCI 

The Gram-positive bacteria coagulase-negative staphylococci (CoNS) and the subtype 
Staphylococcus epidermidis are common colonizers of healthy skin (Roth et al. 1988). 
Generally, CoNS have low pathogenic potential, but the bacteria are now emerging as 
prevalent and important nosocomial pathogens (NNIS System Report 2004). In 
neonates, a ten-year multicentre study showed that CoNS were responsible for nearly 
60% of all episodes of late-onset (> 48 h) sepsis (Isaacs 2003). Also, a markedly 
increased risk of developing chronic lung disease (Gonzalez et al. 1996) and cerebral 
palsy (Mittendorf et al. 1999) has been observed in preterm infants affected by CoNS 
sepsis. The main virulence factor of CoNS is ascribed to the formation of biofilm, an 
extracellular matrix consisting mainly of polysaccharides and proteins. However, 
proteinaceous surface components such as fibrinogen-binding protein (Fbe) and 
accumulation-associated protein (Aap) play a major role in adherence to implanted 
biomaterials (Nilsson et al. 1998; Hartford et al. 2001; Pei et al. 2001) and the 
accumulative growth of S. epidermidis on polymer surfaces (Hussain et al. 1997). S. 
epidermidis are also discovered to express pilus-like or fibrillar structures on their cell 
surfaces (Timmerman et al. 1991; Veenstra et al. 1996; Burriel 1998; Banner et al. 
2007). 
 
1.3 PILI  

Pili are polymeric, hydrophobic, proteinaceous structures protruding from the cell 
surface that may be involved in many virulence-associated functions, such as biofilm 
formation, bacterial aggregation, adherence, and colonization of the epithelial linings. 
There is broad diversity in pilus structure and biogenesis, but in most Gram-positive 
bacteria they are formed by covalent polymerization of pilin subunits in a process that 
requires a dedicated sortase enzyme. Minor pilins are then added to the fiber and are 
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suggested to play a major role in host cell colonization. Considering their broad 
functions, pili are regarded as important targets for the development of vaccine or 
therapeutic treatment. (Scott et al. 2006; Telford et al. 2006; Mandlik et al. 2008)  
 
1.4 THE NEONATAL SKIN 

The skin is the largest organ of the body and is made up of several layers (Fig 1). The 
epidermis is the thin outer layer of the skin. Its primary cell type is the keratinocyte. 
The epidermis also contains melanocytes, which are cells that produce the skin 
pigment melanin. The dermis is the middle layer of the skin and it is made up of 
blood vessels, lymph vessels, hair follicles and sweat glands. The subcutis is the 
deepest layer, consisting of a network of collagen and fat cells. Keratinocytes have a 
pivotal role in host defense and are active producers of proinflammatory mediators, 
including AMPs (Schroder et al. 2006; Schauber et al. 2007). These cells migrate 
from a proliferative basal layer towards the upper layers before ultimately ending in a 
specialized form of programmed cell death (Lippens et al. 2000) and transformation 
into corneocytes as part of the stratum corneum (SC). The SC is responsible for the 
barrier function that the skin provides and is essential for survival as it regulates the 
body’s water balance, prevents toxicity through percutaneous absorption and inhibits 
systemic invasion by surface microbes. Healthy human skin is covered with a 
characteristic microflora colonizing at the exposed surface and/or within the 
uppermost SC layers (Noble 1989). 
 

 
Fig 1. Histological picture of neonatal skin showing the different layers of skin.  
(Photo: Kjell Hultenby) 
 
The effective functioning of skin is vital to the newborn, and significant morbidity is 
associated with the lack of a mature skin barrier at birth. In premature birth, the skin 
has not thickened, matured or fully developed, leaving the preterm infant susceptible to 
fluid and electrolyte shifts and hypothermia (Rutter 2000). However, even in term 
infants the skin is fragile and one study reported that nearly 80% of infants presented 
with skin problems during their first month of life (Cetta et al. 1991).  
 
Functional maturation of the SC begins around 24 weeks of gestational age, although it 
is not until around 34 weeks that a well-defined SC has developed (Evans et al. 1986). 
It is believed that this is the point at which the fetal epidermis begins to function as a 
barrier (Kalia et al. 1998), although reports vary on the point at which infants acquire 

Stratum corneum 

Epidermis 

Hair follicle 
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an adult-like SC. It was recently suggested that although the SC of infants may appear 
intact already during the first month after birth, the way it stores and transports water 
becomes adult-like only after the first year of life (Nikolovski et al. 2008). Apart from 
the SC, follicular and sweat gland penetration also contributes to the barrier function, 
behaving as imperfections in the SC (Knorr et al. 2009). This transport route probably 
plays a larger role in newborn skin, as it is assumed that infants are born with a fixed 
number of hair follicles and sweat glands and hence have a higher density of 
appendages than later in life (Paus et al. 1999).  
 
1.5 THE NORMAL IMMUNE RESPONSE 

The immune response has been divided into the innate immune system and the adaptive 
immune system. The innate system is the earliest form of defence to develop, and 
constitutes the body’s first line of defence, able to respond immediately with full force 
against a variety of pathogens. If a pathogen can surpass innate immunity and invade 
our body, it will be recognized by adaptive immune cells and both innate and adaptive 
immune cells will then work in cooperation. Examples of cells of the innate immune 
response are monocytes/macrophages, neutrophils, eosinophils, mast cells (MCs), 
natural killer cells and dendritic cells. Humoral components of the innate immunity are 
the cytokines and chemokines, the complement-, coagulation- and fibrinolytic systems, 
AMPs and acute phase proteins. The adaptive immune response consists of B 
lymphocytes (B cells) and T-lymphocytes (T cells), antigen-presenting cells and 
humoral components such as cytokines and antibodies. B cells are important in the 
response to extracellular pathogens by secreting antibodies. T-cells are divided into two 
major classes: helper T cells or TH cells and cytotoxic T cells. Different subsets of TH 
have been identified, such as TH1 and TH2.  
 
1.6 ANTIMICROBIAL PEPTIDES AND PROTEINS 

In general, AMPs are structurally extremely diverse and mediate their antimicrobial 
effect through various modes of action. They have ability to exert direct antimicrobial 
activity by disrupting the microbial membranes (Shai 2002) and potential to trigger and 
coordinate multiple components of the innate and adaptive immune systems (Braff et 
al. 2005). Cathelicidin LL37 and defensins are the most common types of AMP in the 
skin.  
 
1.7 CATHELICIDIN LL37 

LL37 peptide is the only cathelicidin known to exist in humans (Agerberth et al. 1995; 
Durr et al. 2006). The 37-amino-acid peptide LL37 is derived from its inactive 
precursor protein hCAP18 (Larrick et al. 1995; Sorensen et al. 2001) and can exert 
direct antimicrobial activity by disrupting the bacterial membranes (Oren et al. 1999; 
Henzler-Wildman et al. 2004). It may also initiate a host response resulting in diverse 
biological activities such as release of proinflammatory cytokines in keratinocytes, 
chemotaxis of adaptive immune cells, and angiogenesis (Nijnik et al. 2009). In 
addition, LL37 is important in the crosstalk between innate and adaptive immunity 
(Nijnik et al. 2009) and is the key factor in activating plasmacytoid dendritic cells in 
psoriasis patients (Lande et al. 2007). The presence of LL37 offers increased protection 
against bacterial infections (Nizet et al. 2001; Chromek et al. 2006), but the peptide also 
affects the composition and growth of commensal bacterial flora (Putsep et al. 2002; Bu 
et al. 2006). However, the action of LL37 may not always be beneficial to the host. In 
fact, it was recently reported that increased levels of LL37 in human Streptococcus 
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pyogenes infections actually might enhance bacterial pathogenicity (Gryllos et al. 2008; 
Johansson et al. 2008).  
 
Many cell types that permanently reside in the skin produce cathelicidins, including 
keratinocytes (Frohm et al. 1997), eccrine glands (Murakami et al. 2002) and MCs (Di 
Nardo et al. 2003). Circulating cells recruited to the skin, such as neutrophils 
(Gudmundsson et al. 1996) and natural killer cells (Agerberth et al. 2000) also 
contribute significantly to the total amount of cathelicidin present. The LL37 peptide is 
also present in the vernix caseosa and in the skin of healthy newborn infants (Marchini 
et al. 2002). It is upregulated in the skin after injury (Dorschner et al. 2001) but also in 
many inflammatory skin disorders such as psoriasis (Frohm et al. 1997). However, the 
increased levels of LL37 may in some skin diseases also be a consequence of host 
stimulatory effects rather than the action of LL37 as an antimicrobial peptide. In 
patients with acne rosacea for example, the abnormally high levels of LL37 are caused 
by abnormal posttranslational processing associated with an increase in protease 
activity in the epidermis (Yamasaki et al. 2007). Thus, in patients with acne rosacea, 
too much AMP and abnormal processing lead to disease.  
 
1.8 PSORIASIN 

Psoriasin was originally discovered in psoriatic skin lesions as a new member of the 
S100 protein family (Celis et al. 1990; Hoffmann et al. 1994). The S100 genes encode 
small cytoplasmic and secreted proteins that are important for intracellular calcium 
signalling, although they are also associated with cell growth, differentiation and 
cytoskeletal membrane interactions, and play a role in leukocyte chemotaxis (Eckert et 
al. 2004). Psoriasin is induced not only in several inflammatory skin disorders, 
including psoriasis (Celis et al. 1990), atopic dermatitis (Algermissen et al. 1996) and 
lichen sclerosus (Gambichler et al. 2009), but also in hyperproliferative skin conditions 
(Celis et al. 1996). In addition, the protein attracts immune cells (Jinquan et al. 1996) 
and is secreted by keratinocytes as their main Escherichia coli-specific bactericidal 

compound (Glaser et al. 2005).  
 
1.9 HIGH MOBILITY GROUP BOX PROTEIN 1 

High mobility group box protein 1 (HMGB1) was first discovered as a nuclear protein 
with rapid migration in electrophoretic gels, a property leading to its name (Goodwin et 
al. 1973). As a nuclear protein HMGB1 regulates transcription (Bianchi et al. 2005) and 
it is regarded as essential to life as HMGB1-knock-out mice die shortly after birth 
(Calogero et al. 1999). When released into extracellular space HMGB1 mediates 
several proinflammatory functions, such as endotoxin lethality (Wang et al. 1999), 
cytokine expression (Abraham et al. 2000; Andersson et al. 2000) and inflammatory 
cell recruitment (Abraham et al. 2000). In addition, it may function as an endogenous 
signal for dendritic cell maturation and TH1 polarization (Messmer et al. 2004). 
HMGB1 binds to receptors that include the receptor for advanced glycation end 
products (RAGE) (Hori et al. 1995) and toll-like receptors (Park et al. 2004). It 
functions synergistically with other proinflammatory mediators to induce immune 
responses (Bianchi et al. 2007). HMGB1 functions as a potent AMP in adenoid tissue 
(Zetterstrom et al. 2002) and is upregulated in skin lesions in patients with lupus 
erythematosus (Popovic et al. 2005). Increased serum levels of HMGB1 have been 
observed in patients with sepsis (Wang et al. 1999) and hemorrhagic shock (Ombrellino 
et al. 1999).  
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1.10 EOSINOPHILS 

Eosinophils are multifunctional leukocytes derived from bone marrow. Most mature 
eosinophils reside in tissues such as the gastrointestinal tract, mammary glands and 
uterus. Under normal conditions eosinophils are not present in the skin. Once activated, 
they may release their granule proteins, including several cytokines and chemokines. 
Eosinophils also express cathelicidin LL37 (Marchini et al. 2002) and can present 
antigens to T lymphocytes. The cells are associated primarily with allergic responses 
and the destruction of parasites. However, eosinophils are also involved in many other 
biological processes, including MC regulation, postnatal mammary gland development 
(Gouon-Evans et al. 2000) and allograft rejection (Nagral et al. 2001). (Hogan et al. 
2008; Blanchard et al. 2009).  
 
1.11 MAST CELLS 

Mast cells (MCs) reside in tissues throughout the body, particularly in association with 
structures such as blood vessels and nerves; and in proximity to surfaces that interface 
the external environment, including the skin. MCs are derived from bone marrow and 
express a variety of phenotypic features in tissues as determined by the local 
environment. They are activated through receptors such as toll-like receptors, Fc-
receptors and complement receptors, enabling them to interact both directly and 
indirectly with pathogens and environmental toxins. Activated MCs may immediately 
extrude granule-associated mediators or they may initiate synthesis of chemokines and 
cytokines whose secretion later may contribute to inflammation. The cells are well 
known for their role in the initiation of allergic diseases or certain parasitic infections, 
although more recent studies also recognize MCs as critical components of host 
defense against bacteria. In addition, MCs have potential to influence the adaptive 
immune response through various effects on dendritic cells, T cells and B cells. 
(Marshall 2004; Galli et al. 2005; Metz et al. 2008) 
 
1.12 ERYTHEMA TOXICUM 

Erythema toxicum (ET) is an acute, self-limiting skin manifestation present in 
approximately 50% of all healthy term newborns, although the incidence varies 
remarkably in different studies (Levy et al. 1951; Harris et al. 1956). The rash usually 
begins soon after birth and resolves entirely within the first weeks. ET lesions consist of 
papules and/or pustules on an erythematous base and the rash can be sparse to 
widespread (Luders 1960) (Fig. 2a). It occurs throughout the body, typically involving 
the face, trunk and thighs; while the palms and soles, areas that lack hair follicles, are 
spared (Luders 1960). The relative incidence of ET increases with increasing birth 
weight and gestational age, whereas no racial or ethnic predilection appears to exist 
(Duperrat et al. 1961; Carr et al. 1966; Hidano et al. 1986; Nanda et al. 1989; Liu et al. 
2005). Some studies show slightly higher incidence rates in males than females 
(Gonzalez Echeverria et al. 1997; Liu et al. 2005) and environmental stimuli such as 
vaginal delivery, birth season and mode of feeding may possibly play a role in the onset 
of ET (Liu et al. 2005).  
 
The presence of the rash is often a matter of concern for parents with affected newborns 
and may be misinterpreted by healthcare professionals, leading to unnecessary 
investigations and inappropriate therapies. The etiology of ET still remains unknown, 
even though Mesopotamian physicians recognized the manifestation more than 1000 
years ago. In 1472, Bartolomeus Metlinger proposed that the rash was caused by the 
unclean, noxious blood of the mother (Lehndorff 1951). The term ET neonatorum was 
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given by Leiner in 1912 (Leiner 1912). He and also Moro (Moro 1910) thought it was 
due to toxic gastrointestinal effects. In 1927, Mayerhofer interpreted it as an allergic 
manifestation (Mayerhofer et al. 1927). Since then, various possible allergens have 
been suggested, yet none have been substantiated. Further, a survey of relatives of 
neonates with ET found no notable relationship between ET and family history of atopy 
(Keitel et al. 1963). 
 
Histologically the lesions are characterized by a dense inflammatory infiltrate localized 
in the dermis which sometimes protrudes up to the cell surface (Fig. 2b). The infiltrate 
consists of numerous eosinophils, but also of dendritic cells, neutrophils and 
macrophages, together with high expression of several immune modulators such as IL-
1α,β, IL-8, eotaxin, LL37 and psoriasin  (Freeman et al. 1960; Luders 1960; Marchini 
et al. 2001; Marchini et al. 2002; Marchini et al. 2003).  
 
1.13 INCONTINENTIA PIGMENTI 

Incontinentia pigmenti (IP) is a rare, X-linked genodermatosis caused by mutations 
leading to loss of nuclear factor-kappa B activation (NF-κB) (Smahi et al. 2000) and a 
subsequent susceptibility to tumor necrosis factor-induced apoptosis (Nenci et al. 
2006). Affected females typically show skewed patterns of X-chromosome inactivation 
(Parrish et al. 1996), resulting in a wide range of phenotypes. The disease is considered 
to be lethal in utero in male fetuses (Hadj-Rabia et al. 2003), suggesting that normal 
gene expression is critical for survival. The first sign of IP is often the skin 
manifestation, present in 90% of patients by two weeks of age (Hadj-Rabia et al. 2003). 
The eruptions are characterized by erythematous streaks, plaques, pustules or vesicles 
appearing on the limbs and circumferentially around the trunk (Hadj-Rabia et al. 2003) 
(Fig 3). Histologically the lesions are associated with a massive accumulation of 
eosinophils, spongiosis and dyskeratotic keratinocytes (Machado-Pinto et al. 1996). 
The pathomechanism of IP is largely unknown, although it was shown that tumor 
necrosis factor signaling is essential for the inflammatory response in mice (Nenci et al. 
2006) and that Eotaxin play a role in the epidermal accumulation of eosinophils (Jean-
Baptiste et al. 2002).  
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Fig 2. (A) Two-day-old girl with a generalized rash typical of ET with papules and 
pustules. (Photo: Medicinsk Bild, Karolinska University Hospital Solna) (B) Punch 
biopsy of a lesion of ET, fixed in 10% formalin and embedded in paraffin, sectioned, 
and stained with hematoxylin and eosin (Photo: Mari-Ann Hedblad) 
 
 

 
Fig 3. (A) Characteristic IP skin lesions in an 11-day-old girl. (B) Detail of her arm. 
(Photo: Medicinsk Bild, Karolinska University Hospital Solna) 
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2 AIMS  
The general aim of the work presented in this thesis was to obtain knowledge of the 
pathogenesis of ET and IP and to study interactions of the neonatal skin innate immune 
system with skin-commensal flora at the time of birth.  
  
Specific aims were: 
 

• to identify microbes in the lesions of ET and to identify the colonizing flora on 
the skin surface of newborns with or without ET and to correlate culture results 
with clinical findings,  

 
• to visualize pili structures in S. epidermidis strains isolated from newborn 

infants and search for a possible link with biofilm or the surface proteins Aap 
and Fbe,  

 
• to study whether the human cathelicidin antimicrobial peptide LL37 influences 

growth of S. epidermidis isolated from newborn infants,  
 

• to study a possible participation of MCs and HMGB1 in the pathomechanism of 
ET and to investigate whether skin MCs of human newborns express 
cathelicidin LL37, and 

 
• to characterize inflammatory mediators in skin lesions of newborns with IP. 
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3 MATERIALS AND METHODS 
This section is an overview of the materials and methods used in Papers I-V. A more 
detailed description is given in the “Material and methods” sections of each paper. The 
studies were approved by the Regional Ethics Committee in Stockholm, Sweden, and 
all parents gave their informed consent for their infants to participate.  
 
3.1 STUDY MATERIAL 

In Papers I and II, microbial cultures were collected according to hospital routine from 
normal skin surface and from regions with ET. In Paper II, a blood isolate obtained 
from a preterm infant was also included and S. epidermidis ATCC 35984, S. 
epidermidis ATCC 12228, Staphylococcus aureus ATCC 29213 and E. coli ATCC 
25922 were included as reference strains. 
 
In Papers I-V analysis with electron microscopy (EM), immunohistochemistry (IHC) or 
polymerase chain reaction (PCR) was performed on 3mm punch biopsy specimens 
obtained after proper anaesthesia from lesions of ET and IP, or from unaffected skin of 
newborns and adults.  
 
3.2 METHODS 

 
Immunohistochemistry (Papers II-V)  

A technique for localizing proteins in a tissue section using specific 
antibodies.  

Confocal Laser Scanning Microscopy (Papers II-V)  
Microscopic technique for recording thin optical sections of a sample. 
Three-dimensional data sets can be recorded that permit analysis of 
protein expression and distribution within individual cells of the tissue.   

Light microscopy (Papers III-V) 
Microscopic technique involving the passing of visible light transmitted 
through or reflected from a sample through a single or multiple lenses to 
give a magnified view of the sample.  

Transmission electron microscopy (Papers I-III) 
Microscopic technique enabling high-contrast images at high resolution 
through the interaction of a coherent beam of electrons transmitted 
through an ultra-thin-sectioned (approximately 50 nm) specimen.  

Immunogold electron microscopy (Papers II-V) 
Technique using antibodies labeled with gold particles to detect the 
location of proteins at high resolution by transmission electron 
microscopy.  

Negative staining transmission electron microscopy (Paper II) 
Microscopic technique where the electron beam primarily interacts with 
individual macromolecules stained by heavy metals, such as uranyl 
acetate. 

Scanning electron microscopy (Paper I) 
Microscopic technique imaging the sample surface by scanning it with a 
focused beam (spot) of electrons in a raster scanning pattern. 

Polymerase Chain Reaction (Papers II, V) 
A technique used to amplify a single or few copies of a piece of DNA, 
generating millions or more copies of the DNA piece. The selectivity of 
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PCR results from the use of primers that are complementary to the DNA 
region targeted for amplification under specific thermal cycling 
conditions. 

Broth Microdilution Assay (Paper II) 
An assay where growing bacteria are incubated with peptides and growth 
inhibition is detected with colorimetric methods.  

Crystal violet staining of biofilm formation (Paper II) 
A colorimetric assay developed for quantification of bacterial biofilms 
grown on a microtiter plate.  

  
3.3 BIOPSY FIXATION (PAPERS I-V) 

For scanning EM (SEM) and transmission EM (TEM) analysis, biopsies were fixed in 
2% glutaraldehyde (GA) and 0.5% paraformaldehyde (PA) in 0.1 M sodiumcacodylate 
buffer containing 0.1 M sucrose.  
 
For immunogold EM (IEM) analysis, biopsy was fixed in 3% PA and 0.1% GA in 0.1 
M phosphate buffer (PB), rinsed in 0.1 M PB and then infiltrated with 2.3 M of sucrose 
and frozen in liquid nitrogen.    
 
For  IHC and immunofluorescence (IF) staining of LL37, psoriasin, NF-ĸB p65, RAGE 
and double IF staining of LL37 in combination with MC tryptase or EG2, 
crysosectioned skin biopsies were fixed in 2% buffered formaldehyde and frozen to  
-70°C. 
 
For IHC studies on MC tryptase, crysosectioned skin biopsies were fixed in ice-cold 
acetone-methanol (1:1) and pure acetone and then frozen to -70°C.  
 
For IHC of HMGB1 and double IF staining of HMGB1 in combination with Mac 387, 
lysosomal-associated membrane protein (LAMP)1, LAMP2, and early endosomal 
antigen (EEA)1, biopsies were fixed in Lanasfix (Bie & Berntsen, Herlev, Denmark) 
containing 4% PA and 14% picric acid in 0.1 M PB, rinsed in PB containing 10% 
sucrose, embedded in isopentane and OCT-compound and frozen to -70°C.  
 
Considerations 
It is important that the fixation has the right osmotic pressure (osmolarity) for the tissue 
in order that it does not deform the tissue i.e. no swelling or shrinkage. It is also 
important that the fixative keeps the tissue free from impurities. GA is considered to 
preserve the ultrastructure better than PA does, since GA is a dialdehyde i.e. two 
aldehyde groups react with the tissue; but GA is avoided for immunofluorescence due 
to induced autofluorescence. PA on the other hand gives a “milder” fixation and is 
more suitable for IEM. PA provides a better morphology than acetone fixation. 
 
3.4 IMMUNOHISTOCHEMISTRY AND CONFOCAL MICROSCOPY 

(PAPERS II-V)  

Cryostat sections were incubated overnight with the specific primary antibody as 
specified in Table 1.  
 
For confocal analysis, sections were incubated with primary antibodies followed by 
fluorophore-conjugated secondary antibodies in the following combinations: goat anti-
rabbit Cy3 for rabbit-anti-HMGB1 and rabbit-anti-LL37 in Paper V, goat anti-rabbit 
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Alexa 546 for rabbit-anti-LL37 in Paper III and rabbit-anti-HMGB1 in Paper IV; and 
goat anti-mouse Alexa 488 for mouse-anti-tryptase in Paper III, mouse-anti-Mac387, 
mouse-anti-LAMP1, mouse-anti-LAMP2 and mouse-anti-EEA1 in Paper IV, and 
mouse-anti-NF-ĸB and mouse-anti-EG2 in Paper V. For reference, DAPI was used to 
stain nuclei in some of the studies. Confocal images were recorded with a Zeiss 510 
META confocal microscope using a 10x/0.3 NA or a 63X/1.4NA lens. Fluorescence 
was excited and detected using the following laser wavelengths and filter combinations: 
Cy3 was excited at 543 nm, with long pass 560 nm detection, Alexa 488 was excited at 
488 nm and detected at band-pass 505–530 nm, Alexa 546 was excited at 543 nm and 
detected at band-pass 560-615 nm and DAPI was excited at 405 nm and detected at 
band-pass 420-480 nm. Controls for autofluorescence and unspecific binding were 
performed by excluding the primary antibody. As positive control for LL37, 
keratinocytes were stained in Papers II and III. 
 
For IHC analysis slides were incubated with the specific primary antibody, followed by 
the biotinylated secondary antibodies in the following combinations; goat anti-rabbit 
for rabbit-anti-LL37 in Papers II and V and rabbit-anti-HMGB1 in Paper IV and V; 
horse anti-mouse for mouse-anti-tryptase in Paper III, mouse-anti-HMGB1 in Paper IV, 
mouse-anti-psoriasin and mouse-anti-EG2 in Paper V, and horse anti-goat for goat-anti-
RAGE in Paper V. Tissue sections were stained using the avidin-biotin-peroxidase 
complex (ABC) method. Peroxidase activity was revealed with the diaminobenzidine 
(DAB)-kit, and counterstaining was performed in hematoxylin. Negative control 
staining was performed with a mouse IgG1 antibody for mouse-anti-HMGB1 or by 
exclusion of the primary antibody. As positive controls we used human synovial MCs 
for tryptase, psoriatic skin for psorasin and human gut epithelia for EG2. Slides were 
analyzed in a blinded manner and the number of positive cells for respective antibody 
was estimated based on a semi-quantitative scale.   
 
Considerations 
In IHC the localization of proteins can be determined with high contrast, while relative 
amounts of proteins can be determined in a semi-quantitative manner. However, using 
a semi-quantitative method, there is always a risk of subjective evaluations. To 
minimize this risk two or three independent observers blind to the origin of the samples 
interpreted all data. A limitation of IHC is that absolute amounts of proteins cannot be 
determined. Using antibodies there is also a risk of non-specific binding, which may be 
difficult to distinguish from specific staining. The use of monoclonal antibodies may 
increase the risk of false-negative results, since there is only one target epitope that 
might not be available in the assay. Polyclonal antibodies may instead increase the risk 
of false-positive results since several proteins may share epitopes. To eliminate the risk 
of false results we used positive and negative controls in each analysis.  
 
3.5 ELECTRON MICROSCOPY (PAPERS I-V) 

TEM and SEM were used for studies of the ultrastructure in skin lesions, whereas 
negative staining TEM was used to analyze S. epidermidis surface structures. IEM was 
performed both on skin tissue and on bacterial samples, using the antibodies listed in 
Table 1. 
 
Considerations 
The major benefit of using EM is that the technique allows high resolution analysis at 
very high magnification. SEM makes it possible to view the surface of unsectioned 
specimens and has a three-dimensional appearance, whereas TEM requires sectioning 
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of the tissue specimen. The major drawback with EM is that it requires special 
expertise for proper analysis and that it only allows analysis of small samples.  
 
Table 1. Antibodies used. 
 
Protein Antibody 

class 
Manufacturer Technique Paper 

Fbe polyclonal 
sheep 

Jan-Ingmar Flock, Karolinska 
Institutet, Stockholm, Sweden 

IEM II 

LL37 polyclonal 
rabbit 

Innovagen, Lund, Sweden IF, IEM, 
IHC 

II, V 

LL37 polyclonal 
rabbit 

Birgitta Agerberth, Karolinska 
Institutet, Stockholm, Sweden 

IF, IEM III 

MC 
tryptase 

monoclonal 
mouse 

Chemicon International, 
Temecula, CA, USA 

IHC, IF III 

HMGB1 polyclonal 
rabbit 

Pharmingen, San Diego, CA, 
USA 

IHC, IEM, 
IF 

IV, V 

HMGB1 monoclonal 
mouse 

Critical Therapeutics Inc., Boston, 
MA, USA 

IHC IV 

Mac 387 monoclonal 
mouse 

DAKO, Glostrup, Denmark IF IV 

LAMP1 monoclonal 
mouse 

DSHB, Iowa City, IA, USA IF IV 

LAMP2 monoclonal 
mouse 

DSHB, Iowa City, IA, USA IF IV 

EEA1 monoclonal 
mouse 

BD; Bioscience, Milan, Italy IF IV 

Psoriasin polyclonal 
mouse 

Morten Østergaard, University of 
Aarhus, Aarhus, Denmark 

IHC V 

EG2 polyclonal 
mouse 

Pharmacia Diagnostic, Uppsala, 
Sweden 

IHC, IF V 

RAGE polyclonal 
goat 

Biologo, Kronshagen, Germany IHC V 

NF-ĸB p65 monoclonal 
mouse 

Chemicon/Millipore, Billerica, 
MA, USA, 

IF V 

 
 
3.5.1 Scanning EM (Paper I) 

After fixation, the sample was briefly rinsed in distilled water followed by dehydration 
in ethanol into acetone and dried in a critical-point drier. The biopsy was then mounted 
on aluminum stubs and coated with 10 nm platinum in a sputter coater and examined in 
a Jeol JSM 820. 
 
3.5.2 Transmission EM (Papers I-III)  

In Papers I and III, biopsy specimens were cut into ultrathin sections of 40-50 nm, 
contrasted with uranyl acetate followed by lead citrate, and examined in a transmission 
electron microscope.  
 
In Paper II, S. epidermidis were grown on blood agar plates for 36-48 h or in brain-
heart infusion broth (BHI) from a starting point of OD600 0.05 until mid-log-phase. 
Colonies grown on agar plates were resuspended in 1% PA solution, whereas liquid 
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cultures were centrifuged at 1500 × g for 3 min and then resuspended in 4% PA 
solution, followed by centrifugation and resuspension in PB saline. The sample was 
then added to a Formvar-coated carbon grid, after which excess solution was soaked off 
with a filter paper and the grid was stained with 0.5% uranyl acetate in water and air-
dried. Samples were visualized in a transmission electron microscope. 
 
3.5.3 Immunogold EM (Papers II-V) 

In Paper II, a bacterial sample was grown as previously described and placed on 
Formvar-coated nickel grids. In Papers III-V, sectioned skin biopsies were placed on 
grids containing 20 mM glycine. After blocking, the sample was incubated with the 
primary antibody, as specified in Table 1. After rinsing, the secondary gold-conjugated 
antibody was added. Subsequently the grids were contrasted with 0.1% uranyl acetate 
and biopsy sections embedded in 2% methylcellulose. The samples were examined in a 
transmission electron microscope and the corresponding numbers of gold particles were 
measured using an interactive measuring program (analysis SIS; Soft Imaging System 
GmbH, Münster, Germany) and expressed as gold-particles/μm2 (Au/μm2).  
 
3.6 DETERMINATION OF MINIMAL INHIBITORY CONCENTRATION 

FOR LL37 (PAPER II) 

Antimicrobial susceptibility of S. epidermidis was performed with the microdilution 
broth method. A stock solution of peptide LL37 was prepared by adding the peptide to 
refined MHB containing 0.05% acetic acid, in order to prevent precipitation of the 
peptide. Refined Mueller Hinton broth (MHB) was used since standard MHB 
underestimates the activity of antimicrobial peptides (Turner et al. 1998; Dudal et al. 
2006). However, since S. epidermidis were unable to grow in refined MHB, a 1:1 
mixture of regular MHB and refined MHB was used for the experiments. Bacterial 
sample was suspended in microtiter plates containing refined MHB supplemented with 
LL37. The wells in the microtiter plate contained LL37 in concentrations ranging from 
0.25 to 256 mg L-1 (twofold dilutions). Minimal inhibitory concentration (MIC) was 
recorded as the lowest concentration completely inhibiting growth, as recorded by the 
unaided eye. Wells containing refined MHB without LL37 were used for growth 
control. The microtiter plates were read after 18 h incubation at 35º C. 
 
3.7 DETERMINATION OF BIOFILM FORMATION (PAPER II) 

S. epidermidis were grown overnight in BHI broth after which culture diluted in BHI 
broth was added to each well of a polystyrene microtiter plate. A negative control of 
BHI broth without bacteria was included, and each experiment was performed in five 
replicate wells. After incubation at 37°C for 20 h, each well was washed, dried and 
stained with 0.1% (vol/vol) CV. The plates were then washed and bound CV was 
solubilized in ethanol-acetone (4:1, vol/vol). The absorbance was measured at 590 nm. 
 
3.8 POLYMERASE CHAIN REACTION 

3.8.1 PCR amplification of the aap gene (Paper II)  

Genomic DNA was prepared using a QIAmp DNA minikit (Qiagen, Hilden, Germany) 
according to directions from the manufacturer, with the modification that cells were 
incubated with lysostaphin prior to the lysis with proteinase K. The PCR assays were 
performed by amplifying two different fragments of the aap gene using AmpliTaq 
Gold DNA Polymerase (Applied Biosystems, Foster City, CA, USA). A positive 
control of genomic DNA of ATCC 35984 and a negative control containing reaction 
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mixture without DNA were included in each run. Electrophoresis was performed on the 
PCR products and the products were identified with UV illumination. Finally, the PCR 
products were purified with a JETquick PCR Purification Spin Kit (Genomed GmbH, 
Bad Oeynhausen, Germany), sequenced on both strands and analyzed using an Applied 
Biosystems 3730 DNA analyzer. The resulting chromatograms were interpreted using 
an Applied Biosystem Sequence Scanner v1.0, and the DNA sequences were used for 
database searching using the BLAST function on the NCBI database 
(www.ncbi.nlm.nih.gov) to identify the reaction products.  
 
3.8.2 Methylation-specific PCR (Paper V)  

An X-inactivation assay based on methylation status was assessed by analysing the 
androgen receptor (AR) gene according to protocols previously described (Allen et al. 
1992). Genomic DNA, purified according to standard protocols, was digested overnight 
with 5U of HpaII (New England Biolabs, Ipswich, MA, USA) prior to PCR 
amplification of the polymorphic polyglutamine repeat of the AR locus. Amplification 
reaction was performed as described (Allen et al. 1992), except that one of the primers 
was conjugated with an amidite fluorophore (6-FAM) at the 5´-end. Amplification 
products were denaturated in formamide and separated on an ABI3130xl genetic 
analyzer (Applied Biosystems, Foster City, CA, USA). The results were analyzed using 
the GeneMapper v3.7 program (Applied Biosystems). 
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4 RESULTS AND DISCUSSION  
 
4.1 STUDIES ON THE PATHOMECHANISM OF ERYTHEMA TOXICUM 

 
4.1.1 Cocci-like bacteria are present in ET lesions (Paper I) 

Ultrastructural analysis of ET lesions identified bacteria, with size and morphology 
supporting their affiliation to the genus Staphylococci. In all lesions analyzed, these 
bacteria were being phagocytized and internalized particularly into the hair-follicle 
epithelium but also into recruited immune cells surrounding the area (Fig 4a-b). 
These immune cells were located in the vicinity of capillaries and comprised mainly 
eosinophils and macrophages but also neutrophils and MCs. The vessels were 
activated with increased numbers of pinocytic vesicles in the endothelial cytoplasm. 
 

 
Fig 4. TEM micrographs of an ET lesion. (A) A hair follicle epithelial cell with a pili-
expressing coccus-like bacteria, B, localized in its cytoplasm. (B) Three individual 
bacteria localized in the cytoplasm of epithelial cells in the hair follicle. N, nucleus. 
Bar: 1 µm. (Photo: Kjell Hultenby) 
 
4.1.2 Correlation of ET with skin-commensal flora and body temperature 

(Paper I) 

In skin swabs from 69 one-day-old infants the most commonly isolated bacteria were 
CoNS, with no difference between infants with and without the rash (Table 2). In 25 
infants CoNS was further typed, and included mainly S. epidermidis (n= 11) and 
Staphylococcus hemolyticus (n=10). Eleven of 33 infants with ET had positive single 
cultures for bacteria, nine for CoNS and one each for S. aureus and micrococcus. 
Seven of 36 infants without the rash had single cultures, six for CoNS and one for 
Pantoea agglomerans. The remaining infants harbored two to five different bacterial 
populations on the skin. Axillary temperature was higher in infants with the rash 
(37.6 ± 0.3°C; n = 33) than in those without (37.3 ± 0.4°C; n = 36, p = 0.004, t test).  
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Table 2. Skin-bacterial cultures in 69 healthy 1-day-old infants, with the rash of ET 
(black  columns; n=33) and without the rash (grey columns; n= 36), expressed as 
percentage. 
 
4.1.3 Accumulation of activated MCs in ET lesions (Paper III) 

IHC staining of the ET lesions showed a massive focal accumulation of MCs in the 
dermis surrounding the hair follicles (Fig 5a). MCs were also present in the control 
sections, but to a much less extent and randomly scattered throughout the dermal 
layers. Ultrastructural analysis showed signs of MC degranulation in the ET lesion. 
Also, phagosomes were found in MCs in ET lesions, whereas none were found in MCs 
of the control sections. No expression of LL37 was found in skin MCs from human 
newborns or adults, as analyzed with double IF and IEM.  
 
4.1.4 HMGB1 is activated in ET lesions (Paper IV) 

Analysis of ET lesions with IHC and confocal microscopy showed that keratinocytes 
overriding the hair follicle and the dermal infiltrate had a cytoplasmatic expression of 
HMGB1 (Fig 5b). Similar results were found in accumulated Mac387-expressing 
macrophages located near the hair follicle. IEM analysis showed a higher concentration 
of HMGB1 in keratinocytes in the upper part of the epidermal layer than in cells closer 
to the papillary matrix, although the highest labeling was found in melanocytes. 
HMGB1 was also found outside the cells in the epidermal layer as well as in the 
collagen matrix of the upper papillary dermis, although at low concentrations. No co-
location of HMGB1 in the cytoplasm was found with the lysosomal markers LAMP1 
or LAMP2, or with EEA1.  
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Fig 5. Immunohistochemical staining of sections from ET lesions showing (A) a focal 
accumulation of anti-tryptase in the dermis and (B) staining of anti-HMGB1 in the 
epidermis over a hair follicle in an ET lesion. Note the passage from nuclear to 
cytoplasmatic HMGB1 in the same section.  
 
4.2 STUDIES ON S. EPIDERMIDIS 

 
4.2.1 S. epidermidis are susceptible to LL37 (Paper II) 

To determine the susceptibility of S. epidermidis to LL37 we performed a broth 
microdilution assay on 13 clinical isolates and on four reference strains consisting of S. 
epidermidis, S. aureus and E.coli. MIC values ranged between 8 and 32 mg L-1. No 
major differences between the reference strains and the clinical isolates were noted.  
 
4.2.2 CoNS express pilus-like structures (Paper II) 

All 13 clinical isolates of S. epidermidis expressed two different types of pilus-like 
appendages. No such structures were found on either of the S. epidermidis reference 
strains. The appearance of the structures was very similar between the individual 
isolates. Longer pilus-like protrusions were found growing outwards from the bacterial 
cell surface, often towards another cell (Fig 6a). Shorter structures were located as tufts 
of fibrils on the cell surface, projecting away from the cell wall (Fig 6b-c). When 
bacterial cells were found in clusters of 3-6 bacteria, the central cell most often lacked 
these appendages, whereas the outer cells expressed them. The appendages measured 
250-300 nm from the fibril base to the fibril tip, and were approximately 2 nm thick. By 
screening samples randomly, looking at least 100 cells, we estimated that 2/3 of the 
bacteria expressed these pilus-like structures. Treatment of S. epidermidis with 
proteinase K completely removed all pilus-like structures as detected with negative 
staining, indicating that these either were comprised of protein, or were attached to the 
cell surface by a protein component. Treatment of S. epidermidis with DNAase did not 
change the appearance of the pilus-like structures, as detected by negative staining. 
 
4.2.3 Expression of pilus structures is not linked to formation of biofilm (Paper 

II) 

CV staining of biofilm formation in polystyrene plates showed that only four of 13 
clinical isolates were strong producers of biofilm, as was the S. epidermidis ATCC 
35984 used as a positive control. S. epidermidis ATCC 12228, and nine of 13 clinical 
isolates showed no or limited signs of biofilm-forming ability. Thus, no link between 
biofilm formation and pili expression was found. 
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4 
Fig 6. S. epidermidis isolated from an ET lesion with (A) long pilus-like protrusions 
and (B,C) typical short pilus-like structures, as seen by negative staining EM. 
 
4.2.4 Association of fibrinogen-binding protein (Fbe) and accumulation-

associated protein (Aap) with pilus structures (Paper II) 

After incubation of staphylococcal cells with Fbe antibody, a morphological 
appearance suggestive of a possible association of Fbe with the pilus-like structures 
was found, using IEM. The aap gene was found in ten of the 13 clinical isolates, but 
only one of the amplicons was detected in one isolate and, in two, no PCR amplicons 
were detected. This may indicate that those strains have truncated aap genes, or 
possibly that two of them even lack the aap gene. Thus, no link between pili and Aap 
could be determined. 
 
4.3 STUDIES ON THE PATHOMECHANISM OF INCONTINENTIA 

PIGMENTI 

 
4.3.1 Increase of LL37 in IP lesions (Paper V) 

In IP lesions, IHC staining showed expression of LL37 in keratinocytes of the upper 
epidermal layers as well as in numerous LL37- and EG2-expressing cells located in the 
epidermal and dermal layers. Control sections were all negative. Double IF staining 
showed a co-location of LL37 in EG2-expressing eosinophils, and IEM analysis 
detected LL37 in both keratinocytes and eosinophils in the epidermal and dermal 
layers. In eosinophils, the LL37 labelling was predominantly located in the granules. 
 
4.3.2 Increase of psoriasin in IP lesions (Paper V)  

IHC staining of psoriasin was present in the upper epidermal layers of the IP lesions. In 
the epidermis of controls, the positive signal was weaker and limited to fewer cells, 
preferentially located in the subcorneal layer and with a similar picture in infants and 
adults. No psoriasin-expressing cells were found in the dermis of IP lesions or controls. 
 
4.3.3 Activation of HMGB1 in IP lesions (Paper V) 

In IP lesions HMGB1 staining was almost absent from large areas of the keratinocyte 
layers whereas staining was predominantly nuclear in recruited inflammatory cells 
surrounding the area of spongiosis, as analyzed with IHC. Confocal microscopic 
analysis showed a translocation of HMGB1 from the nucleus to the cytoplasm in 
keratinocytes of the IP lesion, while controls had a predominant nuclear immunosignal. 
These findings were confirmed with IEM, showing an approximately threefold increase 
in cytoplasmatic HMGB1 in the keratinocytes of an IP lesion compared to skin from a 
control infant. RAGE was expressed in the epidermis, particularly in the upper part, and 
in scattered cells of the dermis, with a similar appearance in IP lesions and controls.  
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4.3.4 Activation of NF-κB in IP lesions (Paper V) 

Confocal microscopic imaging showed a predominant nuclear NF-κB p65 
immunosignal in scattered epidermal-dermal cells of the IP lesion, as a sign of 
activation of the transcription factor. In skin from the control infant, a rather diffuse 
cytoplasmatic immunosignal was noted in the subcorneal layer, whereas in adult skin a 
cytoplasmatic immunosignal was present throughout the entire epidermal layer. 
 
4.3.5 X-inactivation pattern in IP (Paper V) 

A skewed X-inactivation pattern was found in genomic DNA prepared from blood 
from a patient with IP, whereas a random X-inactivation pattern was detected in DNA 
prepared from both lesional and non-lesional skin from the same patient. 
 
4.4 DISCUSSION 

At birth, an ecologic homeostasis of the colonizing microflora with the newborn 
infant is established. Our knowledge of how skin-commensal bacteria interact with 
the immune system of the newborn infant is poorly understood. In Paper I, we 
provide evidence that ET rash might be a reflection of the penetration through the 
skin by a rapidly colonizing microflora. Penetration would then occur through the 
hair follicles, after which bacteria may elicit prompt activation of the local innate 
immune response. This immune response, as we show in Papers III and IV, also 
includes MCs and HMGB1. It probably then contributes to a postnatal systemic 
acute-phase response, including an increase in body temperature.   
 
The hair follicle has a complex immunologic profile and may act as a sentinel for the 
skin (Christoph et al. 2000). Newborns have enlarged hair follicles (Paus et al. 1999), 
most probably as a consequence of high circulating fetal steroid hormone levels 
reaching up to pubertal values (de Peretti et al. 1976). In relation to body surface the 
newborn skin is also covered with about ten times more follicles than adult skin (Paus 
et al. 1999). These factors combined with a rapid colonization of the skin where 
CoNS was not only the most frequently isolated bacteria but also the one most often 
growing as single culture, may give these bacteria a transitory advantage to breach the 
skin barrier at birth. The inflammatory infiltrate in ET is always in close proximity to 
the hair follicles, but why some follicles remain unaffected while others are inflamed, 
or why some infants react with the rash while others do not, are questions yet to be 
answered. Perhaps ET is due to a temporary dysfunction of the hair follicle immune 
system? Or is it due to a variation in bacterial virulence factors or to the bacterial 
load? ET may also be a way for the infant to induce maturation of the immune 
system, shifting it towards a TH1-like response, as suggested for the intestinal 
microflora (Rook et al. 1998). However, the exact cause of the ET manifestation 
remains to be determined.  
 
The role of the antimicrobial peptide LL37 in the maintenance of immune homeostasis 
between host and microflora is poorly understood. We know that the peptide is 
upregulated in the ET lesions and also constitutively expressed in the vernix caseosa 
(Marchini et al. 2002).  This made us hypothesize that the peptide is important for the 
ecological stability of the commensal flora. We therefore tested whether S. epidermidis, 
as the most common bacterial species isolated from skin of healthy one-day-old infants, 
are susceptible to LL37. Our investigations showed that LL37 significantly inhibits 
growth of S. epidermidis and the MIC-values obtained might be compared with levels 
estimated to reach 1500 mg L-1 (300 µM) in skin lesions of psoriasis patients (Ong et 
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al. 2002). This indicates that LL37 is most probably an important factor in regulating 
the establishment of commensal bacteria at birth.  
 
Paper I included a micrograph of a cocci-like bacteria expressing pilus-like protrusions 
(Fig 4a). Previous studies have described the expression of pili on S. epidermidis blood 
isolate; S. epidermidis 354 (Timmerman et al. 1991; Veenstra et al. 1996) and on two 
commercially available laboratory strains; NCTC 11047, ATCC35984 (Banner et al. 
2007). It has also been shown that these structures increase the adherence of 
staphylococci to polystyrene, suggesting that they are important for the initial 
attachment of the bacteria. These findings made us interested in investigating the 
prevalence and appearance of pilus structures in S. epidermidis strains isolated from 
newborn infants. The finding that all clinical isolates expressed two types of pilus-like 
structures while none of the reference strains did, may imply that pili are important for 
the virulence of the bacteria. However, the function and importance of the pilus-like 
structures are still unknown and can only be speculated upon. Perhaps they are 
important for initial attachment to the host or to plastic devices such as catheters? Or 
they may function as communication structures among bacteria or between bacteria and 
different immune cells?  
 
In Papers II and IV, we showed that MCs and HMGB1 are involved in the 
pathomechanism of ET. MCs were massively recruited in the dermal layer of the ET 
lesions. The cells were located in close proximity to hair follicles and contained 
phagosomes, presumably as a result of direct phagocytosis of microbes. Interestingly, 
both ET and human mastocytoma occur only at the site of hair follicles, indicating a 
pivotal role for MCs in the hair follicle immune system. MCs mediate host defence 
against bacteria not only through direct phagocytosis (Malaviya et al. 1994; Arock et al. 
1998) but also through a variety of antimicrobial activities (Dawicki et al. 2007). Other 
studies have also shown that human mastocytoma cells (Di Nardo et al. 2003) and the 
human MC line HMC-1, established from a patient with mast cell leukemia (von 
Kockritz-Blickwede et al. 2008), express LL37 as part of their defence against 
pathogens. We showed no such expression with either double IF staining of LL37 in 
combination with MC tryptase or with IEM. This finding may reflect the circumstances 
that LL37 is not active as an antimicrobial in human skin MCs under normal conditions 
and that LL37 does not participate in the MC innate response in ET. The lack of 
agreement could also be explained by technical difficulties, as different antibodies were 
used in the respective studies. 
 
Our finding that HMGB1 is activated both in keratinocytes and in accumulated immune 
cells in the ET lesions was reported in the second published study to show activation of 
HMGB1 in epidermal keratinocytes (Popovic et al. 2005). We also found that 
melanocytes contained three to four times more cytoplasmatic HMGB1 than 
keratinocytes, indicating a significant role of the skin pigmentary system in skin 
immune defense. A small amount of extracellular HMGB1 protein was detected. This 
might reflect that labeling had been washed out during the iEM procedure, or it may 
indicate a biologically irrelevant background signal. How HMGB1 is activated and 
how it moves from the nucleus to the cytoplasm still remains unclear.  
 
ET shares many features with the cutaneous eruptions of IP, and in the pathogenesis of 
IP it has in fact been suggested that the apoptosis of the mutated cells is triggered by the 
release of IL-1b after contact with skin-commensal flora (Sebban et al. 2006). 
However, the inflammation in IP is evenly distributed in the skin without connection to 
the hair follicles, suggesting that different pathways are present in the two 
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manifestations. The clinical observations that IP lesions lack microbial growth, that no 
infection evolves despite large areas being involved and that no antibiotic treatment 
was given made us hypothesize that AMPs were present in the lesions. Indeed, we 
showed an upregulation and activation of LL37, psoriasin and HMGB1 in the IP 
lesions. We also found LL37 in eosinophilic granules, in a pattern similar to that 
described for neutrophils. The finding of numerous NF-ĸB-activated cells, most 
probably eosinophils, indicates that numerous non-mutated cells are present in the IP 
lesion. The finding of a random X-inactivation pattern in both lesional and non-lesional 
skin indicates that the counter-selection of cells may be less complete in the skin 
compared to peripheral leukocytes, or that the X-inactivation pattern presented as a 
total value of all cells present in a 3mm punch biopsy may have led to an 
underestimation of cells with an X-inactivation of the chromosome with the normal 
IKBKG gene. 
 
In conclusion, our investigations shed new light on the pathomechanisms of ET and IP. 
Evidence that ET reflects an immune response to penetrated Gram-positive bacteria is 
proposed for the first time, as is the presence of AMPs in IP skin lesions. The 
importance of MCs as part of the innate immunity, and not only as a mediator of 
allergic manifestations, is pointed out as well as the importance of HMGB1 not only as 
a cytokine but also as a potent antimicrobial protein in the skin. 
 
4.5   FUTURE PERSPECTIVES 

The present findings raise several important questions concerning both virulence 
factors of CoNS and the immune status of the human newborn.  
 
The finding of pilus structures on S. epidermidis has led us to further investigate how 
these structures are arranged. We searched for sortase homologs in the S. epidermidis 
ATCC 12228 and S. epidermidis ATCC 35984 genome database, but could not identify 
any gene clusters typical for the encoding of pilus structures (Zhang et al. 2003; Gill et 
al. 2005). We then analyzed the pilus structures with SDS-PAGE electrophoresis and 
Silver staining procedure, but no obvious expression in the range typical for pilins was 
obtained. Thus, further studies of the assembly factors of the pilus structures are 
needed. As the structures are possible targets for future therapy these studies are 
particularly relevant, also considering the emerging problem of multi-resistant CoNS 
strains worldwide. Another important aim in this regard is to evaluate the specific 
function of the pilus structures, especially in relation to bacterial virulence and ability to 
colonize the host.  
 
The possible effects of AMPs on colonization and hair follicle morphology and 
immune function are also an interesting subject for further studies. Particularly the 
findings of highly activated hair follicle epithelial cell components stress the ongoing 
interactions of the immune system with our commensal flora, much in line with the 
hygiene hypothesis. Indeed, these interactions start in immediate connection with 
birth and are probably also important for inducing general beneficial effects later on 
in the human life cycle, such as the prevention of atopy and autoimmune diseases.  
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5 MAJOR CONCLUSIONS 
The major findings in the present work are: 
 
- CoNS are the most commonly isolated bacteria from the skin of healthy, one-day-old 
infants with and without ET.  
- Cocci-like bacteria are internalized into hair follicle epithelial cells and into recruited 
immune cells in the lesions of ET. 
- Newborn infants with ET have significantly higher body temperature than infants 
without the rash. 
- S. epidermidis commonly express two kinds of pilus-like structures. 
- Cathelicidin peptide LL37 inhibits growth of S. epidermidis. 
- A focal accumulation of activated tryptase-expressing MCs is found adjacent to hair 
follicles in the lesions of ET.  
- Cytoplasmatic HMGB1 was found in keratinocytes and in Mac387-expressing 
macrophages in the lesions of ET.  
- LL37, psoriasin and HMGB1 are inflammatory mediators in the IP lesions of 
newborn infants. 
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