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To run a marathon you need mental and physical strength, 
stamina and determination. On top, with a portion of patience, 
pain-hardiness, a pair of good shoes and qualified support
along the way you might actually enjoy it. The same is true 
for the work with a doctoral thesis – it just takes a bit longer 
time… Either way, 4 hours 15 minutes or 4 years 15 months,
when hitting the finish line you have the right to be extremely 
proud and happy. 

 
Sofi Forsberg, January 2009 
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AR Amphiregulin 
BMZ Basement membrane zone 
BrdU 5´-bromo-2´-deoxyuridine 
BSA Bovine serum albumin 
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DMEM Dulbecco’s modified Eagle’s medium 
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EGF Epidermal growth factor 
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MAPK Mitogen-activated protein kinase 
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PBS Phosphate buffered saline 
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QRT-PCR Quantitative real-time RT-PCR 
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Introduction 

The skin 
The skin is a dynamic and multilayered tissue covering the entire outside of 
the body, thereby defining the organism’s place in space. It represents the 
largest organ of the human body; an average adult has about 2 m2 of skin 
that weighs approximately 2.7 kg. Being the interface between the internal 
and the external world, the skin, which is about 1–4 mm thick, forms a pro-
tective barrier against potential damaging factors such as mechanical trauma, 
heat, cold, ultraviolet irradiation, chemicals and infectious microorganisms. 
In addition, the skin helps to regulate body temperature and fluid balance, 
stores water and fat, metabolizes vitamin A and D, and plays an important 
role in the immune system and psychosexual communication. Three major 
layers of the skin can be recognized: subcutis, dermis and epidermis (Figure 
1). Close interaction among resident cells in these compartments is important 
during skin development and maintenance of skin homeostasis [1, 2]. 

Subcutis (hypodermis) is the innermost layer of the skin and mainly con-
sists of adipose tissue. It functions as energy source, insulator and shock 
absorber thus protecting the inner organs. It also allows for the mobility of 
the skin over underlying structures and has a cosmetic effect in moulding 
body contours. The thickness of this layer varies markedly between indi-
viduals and at different sites of the body. 

Dermis (corium) is the fibrous connective tissue compartment of the skin. 
Collagen and elastic fibres constitute the major dermal components and pro-
vide structural flexibility and tensile strength. The fibroblast is the main cell 
type of the dermis and responsible for synthesis and degradation of connec-
tive tissue matrix proteins and secretion of a number of signalling factors. 
Other resident cell types present in this partition are myofibroblasts, macro-
phages and mast cells. Complex networks of nerves, blood vessels and lym-
phatics are embedded in ground substance together with cutaneous append-
ages such as hair follicles, sebaceous glands and sweat glands (Figure 1). 
The dermis stores water, aids in temperature regulation and protects the body 
from mechanical injury. It interacts with the epidermis and supplies epider-
mal cells with diffusible nutrients and oxygen from the underlying capillary 
network. 
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Epidermis is the outermost skin layer and consists of about 90% keratino-
cytes, so called due to their production of keratins, a family of fibrous pro-
teins that makes up the majority of cytoskeletal elements of epidermis, hair 
and nails. Other important cell types in epidermis are melanocytes, i.e. pig-
ment-producing cells that protect against ultraviolet light, and Langerhans’ 
cells that present antigens in T lymphocyte-mediated immune responses. 
Keratinocytes within the epidermis are tightly packed and form four distinc-
tive layers: stratum basale (germinativum), stratum spinosum (prickle cell 
layer), stratum granulosum and stratum corneum (horny layer) (Figure 2). 

The structure of individual keratinocytes relates to their position within 
the epidermis and the state of differentiation. Basal keratinocytes are cuboi-
dal or columnar and closely adhered with components of the underlying 
basement membrane zone (BMZ) such as laminin 5 and collagen IV. Kerati-
nocytes in the basal layer include slow-cycling stem cells and transiently 
amplifying daughter cells. As the keratinocytes progressively move outwards 
through the spinous and granular layers, they are committed to differentia-
tion and attain a more flattened shape. In stratum corneum, the maturation 
process ends with a fully differentiated, dead and anucleated corneocyte that 
finally detaches from the skin surface. The horny layer makes up an efficient 
barrier to the external environment. Typical markers of terminal differentia-
tion include the following: transglutaminases, enzymes that crosslink various 
proteins forming the cornified cell envelope around the corneocyte; filag-
grin, which aggregates keratin filaments; and involucrin and loricrin, both 
components of the cornified envelope. Loricrin is also found within kerato-
hyalin granules characteristic of cells in the stratum granulosum. 

Epidermal growth regulation 
In normal human skin, the epidermal transit time of the keratinocytes varies 
between 5–10 weeks [2]. The continuous self-renewal of epidermis relies on 
a fine balance of keratinocyte proliferation, differentiation and programmed 
cell death (apoptosis). Epidermal growth is tightly controlled by a complex 
network of key biochemical factors produced from the keratinocytes them-
selves and neighbouring cells. Deregulation or imbalance in such regulatory 
mechanisms may distinguish normal from pathological epidermal growth. 
Here, some of the major regulatory features involved are briefly summa-
rized. 

The dermis has a well-known regulatory influence on epidermal morpho-
genesis by its close contact with the epidermis. Growth and differentiation 
are influenced by connective tissue factors passing through the BMZ, e.g. 
insulin-like growth factors (IGFs) that affect keratinocyte growth [3]. The 
interplay among keratinocytes and dermal fibroblasts is also exemplified by 
mutual induction of cell proliferation [4]. 
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Figure 1. Overview of the structure of human skin. 

 

 
Figure 2. Layers and cells in the epidermis 



 

 14 

Several growth factors act by autocrine or paracrine routes through their 
cognate receptors and effector proteins, e.g. via the Ras-Erk-MAPK path-
way. Examples of active growth factors in the epidermis include am-
phiregulin, epidermal growth factor (EGF), transforming growth factor 
(TGF)-�, keratinocyte growth factor (KGF) and TGF-�. Whereas am-
phiregulin, EGF, TGF-� and KGF function as mitogens for keratinocytes, 
TGF-� suppresses DNA synthesis in keratinocytes and promotes differentia-
tion. In addition, keratinocyte-derived cytokines, such as interleukin (IL)-1�, 
IL-6, IL-8 and granulocyte-macrophage colony-stimulating factor (GM-
CSF), participate in normal growth regulation as well as in inflammatory 
processes and wound healing of the skin. 

Another growth-regulatory principle includes the ligand-induced signal-
ling through nuclear receptors belonging to the steroid-thyroid superfamily. 
Among those are the retinoids (vitamin A derivatives) whose diverse effects 
are mediated by specific subtypes of receptors, the retinoic acid receptors 
(RAR) and retinoic X receptors (RXR) activating different sets of responsive 
genes. The concentration of cutaneous retinoids must be tightly controlled 
since both increased and decreased retinoid signalling can lead to aberrant 
proliferation and differentiation [5]. Vitamin D3 is also important to epider-
mal homeostasis. Upon activation, the vitamin D receptor (VDR) forms het-
erodimers with RXR, resulting in decreased keratinocyte proliferation and 
stimulation of differentiation. 

Calcium is a critical factor for regulation of keratinocyte proliferation and 
differentiation. There is evidence for a calcium gradient in vivo, increasing 
from proliferative basal layer to the granular layer [6]. The effects of altered 
calcium concentration have been demonstrated in vitro where low calcium 
promotes keratinocyte proliferation and an increase in calcium serves as a 
trigger for differentiation [7, 8]. Moreover, the epidermis requires calcium 
for differentiation-associated functions, such as desmosome formation and 
transglutaminase cross-linking. 

Psoriasis 

Clinical features and standard treatment 

Psoriasis is a good example of a skin disease with imbalances in regulatory 
pathways of the normal cycle of epidermal cells. Altered expression of many 
different genes and deregulated signalling events have been related to psori-
atic lesions [9, 10]. Psoriasis is a heterogeneous chronic disease of the skin 
affecting an estimated 2–3% of the Caucasian population, mainly adults. The 
typical histological features include epidermal thickening and papillomato-
sis, incomplete differentiation of keratinocytes, loss of granular cell layer 
and retention of nuclei in stratum corneum (parakeratosis). In addition there 
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is an increased vascularity and mixed inflammatory cell infiltration. The 
hyperproliferative phenotype is associated with increased expression of kera-
tins 6 and 16, and results in short transit time (approximately 7 days). The 
number of proliferative cells is increased and mitotic cells are present not 
only in basal but suprabasal layers of the epidermis. Clinically, psoriasis may 
appear in variable forms and severities. Classical plaque psoriasis is charac-
terized by sharply demarcated, raised, red skin lesions covered with silvery 
scales. The plaques are often symmetrical with multiple lesions in the scalp 
and extensor surfaces of the extremities. Flexural areas, nails and joints may 
also be involved. In genetically predisposed individuals, psoriatic lesions can 
be triggered by mechanical, ultraviolet and chemical injuries (isomorphic or 
Koebner reaction), infections, drugs, stress and other factors. Psoriasis was 
earlier regarded as a primary disorder of keratinocyte proliferation since 
epidermal hyperplasia produces the most noticeable clinical and histological 
aspects of this disease. More recent findings suggest that the epidermal 
changes in psoriasis occur in response to infiltrating immunocytes. Accord-
ingly, the current general consensus is that psoriasis is a T-cell mediated 
inflammatory disease possibly linked to autoimmunity. The immunological 
basis and the potential role of susceptibility genes in psoriasis are reviewed 
in [11]. 

Topical treatments are mainstay for most psoriasis patients and include 
drugs such as dithranol, corticosteroids, vitamin D3-analogues (e.g. cal-
cipotriol), retinoids (vitamin A analogues, e.g. tazarotene) and topical im-
muno-modulators like calcineurin inhibitors (e.g. tacrolimus) [12]. An alter-
native treatment is photochemotherapy with psoralens (oral or topical) com-
bined with ultraviolet A (PUVA) irradiation or phototherapy with ultraviolet 
B (UVB) from an artificial source of light. UV light affects the antigen-
presenting capacity of Langerhans’ cells and thereby reduces the inflamma-
tion. Psoralens make the skin more sensitive to UVA light. In patients who 
do not respond adequately to topical or light therapy, systemic treatment – 
oral or injectable – may be required. Systemic treatment includes oral reti-
noids and immunosuppressors such as methotrexate and cyclosporine [13]. 
Emerging therapeutic approaches to psoriasis explicitly focus on three strate-
gies targeting keratinocyte hyperproliferation, inflammatory mechanisms 
and angiogenesis (reviewed in [14]). 
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Pathogenic mechanisms and emerging therapies 

Keratinocyte hyperproliferation 
Although T cells are almost certainly involved in initiation of the psoriatic 
plaque, abnormalities in keratinocyte function or keratinocyte-derived me-
diators also seems to be relevant for the overall pathophysiology of the dis-
ease. The increased turnover of psoriatic skin has been coupled to disturbed 
signal transduction in epidermal keratinocytes. Several lines of evidence 
suggest involvement of the EGF receptor (EGFR) system in this process [15-
17]. Since EGFR is a predominant regulator of keratinocyte growth it is 
likely to participate somehow in the pathogenesis of psoriasis. An abnormal 
expression of the EGFR and several of its ligands, including amphiregulin, 
TGF-� and heparin-binding EGF (HB-EGF), has been detected in psoriatic 
keratinocytes [10, 18-25]. In vitro studies have shown that inhibition of 
EGFR causes growth arrest in cultured keratinocytes, suggesting that this 
inhibition might be exploitable in the treatment of psoriasis [15, 16, 26-30]. 
In addition, we recently demonstrated that HER intervention is an effective 
growth-impeding mechanism for epidermal regeneration of human skin in 
culture [31, 32]. Moreover, cutaneous wounding and barrier disruption pro-
cedures, e.g. tape stripping, have been shown to elevate both amphiregulin 
and HB-EGF expression in epidermis [30, 33]. In skin organ culture this 
rapid and strong induction could be blocked by inhibition of the EGFR [30]. 
It has been hypothesized that induction of keratinocyte autocrine growth 
factors under pathological stimuli mediates a hyperproliferative phenotype 
[10, 34]. In the case of psoriasis, the autocrine induction of e.g. amphiregulin 
and HB-EGF by wounding (Koebner reaction) is associated with parallel 
recruitment and activation of inflammatory cells, e.g. T lymphocytes. Se-
creted factors from these cells may then further stimulate autocrine signal-
ling in a positive feedback loop, creating activated and hyperproliferative 
keratinocytes with an altered cytokine regulation (Figure 3). This mecha-
nism provides a link between the keratinocyte EGF receptor-ligand axis and 
psoriatic inflammation. In mice, transgenic expression of amphiregulin in the 
basal keratinocytes has been correlated with a psoriasis-like skin phenotype 
[34]. 

Another indicator of deregulated EGFR signalling in psoriasis is the find-
ings of aberrant downstream mediator activity. For example, epidermal 
keratinocytes in psoriatic lesions are characterized by activated signal trans-
ducer and activator of transcription (STAT)-3 [35], a protein involved in 
transmitting extracellular signals to the nucleus with a critical role in cell 
proliferation, survival and cell migration, through regulation of genes such 
as cyclin D1 and Bcl-xL. STAT3 also plays a role in e.g. skin wound heal-
ing. Transgenic mice expressing keratinocytes with constitutively active 
STAT3 developed a psoriasis-like skin phenotype either spontaneously or in 
response to wounding. In these mice, a combination of STAT3 in keratino-
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cytes and activated T lymphocytes in the skin were required for development 
of psoriatic lesions [35]. 

It is also reported that the expression of Jun proteins is altered in psoria-
sis. JunB, which inhibits the cell cycle-promoting protein cyclin D1, is re-
duced in psoriatic skin, whereas c-Jun, a proposed antagonist of JunB, is 
increased [36, 37]. Both Jun and JunB are part of downstream signalling of 
EGFR and other receptor tyrosine kinases via the MAPK (mitogen-activated 
protein kinase) pathway. Jun transcriptionally stimulates expression of 
EGFR and HB-EGF creating a positive feedback loop. Jun mutant primary 
mouse keratinocytes exhibit a severe proliferation defect, which can be res-
cued by conditioned medium or by addition of autocrine (HB-EGF, TGF-�) 
or paracrine growth factors (KGF, GM-CSF). Importantly, these keratino-
cytes also have reduced expression of EGFR and its ligand HB-EGF, thereby 
promoting induction of differentiation. 

 
Figure 3. Link between the EGFR and psoriasis inflammation. Adapted by permis-
sion from Macmillan Publishers Ltd: Journal of Investigative Dermatology, Piep-
korn et al. 1998 [10]. 

Inflammation and T-cell mediated immune responses 
Regarding inflammation-directed drugs, mainly two approaches are under 
development: T-cell targeting and cytokine modulation (see reviews [13, 14, 
38]). These strategies are part of the so-called biological therapies directed at 
selected targets involved in the pathogenesis of psoriasis. An important gen-
eral mechanism is the activation of T cells by antigen-presenting cells, a 
process mediated by at least two signals. First, the antigen associated with 
the major histocompatibility complex (MHC) on the antigen-presenting cells 
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is presented to a T-cell receptor (e.g. CD4). The second signal is due to an 
interaction of co-stimulatory molecules: lymphocyte function-associated 
antigen (LFA)-3 stimulating CD2, intercellular adhesion molecule (ICAM)-1 
stimulating LFA-1, or B7 stimulating CD28, on the surface of the resting 
T cell. Several of these co-stimulatory interactions between receptor and 
ligands can be targeted to prevent T-cell activation. The activated T cells 
enter the circulation and eventually migrate from the vessels into the skin at 
the site of inflammation. In this T-cell trafficking, the interaction between 
LFA-1 on the T cell and ICAM-1 on the endothelium is central. In dermis or 
epidermis, the recruited and activated T cells encounter the initiating anti-
gen, resulting in secretion of type-1 (Th1) cytokines, particularly interferon-� 
(IFN-�), IL-2 and tumour necrosis factor-α (TNF-�). In turn, these cytokines 
result in proliferation and decreased differentiation of the keratinocytes and 
linked vascular changes. Furthermore, psoriatic keratinocytes are known to 
secrete pro-inflammatory cytokines and chemokines that possibly worsen the 
disease state. Many biological drugs intervening along the above-mentioned 
pathways are available for treatment of severe psoriasis. Among the T-cell 
targeting agents are alefacept (Amevive�) that blocks CD2-LFA-3 interac-
tion by binding to CD2, thereby inhibiting T-cell activation and reducing 
their numbers by apoptosis, and efaluzimab (Raptiva�), an antibody against 
CD11a (a component of LFA-1) thus inhibiting T-cell activation, trafficking 
and keratinocyte adhesion. 

Concerning cytokine modulation therapies in psoriasis, either cytokine 
switching or cytokine blockers may be utilized. Lesional psoriatic skin has a 
predominance of Th1 cytokines, such as IL-2 and IFN-�. Cytokine switching 
intends to returning the equilibrium between Th1 and Th2 cytokines by ad-
ministration of Th2 cytokines (e.g. IL-10 and IL-4), which neutralize the 
Th1 bias and improve psoriasis. TNF-� is a crucial pro-inflammatory cyto-
kine involved in formation and maintenance of psoriatic plaques. Blockade 
of TNF-� produces marked clinical improvement in psoriatic skin and joint 
symptoms. Etanercept (Enbrel�), a recombinant human soluble TNF-� re-
ceptor, and infliximab (Remicade�), an antibody directed at the cytokine 
itself, are the two main cytokine-blocking agents approved for psoriasis 
treatment. More recently, monoclonal antibodies against IL-12 and IL-23 
have shown therapeutic potential in psoriasis patients [39]. 

Angiogenesis 
The third emerging therapeutic strategy relates to the angiogenesis and vas-
cular changes present in the psoriasis pathogenesis, including increased en-
dothelial proliferation and expansion of the dermal microvasculature. It is 
now generally accepted that activated keratinocytes in lesional epidermis are 
the major source of pro-angiogenic mediators in psoriasis. Among those are 
IL-8, TNF-�, TGF-� and vascular endothelial growth factor (VEGF), all of 
which are elevated in psoriatic epidermis [21, 40-43]. VEGF is a multifunc-
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tional cytokine that not only promotes angiogenesis but also enhances vascu-
lar permeability. In psoriasis, up-regulation of TGF-� and other ligands to 
the EGFR on suprabasal keratinocytes mediates epidermal hyperplasia in an 
autocrine loop. Simultaneously these ligands stimulate production of VEGF 
by keratinocytes, which by paracrine routes induces cutaneous angiogenesis 
thereby supporting the enhanced nutritional need of the proliferating kerati-
nocytes [44, 45]. A potential utility of anti-angiogenesis therapies in the 
treatment of psoriasis has been proposed [46]. 

It should be noted that psoriasis is a very complex disorder and the 
mechanisms described here are simplified. The different features involved in 
psoriasis, keratinocyte hyperplasia, cell-mediated immunity and vascular 
hyperplasia in the skin, are interrelated and none of them can be ignored. 
However, as the underlying mechanisms are becoming better understood, 
novel therapeutic interventions targeting the various pathways in psoriasis 
may result in new medicines with improved safety and efficacy. 

The human EGF receptor (HER) family 
Members of the human epidermal growth factor receptor (HER) family are 
among the most studied protein tyrosine kinases (reviewed in [47-51]). So 
far this family includes four receptors: EGFR (HER1 or ErbB1) [52, 53], 
HER2 (ErbB2) [54, 55], HER3 (ErbB3) [55, 56] and HER4 (ErbB4) [57-59], 
which are widely distributed throughout the human body. Numerous ligands, 
binding members of the HER family, have been described: EGF, TGF-�, 
amphiregulin and epigen bind to EGFR; HB-EGF, betacellulin and 
epiregulin bind both to EGFR and HER4; the heregulins (neuregulins) 
HRG1 and HRG2 bind to both HER3 and HER4; whereas HRG3 and HRG4 
bind to HER4 only [48, 60, 61]. The receptors share an overall structure 
including an extracellular domain, a single transmembrane segment, and an 
intracellular catalytic tyrosine kinase domain flanked by a carboxyl-terminal 
tail containing tyrosine autophosphorylation sites (Figure 4). As an excep-
tion, HER3 lacks a functional tyrosine kinase domain [55]. The extracellular 
component of the receptors consists of four domains (I–IV), where domain II 
contains the dimerization arm. In the non-activated receptor, domain II binds 
to domain IV and the dimerization arm is buried and unable to interact with 
an adjacent receptor. Upon ligand binding to domain I and III, there is a con-
formational change, exposing the dimerization arm of domain II. Ligand 
binding to the extracellular domain therefore promotes the formation of ac-
tive homo- and heterodimers through interaction of their respective dimeri-
zation arms. HER receptors also exist in a pre-dimerized state and ligand 
binding to this complex induces a rearrangement of each receptor subunit 
accessing the dimerization loop, stabilizing the dimer and permitting recep-
tor activation [51]. HER2 is incapable of binding to a ligand, but has a con-
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stitutively extended dimerization arm allowing for heterodimerization with 
other HER receptors [55]. In fact, HER2 is the preferred dimerization partner 
for the other three receptors, increasing the affinity of ligand binding [62]. 
HER2 does not form homodimers efficiently, but may do so when over-
expressed. 

 
Figure 4. The HER family – schematic drawing of receptor structure and ligands. 
NRG=neuregulin (HRG, heregulin). 

As a consequence of an active dimer conformation, the intrinsic kinase do-
main is activated, resulting in autophosphorylation of tyrosine residues in the 
cytoplasmic tail of the receptor. The process is ATP dependent. The phos-
phorylated receptor tyrosine residues then serve as docking sites for sub-
strate and adaptor proteins via Src homology 2 (SH2) and phosphotyrosine 
binding (PTB) domains of signalling proteins, and link the receptor to down-
stream signal transduction pathways [63]. The cellular responses are due to 
the pattern of phosphorylation because the specificity of the binding proteins 
is dependent on amino acids surrounding the tyrosine phosphorylation site. 
Thus, individual HERs couple to distinct subsets of signalling proteins [49, 
64] and the signalling outcome and kinetics depend considerably on receptor 
dimer composition. Since the kinase activity of HER3 is impaired, het-
erodimerization and trans-phosphorylation by other HER members are re-
quired for cell signalling from this receptor [55]. Since HER2 has an inactive 
ligand-binding domain and HER3 is devoid of intrinsic kinase activity, nei-
ther HER2 nor HER3 can support a linear signalling. Therefore, the horizon-
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tal network of interactions between the different receptors is important to the 
signalling pathway. The four HERs bind a multitude of ligands, inducing 
formation of various homo- and heterodimers, thus providing a potentially 
high degree of signal diversity. Homodimeric receptor combinations are 
generally less potent and mitogenic than heterodimers. 

An additional level of complexity in this system is that each receptor 
member can undergo alternative RNA processing resulting in the expression 
of a variety of receptor isoforms. For EGFR, HER2 and HER3, read-through 
of consensus splice donor sites results in transcripts encoding truncated ex-
tracellular domain sequences [65-68]. In contrast, alternative HER4 tran-
scripts are generated by exon splicing within two specific regions of the pri-
mary transcript, one in the C-terminal cytoplasmic domain (creating iso-
forms CYT-1 and CYT-2) and one in the juxtamembrane (JM) ectodomain 
(isoforms JMa–d) [59, 69, 70]. The JM region alternative splicing seems to 
be tissue-specific and might represent a potentially important mechanism to 
regulate HER4 function. 

Downstream signalling 

One of the major pathways downstream of the HERs is the Ras-MAPK cas-
cade, via the adaptor proteins Shc or Grb2 and the nucleotide exchange fac-
tor Sos, which can be stimulated by all HER ligands and receptors [71-74]. 
The activation of phosphatidylinositol-3 kinase (PI3K) is differentially in-
duced, via direct binding sites on HER3 and HER4 or via indirect binding 
through adaptor proteins such as Gab1 and Cbl, to EGFR and HER2 [75]. 
Other pathways include phospholipase C-� (PLC-�) and STAT [53, 55, 59, 
64, 76, 77]. Stimulation of a spectrum of signalling cascades finally trans-
lates the signal to the nucleus, activating numerous transcription factors, 
through which the HER network control a wide range of biological outcomes 
[47, 49], including cell proliferation, migration, differentiation, adhesion and 
cell survival (Figure 5). The output depends on cellular context as well as 
specific ligand and HER dimer constellation. 

Receptor trafficking 

The duration and strength of the signals is another key factor in defining the 
biological output and is tightly regulated in the cell by receptor trafficking 
and the action of numerous negative regulatory mechanisms, including pro-
tein phosphatases, endocytosis and degradation [78-80]. These processes are 
essential to turn off the HER response and avoid constitutive signalling and 
tumourigenesis. After activation, the ligand-bound receptor is internalized 
from the cell membrane via several pathways, including clathrin-coated pits, 
and directed into intracellular vesicles [28, 73, 81, 82]. Here, the receptor 
undergoes sorting and either recirculates to the plasma membrane or is de-
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graded via the lysosomal pathway [73, 78]. Sorting to degradation is deter-
mined by the composition of the dimer: EGFR homodimers are targeted 
primarily to the lysosome, HER3 are constitutively recycled and heter-
dimerization with HER2 decreases the rate of endocytosis and increases 
recycling of its partners [83]. Furthermore, sorting in the early endosomes 
seems to depend on the ligand-receptor dissociation and pH stability. Com-
plex dissociation (e.g. TGF-� and HRG-1 from their receptors) favouring 
receptor recycling, whereas continuous activation of tyrosine phosphoryla-
tion in the endosome (e.g. EGF-EGFR interaction) leads to recruitment of 
Cbl, a ubiquitin ligase that directs EGFR to lysosomal degradation [84]. 

Expression of HERs in the skin 

Expression of EGFR, HER2 and HER3 has been detected throughout the 
human epidermis. In normal adult skin the EGFR is predominantly, but not 
exclusively, expressed by keratinocytes in the proliferative basal layer of the 
epidermis, consistent with its presumed role in promoting epidermal growth. 
HER2 and HER3 are enhanced in the upper spinous layers. On the other 
hand, only low or undetectable expression of HER4 has been found in hu-
man epidermis [24, 57, 58, 85, 86]. Keratinocytes in active psoriatic plaques 
express EGFR also in the stratum spinosum consistent with the mitotic activ-
ity in suprabasal layers of these lesions [18]. The EGFR plays an important 
role in the skin, since more than 90% of autocrine growth of cultured  
keratinocytes is mediated through the EGFR [23]. Epidermal keratinocytes 
express both the receptor and several of its ligands, including TGF-�, am-
phiregulin and HB-EGF, creating an autocrine loop in this cell type [87-89]. 
Signalling via EGFR has been found to control several aspects of epithelial 
biology: promoting cell proliferation, needed for DNA synthesis and cell 
cycle progression from G1- to S-phase, involved in regulation of differentia-
tion (both up- and down-regulatory activities have been observed, depending 
on the experimental conditions), and preventing apoptosis by inducing ex-
pression of Bcl-xL, a Bcl-2 homologue and protector against apoptotic cell 
death [48, 90, 91]. In addition, EGFR signalling enhances cell migration, a 
favourable process during tissue development and wound healing, but also 
involved in pathological states such as metastasis. Increased migration of 
cultured keratinocytes within 15 min after addition of EGF or TGF-� has 
been observed [92]. Such a rapid response suggests a direct effect of EGF on 
keratinocyte adhesion and motility.  
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HER inhibitors 
Different HERs are over-expressed and deregulated in a variety of human 
cancers, including breast, prostate, and ovarian cancer [49, 93]. The HER 
family of receptors has therefore been identified as a potential target for can-
cer therapy [94-99]. Small-molecule tyrosine kinase inhibitors comprise the 
largest and most promising class of agents in development. These com-
pounds act directly at one or more receptor subtypes to inhibit intracellular 
receptor autophosphorylation, thus preventing downstream signalling by 
blocking its initiation. An increasing number of chemical inhibitors have 
entered clinical trials, including erlotininb (Tarceva®) and gefitinib (Iressa®), 
both EGFR-targeting reversible tyrosine kinase inhibitors. Another approach 
to inhibition of receptor activity is application of monoclonal antibodies 
directed against the extracellular domain to prevent ligand binding. Among 
those, the HER2-specific trastuzumab (Herceptin®) and the EGFR-targeting 
cetuximab (Erbitux®) are the most developed agents [99].  

Considering the abnormal pattern of EGFR expression in psoriatic and 
tumour skin, one would expect that EGFR-directed drugs or antibodies may 
be clinically useful also in dermatological treatment [28, 94]. In vitro studies 
on keratinocytes demonstrate that inhibition of EGFR causes growth arrest 
and induction of terminal differentiation [26] and blockers of EGFR signal-
ling have been suggested as potent anti-psoriasis agents. Accordingly 
AG1571, an inhibitor of EGFR kinase activity, has been shown to inhibit 
proliferation of cultured keratinocytes isolated from psoriatic lesions [15, 
16]. However, blocking of EGFR in vitro has also been reported to induce 
expression of pro-inflammatory chemokines [100, 101], some of which are 
involved in psoriatic skin inflammation. In addition, side-effects from anti-
EGFR drugs are often skin related such as dryness and acneiform rashes [28, 
102, 103], illustrating the susceptibility of human skin to anti-HER therapy. 
Since adverse cutaneous reactions seem to be a result of EGFR homodimer 
inhibition specifically [104], other dimer constellations might be more at-
tractive drug targets. A molecule directed against diverse members of the 
HER family, or administration of a combination of inhibitors, might also be 
clinically more effective than using an EGFR-specific inhibitor only [94]. 

PKI166, the kinase inhibitor mainly used in our studies, was developed as 
a novel inhibitor of both EGFR and HER2 kinases and entered clinical trials 
in 1999 because of its favourable pre-clinical profile [95]. Like many of the 
other small-molecule EGFR tyrosine kinase inhibitors, PKI166 interacts with 
the intracellular ATP-binding site of the EGFR and subsequently inhibits 
autophosphorylation of the receptor and downstream signalling. In phase I 
clinical trials, oral administration of PKI166 resulted in high liver toxicity, 
and Novartis therefore stopped further development of PKI166 [98]. Hepa-



 

 25

tocytes express high levels of EGFR, about 105–106 receptors per cell, which 
is similar to that in many tumour cells. This limits the use of EGFR as target 
for systemic drug application and may explain the liver toxicity observed in 
clinical trials with PKI166. Here, PKI166 was selected as model compound 
for EGFR- and HER2-inhibition and intended for in vitro experiments only. 

In vitro models of skin epithelialization 
Skin explant culturing is a valuable tool in cutaneous biology, providing 
convenient and ethical experimental settings for studies of epithelialization. 
A variety of techniques for reconstruction of human skin have been de-
scribed. The source of keratinocytes and the substrate on which they are 
cultured differ between the various models and should be chosen to suit the 
experimental application. Cultured keratinocytes and punch biopsies (ex-
plants) of partial and full-thickness skin often represent the sources of 
keratinocytes. In addition, the outer root sheet of the human hair follicle has 
been used for this purpose [105]. The first model described involved human 
keratinocytes seeded in lethally 3T3 fibroblasts [106, 107]. Epidermal 
morphogenesis is markedly influenced by the underlying connective tissue. 
Based on the supposed important role of the dermis in epidermal differentia-
tion, mortified de-epidermized dermis (DED) [108, 109] or dermal equiva-
lents [110, 111] have been used as substrate on which isolated keratinocytes 
are seeded. A variation of this technique includes the insertion of a punch 
biopsy in a fibroblast-collagen matrix [112]. In the first method recombining 
epidermal and dermal elements, human skin explants were cultured on flaps 
of dead pig skin [113]. However, due to better differentiation features, hu-
man dermis is preferably used as substrate in combination with cultured 
keratinocytes or skin explants [108, 109, 114-116]. To follow the process of 
epithelialization without harming the tissue in culture, thus allowing a co-
investigation of dynamic and morphological aspects of reconstituted epider-
mis, a fluorescence-based visualization technique can be coupled to the cul-
tures [31, 116]. 

Several in vitro models of human epidermis are commercially available 
(reviewed in [117]). Many in vitro models utilize polycarbonate filters as 
growth substrate [117, 118]. However, when keratinocytes are grown on 
polycarbonate filters, there is no formation of rete ridges, which in native 
tissue help to anchor the epidermis onto dermis. To use a dermal equivalent 
as substrate therefore provides a more physiological environment than filters 
or bare plastics. The dermal equivalent may be constructed in different ways, 
e.g. a collagen gel matrix with or without fibroblasts [110, 119] and possibly 
with a surface of type IV human collagen [120], or an acellular DED with a 
partly intact basal membrane, still organized with collagen IV, laminin and 
proteoglycans present on the epidermal side of the dermis [31, 114, 121]. 
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Collagen IV is a major component of lamina densa whereas laminin 5 is 
associated with lamina lucida of the BMZ. Both components facilitate 
growth and migration of epidermal cells [122, 123] thus supporting forma-
tion of a multilayered epithelium. Furthermore, in cultures using DEDs as 
substrate, the dermal-epidermal junction has been found to undulate, proba-
bly reflecting partial preservation of the original dermal papillae [109]. 
Modified versions of the DED-based explant model have been described in 
order to simulate certain features of epidermalization. For example, by ex-
planting skin biopsies onto denuded BMZ of the DED, a more ulcer-like 
state of re-epithelialization is approached [124]. Moreover, dermal-
epidermal interactions have been imitated by introducing viable fibroblasts 
into the substrate [125, 126]. 

Regardless of the diversity of conditions that may be used for culture, 
keratinocytes in cell, explant and organ cultures undergo a similar pattern of 
differentiation and these methods provide an epidermal differentiation pat-
tern close to that observed in vivo [127]. Some parameters have been shown 
to positively influence an optimal differentiation of the in vitro skin: pres-
ence of a dermal substrate consisting of mortified de-epidermized dermis 
[119, 127, 128], persistence of some of the basement membrane components 
on the epidermal side of the dermal substrate [129, 130], presence of fibro-
blasts in the viable dermis of the punch biopsy, immersion of culture, which 
is maintained at the air-liquid interphase [115], and high calcium concentra-
tion [7, 8]. In contrast, low calcium concentrations have been found to fa-
vour keratinocyte proliferation. Culturing at the air-liquid interface stimu-
lates the formation of the cornified barrier and improves the organization of 
the epidermis [115]. 

In the DED, skin appendages such as hair follicles and sebaceous glands 
are missing and the cultured epithelium is not likely to retain non-
keratinocytic cells such as melanocytes and Langerhans’ cells. The various 
types of reconstructed skin models are therefore still incomplete. Despite 
these shortcomings, the reconstruction of epidermis in vitro allows us to 
estimate the effects of substances such as retinoids, corticoids, cosmetics and 
drugs that act on the keratinocyte. The possibility of site- or age-dependent 
differences in cellular behaviour must be born in mind when doing this kind 
of experiments. 
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Present investigation 

Aims 
The focus of this work was to explore the role of different HER ligands and 
receptors in regenerating epidermis in vitro and in psoriatic skin. A fluores-
cence-based dynamic skin culture model was utilized to study the time-
course of re-epithelialization in presence of HER-directed molecules, ligands 
or anti-psoriatic drugs. 
 
The more specific aims were: 

Paper I 
To evaluate the skin culture model as a tool to identify topical agents with 
anti-proliferative properties and in this model comparing an EGFR tyrosine 
kinase inhibitor, PKI166, with established topical drugs in terms of dynamic 
and morphological effects on neoepidermis generated from normal skin. 

Paper II 
To further explore HER inhibition as concept for growth reduction in human 
skin. Parameters studied were expression of EGFR and HER2, dynamic out-
come of a panel of small-molecular HER-targeting agents, along with effects 
of PKI166 on neoepidermal outgrowth from normal and psoriatic skin ex-
plants, differentiation and EGFR receptor autophosphorylation. 

Paper III 
To analyse neoepidermal HER expression and particularly aim at the partici-
pation of HER3 during re-epithelialization, by examine the biological re-
sponses linked to ligand activation and inhibition of HER3 in regenerating 
human epidermis and keratinocytes in culture. 

Paper IV 
To study the in vivo mRNA expression of HER ligands and receptors in 
normal, uninvolved and lesional psoriatic skin. In addition, alternative splic-
ing and protein expression of HER4 were addressed. 
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Materials and Methods 

Biological specimen (I–IV) 

Normal human skin explants were prepared from adult abdominal skin re-
maining after breast reconstruction surgery (deep inferior epigastric perfora-
tor (DIEPP) operations). The skin was immediately used or in a few experi-
ments stored at 4°C for 1–5 days. Explants (2 mm diameter) were punched 
out, cut off superficially and placed on a compress pre-moistened with PBS. 
A block of cork covered with sterile gloves was used in combination with a 
sterile silicone-coated, knitted viscose dressing as a sticky surface to facili-
tate the punching. 

Psoriasis patients with chronic plaques psoriasis of different severity were 
recruited from the Department of Dermatology at Uppsala University Hospi-
tal. Patients were not allowed to use topical or systemic anti-psoriatic treat-
ment (except emulsifying creams) during at least two weeks prior to sam-
pling. Punch biopsies (2 or 3 mm diameter) were taken from both clinically 
uninvolved and lesional skin of the buttocks or trunk. The 2-mm punch biop-
sies were used directly as skin explants and 3-mm biopsies were stored in 
RNAlater® (Ambion) at 4°C for 48 h. They were then trimmed from the 
dermal side using a razor blade to remove as much dermis as possible and 
dry frozen at -70°C before homogenization and RNA preparation. Normal 
skin for RNA extraction was obtained by punch biopsy (3 mm diameter) 
from gluteal skin of healthy volunteers, stored and prepared as the psoriatic 
samples. In some individuals (healthy and patients), superficial shave biop-
sies were also acquired and put in -70°C. The frozen shave biopsies were 
cryo-pulverized using a metal block and tightly fitted piston chilled in liquid 
nitrogen. The resulting samples were stored at -70°C until further processing 
for protein lysates. All studies were approved by the local ethics committee 
at Uppsala University and written informed consent was obtained from all 
skin donors, psoriasis patients and healthy volunteers. 

Preparation of DEDs (I–III) 

Pieces of normal adult skin obtained from patients undergoing plastic sur-
gery and stored in -70°C were used to prepare a dermal culture substrate 
consisting of acellular de-epidermized dermis (DED, protocol modified from 
[105, 109]). The skin was thawed and mounted to a block of cork covered 
with gloves, packed and placed in -20°C to simplify subsequent punching. 
Using an 8- or 10-mm punch tool, biopsies were taken and put into sterile 
PBS. The biopsies were transferred to a tube with pre-warmed PBS (56°C) 
and heated in a waterbath at 56°C for 20–30 min. The sub-epidermal side 
was trimmed making the DED somewhat thinner (approximately 2 mm). 
Epidermis was peeled off from the underlying dermis with a forceps. The 
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biopsies were placed in cryovials (6–8/vial) and the cells in dermis killed by 
10 cycles of freezing (5 min in liquid nitrogen) and thawing (30 min at room 
temperature). The DEDs were then stored at -70°C until use. 

Skin explant culture (I–III) 

Each skin explant was fibrin-glued to the centre of a DED (8 or 10 mm in 
diameter). In each well of a 6-well culture plate, 2 explanted DEDs (4 in one 
study) were placed on a modified CellStrainer® (70 μm pore size; Falcon, 
BD Biosciences) and grown in classic or basal medium for 9 days at the air-
liquid interface in an atmosphere of 5% CO2/air at 37°C (Figure 6). 

‘Classic keratinocyte medium’ comprised Dulbecco’s Modified Eagle’s 
Medium (DMEM):Ham’s F12 medium (3:1), 100 μg/ml streptomycin, 
100 U/ml penicillin (PEST), nonessential amino acids (all Gibco), 10% foe-
tal bovine serum (FBS, PAA Laboratories), 5 μg/ml insulin (Lilly), 0.18 mM 
adenine, 10-10 M cholera enterotoxin, 10 ng/ml EGF, and 0.5 μg/ml hydro-
cortisone (all Sigma-Aldrich). In ‘basal medium’, insulin, cholera toxin, 
EGF and hydrocortisone were excluded. Classic medium omitting EGF only 
was used in some experiments. Medium renewal was after 72 h and then at 
intervals of 24 or 48 h throughout the culture period. Test substances (Table 
1) or vehicle were included in the growth medium at specified concentra-
tions during either the entire culture period or the final 48 or 1.5–2 h. Each 
series (with normal skin) included explants and DEDs, respectively, from a 
common donor. Proliferative cells, entering S-phase, were labelled by incu-
bation with 30 μM bromodeoxyuridine (BrdU, Roche Diagnostics) 4 h prior 
to harvest [31]. As positive control for apoptosis, samples were exposed to 
1 μM staurosporine (Sigma-Aldrich) during the final 24 h of culture [131]. 

Visualization and outgrowth measurement (I–III) 

The area of re-epithelialization was traced before each medium renewal by 
fluorescence imaging of re-epithelialization (FIRE) technique [116] using 
fluorescein diacetate (FDA, Sigma-Aldrich) as viability indicator [132]. 
Neoepidermal outgrowth (total fluorescent area minus explant area) was 
quantified using a DP-soft image analysis program (Olympus) while main-
taining the tissue in culture (Figure 6). 

Histology and immunohistochemical staining (I–III) 

Explant cultures were harvested on day 9 or 10 and fixed in 4% neutral-
buffered formaldehyde prior to dehydration using Tissue-Tek® VIP machine 
(Histo-Lab) and paraffin embedment. De-paraffinized cross-sections (5 μm) 
were used for histology or immunohistochemistry. Histometric analysis was
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Table 1. Test compounds used in skin explant and cell culture. 

Substance Concentration Type Supplier Paper 

�-HER3 10 μg/ml Monoclonal Ab Thermo Scientific III 
�-HRG-�1 50 μg/ml Polyclonal Ab Thermo Scientific III 
AEE788 100 nM, 1 μM Kinase inhibitor Novartis II 
AG1478 100 nM, 1 μM Kinase inhibitor Merck II 
Betamethasone 10, 100 nM, 1 μM Corticosteroid Sigma-Aldrich I 
Calcipotriol 10, 100 nM, 1 μM Vit D3 analogue Leo-Pharma I 
Cetuximab 100 nM Monoclonal Ab Merck III 
CI1033 100 nM, 1 μM Kinase inhibitor Pfizer II 
CP654577 100 nM, 1 μM Kinase inhibitor Pfizer II, III 
Dithranol 10, 100 nM, 1 μM Anti-psoriasis Sigma-Aldrich I 
EGF 5, 10, 20 ng/ml Ligand EGFR Sigma-Aldrich II, III 
HRG-�1 5, 10, 20 ng/ml Ligand HER3–4 Sigma-Aldrich III 
Pertuzumab 100 nM Monoclonal Ab Genentech III 
PKI166 10, 100 nM, 1 μM Kinase inhibitor Novartis I, II 
Tacrolimus 10, 100 nM, 1 μM Calcineurin inhibitor Fujisawa 

Pharmaceuticals 
I 

Tazarotene 10, 100 nM, 1 μM Retinoid Allergan I 
ZD1839 100 nM, 1 μM Kinase inhibitor AstraZeneca II, III 

 

 
Figure 6. Schematic drawing of the skin explant culture and the visualization of 
outgrowth. DED=de-epidermized dermis. 
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by Zeiss Axiovision LE version 4.4 (Carl Zeiss AB) and included neoepi-
dermal thickness (total area of viable neoepidermis/horizontal length of 
neoepidermis) and papillomatosis index (length of BMZ/horizontal length of 
neoepidermis). Primary antibodies and their respective epitope retrieval pro-
cedures used for immunohistochemistry are summarized in Table 2. For 
antigen unmasking, enzymatic epitope retrieval was in 0.05% protease type 
VIII (Sigma-Aldrich) for 5–10 min at 37°C or 1% trypsin for 30 min at 
37°C. Heat-induced epitope retrieval (HIER) was mainly performed using a 
pressure cooker with slides in 10 mM citrate buffer pH 6.0, Reveal (Biocare 
Medical) or Target Retrieval Solution (S1699, Dako) for antibodies requir-
ing low pH and in 1 mM EDTA pH 8.0 or BORG (Biocare Medical) for 
antibodies that need high pH. Endogenous peroxidase was blocked in 0.6% 
H2O2 in methanol for 15 min or in Peroxidazed 1 (Biocare Medical) for 
5 min. Non-specific binding was blocked by pre-incubating sections with 
10% normal serum (horse or goat, Vector Laboratories) or Background 
sniper (Biocare Medical). Primary antibodies were incubated overnight at 
4°C or 0.5–2 h at room temperature. Biotinylated anti-mouse or anti-rabbit 
secondary antibodies (1:200, 30 min, Vector Laboratories) were detected 
with ABC technique. In some cases, the MACH3 system (mouse and rabbit, 
Biocare Medical) was used instead of secondary antibodies and ABC detec-
tion. Diaminobenzidine (DAB, Vector laboratories) or Vulcan Fast Red 
Chromogen kit (Biocare Medical) was used for visualization. Slides were 
counterstained with hematoxylin and mounted in glycerol jelly. The staining 
procedures included negative controls omitting the primary antibody or us-
ing mouse or rabbit immunoglobulin. 

Cell culture (II–IV) 

NIH/EGFR cells (fibroblasts stably transfected to overexpress EGFR), T47D 
and A431 cell lines were cultured in DMEM, supplemented with 10% FBS 
and 1% antibiotics (PEST). NIH/EGFR cells were starved by deprivation of 
FBS from the medium. T47D breast carcinoma cells express HER1–4 [133] 
whereas A431 cells (derived from epidermoid squamous cell carcinoma) 
express all HERs except HER4 [86]. Normal human epidermal keratinocytes 
were cultured in EpiLife medium complemented with human keratinocyte 
growth supplement (HKGS) and gentamycin/amphotericin (Cascade Biolog-
ics). Starvation of keratinocytes was performed by excluding all supplements 
from the EpiLife medium. Agonists (EGF and HRG-�1) were added  
5–10 min prior to harvest, and antagonists 27 h (antibodies) or 2 h (tyrosine 
kinase inhibitors) prior to harvest. Cells were incubated at 37°C in 5% CO2 
and subcultivated with trypsin-EDTA (Cascade Biologics). Prior to RNA 
and protein sampling, cells were washed thrice with ice-cold PBS. 
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Cell staining (II) 

NIH/EGFR cells cultured on coverslips were treated with or without 1 μM 
PKI166 for 2 h and with EGF (10 ng/ml) during the final 5 min. After wash-
ing in PBS, cells were fixed with 4% paraformaldehyde, washed again and 
permeabilized for 5 min with 0.5% (v/v) Triton-X-100 in PBS. Proteins were 
blocked with 20% goat serum and the slides were incubated overnight with 
rabbit anti-p-EGFR Tyr 1086 antibody (Table 2), washed and incubated with 
goat anti-rabbit secondary Alexa fluor 488 antibody (1:800, Invitrogen) be-
fore fluorescence microscopy. For nuclear staining, 0.3 μg/ml Hoechst 
33258 (Molecular Probes) was used. 

Protein lysate preparation (II–IV) 

Whole explant cultures (neoepidermis with attached dermis) or neoepidermis 
only (scraped off from the DED using a dermal curette, pelletted and frozen 
at -70°C) were separately pooled. To prepare protein lysates, cells or tissue 
were lysed on ice for 15–30 min in cold LCW-lysis buffer pH 7.5 (20 mM 
Tris pH 7.5 (Bio-Rad), 0.5% (w/v) Triton X-100, 0.5% (w/v) deoxycholate, 
10 mM EDTA, 30 mM NaPyro-P (all Sigma-Aldrich), 150 mM NaCl 
(Scharlau)). To the lysis buffer, phosphatase and protease inhibitors (0.5 mM 
Na3VO4 (Sigma-Aldrich) and either Complete Mini (Roche) or 1% Trasylol 
(Bayer) together with 1 mM phenyl methylsulphonyl fluoride (Sigma-
Aldrich)) were added immediately prior to use. Lysates were cleared by cen-
trifugation at 12 000×g for 10–30 min at 4°C. The supernatants were trans-
ferred to new vials and kept on ice or stored at -70°C until further use. The 
protein concentration of lysates was determined with Bio-Rad protein assay 
using bovine serum albumin (BSA) for the standard curve. 

Receptor and immunoprecipitation (II–IV) 

EGFR was precipitated from lysates using wheat germ agglutinin (WGA) 
precipitation technique. Lysates were incubated with WGA-Sepharose beads 
(Amersham Biosciences) at 4°C for 1–3 h. HER4 was immunoprecipitated 
by incubating lysates overnight at 4°C with a rabbit monoclonal anti-HER4 
antibody (Table 2) in a 200-μl volume, followed by a 2–4 h incubation with 
protein-A sepharose beads slurry (GE Healthcare). As negative control for 
the IP, normal rabbit IgG (X0903, Dako) replaced the HER4 antibody at the 
same IgG concentration (120 μg/ml). The beads were washed 3–5 times in 
LCW-lysis buffer and proteins solubilized in 2×SDS sample buffer prior to 
immunoblotting. 
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SDS-PAGE and Western blot (II–IV) 

Proteins were separated by SDS-polyacrylamide gel electrophoresis (7% gel) 
and transferred to a nitrocellulose membrane by semidry transfer (Trans-
blot® SD, Bio-Rad). All components (papers, gel and membrane) were first 
soaked in semidry transfer solution (50 mM Tris, 40 mM Glycine, 4% (w/v) 
SDS and 20% (v/v) methanol). Blocking was with 5% Membrane Blocking 
Agent (GE Healthcare) for 1 h at room temperature or overnight at 4°C. The 
blots were probed with primary antibodies for 2 h at room temperature or 
overnight at 4°C (Table 2). Bound antibodies were visualized by enhanced 
chemiluminescence, ECL plus on ECL Hyperfilm (GE Healthcare) after 
incubation with horseradish peroxidase-conjugated secondary IgG-
antibodies for 1 h. All washing steps and dilutions were in Tris-buffered 
saline (TBS) with 1% (v/v) Tween-20 (Merck) and 1% (w/v) BSA (IgG- and 
protease-free, Jackson). The size of protein bands were related to a Rainbow 
marker (GE Healthcare). For reprobing, blots were stripped with 0.4 M 
NaOH for 10 min and re-blocked before adding the next primary antibody. 

RNA extraction and cDNA synthesis (III–IV) 

Total RNA was prepared from neoepidermis or trimmed punch biopsies 
using TRIzol Reagent (Invitrogen) according to the manufacturers’ instruc-
tions, including 45 μg GlycoBlue (Ambion) to visualize the RNA pellet. 
Homogenization was performed by frequent pipetting until the tissue was 
dissolved or using a Polytron 2100 (Kinematica AG) as previously described 
[136]. The RNA was resuspended in DEPC water (Invitrogen), quantified 
using an ND1000 spectrophotometer (NanoDrop Technologies) and stored at 
-70°C.  

First-strand complementary DNA (cDNA) was generated in a reverse 
transcription reaction where 3 μg total RNA were mixed with an oligo-d(T)16 
primer (75 pmol, Applied Biosystems) and the volume adjusted with DEPC 
water to 22.8 or 20.6 μl (for psoriasis and normal samples, respectively). 
After the first annealing step (70°C for 10 min performed in a PTC-200, Bio-
Rad Laboratories), a mixture rendering final concentrations of 500 μM of 
each dNTP, 12.5 ng/μl random hexamers (GE Healthcare), 1×First Strand 
Buffer, 10 mM DTT and 7 U/μl M-MLV reverse transcriptase (Invitrogen) 
was added to give a total reaction volume of 50 or 40 μl (for psoriatic and 
normal samples, respectively). After a second annealing step at 25°C for 
10 min, the cDNA synthesis was performed at 37°C for 60 min before en-
zyme inactivation at 70°C for 15 min. The obtained products were diluted in 
DEPC water to a concentration of 5 ng/μl, aliquoted and stored at -70°C. 
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RT-PCR and gel documentation (III–IV) 

The number of transcripts was determined by quantitative real-time reverse 
transcriptase polymerase chain reaction (QRT-PCR) in a 25-μl reaction vol-
ume including 1×iQ™ SYBR Green Supermix (Bio-Rad) and 0.2 μM prim-
ers, using cDNA as template (~25 ng total RNA). All primers were obtained 
from Applied Biosystems. Samples were analysed in triplicate in an MyiQ 
(Bio-Rad) using the following settings: 3 min at 95°C, 40–50 cycles of 15 s 
at 95°C followed by 1 min at 57–60°C (annealing temperature depending on 
primer), finishing by a melt curve analysis of the obtained products. Simul-
taneous amplification of known amounts of PCR product generated a stan-
dard curve for comparison. To correct for variable efficiencies in cDNA 
synthesis, the mRNA values were related to the amount of the housekeeping 
gene cyclophilin A. 

 The alternative splice variants of the JM region of HER4 was amplified 
by RT-PCR in a thermal cycler (PTC-200, Bio-Rad) for initially 9 min at 
94°C and then over 40 cycles of 94°C for 1 min, 56°C for 1 min and 72°C 
for 1 min followed by a final extension step of 72°C for 10 min. All RT-PCR 
reactions were carried out in a final volume of 25 μl comprising 5 μl cDNA 
template (~25 ng total RNA), 0.2 mM of each dNTP (GE Healthcare), 
1×PCR buffer, 1 mM MgCl2, 0.4 μM each of the JM-F and JM-R primers, 
and 0.02 U/μl AmpliTaq Gold (all Applied Biosystems). The reactions were 
overlaid with a droplet of mineral oil to avoid vaporization. 

After amplification, products were separated by electrophoresis on an 
ethidium bromide stained 2 or 3% agarose gel (Viogene agarose, Techtum 
Lab AB), and visualized under ultraviolet light. The size of bands was re-
lated to the DNA molecular weight marker IX (72–1353 bp, Roche Diagnos-
tics) or a 123-bp DNA ladder (123–1476 bp, Invitrogen). 

Statistical analysis (I–IV) 

To test statistical differences in radial growth rates between treated and con-
trol samples, individual growth rates were estimated from serial area meas-
urements by a mixed effects model [137]. In this model, the factors, treat-
ment, experimental series and interaction between treatment and series, were 
included as fixed effects. The intra-sample correlation was accounted for by 
allowing individual intercepts for the samples as random effects. The model 
ignores deviation in linearity and estimates radial progression over day 3 to 
9, regardless of when curve linearity occurs. Since both intra-experimental 
and intra-sample correlations were considered and the deviant samples were 
few, the model was regarded as appropriate for our calculations. The model 
assumes an equal sample distribution within each group and calculates a 
common SEM for all groups. When the variance between groups differed, a 
non-parametric statistic test (Mann Whitney test) was performed. This test 
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does not consider intra-experimental correlation and might give false nega-
tives, but was used here to confirm that differences compared to controls 
were accurate and not false positives. Absolute differences of means in BrdU 
density, laminin 5-positive cells and histometric data between treated and 
control groups were calculated for within each experimental series and were 
subjected to paired t-test. Proliferative cell densities in experiments involv-
ing psoriatic samples were analysed by Kruskal Wallis non-parametric test 
followed by Mann Whitney test. Differences in mRNA expression between 
lesional and uninvolved skin in paired observations from the same patient 
were statistically analysed by the non-parametric Wilcoxon signed rank test. 
Statistical analyses were performed with SAS version 9.1 and GraphPad 
Prism version 4.00. Probability values P<0.05 were considered statistically 
significant. 

Results and discussion 

Paper I 

In vitro models that mimic native skin are useful tools in dermatological 
research. Here a skin explant model was used, which provides formation of a 
slightly hyperproliferative multilayered neoepidermis, containing keratino-
cytes only, on a matrix of acellular human dermis with partly intact basal 
membrane [105, 112]. When coupled to a fluorescence-based imaging tech-
nique that only labels cells of the regenerating neoepidermis and not the 
dead cells in the underlying substrate [116], this system can be utilized to 
study the process of re-epithelialization during the time of culture. Thereby, 
effects on dynamic progression can be combined with subsequent mor-
phometric, immunohistochemical and various molecular analyses. 

In this study, the skin culture model was used to evaluate the effects of 
topical agents on skin regeneration from normal skin. The dual EGFR - and 
HER2 tyrosine kinase inhibitor, PKI166 [95, 98], was compared with clini-
cally established topical agents. Included in the panel of drugs were sub-
stances representing different generations of psoriasis treatment: dithranol, a 
classic anti-psoriatic remedy [138]; betamethasone, a corticosteroid [139]; 
calcipotriol, a vitamin D3 analogue [140]; tacrolimus, a calcineurin inhibitor 
[141] and tazarotene, a synthetic retinoid (vitamin A analogue) [142]. Since 
re-epithelialization is a result of closely associated cellular activities, the 
drug effects on outgrowth were related to proliferation, migration and apop-
tosis of neoepidermal cells (summarized in Table 3). 

PKI166 at 1 μM efficiently decreased the outgrowth rate of neoepidermis, 
which could be correlated to a reduced proliferation and migration of neoepi-
dermal keratinocytes. The papillomatosis index and epithelial thickness were 
not significantly affected by PKI166, and no apoptotic or cytotoxic effects 
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were observed. Calcipotriol at 1 μM had a similar effect on the outgrowth 
rate, associated with reduced migration and neoepidermal thickness. Equi-
molar concentrations of the other test compounds had no apparent effect on 
histology or outgrowth parameters. 

EGFR signalling influences several central functions in epithelia, promot-
ing proliferation, migration and cell survival, and regulating differentiation 
[48]. The growth-impeding effects of PKI166 on skin regeneration were 
therefore anticipated. Topical formulations of calcipotriol are routinely used 
in the treatment for plaque psoriasis. It acts via vitamin D receptor-mediated 
effects on the proliferation and differentiation of epidermal keratinocytes and 
on the immunological features of the diseased skin [143]. This is possibly 
due to dephosphorylation of EGFR by calcipotriol treatment in a calcium-
dependent manner [144]. The lack of growth-inhibitory outcome from the 
other substances might be explained by the solely keratinocyte-containing 
neoepidermis in this model, masking eventual indirect effects via immuno-
cytes or other cell types present in the psoriatic lesional skin in vivo.  

The results presented in this paper illustrate the advantage of co-
investigation of dynamic and histological parameters and support use of this 
model as a method to find substances that affect skin growth by direct effects 
on keratinocytes and in experimental studies of the re-epithelialization proc-
ess. In addition, the study emphasizes the important role of EGFR in epi-
dermal regeneration and the potential of EGFR tyrosine kinase blockade to 
control hyperproliferative states of the epidermis. 

 
 

Table 3. Summary of dynamic and histometric results of drug-exposed neoepidermis 
compared to vehicle (control). 
Substance  
(1 μM) 

Growth 
rate 

Prolifera-
tion 

Neoepidermal 
thickness 

Papillomatosis 
index 

Migration Apoptosis 

 % change vs. vehicle  
PKI166    -19**    -37* +5 -7 -45* (-) 
Calcipotriol    -15**  -38   -35* -6 -40* (-) 
Betamethasone   -6*  -10   -9  0 NA (-) 
Tacrolimus -3    -1   -6  0 NA (-) 
Dithranol  0    -2 -10 -2 NA (-) 
Tazarotene +7* +11 -23 -4  3 (-) 
Staurosporine NA (++) 
Vehicle 485a 28.5b 60.6c 1.55 28.7d  (-)e 

a Radial growth rate in μm/day 
b Number of BrdU-positive cells/mm basement membrane 
c Neoepidermal thickness in μm 
d Number of laminin 5-positive cells in the outermost neoepidermal front. 
e Density of caspase-3-positive (pos) cells in neoepidermis. (-) 0–3 pos cells/mm, (++) >50 

pos cells/mm. 
*p<0.05, **p<0.01, NA= not analysed. 
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Paper II 

To further evaluate the biological effects of PKI166 on neoepidermis, the 
skin culture model was extendedly characterized and the activity of PKI166 
was analysed in more detail and compared with other HER-targeting kinase 
inhibitors. EGFR and HER2 have gained much attention due to their in-
volvement in tumour development and progression. Hence, a myriad of com-
pounds that inhibit the activity of the HER family have been developed over 
the last decade, many of which are in various stages of clinical trials [99]. 
Small-molecule tyrosine kinase inhibitors comprise a large class of agents in 
development and act directly at one or several receptor subtypes to block 
intracellular receptor autophosphorylation, thus preventing downstream sig-
nal initiation [145]. EGFR kinase inhibitors have also been proposed in the 
treatment of psoriasis [17]. In this study, a group of HER-directed small-
molecular inhibitors with different specificity profiles against the HER 
members was included to verify the effect of PKI166 on skin re-
epithelialization. The dual EGFR and HER2 kinase inhibitors (PKI166 [95] 
and AEE788 [146]), were compared to drugs mainly targeting EGFR kinase 
(ZD1839 [147], AG1478 [148]) or HER2 kinase (CP654577 [149]) and an 
irreversible pan-HER inhibitor (CI1033 [150]). At 1 μM drug level, all com-
pounds decreased the rate of resurfacing of neoepidermis from normal skin 
explants (Figure 7). However, drugs with anti-EGFR kinase activity were 
associated with more distinct growth reduction than selective HER2 inter-
vention. In addition, the EGFR-targeting substances reduced the proliferative 
cell density, which was not seen in the solely HER2-inhibited tissue. 

 
Figure 7. Neoepidermal outgrowth from normal skin explants in presence of differ-
ent HER-targeting tyrosine kinase inhibitors at 1 μM. 
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Characterization of the skin model showed that it has several features similar 
with psoriatic lesional skin, including hyperproliferation (increased expres-
sion of Ki67 and K16) and altered pattern of differentiation markers (involu-
crin and filaggrin). Both EGFR and HER2 displayed in vivo-like distribution 
in neoepidermis and were more intensely expressed in psoriatic lesional skin. 
EGFR mainly localized in proliferative layers whereas HER2 stained in 
more differentiated parts of epidermis (Figure 8). Hence, the two receptor 
subtypes do not seem to co-localize in normal and hyperproliferative skin. 
The pattern agrees well with the dynamic outgrowth effects of the kinase 
inhibitors, indicating a predominant involvement of EGFR over HER2 in 
epidermal regeneration. Indeed, re-epithelialization was associated with 
EGFR activation which could be blocked by PKI166 both in presence and 
absence of exogenous ligand (EGF). The effect of PKI166 was dose-
dependent and applied also to neoepidermis generated from lesional psoriatic 
skin reducing both outgrowth rate and proliferative activity. This further 
strenghtens the potential of therapeutic intervention of EGFR signalling by 
selective tyrosine kinase inhibitors, as a feasible approach to revert skin 
hyperproliferation. 

 
Figure 8. Expression of EGFR (left) and HER2 (right) in cultured neoepidermis. 
Bar=50 μm. 

Paper III 

In view of the close relationship between different HERs including ligands 
and downstream components, it seems plausible that members other than 
EGFR are also actively involved in epidermalization. Although HER2 
seemed to be of minor importance for the proliferative part of neoepidermal 
regeneration as compared with EGFR, selective inhibition of HER2 still 
affected the outgrowth course at the highest drug level. Having previously 
focused at the EGFR and HER2 contributions to the growth process, we next 
added analyses of neoepidermal HER3 and HER4 expression and looked 
specifically at the participation of HER3 during re-epithelialization. 
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HRG-�1, a ligand for the HER3 and HER4 receptors, stimulated neoepider-
mal outgrowth, although to a lesser extent than EGF (EGFR ligand). Pres-
ence of HRG-�1 in the culture media also increased keratinocyte prolifera-
tion and neoepidermal thickness to some extent, whereas the immunostain-
ing pattern of differentiation markers was not affected. This would suggest 
that HER3 or HER4 actively contributes to skin regeneration. At the mRNA 
level, transcripts from EGFR, HER2 and HER3 were clearly expressed in 
neoepidermis formed from normal skin. In contrast, HER4 mRNA was 
found at exceedingly low levels and no HER4 protein could be detected by 
Western blot analysis after immunoprecipitation. This concurs with previous 
reports describing low or undetectable levels of HER4 in epidermis [24, 57, 
86] and indicates that the growth-promoting effect by HRG-�1 was probably 
mediated through HER3 and not HER4. HER3 protein was positively stained 
in upper parts of neoepidermis, thereby co-localizing with HER2 [24, 32] 
and suggesting an association with differentiation. However, staining with a 
specific p-HER3 antibody showed that phosphorylated HER3 was mainly 
present in basal and suprabasal keratinocytes, which corresponds to the pro-
liferative response of ligand-activated HER3 in neoepidermis. 

Since the HER3 receptor has impaired kinase activity it requires a het-
erodimerization partner to induce signalling after ligand activation. In 
neoepidermis, both EGFR and HER2 might fulfil this function. Application 
of monoclonal antibodies specifically blocking EGFR (cetuximab), HER3 
(both interacting with ligand binding to their respective receptor) and HER2 
dimerization (pertuzumab) to the skin culture, gave a reduced rate of re-
epithelialization by all three. That EGFR blockade resulted in growth reduc-
tion confirmed our previous results with EGFR-directed tyrosine kinase in-
hibitors and correlates to the strong impact of EGFR in this process. Hin-
drance of heterodimerization with HER2 probably prevent signalling via 
HER3, which together with the growth-suppressing effect by the anti-HER3 
antibody and growth-promoting effect by HRG-�1 support the contribution 
of HER3 during skin regeneration. The moderate decrease in re-
epithelialization by HER2 tyrosine kinase inhibition agrees with the HER3-
related outcomes and might be due to lack of HER2–HER3 dimer formation. 

HER3 was phosphorylated in neoepidermis and monolayer keratinocytes 
both in presence and absence of exogenous HRG-�1, indicating presence of 
autocrine ligands in these cultures. In both cases, the HER3-specific anti-
body totally inhibited the receptor phosphorylation. In keratinocytes the 
HER2 tyrosine kinase inhibitor (CP654577), but not the EGFR inhibitor 
(ZD1839), had restraining activity on HER3 phosphorylation (Figure 9). 
Together with the dynamic effects by pre-incubation of neoepidermis with 
the monoclonal antibodies, this finding strengthens the explanation that 
HER2 is required to activate the kinase-dead HER3 receptor. 
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Figure 9. Effect of antagonizing HER strategies on HER3 phosphorylation in nor-
mal human keratinocytes as analysed by Western blotting, with (a) antibodies and 
(b) tyrosine kinase inhibitors. 

HER3 has many binding sites for PI3K and thus proliferative responses from 
ligand-activated HER3 are generally associated with activation of the PI3K-
Akt pathway [151, 152]. Which downstream signalling proteins were re-
cruited by HRG-�1 stimulation of neoepidermis remains to be determined. 
Indirect effects via other systems, e.g. VEGF [153], should also be kept in 
mind as possible explanation to proliferative effects mediated through recep-
tors located in differentiated parts of epidermis. The question of compart-
mentalization of receptor subtypes needs to be answered to explain the sup-
posed dimerization pattern and their contributions to different biological 
processes. Further studies of antibody specificity in this system and use of 
additional antibodies may help to resolve this central issue. Since growth 
dynamics of re-epithelialization was encouraged by ligand stimulation of 
HER3, and antagonized by anti-HER3 directed measures, attempts to regu-
late HER3 signalling may prove to be clinically relevant in human skin dis-
ease. 
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Paper IV 

Aberrant expression of EGFR and several of its ligands has been described 
in psoriatic skin and are suggested to be involved in the pathobiology of 
lesional epidermis [10, 18, 21, 22]. Together with infiltrating T cells and  
T-cell derived factors, the imbalance in keratinocyte growth regulation me-
diates the hyperproliferative phenotype that characterizes psoriasis. In con-
trast to EGFR, the other HER members and their ligands have not been thor-
oughly studied in normal and diseased human skin. Our previous results 
propose that EGFR is not the only HER responsible for the proliferative 
drive in normal skin, but HER2 and HER3 might be worth more attention in 
this tissue. To reveal possible alterations of the HER system in psoriasis 
patients, the in vivo mRNA expression of HER ligands and receptors were 
examined in normal, uninvolved and lesional psoriatic skin. 

In accordance with previous reports [21, 22, 24], the EGFR ligands am-
phiregulin, TGF-� and HB-EGF, were over-expressed in lesional psoriatic 
skin as compared with uninvolved skin from the same patient. This harmo-
nizes with the suggested role of these ligands in psoriatic hyperproliferation. 
The mRNA levels of EGFR were instead decreased in the lesional psoriatic 
skin as compared with uninvolved skin after normalization to the housekeep-
ing gene cyclophilin A. The same was true for HER3 and HER4, whereas 
HER2 mRNA was unchanged. Perhaps the earlier described EGFR deviation 
in psoriatic epidermis with sustained levels of this receptor in more differen-
tiated parts [18, 19] is a matter of distribution rather than amount. The di-
minished pool of receptor mRNA in lesional skin might reflect a feedback 
mechanism where increased amounts of ligands either negatively regulate 
the receptor expression or is up-regulated due to the low receptor mRNA. 
Moreover, the mRNA levels might not fully reflect the situation of protein 
expression. A small mRNA quantity could be enough to preserve a high 
protein level, especially if the receptor endocytosis and degradation is some-
how disturbed. In contrast to the EGFR ligands, the heregulins (HER3–4 
ligands), were decreased in lesional skin. Considered as negative regulators 
of ligand binding to EGFR [154], this would further add to an extensive 
EGFR-mediated signalling in psoriatic lesions. 

The most remarkable finding was the absence of HER4 transcript in le-
sional skin, whereas it was discovered in both normal and uninvolved psori-
atic skin (Figure 10). However, there was no difference of HER4 protein 
expression. Again, this might reflect a feedback mechanism, trying to adjust 
for the situation at the protein level. Another possibility could be alternative 
splicing of HER4 in psoriatic skin as compared with the uninvolved counter-
part. With the used primers splicing would affect the transcript expression 
but not result in an obvious size difference of the HER4 protein. Several 
splice variants has been described for HER4 (creating isoforms JMa–d and 
CYT-1–2) and splicing seems to be a potentially important mechanism to 
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regulate HER4 function [59, 69, 70]. When examining the JM alternative 
splicing using another primer pair, all variants were lower in the psoriatic 
lesional skin as compared with uninvolved skin. Since there was no apparent 
disparity in which isoform was dominating between the two skin types from 
the same patient, alternative splicing in the juxtamembrane (JM) region does 
not seem to be the reason for the deviant HER4 mRNA pattern in lesional 
skin. Still, yet other splice variants may exist and require further studies. The 
uniqueness of this phenomenon in psoriasis as compared with other inflam-
matory or hyperproliferative skin disorders also needs to be investigated. In 
breast carcinoma, HER4 expression has been associated with a more favour-
able prognosis [59]. If translated to the psoriasis situation, aiming at up-
regulation of HER4 in lesional skin might be beneficial for the disease state 
and worth future consideration. 

 

 
Figure 10. Agarose gel documentation of HER4 mRNA expression in normal (N), 
uninvolved (UI) and lesional (L) psoriatic skin. 
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Concluding remarks and future perspectives 

In the normal turnover of the skin, there is a continuous renewal of the epi-
dermal cell population. Growth and regulation of human epidermis is a com-
plex network influenced by numerous factors to keep the balance between 
proliferation, terminal differentiation and desquamation. The family of hu-
man epidermal growth factor receptors (EGFR, HER2–4) together with their 
multiple ligands constitutes an important part of the epidermal control sys-
tem, orchestrating several central signalling pathways regulating aspects of 
epithelial biology such as cell proliferation, differentiation, apoptosis and 
migration. A deregulation or imbalance in any of these regulatory factors 
may distinguish the normal epidermis from a pathological one. Indeed, an 
abnormal expression of the EGFR and several of its ligands, including  
TGF-�, amphiregulin and HB-EGF has been detected in psoriatic skin. 
Whereas EGFR has been thoroughly studied, little is known about the other 
HER members and their functional roles in normal and diseased human skin. 

Psoriasis is an immune-mediated chronic disease triggered by environ-
mental stimuli. Despite extensive basic and clinical research, the mecha-
nisms by which apparently normal skin in genetically predisposed individu-
als is transformed into inflamed and hyperplastic lesions are not fully under-
stood. Current research focuses much on genetics and skin immunity as ex-
emplified by psoriasis modelling in the SCID mice and the introduction of 
new biological drugs intervening with T cells or T-cell derived cytokines. 
Epidermal hyperproliferation – one of the major hallmarks of psoriatic epi-
dermis – was initially seen as a primary epidermal issue. More recent evi-
dence, however, suggests that keratinocyte hyperproliferation in psoriasis is 
more likely linked to intralesional inflammatory processes. Since a multitude 
of cell signalling pathways are deregulated in isolated psoriatic keratinocytes 
and recent studies demonstrate aberrant mediator activity downstream of 
EGFR (e.g. STAT3), one may postulate that a primary abnormity of kerati-
nocytes is a prerequisite for the immune system to elicit the psoriasis pheno-
type. Perhaps psoriatic keratinocytes are predisposed to overactivate their 
key signalling pathways in response to T-cell mediated stimulation. 

Irrespective of the origin of epidermal pathology, the imbalance between 
growth, differentiation and apoptosis in psoriatic epidermis and the observed 
deviations in receptor and ligand expression support the idea that exagger-
ated HER signalling might be involved in the rapid cell turnover characteriz-
ing the psoriatic lesions. It also suggests that drugs or antibodies targeting 
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these receptor pathways would be useful in the treatment of hyperprolifera-
tive diseases in the skin. 

The recent and compelling breakthrough of anti-HER-targeting drugs in 
the field of oncology has given topical interest to the early idea of treating 
psoriasis similarly. In principle, anti-HER therapies may be achieved by 
different means: HER-specific monoclonal antibodies, small-molecular HER 
tyrosine kinase inhibitors, ligand-reducing therapies (e.g. many HER ligands 
are produced as pro-proteins and cleaved off by cell-surface metallopro-
teinases), or tyrosine phosphatase activating approaches. Targeting the HER 
signalling pathways may, however, be hazardous to cells since this receptor 
family conveys such a broad spectrum of fundamental biological outcomes. 
Possibly, by directing the therapy at disease-associated pathways or selected 
effector molecules only, fewer side effects may arise. Moreover, combina-
tions of drugs that target more than one HER pathway might be less toxic 
and more efficacious. In order to pursue the idea of such treatment strategies, 
more information is needed on epidermal HERs and the effects of HER-
interfering drugs on normal and psoriatic skin. 

The focus of this thesis was to explore the role of different HER ligands 
and receptors in regenerating epidermis and psoriatic skin. A fluorescence-
based dynamic skin culture model was utilized to study the time-course of 
re-epithelialization in presence of HER-directed molecules, ligands or anti-
psoriatic drugs. In the first paper, an EGFR tyrosine kinase inhibitor, 
PKI166, was compared with established topical drugs in terms of dynamic 
and morphological effects on neoepidermis generated from normal skin. 
PKI166 reduced proliferation and migration of neoepidermal keratinocytes 
and efficiently decreased the outgrowth rate of neoepidermis. Of the other 
substances, only calcipotriol (routinely used in psoriasis) had similar effects. 
The second paper further evaluated the biological effects of PKI166 inhibi-
tion and included an additional panel of HER-directed tyrosine kinase inhibi-
tors. EGFR and HER2 showed in vivo-like distribution in neoepidermis and 
generally, agents mainly targeting EGFR kinase more efficiently inhibited 
growth than an HER2-selective drug. Re-epithelialization was associated 
with EGFR activation which could be blocked by PKI166. The effect of 
PKI166 was dose-dependent and applied also to neoepidermis generated 
from psoriatic skin. The third paper demonstrated that also HER3 activation 
contributed to the epidermalization process. HRG-�1 (HER3–4 ligand) 
stimulated neoepidermal outgrowth, but to a lesser extent than EGF (EGFR 
ligand), whereas treatment with an HER3-specific antibody decreased the 
outgrowth rate and inhibited HER3 activation. Experiments involving HER2 
inhibition revealed that participation from HER2 was required to activate the 
kinase-dead HER3 receptor. In the fourth study, the in vivo mRNA expres-
sion of HER ligands and receptors was examined in normal, uninvolved and 
lesional psoriatic skin. As expected, EGFR ligands were increasingly ex-
pressed in lesional psoriatic skin, well in accordance with the hyperprolifera-
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tive phenotype of this disease. In contrast, the heregulins (HER3–4 ligands) 
and three out of four receptor transcripts were decreased as compared with 
uninvolved skin. Expression of HER4 mRNA was detected in normal and 
uninvolved skin but was absent in lesional skin. The biological significance 
of this finding for the psoriatic outcome remains to be addressed in future 
studies. 

Together, these studies exemplify the usefulness of combined dynamic 
and morphological analysis of regenerating epidermis and illustrate the po-
tency of HER-mediated signalling during re-epithelialization and in psoriatic 
skin. They also suggest that selective inhibition of one or several HER path-
ways can be useful to control epidermal hyperproliferation. Among the 
HERs, EGFR stands out as the most evident contributor to epidermal growth 
and due to its prominent role, targeting EGFR only may give severe side-
effects. As reported here, additional HER members, especially HER3, also 
provide a significant input to the growth process and should possibly gain 
more attention in forthcoming dermatology research. Optional drug strate-
gies involving other HER receptors or ligands might even prove more thera-
peutically useful. Future research will hopefully further support these ideas 
and justify in vivo studies in psoriasis patients to evaluate the effect and tol-
erance of topical anti-HER-directed agents on normal and psoriatic skin. 
Thus, this work could contribute, in the long-term perspective, to novel 
treatment options for patients with hyperproliferative skin disease. 
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Sammanfattning på svenska 

Huden är människokroppens största organ och har en rad viktiga funktioner. 
Som vår barriär mot omvärlden är den ett skydd mot bl.a. solljus, kyla, me-
kanisk och kemisk skada och infektioner. Dessutom är huden delaktig i 
kroppens temperatur- och vätskereglering. Huden kan delas in i tre huvud-
sakliga lager: subcutis (underhudsfettet), dermis (läderhuden) och epidermis 
(överhuden eller hudepitelet). Innerst finns subcutis, som mest består av 
fettceller och fungerar som energireserv samt har en isolerande och stötdäm-
pande effekt för skydd av de inre organen. Dermis ger huden mycket av dess 
flexibilitet och stabilitet. Här hittar man strukturer som nerver, blodkärl, 
svettkörtlar och hårfolliklar. Det yttersta lagret, epidermis, består till största 
delen av celltypen keratinocyter. Här sker en ständig cellförnyelse (prolifera-
tion) med aktivt delande celler som från det basala lagret successivt mognar 
(differentierar) och vandrar utåt mot hornlagret, där de döda cellerna slutli-
gen stöts av från hudytan. Normalt epidermis omsätts på ca 5–10 veckor. 
Celldelningen i hudepitelet är en noga kontrollerad process och påverkas av 
många olika faktorer för att skapa jämvikt mellan proliferation och differen-
tiering. Om det uppkommer en obalans i någon av dessa regulatorer kan den 
normala huden omvandlas till en sjuk. Vid många hudsjukdomar, t.ex. psori-
asis och hudcancer, sker en ökad celldelning (hyperproliferation) och celler-
na mognar inte på ett korrekt sätt. I psoriasisutslag (lesioner) är den snabba 
omsättningen av hudceller (omsättningstid ca 7 dagar) kombinerad med lo-
kal inflammation och visar sig i form av röda, fjällande och förtjockade  
hudförändringar. 

Ett av de signalsystem som är involverade i hudens tillväxtreglering är 
den s.k. HER-familjen av receptorer och tillhörande ligander. I HER-
familjen ingår fyra kända receptorer (EGFR, HER2, HER3, HER4) som 
sitter på cellens yta. När en ligand binder till receptorn kan denna bilda ett 
par (dimerisera) med en annan receptormedlem inom HER-familjen.  
Dimeriseringen aktiverar receptorns inneboende s.k. tyrosinkinas-funktion 
och startar en signalkaskad i cellen. När signalen når cellens kärna kan den 
t.ex. reglera vilka gener som ska aktiveras och därmed uttryckas som protei-
ner. Signalering via HER-familjen styr cellprocesser som proliferation och 
differentiering, men även programmerad celldöd (apoptos) och cellrörelse 
(migration). EGFR är den mest välkaraktäriserade medlemmen inom HER-
familjen och har en väl beskriven roll i samband med hudens epitelbildning. 
Både EGFR och flera av dess ligander har visat sig vara mer rikligt  
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förekommande i psoriasisutslagen än i normal hud och en störd cellsignale-
ring via EGFR har därför föreslagits för psoriasis. Tidigare studier har även 
visat förekomst av HER2 och HER3 i humant epidermis, men deras eventu-
ella bidrag till hudnybildningen i frisk och sjuk vävnad har inte studerats 
närmare. 

Målsättningen med det här arbetet har varit att kartlägga uttrycket och 
funktionen av de olika HER-receptorerna och liganderna i ett tillväxande 
epidermis och i hudprover från psoriasispatienter. För att studera utväxtför-
loppet av nybildat epidermis (neoepidermis) använde vi oss av en hudod-
lingsmodell kopplad till en fluorescensbaserad avbildningsteknik. I den här 
modellen klistrades en bit levande hud (explantat) fast på en större bit av 
avdödat dermis (DED). Keratinocyterna från den levande biten växte ut från 
explantatet och bildade ett nytt epidermis på ytan av dermisbiten. Genom att 
märka in de levande cellerna med en fluorescerande markör kunde utväxtför-
loppet följas mikroskopiskt under odlingens gång. Genom att tillsätta olika 
substanser i odlingsmediet, t.ex. HER-ligander, HER-hämmare eller olika 
psoriasisläkemedel, kunde vi studera hur dessa substanser påverkar tillväxten 
och därigenom lära oss mer om HER-familjens betydelse för epitelväxt un-
der laboratoriemässiga förhållanden. Efter utväxt av nytt epitel (dag 9–10) 
tvärsnittades hudbitarna och färgades med olika antikroppar för att undersö-
ka uttrycket av olika receptorer eller markörer för t.ex. proliferation och 
differentiering. Dessutom preparerades proteiner eller RNA från hudcellerna 
för att studera receptorförekomst med andra metoder. På så sätt kunde resul-
taten från utväxtmätningarna relateras till HER-receptorernas lokalisering 
och mängd samt andra biologiska effekter i nybildat hudepitel. 
 
Avhandlingen bygger på fyra delarbeten (I–IV): 

Syftet med delarbete I var att testa hudmodellens användbarhet för att 
identifiera anti-proliferativa substanser. Ett urval av etablerade psoriasis-
läkemedel för utvärtes bruk jämfördes med en småmolekylär hämmare  
(inhibitor) riktad mot kinas-aktiviteten hos EGFR och HER2. Studien visade 
att HER-hämmaren, PKI166, var lika effektiv som det mest potenta stan-
dardmedlet, calcipotriol, i att motverka utväxt av nytt epitel. Utväxthäm-
ningen skedde genom att PKI166 minskade proliferationen och migrationen 
av keratinocyterna. 

I delarbete II studerades förekomsten av EGFR och HER2 i neoepider-
mis och de biologiska effekterna av PKI166 utvärderades ytterligare. Ut-
trycket av EGFR och HER2 i modellhuden visade sig vara jämförbart med 
det mönster man ser av dessa receptorer i normal hud, dvs. med EGFR ut-
tryckt i de proliferativa delarna av epidermis och med HER2 fördelat i de 
övre, mer differentierade delarna. Den här studien inkluderade utöver 
PKI166 flera selektiva kinasinhibitorer riktade mot olika HER-receptorer 
och deras påverkan på utväxtförloppet från normal hud jämfördes. De kinas-
hämmare som i huvudsak var riktade mot EGFR bromsade epitelnybildning-
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en mer effektivt än den HER2-specifika inhibitor som testades. Det tyder på 
att EGFR har en mer framträdande roll för växtprocessen än HER2. Det 
visade sig också att epitelbildningen var kopplad till aktivering (genom fos-
forylering) av EGFR, vilken kunde blockeras genom tillsats av PKI166. Den 
dämpande effekten av PKI166 på utväxten gällde också för nybildning av 
epidermis från psoriasishud. 

Delarbete III fokuserade på HER3-receptorn och dess närvaro och funk-
tion vid epitelnybildningen. Stimulering av HER3 med liganden heregulin 
(HRG)-�1 gav en påskyndad utväxt av epidermis i hudmodellen. Tillsats av 
en HER3-specifik antikropp till odlingen gav istället en minskad utväxt och 
hindrade samtidigt receptoraktiveringen. Effekterna av HRG-�1 var dock 
inte lika stora som efter stimulering av EGFR med liganden EGF, eller 
blockering av EGFR med en EGFR-specifik antikropp. Resultaten tyder på 
att HER3 är involverad i tillväxtprocessen, men att EGFR har en större ge-
nomslagskraft. Experiment med hämning av HER2 visade att medverkan av 
denna receptor behövdes för att aktivera HER3, genom s.k. heterodimerise-
ring där två olika receptorer bildar ett par. Detta är vanligt och eftersom 
HER3 har en defekt kinasaktivitet behöver den dimerisera med någon av de 
andra medlemmarna för att aktiveras (fosforyleras). Vid bildningen av hud-
epitel verkar det alltså vara HER2 som utgör den partnern för HER3. 

I delarbete IV analyserades mRNA-uttrycket av HER receptorer och li-
gander i psoriasisbiopsier jämfört med kontrollbiopsier från hudfriska indi-
vider. Motivet vara att äldre rapporter visat att EGFR och dess ligander 
överuttrycks i psoriasislesioner. Studien bekräftade att flera EGFR-ligander 
hade ett högre uttryck i psoriasislesioner medan nivåerna av EGFR och 
HER3 snarast var sänkta. Det mest anmärkningsvärda fyndet var en nästan 
helt obefintlig förekomst av HER4 mRNA i psoriasislesioner jämfört med 
icke-lesionell hud från samma individ eller normal hud från en frisk person. 
Den här upptäckten kan ha många olika förklaringar, men sätter fokus på 
HER4:s roll vid psoriasis och öppnar för spännande framtida frågeställningar 
inom psoriasisforskningen. 

 
Avhandlingen visar på fördelarna med en hudmodell där effekterna på dy-
namiska förlopp kan kopplas ihop med olika biokemiska analyser av nybil-
dat hudepitel. Arbetena belyser vikten av EGFR och andra HER-receptorer 
för reglering av epidermal växt. Resultaten ger också ytterligare belägg för 
potentialen av HER-hämning för att kontrollera abnorm epitelväxt. Framtida 
forskning kan förhoppningsvis stärka detta och ge uppslag till nya principer 
för behandling av hyperproliferativa sjukdomar i huden. 
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