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Abstract

Psoriasis is a hyperproliferative disease of the skin characterized histologically by
epidermal and dermal hyperplasia and inflammatory cell infiltrates. While the pathogenesis
of psoriasis is unknown, altered expression of cytokine pathways is likely to produce many
of the phenotypic changes in the disease. The epidermal growth factor (EGF) receptor
pathway is an important mediator of keratinocyte growth and both ligand and receptor
components of this pathway are abnormally expressed in hyperproliferative epidermis. In
contrast, little is known about the function of other growth factor pathways in regulating
keratinocyte growth. The purpose of this thesis was to characterize the function of three
other major tyrosine kinase growth factor receptor pathways -- insulin-like growth factor I
(IGF-1), fibroblast growth factor (FGF), and platelet-derived growth factor (PDGF), in the
regulation of keratinocyte growth in vitro and to characterize the expression of these
receptors in normal and psoriatic skin.

Growth of normal human keratinocytes in a chemically defined medium
demonstrated that IGF-I, EGF, or basic FGF (bFGF) alone did not support significant
keratinocyte spreading or proliferation. Considerable proliferation was observed when
IGF-I was added in combination with either EGF or bFGF. In contrast, the combination
of EGF with bFGF did not stimulate growth more than the addition of these factors alone.
Growth synergy between IGF-I and EGF may be due in part to an IGF-I receptor
mediated increase in keratinocyte EGF receptor expression. Treatment of cultured normal
human keratinocytes with IGF-I increased EGF receptor binding an average of 1.8-fold in
a dose and time dependent manner without altering EGF binding affinity.

To analyze potential growth factor pathway interactions in vivo, sections of normal
and psoriatic human epidermis were stained with IGF-I receptor, EGF receptor, and FGF

receptor specific antibodies. In normal skin, plasma membrane IGF-I receptor staining



localized exclusively to the proliferative basal cell compartment of the epidermis. IGF-I
receptor staining was seen in both basal and suprabasal keratinocytes of lesional psoriatic
skin correlating with the increased size of the proliferative cell compartment in psoriatic
epidermis. In contrast, both EGF and FGF receptor expression was detected throughout
the viable cell layers of the epidermis. Colocalization of IGF-I receptors with EGF and
FGF receptors in proliferating epidermal keratinocytes suggests that interactions among
growth factor pathways may be necessary for keratinocyte growth activation.

Since bFGF may regulate keratinocyte proliferation in skin, identification of a FGF
receptor in keratinocytes was undertaken. Chemical crosslinking and immunoblotting
experiments identified a single major FGF receptor protein with a molecular size of
approximately 160 kd. Taken together with growth studies and immunohistochemical
analysis, these data suggest that the FGF receptor protein identified may be involved in
keratinocyte growth regulation.

PDGEF is a potent mitogenic and chemotactic factor for fibroblasts and other cell
types. Analysis of PDGF receptor metabolism and immunohistochemical staining
indicated that keratinocytes do not express PDGF receptors and are thus not directly
responsive to this hormone. However, expression of PDGF receptors was greatly
elevated in dermal fibroblasts and blood vessels of growth-activated skin and could
contribute to dermal hyperproliferative changes seen in psoriasis.

To begin analyzing the mechanism of action of anti-psoriatic drugs, the effects of
anthralin and cyclosporin A (CSA) on keratinocyte proliferation and the EGF receptor
pathway were examined. In contrast to CSA, anthralin-treated keratinocytes were more
sensitive than lymphocytes to growth inhibition. CSA produced a cell cycle specific block
at G in keratinocytes, while anthralin did not specifically block the cell cycle at any stage.
While CSA did not significantly decrease expression of the EGF receptor or its ligand,
transforming growth factor-alpha (TGF-a), anthralin decreased both TGF-ae mRNA levels

and EGF receptor binding in cultured keratinocytes. TGF-a. expression remained at high



levels in CSA-treated psoriasis patients suggesting that CSA does not act via direct
modification of the EGF receptor pathway in vivo. These results may help explain
differing response patterns to treatment with these two drugs.

The findings of this thesis suggest possible mechanisms of interaction among the
pathways studied that might contribute to the psoriatic phenotype. In particular, IGF-I
receptor expression may define keratinocyte proliferative potential, and may, therefore, be

a promising target for the development of new anti-psoriatic therapies.



Chapter 1: Introduction

Much of what is known about growth regulation of human cells has been derived
from in vitro studies of fibroblast cell lines. However, the vast majority of disorders of
cell growth are of epithelial cell origin. The epidermis of the skin is a particularly suitable
subject for the study of epithelial cell growth regulation. The stratified epithelium of the
epidermis is composed predominantly of one cell type, the keratinocyte, which is readily
accessible for study and can be successfully grown in vitro. Moreover, keratinocyte
hyperproliferative states constitute a diverse and common group of conditions
encompassing reversible hyperplasiaé such as normal wound healing and psoriasis as well
as benign and malignant tumors. While the reversible nature of the psoriatic lesion is a key
distinguishing trait from neoplastic epidermal growth, this feature provides the unusual
opportunity to study both how growth regulatory mechanisms go awry as well as the
methods by which proliferative homeostasis might be restored.

Psoriasis is a hyperproliferative disease of the skin with the clinical presentation of
thick, erythematous scales that can vary greatly in distribution and appearance. The
disease has a widespread prevalence affecting 1-2% of the United States population at an
estimated cost of at least 1.5 billion dollars annually (1). Psoriasis, which is accompanied
by severe arthritis in approximately 7% of patients (2), is often debilitating and in its most
severe cases can even be life threatening. The disease is usually chronic and remitting in
nature with precipitating factors including stress, certain drugs (such as lithium and -
blockers), and AIDS (3). Outbreaks of psoriasis have also been noted to occur at sites of
prior skin injury (the Koebner phenomenon) (3). Genetic studies have demonstrated
associations between major histocompatability antigens and psoriasis, particularly the Cw6
locus (4). Approximately one-third of psoriatics report a history of a first degree relative

with the disease (4). Studies of monozygotic twins have shown a concordance for the



disease of 65-70% (4). On the basis of these studies as well as epidemiological data, it has
been proposed that psoriasis is inherited as an autosomal dominant trait with
approximately 60% phenotypic penetrance (3). It is unclear whether multiple genes are
involved in transmission of the psoriatic genotype.

Histologically, psoriasis is characterized by dermal and epidermal hyperplasia
accompanied by inflammatory infiltrates of both neutrophils and mononuclear cells into the
dermis and epidermis (see Figure 1). Epidermal hyperplasia (acanthosis), hyperkeratosis
(hyperplasia of the stratum corneum), parakeratosis (retention of nuclei in the stratum
corneum), and elongation of rete pegs are typical features and neutrophilic microabscesses
may also be noted in the epidermis. Dermal changes include fibroblast hyperplasia,
lengthening of the dermal papillae, chronic inflammatory cell infiltrates in the papillary
dermis, and dilatation of capillaries within dermal papillae.

Ever since the initial pathologic descriptions of the hyperplastic and inflammatory
components of psoriasis, theories regarding the etiology of psoriasis have differed over
which component constitutes the primary lesion of the disease and which represents a
secondary response. However, little experimental evidence existed to support any theory
until very recently. Studies of the pathogenesis of psoriasis have been hampered by the
lack of suitable animal models for the disease and the inability to reproduce in culture the
complex variety of dermal/epidermal interactions observed in vivo. Therefore, most of
what is currently known about the pathogenesis of psoriasis has been obtained through the
study of tissue obtained from human subjects.

Early reports of increased mitotic figures in the basal and suprabasal layers of the
epidermis highlighted the importance of epidermal growth activation in the pathogenesis
of psoriasis (5). In 1963, Van Scott and Ekel (6) quantitated mitotic figures in lesional
and nonlesional psoriatic skin from which they estimated that psoriatic epidermis turns
over in 4 days instead of the usual 4 weeks. They also noted that the size of the

proliferative cell compartment in psoriatic epidermis is approximately doubled, with
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numerous mitoses found in both the suprabasal and basal layers of the epidermis.
Subsequent study has estimated that keratinocyte cell cycling time is accelerated
approximately 10-fold in psoriatic lesions (7). Additionally, psoriatic epidermis has been
shown to share many features with epidermal changes observed in the wound healing
process, which have been collectively termed "regenerative maturation" (8). However,
simple hyperproliferation of the epidermis cannot account for all the characteristics of
chronic immune activation in psoriatic skin including the identification of dermal infiltrates
of Langerhans cells and activated T-cells as a prominent feature of the psoriatic lesion (9-
11). Features similar to psoriasis can be produced by positive tuberculin skin tests or
intradermal injection of the activated T cell product, IFN-y (12,13). These findings have
led to the hypothesis that the epidermal hyperproliferation of psoriasis may be mediated by
immunological processes (10). Nevertheless, the identity of the primary defect in psoriasis
remains uncertain; keratinocytes, Langerhans cells, T-cells, macrophages, endothelial cells,
and fibroblasts have all been proposed as candidate initiators of the psoriatic phenotype.
Even without definitive knowledge of the origin of the disease, research on psoriasis has
made great strides with increasing attention focused on the evolution of the psoriatic
lesion. Specifically, greater recognition is being given to the likelihood that cytokine
production by some or all of the cell types mentioned above could mediate a complex
array of interactions among the cells found in the skin, including immune activation, the
recruitment of cells into the evolving psoriatic lesion, and mitogenic activation of dermal
and epidermal cells.

Increased expression or altered regulation of growth-promoting cytokines and
their receptors may play an important role in the pathogenesis of epidermal hyperplasia in
psoriasis. It is therefore essential to identify specific growth factors or growth-promoting
cytokines that regulate the proliferation of normal keratinocytes and which could be
involved in the pathogenesis of psoriasis through aberrant expression. The development

of adequate techniques for culturing human keratinocytes along with the recent availability



of specific monoclonal and polyclonal antibodies to cytokines and their receptors has made
progress in these areas possible.

The ability to study keratinocyte proliferative requirements did not exist before
1975 when Rheinwald and Green (14) reported the first successful system for serially
cultivating human keratinocytes. The system they described required the use of a feeder
layer of mouse 3T3 cells as well as the presence of 20% fetal calf serum, thus making the
analysis of the roles of different factors in stimulating keratinocyte growth difficult.
Subsequent work by Peehl and Ham resulted in the development of a keratinocyte growth
system that no longer required the feeder layer of cells and in which dialyzed serum
replaced whole serum (15). Further optimization of the basic components of this medium
resulted in the formulation of a serum-free medium termed MCDB153 (16), which
supports clonal proliferation of keratinocytes when optimally supplemented with EGF,
high concentrations of insulin, hydrocortisone, and bovine pituitary extract.

Advances in keratinocyte culture techniques as well as the development of specific
antibodies to a variety of cytokines and their receptors have led to the identification of
numerous cytokine pathways that could potentially be involved in the regulation of normal
and psoriatic keratinocyte growth. Recent studies have demonstrated that psoriatic
keratinocytes express HLA-DR, y-IP-10, and ICAM-1, immune-related molecules which
are not produced by keratinocytes in normal skin (9,17,18). HLA-DR and ICAM-1
regulate antigen presentation by and lymphocyte adherence to immune-derived cells and
might serve an equivalent function in psoriatic epidermis (10,18). Gamma-IP-10is a
cytokine believed to have mitogenic and chemotactic properties, but its function in human
skin is not known (17). Expression of these molecules could potentially stimulate a local
immune reaction and provide signals for leukocyte migration into psoriatic epidermis.
Synthesis of HLA-DR, y-IP-10, and ICAM-1 by cultured keratinocytes can be induced by
IFN-y (17-19). IFN-y has been detected in psoriatic epidermis leading to the proposal that
activated T cells could induce keratinocyte production of HLA-DR, y-IP-10, and ICAM-



1, further enhancing the immune response and epidermal leukocyte accumulation (20).
However, these findings cannot fully explain the profound epidermal hyperplasia of
psoriasis. IFN-y has complex effects on keratinocyte growth, inhibiting keratinocyte
proliferation in vitro (21) while causing epidermal hyperplasia and other psoriasiform
changes when injected intradermally in vivo (13,22). Moreover, altered expression of
many other cytokine pathways has been detected in psoriatic skin.

Normal cultured keratinocytes synthesize many cytokines including TGF-a,, TGF-
B, bFGF, IL-1, IL-3, IL-6, IL-8, and GM-CSF (23). Several of these factors stimulate the
proliferation of cultured keratinocytes and might be involved in the pathogenesis of
epidermal hyperplasia in psoriasis (24-27). Some of these cytokines might also promote
immune activation or leukocyte accumulation in psoriasis since they also mediate functions
of multiple immune-derived cell types. IL-1 and IL-6 stimulate growth of keratinocytes in
vitro (20,24,25) and expression of both has been examined in psoriatic tissue (25,28). IL-
6 levels are increased in psoriatic epidermis indicating that this protein may contribute to
psoriatic epidermal hyperplasia (25). In contrast, IL-1 bioactivity in psoriatic epidermis is
less than that found in normal skin (28).

Interpretation of findings regarding cytokine abnormalities in psoriatic skin is
limited by our poor understanding of normal keratinocyte growth regulatory mechanisms.
Growth of connective tissue cells such as fibroblasts is thought to be regulated principally
by four families of growth-inducing hormones (EGF, FGF, insulin-like factors, and PDGF)
which bind to plasma membrane receptors and stimulate intrinsic tyrosine kinase activity
of these receptors (29). However, hormonal function may differ according to cell type and
different epithelial cell types appear to have distinct growth factor requirements. While
PDGF does not appear to be a mitogen in keratinocytes (23,30), the other principal
tyrosine kinase pathways controlling fibroblast growth also influence the growth of
cultured keratinocytes. A mixture of EGF, insulin or IGF-I, and FGF or FGF-containing

pituitary or brain extracts is required for the optimal growth of keratinocytes in serum-free

10



medium (16,31-34). Insulin/IGF-I is the only factor absolutely required to support
keratinocyte proliferation; however, neither insulin/IGF-I nor any other growth factor is
individually sufficient to promote clonal cell growth (35).

When this project was begun, the EGF receptor pathway was the only one of the
four major tyrosine kinase pathways clearly implicated both in the control of keratinocyte
growth in culture and in the maintenance of normal structure and function in human
epidermis. As originally described in mouse experiments, EGF promoted skin maturation
(eyelid opening) and produced acanthosis of normal appearing epidermis (36,37). The
effects of EGF on human keratinocyte growth and maturation have been examined in a
variety of serum-containing and serum-free tissue culture systems (14,16,31,32,38).
Studies by Rheinwald and Green in a serum-containing system indicated that EGF
promotes clonal or colony growth of human keratinocytes, extends the in vitro lifespan of
cultured keratinocytes, and prevents terminal differentiation under some conditions (38).
EGF effects in colony growth assays are related to effects on proliferation, cell cytoplasm
size, and migration of keratinocytes (39,40). However, EGF is not absolutely required for
keratinocyte proliferation (32,33,35) and it appears to have a negligible effect on
keratinocyte proliferation in a number of assays (24,41). Furthermore, a number of
transformed keratinocyte lines which overexpress EGF receptors, show clear dose-
dependent inhibition of proliferation in response to EGF (41). .

TGF-a, a peptide homologous to EGF, has similar biological effects to EGF (39)
and appears to be the endogenous ligand for the EGF receptor in human skin (42). Since
keratinocytes synthesize and release functional TGF-a (42), the molecule is an excellent
candidate for an autocrine regulator of epidermal proliferation. TGF-oo mRNA synthesis
has been reported to be stimulated by a number of factors including EGF, TGF-a, IFN-y,
or phorbol ester treatment of keratinocytes (42-44). Increased TGF-o. production is one
mechanism by which phorbol ester or IFN-y induced epidermal hyperplasia might occur

(45). Immunohistochemical studies and mRNA analysis have detected TGF-a in the
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epidermis of normal and psoriatic skin (26,27,42). Psoriatic keratinocytes in upper
spinous layers show strong staining for TGF-a. compared to the predominant staining of
basal and lower spinous keratinocytes in normal-appearing skin of psoriatics or of normal
human skin (26). Although TGF-a is also detected in the dermis of lesional skin,
transcriptional analysis of TGF-a. mRNA expression suggests that a substantial portion of
TGF-a in psoriatic epidermis is produced by affected keratinocytes (27). Direct mitogenic
stimulation of psoriatic keratinocytes by TGF-a has not been conclusively demonstrated
and its ability to induce psoriasiform epidermal hyperplasia in human skin is also unproved.
While numerous cytokine abnormalities have been described in psoriasis, it has also
been proposed that the level of expression of the cognate receptor for a cytokine can
influence the degree of activation of a particular pathway (46). Overexpression of EGF
receptors in 3T3 cells can cause cellular transformation, but only with the addition of low
concentrations of ligand (47). Conversely, the lack of expression of a particular receptor
may be necessary for proper cellular targeting of cytokines. In the skin, keratinocyte-
derived PDGF (23) may act as a paracrine growth modulator of dermal fibroblasts without
stimulating keratinocyte growth, since keratinocytes do not have PDGF receptors (23,30).
The EGF receptor is the only cytokine receptor to have been studied in detail in
psoriasis. EGF receptors, like the EGF receptor ligand TGF-a., are overexpressed in
hyperplastic psoriatic epithelium as determined by binding of 1251-EGF to psoriatic skin
(48). The overexpression of the EGF receptor and its ligand TGF-o in psoriatic skin
suggests an obvious mechanism for increased keratinocyte proliferation in psoriasis.
However, several observations suggest that the overexpression of TGF-o and the EGF
receptor in psoriasis are not the sole causes of epidermal hyperplasia or of psoriasis.
Increased expression of TGF-o and EGF receptors is seen in epidermal hyperplasias, such
as wound healing, unrelated to psoriasis by clinical or histopathological criteria (20).
Injection of EGF into the dermis of mouse skin produces epidermal acanthosis in a non-

psoriasiform pattern without keratinocyte parakeratosis (37). Overexpression of TGF-o
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in epidermal tissue of transgenic mice has been noted to produce focal epidermal
hyperplasia, though a second stimulus may be required for extensive skin involvement
(49). Taken as a whole, these data do suggest that the EGF receptor pathway could
regulate at least some features of epidermal hyperplasia seen in psoriasis.

Interaction of TGF-a with abundant EGF receptors in psoriasis could explain
numerous biochemical alterations detected in psoriatic skin. Molecular events associated
with EGF induced mitogenic signaling have been studied in a wide variety of cell types.
Ligand binding by the EGF receptor is associated with sequential tyrosine kinase
activation of the receptor, increased activity of phospholipase C, hydrolysis of membrane
lipids to yield diacylglycerols and inositol-triphosphate, increased calcium entry into cells,
and activation of PKC with associated membrane translocation (50). In psoriatic
epidermis, altered protein tyrosine kinase, phospholipase C, and PKC activities have been
detected as well as elevated diacylglycerol levels (51-54). These changes could be due to
chronic EGF receptor activation by TGF-a. or to activation by other growth factors or
pathways.

Despite extensive studies, the function of the EGF receptor system in normal and
psoriatic human epidermis has not been precisely defined. One of the major limitations of
these experiments is a lack of understanding of the growth factor requirements for normal
human keratinocytes and the role of other growth factor pathways and their receptors in
the regulation of keratinocyte proliferation. In fibroblasts, PDGF is a major mitogen
"competence" factor which must be present before EGF or insulin-like "progression”
factors are able to stimulate proliferation via their effects on a later G| growth control
point (29,55). This thesis project was undertaken with the goal of further characterizing
the function of each of the four principal tyrosine kinase-mediated growth factor pathways
(EGF, IGF-I, FGF, and PDGF) in keratinocyte growth regulation. To address these
issues, several different approaches were used combining both in vitro and in vivo studies

of keratinocyte function.
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The initial approach taken here to address growth regulation in keratinocytes was
to determine individual and combined growth factor requirements of cultured normal
human keratinocytes grown under standardized, totally defined culture conditions. These
studies were designed not only to address the function of individual receptor systems but
also to assess how interactions among these growth factor pathways might influence
keratinocyte growth. These experiments then led to attempts to analyze alterations in
growth factor receptor expression in response to a variety of culture conditions including
treatment with different growth factors and differentiation inducing agents. Results
obtained from these in vitro studies provided a rational basis for examining expression
patterns of the major growth-related receptor systems in both normal and psoriatic skin.

While numerous treatments for psoriasis have been developed, the most commonly
used ones were adopted purely on an empirical basis. Individual responses to treatment
vary in an unpredictable manner and the mechanism by which any effective treatment
modality works is not understood. A final goal of this work has been to begin studying
the effects of anti-psoriatic agents on both the ligand and receptor components of growth
factor pathways in cultured keratinocytes and on pre- and post-treatment psoriatic lesions.
These studies might provide insights into the relative importance of different growth factor
pathways in the psoriatic phenotype as well as advance our understanding of the

mechanism of action of these specific therapies.
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Chapter 2: The IGF-I Receptor in Cultured Human Keratinocytes and in Normal

and Psoriatic Skin

2.1 Introduction

While the EGF receptor pathway is the best characterized keratinocyte growth
factor pathway, the IGF-I receptor pathway might play a crucial role in the regulation of
keratinocyte proliferation since IGF-I or high-dose insulin is necessary for the growth of
human keratinocytes in standard serum-free culture systems (56). The work described in
this chapter was undertaken with the goal of defining the role of the IGF-I receptor
pathway in keratinocyte growth regulation through basic characterization of the pathway
and its interactions with the EGF receptor system in regulating keratinocyte growth
(57,58).

IGF-I, previously termed somatomedin C, is a 7.5 kd polypeptide that circulates in
plasma in high concentrations and is detectable in most tissues (59). IGF-I, insulin, and
IGF-II comprise a family of structurally related hormones that, nonetheless, produce
distinct metabolic effects through interactions with unique cell surface receptors (60,61).
IGF-I functions predominantly as a mitogenic factor for a variety of cell and tissue types,
unlike insulin and IGF-II which serve predominantly as anabolic hormones, regulating
glucose and mannose-6-phosphate intracellular transport, respectively (61). The
importance of IGF-I to growth of post-embryonic tissues is suggested by increasing
plasma concentrations throughout adolescence, reaching a plateau in adults, and in the
requirement of most mammalian cell types for IGF-I for sustained proliferation (59).

The IGF-I receptor is composed of two subunits: o, a 125 kd protein which is
entirely extracellular and functions in ligand binding, and 8, a 95 kd transmembrane

protein, with extracellular and cytoplasmic domains. The IGF-I receptor is synthesized as
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a single chain propeptide which undergoes glycosylation, proteolytic cleavage, and
assembly into a 350 kd heterodimer of both subunits (apf7) (62). The IGF-I receptor
exhibits high affinity for binding of IGF-I, low affinity for binding of insulin, and
intermediate affinity for binding of IGF-II (60). Thus, depending on ligand concentration,
each of these factors has the potential to activate the IGF-I receptor after binding.
Mitogenic signaling after ligand binding is produced by activation of tyrosine kinase
enzymatic activity associated with the cytoplasmic portion of the IGF-I receptor B subunit.
Although the insulin receptor possesses a structurally similar tyrosine kinase domain, the
mitogenic properties of the IGF-I receptor are specific to unique sequences in its tyrosine
kinase region (63). Like expression of the IGF-I ligand, tissue expression of the IGF-I
receptor is also developmentally regulated (64).

The roles of IGF-I and its receptor in regulation of human skin structure and
function are poorly understood. In connective tissue cells, such as fibroblasts, IGF-I
regulates cell proliferation in conjunction with PDGF or other mitogens (29). However,
keratinocyte growth regulation is likely to differ fundamentally from that of connective
tissue cells since keratinocytes do not appear to express PDGF receptors ((23,30) and
Chapter 4). In studies of mouse keratinocytes, IGF-I has been shown to regulate
proliferation via synergistic interactions with EGF or FGF-like hormones (65). Sources of
IGF-I in the epidermis have not been identified, but serum and dermal fibroblast
production are likely sources. Recently, synthesis of IGF-I, possibly derived from
keratinocytes or Langerhans cells, has been reported in ultraviolet irradiated skin (66).
However, IGF-I synthesis by cultured human keratinocytes has not been detected. When
this work was begun, little was known about IGF-I receptors in human skin beyond the
description that epidermal keratinocytes (67,68) and a variety of dermal cell types such as

fibroblasts and vascular elements express receptors for IGF-I (69,70).
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2.2 Results

2.2.1 Keratinocyte Growth Requires EGF Combined with Either IGF-I or High-

dose Insulin

Growth studies were initially attempted by seeding keratinocytes in complete
serum free medium -- modified MCDB153 medium supplemented with hydrocortisone,
EGF, insulin, and bovine pituitary extract (KGM) and switching the cells to
unsupplemented medium (KBM) after 1 d. However, under these conditions
keratinocytes continued to proliferate for at least 2 d consistent with previous reports (71)
making the analysis of growth factor requirements difficult. Therefore, keratinocyte
growth factor requirements were assessed by seeding keratinocytes in a minimal medium
supplemented with growth factors individually or in combination, an approach used
previously to define media requirements for clonal keratinocyte growth (32). Figure 2
shows the results of such a growth experiment in which KBM containing 0.5 mg/ml HC
was the minimal medium. Addition of insulin, IGF-I, or EGF as a single growth factor
caused no statistically significant change in cell number after 6 d compared to control
cultures. Figure 3 demonstrates the morphology of cells grown under these conditions at
1 and 6 d after seeding. Cells seeded in KBM/HC attached to the culture flask, but
retained a rounded morphology for up to 6 d with no evidence of significant cell spreading
(Figure 3A and 3E). Cells seeded into medium containing EGF (Figure 3B and 3F) or
high-dose insulin (Figure 3C and 3G) alone had a similar appearance to control at 1 and 6
d, although some EGF treated cells spread and developed an epithelioid appearance by 6 d
(Figure 3F).

Figure 2 also demonstrates that a marked stimulation of keratinocyte proliferation

occurs when either IGF-I or high-dose insulin is added in combination with EGF to the
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Figure 2. Synergistic interaction between IGF-I and EGF in promoting human
keratinocyte growth. Cultured neonatal keratinocytes were seeded in KBM/HC
supplemented with human recombinant factors as indicated. After 6 d, cells were
trypsinized and counted in an electronic counter. Results represent the mean cell
number of duplicate samples. The asterisk denotes a statistically significant (P < 0.05)

difference compared to KBM/HC alone.
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basal growth medium. In Figure 3D and 3H, a considerably enhanced degree of cell
spreading is evident by 1 d after seeding with high-dose insulin and EGF. After an
additional 5 d, typical colonies of proliferating keratinocytes are evident. Thus the
results in Figures 2 and 3 indicate that activation of the EGF and IGF-I receptor systems
together, but not either system individually, is sufficient to promote keratinocyte spreading
and proliferation. This experiment suggested that the IGF-I receptor pathway might play
an important role in regulating epidermal growth which warranted further study of IGF-I

receptor expression in vivo and in vitro.

2.2.2 IGF-I Receptors are Expressed on the Surface of Basal Keratinocytes in

Normal Human Epidermis

If the coactivation of both EGF and IGF-I receptor pathways observed in cultured
keratinocytes has any relevance to in vivo growth regulation, one would predict that
keratinocytes in the basal proliferative compartment of the epidermis should coexpress
both EGF and IGF-I receptors. Previous immunohistochemical studies (72) have already
established that EGF receptors are expressed throughout all viable epidermal layers.
Although the presence of IGF-I receptors on the surface of cultured human keratinocytes
has been previously reported (67,68), the in vivo pattern of IGF-I receptor expression has
not been described. Therefore, immunohistochemical analysis of IGF-I receptor
expression was performed on samples of normal human skin. In Figure 4A and 4B, the
pattern of IGF-I receptor staining is shown in neonatal foreskin epidermis and in normal
adult human epidermis using an IGF-I receptor specific mouse monoclonal antibody, oIR-
3 (73). IGF-I receptors are expressed on the cell surface of keratinocytes in the basal,

proliferative cell compartment of normal human epidermis.
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Staining of adult and neonatal epidermis was similar, although adult epidermis showed
slightly weaker staining of the basal cell layer. An isotype specific control antibody did
not stain the epidermis (Figure 4C). An EGF receptor monoclonal antibody used at the
same antibody concentration stained all viable epidermal layers (Figure 4D) in agreement
with its previous description in normal human epidermis (72). Thus, IGF-I receptors and
EGF receptors are coexpressed on the surface of basal epidermal keratinocytes where they
could potentially act to regulate cell growth. In contrast to the pattern of EGF receptor
expression, IGF-I receptor distribution correlates strictly with the proliferative
compartment of the epidermis in normal epidermis.

While EGF receptors can be identified throughout the viable layers of the
epidermis by immunohistochemistry, 125I-EGF binding in normal human skin is confined
primarily to the basal cell layer (48). To test whether IGF-I receptor ligand binding and
immunohistochemical staining correlate with each other, binding of 1251-IGF-I to normal
human skin was measured as shown in Figure 5. 1251-IGF-I binding localizes to the basal
cell region of the epidermis in agreement with the staining data presented in Figure 4.
Incubation in the presence of excess unlabelled ligand effectively competes for radioligand
binding. It must be noted that the 1251-IGF-I binding observed in this experiment could
also reflect binding of the radioligand to insulin or IGF-II receptors in the epidermis, but
the experiment is consistent with the immunologically identified IGF-I receptor

distribution coinciding with IGF-I ligand binding sites.
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2.2.3 Analysis of IGF-I Receptor Expression in Psoriatic Epidermis by

Immunohistochemistry

The expression of the IGF-I receptor may define the potential proliferative pool of
keratinocytes in epidermal tissue. As the proliferative keratinocyte population extends to
suprabasal keratinocytes in lesional psoriatic epidermis (6), the expression of IGF-I
receptors was compared in lesional and non-lesional psoriatic epidermis by
immunohistochemistry with the «IR-3 antibody. Biopsy samples of active psoriatic
plaques and normal appearing non-lesional skin from 18 patients were sectioned on a
cryostat microtome and processed for immunoperoxidase staining using aIR-3 antibody.
Representative results from this analysis are shown in Figure 6. In contrast to normal
human epidermis, acanthotic epidermis from lesional psoriatic plaques shows plasma
membrane staining with aIR-3 in both basal keratinocytes and in lower spinous
keratinocytes (Figure 6B-D), corresponding to the increased proliferative keratinocyte
compartment in lesional psoriatic epidermis (6). Biopsy tissue from 18 individuals with
active psoriatic lesions consistently showed this pattern of IGF-I receptor staining at cell
surfaces of basal and lower spinous epidermal layers. Diffuse, cytoplasmic staining was
variably seen in mid and upper spinous keratinocyte layers. IGF-I receptor expression was
also studied in normal appearing, non-lesional skin from 15 of these patients with active
psoriatic lesions (Figure 6A). Cell surface IGF-I receptor expression in 13/15 tissue
samples (87%) was confined to the basal epidermal layer, as described in skin from normal
individuals (Figure 4). Diffuse, cytoplasmic staining of IGF-I receptors was also seen in
some suprabasal keratinocytes. Two other samples of non-lesional skin from psoriatics
showed focal areas of suprabasal membrane staining for the IGF-I receptor along with

basal staining.
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Figure 6. Immunohistochemical reactivity of psoriatic epidermis with the anti-IGF-I
receptor mAb, aIR-3. Intense membrane staining (arrows) of both basal and suprabasal
keratinocytes is observed in psoriatic lesional epidermis (B-D), while plasma membrane
reactivity is confined to the basal layer of keratinocytes in normal appearing, non-lesional
skin (A). Weaker cytoplasmic staining of spinous keratinocytes with the mAb is also

detected as indicated by the open arrowheads.






2.2.4 Monoclonal Antibody oIR-3 Recognizes the IGF-I Receptor in Cultured

Human Keratinocytes

The monoclonal antibody aIR-3 was raised to IGF-I receptors purified from
human placental membranes (73). AlphalR-3 reacts with an antigenic site on the
extracellular a-subunit of the IGF-I receptor (73) and its specificity has been demonstrated
in a variety of cell types (73-76). To further substantiate the ability of aIR-3 to
specifically recognize the IGF-I receptor in human keratinocytes, radioreceptor
competition and immunoprecipitation experiments were performed with cultured normal
human keratinocytes. Figure 7 displays results obtained with radioreceptor competition
experiments. In this experiment, the ability of IGF-I, insulin, and aIR-3 to compete
binding of 1251-IGF-I was measured on keratinocyte monolayers. AlphaIR-3 displayed an
<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>