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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

ofpsoriasis 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-I), fibroblast growth factor (FGF), and platelet-derived growth factor (pDGF), in the

regulation ofkeratinocyte 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

ofEGF 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 l.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
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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 ofIGF-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.

PDGF is a potent mitogenic and chemotactic factor for fibroblasts and other cell

types. Analysis ofPDGF receptor metabolism and immunohistochemical staining

indicated that keratinocytes do not express PDGF receptors and are thus not directly

responsive to this hormone. However, expression ofPDGF receptors was greatly

elevated in dermal fibroblasts and blood vessels ofgrowth-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 Gj 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-a mRNA levels

and EGF receptor binding in cultured keratinocytes. TGF-a expression remained at high
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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.
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Chapter 1: Introduction

Much ofwhat 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 hyperplasias 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 ofmonozygotic twins have shown a concordance for the
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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 ofboth neutrophils and mononuclear cells into the

dermis and epidermis (see Figure 1). Epidermal hyperplasia (acanthosis), hyperkeratosis

(hyperplasia ofthe stratum corneum), parakeratosis (retention ofnuclei 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 ofthe 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 suprabasallayers of the

epidermis highlighted the importance of epidermal growth activation in the pathogenesis

ofpsoriasis (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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Figure 1. Histological sections of normal and psoriatic human skin. All sections are stained with hematoxylin and eosin. (A) Human

skinconsists of the external epidermis (e) formed by a keratinizing stratified squamous epithelium and the underlying dermis (d)

providing a supportive connective tissue matrix and vascular supply to the epidermis. A dermal inflammatory infiltrate can be seen in

thissection which was taken from an individual exhibiting a fixed drug eruption. lOX. (B) Psoriatic skin in which epidermal

hyperplasia can be seen. Epidermal thickening (acanthosis), thickening of the outer cornified layer (hyperkeratosis), and retention of

nucleiin the cornified layer (parakeratosis) are all present. Note the prominent rete pegs (r) as well as the elongated dermal papillae (P)

containing dilated capillaries. Some chronic inflammatory cells can also be seen in the dermis. Note that (A) and (B) are at the same

magnification. lOX. (C) Normal skin in which the layers of the epidermis can be clearly distinguished. The basal layer (b) is a

monolayer of keratinocytes in which the pool of proliferative cells reside. The more differentiated spinous layer (s) contains large,

keratinizing cells, while the flattened cells of the granular layer (g) contain basophilic keratohyaline granules (open arrow). Finally,

anucleate, keratin-filled, cells form the outermost protective cornified layer (c) of the skin. Note the contrast in thickness of the stratum

corneum in normal skin versus psoriatic skin in (B). 40X. (D) Stratum corneum of psoriatic skin in which a neutrophilic microabscess

canbe seen (large arrow) as well as nuclear retention within cornified cells (small arrow). 40X.



 



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

ofLangerhans 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 ofpsoriasis 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 ofgrowth-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

8



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 ofmouse 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 ofa serum-free medium termed MCDB153 (16), which

supports clonal proliferation ofkeratinocytes 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 RIA-DR, y-IP-I0, and ICAM-l, immune-related molecules which

are not produced by keratinocytes in normal skin (9,17,18). lILA-DR and ICAM-l

regulate antigen presentation by and lymphocyte adherence to immune-derived cells and

might serve an equivalent function in psoriatic epidermis (10,18). Gamma-IP-I0 is 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 ofHLA-DR, y-IP-I0, and ICAM-l 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 ofHLA-DR, y-IP-I0, and ICAM-
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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-Cl, TGF­

p, bFGF, IL-I, 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

ofmultiple immune-derived cell types. IL-l and IL-6 stimulate growth of keratinocytes in

vitro (20,24,25) and expression ofboth 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-I 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 ofgrowth-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 ofEGF, insulin or IGF-I, and FGF or FGF-containing

pituitary or brain extracts is required for the optimal growth of keratinocytes in serum-free
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medium (16,31-34). InsulinlIGF-I is the only factor absolutely required to support

keratinocyte proliferation; however, neither insulinlIGF-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 ofkeratinocyte

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 ofEGF 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 ofkeratinocytes (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 ofproliferation in response to EGF (41) ..

TGF-o, 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-a mRNA synthesis

has been reported to be stimulated by a number offactors including EGF, TGF-a, IFN-y,

or phorbol ester treatment ofkeratinocytes (42-44). Increased TGF-a 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 ofnormal 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 ofnormal

human skin (26). Although TGF-a. is also detected in the dermis of IesionaI 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 ofpsoriatic 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 ofEGF

receptors in 3 T3 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 125I-EGF to psoriatic skin

(48). The overexpression of the EGF receptor and its ligand TGF-a. in psoriatic skin

suggests an obvious mechanism for increased keratinocyte proliferation in psoriasis.

However, several observations suggest that the overexpression ofTGF-a. and the EGF

receptor in psoriasis are not the sole causes ofepidermal hyperplasia or of psoriasis.

Increased expression of TGF-a and EGF receptors is seen in epidermal hyperplasias, such

as wound healing, unrelated to psoriasis by clinical or histopathological criteria (20).

Injection ofEGF into the dermis of mouse skin produces epidermal acanthosis in a non­

psoriasiform pattern without keratinocyte parakeratosis (37). Overexpression ofTGF-a.
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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 ofPKC 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 ofunderstanding of the growth factor requirements for normal

human keratinocytes and the role of other growth factor pathways and their receptors in

the regulation ofkeratinocyte 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 GI 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 ofgrowth

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 playa 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-ll 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-ll which serve predominantly as anabolic hormones, regulating

glucose and mannose-6-phosphate intracellular transport, respectively (61). The

importance ofIGF-I to growth ofpost-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: a, a 125 kd protein which is

entirely extracellular and functions in ligand binding, and (3, 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 ofboth subunits (a2f32) (62). The IGF-I receptor

exhibits high affinity for binding ofIGF-I, low affinity for binding of insulin, and

intermediate affinity for binding ofIGF-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 f3 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 ofIGF-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 ofIGF-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 MCDB 153 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 ofgrowth 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/mJ 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 KBMlHC 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 3 C and 3 G) 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 KBMlHC

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.



Figure3.Kcratinocyte morphology in the presence of different growth factors. Keratinocytes grown as described in Figure 2 legend

werephotographed 1 d (A-D) and 6 d (E-H) after seeding in KBM/HC alone (A,E) or supplemented with 10 ng/ml human recombinant

EGF(U,F),5 ug/rnl human recombinant insulin (C,G), or both EGF and insulin (D,H). Note that some spreading ofkeratinocytes can

beseeninKBM/HC + EGF at both 1 d (D) and 6 d (F). However, only in the presence ofboth EGF and insulin together does

significantproliferation occur (H). Similar results were obtained when IGF-I was substituted for insulin or when KBM was substituted

forKBM/HC (not shown).



 



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 ofproliferating 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 ofIGF-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 ofboth 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 ofIGF-I receptors on the surface of cultured human keratinocytes

has been previously reported (67,68), the in vivo pattern ofIGF-I receptor expression has

not been described. Therefore, immunohistochemical analysis ofIGF-I receptor

expression was performed on samples of normal human skin. In Figure 4A and 4B, the

pattern ofIGF-I receptor staining is shown in neonatal foreskin epidermis and in normal

adult human epidermis using an IGF-I receptor specific mouse monoclonal antibody, aIR-

3 (73). IGF-I receptors are expressed on the cell surface ofkeratinocytes in the basal,

proliferative cell compartment of normal human epidermis.
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Figure4. Staining of normal human epidermis with monoclonal antibodies against the IGF-I receptor and the EGF receptor by the

immunoperoxidase technique. Sections ofneonatal foreskin (A) and normal adult human skin (B-O) were processed using antibodies

directed against the IGF-I receptor (A,B), the EGF receptor (0), and a non-specific isotype control (C). Note that IGF-I receptor

membrane staining is confined to the basal proliferative cell layer of the epidermis (A,B). In contrast, EGF receptor membrane staining

isseenin all viable layers of the epidermis (0).



 



Staining ofadult and neonatal epidermis was similar, although adult epidermis showed

slightly weaker staining ofthe 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 ofbasal epidermal keratinocytes where they

could potentially act to regulate cell growth. In contrast to the pattern ofEGF 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 125I-IGF-I to normal

human skin was measured as shown in Figure 5. 125I-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 125I-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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Figure5. Distribution of 125I-IGF-I binding in normal adult human skin. In the section on the left, tissue was incubated with 5 ng/ml

125I-IGF-I alone, while in the section on the right a 5,OOO-fold excess ofunlabelled IGF-I was added along with the radioligand. Silver

grainsare distributed predominantly over the basal cell layer of the epidermis (and over dermal blood vessels) in the presence of

radioligand alone, while no specific distribution of silver grains is detectable in the presence ofexcess IGF-I.
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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 ofIGF-I

receptors was compared in lesional and non-lesional psoriatic epidermis by

immunohistochemistry with the aIR-3 antibody. Biopsy samples of active psoriatic

plaques and normal appearing non-Iesional 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 ofIGF-I receptor staining at cell

surfaces ofbasal 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-Iesional skin from 15 of these patients with active

psoriatic lesions (Figure 6A). Cell surface IGF-I receptor expression in 13115 tissue

samples (87%) was confined to the basal epidermal layer, as described in skin from normal

individuals (Figure 4). Diffuse, cytoplasmic staining ofIGF-I receptors was also seen in

some suprabasal keratinocytes. Two other samples of non-Iesional 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) ofboth 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 aIR-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). AlphaIR-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 ofaIR-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 ofIGF-I, insulin, and aIR-3 to compete

binding of 125I-IGF-I was measured on keratinocyte monolayers. AlphaIR-3 displayed an

ability to inhibit binding of 125I-IGF-I to its receptor to nearly the same extent as IGF-I,

competing for radioligand to a greater degree than did a 10,OOO-fold excess concentration

of insulin.

The specificity ofaIR-3 binding to the IGF-I receptor was also confirmed by

immunoprecipitation of the receptor from keratinocyte Iysates followed by

autophosphorylation in an in vitro kinase reaction (Figure 8). The 95 kd p-subunit of the

IGF-I receptor was detected only when cells were briefly exposed to IGF-I prior to

immunoprecipitation (Figure 8, lanes B,C).
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Figure 7. Monoclonal antibody aIR-3 inhibits binding of 125I-IGF-I to cultured

human keratinocytes. 125I-IGF-I (1 ng/ml) binding was measured in the presence of

the indicated concentrations of bovine insulin (Clonetics Corp.), human recombinant

IGF-I (Pepro Tech Corp.) , and aIR-3. Keratinocytes grown in KGM were transferred

to KBM for 1 d prior to the assay. Data are expressed as the percentage of counts

bound in the condition tested/counts bound in KBM alone.



Figure 8. Monoclonal antibody aIR-3 immunoprecipitates the IGF-I receptor in

cultured human keratinocytes. Cells were grown in basal medium for 24 h prior to

lysis and the sample in lane C was treated with 100 ng/ml IGF-I for the last 30 min.

Celllysates were immunoprecipitated with aIR-3 (lanes B and C) or an isotypic control

antibody (lane A) and then autophosphorylated by an in vitro kinase assay in the

presence of),_32p-ATP. The arrow indicates the 95 kd � subunit of the IGF-I receptor.

IGF-I receptor autophosphorylation was only detected when the receptor kinase was

activated by addition of IGF-I (compare B to C). Non-specific bands in the 46-69 kd

size range are probably phosphorylated keratins.
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2.2.5 Analysis of IGF-I Receptor Expression in Psoriatic Epidermis by

Immunoprecipitation and Kinase Assay

To confirm the apparent increase in IGF-I receptor expression in psoriatic

epidermis, IGF-I receptor kinase activity was assessed in psoriatic tissue. Split-thickness

biopsies consisting predominantly of epidermal tissue were obtained from lesional and

non-lesional skin from 3 different individuals. Equal quantities of homogenized tissue

protein were immunoprecipitated with aIR-3 and then receptor autophosphorylation was

initiated by the addition ofy_32p-ATP. Kinase reaction samples were separated by SDS­

PAGE with the results shown in Figure 9. In all 3 paired samples, IGF-I receptor kinase

activity as measured by receptor autophosphorylation was greater in psoriatic tissue than

in the paired non-Iesional specimen. Densitometry measurements showed a 5 to 20-fold

increase in kinase activity in psoriatic epidermis compared with paired nonlesional

specimens. In contrast with the kinase assay on cultured keratinocytes in Figure 8, IGF-I

receptor kinase activity is detectable in psoriatic tissue without the addition of exogenous

IGF-I (despite the use of approximately 5-fold less total protein from the biopsy samples

than with the cultured keratinocytes). The increased kinase activity ofIGF-I receptors is

consistent with the immunohistochemical finding of increased IGF-I receptor expression in

psoriatic epidermis and further indicates that these receptors are both biologically

functional and activated in vivo.
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Figure 9. IGF-I receptor kinase activity is increased in psoriatic epidermis. Sixty ug of

protein from non-Iesional (lanes A,C,E) and lesional (lanes B,D,F) split-thickness biopsies

of patients 1 (lanes A and B), 2 (lanes C and D), and 3 (lanes E and F) were

immunoprecipitated with mAb aIR-3 and then autophosphorylated with y_32p-ATP. The

arrow indicates the 95 kd P subunit of the IGF-I receptor.
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2.2.6 Differential Modulation of IGF-I Receptor and EGF Receptor Expression in

Human Keratinocytes

Even with the apparent increase in IGF-I receptor expression in lesional psoriatic

epidermis, it should be noted that the immunohistochemical findings indicate that there is

much more restricted expression of the IGF-I receptor in normal or psoriatic skin

compared to expression of the EGF receptor, which is present throughout the viable

epidermal layers of psoriatic epidermis (48,72). This suggested that expression of the

IGF-I receptor and the EGF receptor might be regulated by different biochemical

pathways in keratinocytes or in epidermal tissue. Expression ofIGF-I and EGF receptors

was examined in cultured human keratinocytes to analyze potential similarities or

differences in regulation of these growth factor receptor systems. Figure 10 shows

binding of 125I-IGF-I and 125I-EGF over a range ofligand concentrations to keratinocyte

monolayers maintained in KBM with and without added exogenous growth factors. This

figure also displays a Scatchard transformation of the binding data. Keratinocytes

maintained in KGM expressed approximately twice as many EGF receptors as cells

maintained for 24 h in unsupplemented basal medium. In contrast, expression of the IGF-I

receptor was not affected by growth factor supplementation of basal medium over a 24 h

period (Figure 10). These data suggest that the IGF-I receptor might be less sensitive

than the EGF receptor to modulation by unrelated growth factors. Note that the binding

curve for IGF-I can be resolved into high and low affinity receptor components. The high

affinity binding certainly represents binding ofIGF-I to its receptor, but it is possible that

all or part of the low affinity component could be binding of 125I-IGF-I to insulin or IGF­

II receptors. Based solely on the high affinity receptor component, it appears that human

keratinocytes have fewer IGF-I receptors than EGF receptors under identical culture

conditions. Iflow affinity receptor sites for IGF-I are considered, then keratinocytes
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Figure 10. Growth factor supplementation increases EGF receptor binding sites on

cultured human keratinocytes, but does not affect IGF-I receptor binding. Scatchard

analysis was performed with 125I-EGF (A) and 125I-IGF-I (B) for keratinocytes grown in

KGM and then transferred to KBM (closed circles) or KGM (open circles) for 24 h prior

to the assay. The Scatchard plot in (A) indicates that EGF receptor binding sites are

increased in KGM compared to KBM with no change in binding affinity observed. The

plot in (B) demonstrates that both high and low affinity IGF-I binding sites are unchanged

by growth in KGM. The inserts in each panel are plots of the concentration of ligand

added versus specific binding of the ligand.



 



grown in KGM would express approximately equal numbers ofIGF-I and EGF receptors.

A number ofpharmacological agents have significant effects on binding ofEGF to

its receptor, either through effects on cell surface receptor number or through an altered

binding affinity of the receptor for EGF. Activation ofPKC by phorbol esters or calcium­

ionophore A23187 in keratinocyte cell lines results in phosphorylation ofEGF receptors

on threonine residue 654, causing a rapid decrease in EGF receptor binding affinity and in

EGF receptor tyrosine kinase activity (77-80). Figure 11 shows a time course kinase

reaction demonstrating that even short-term treatment of normal cultured human

keratinocytes with either PMA or ionophore A23187 and high calcium concentrations

results in a rapid decrease in EGF receptor autophosphorylation evident within a period of

less than 20 min. Control samples treated with 4a.-PMA, an inactive isomer ofPMA,

showed no alteration of kinase activity (data not shown).

Given differences in the tissue distribution ofIGF-I and EGF receptors in human

epidermis, we sought to compare effects of these potent pharmacological agents on

expression ofIGF-I and EGF receptors. In the experiment shown in Figure 12, binding of

125I-IGF-I or 125I-EGF to keratinocyte monolayers was determined after treatment with

PMA for times up to 22 h. As a control for non-specific effects ofphorbol compounds

that are unrelated to PKC activation, binding has been compared to treatment with 40.­

PMA. As expected, treatment of keratinocytes with PMA produced a rapid decrease in

125I-EGF binding, which was maximally depressed at 22 h treatment. In contrast, the

opposite effect on binding of 125I-IGF-I was produced by PMA treatment, with increased

binding of 125I-IGF-I evident by 8 h treatment. Treatment ofkeratinocytes over this

period with 4a.-PMA produced no significant change in 125I-EGF or 125I-IGF-I binding.

To determine whether these changes in ligand binding were due to alterations of receptor

number or binding affinity, binding of these ligands to PMA treated cells was examined

over a range of ligand concentrations and binding data were transformed to a Scatchard

plot. PMA treatment decreased EGF receptor binding affinity from Kd�O.4 nM to Kd= 1 0
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Figure 11. EGF receptor kinase autophosphorylation decreases in response to PMA or

ionophore A23187 treatment of cultured human keratinocytes. Keratinocytes grown in

KGM were treated with DMSO alone as a control (c), 1.15 mM CaCI2/
10 J..I.M A23187 (a), or 100 ng/ml PMA (t). Following the direction of the arrows,

keratinocytes were treated with ionophore or PMA for 5, 10, 15, or 20 min prior to lysis.

Celllysates were immunoprecipitated with a rabbit anti-EGF receptor antibody and then

autophosphorylated by an in vitro kinase assay in the presence ofy_32p-ATP.
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Figure 12. PMA treatment of human keratinocyte monolayers has opposite effects on

125I-EGF and 125I-IGF-I binding. Keratinocytes in KBM were treated for 0-22 h with

PMA (closed circles) or the inactive phorbol analog 4a-PMA (open circles). Solid

lines indicate 125I-IGF-I binding while the dashed lines denote 125I-EGF binding.

Control binding was performed on cells treated with KBM containing solvent alone.



nM with no apparent change in receptor number (Figure 13). In contrast, PMA treatment

increased the affinity of high affinity 12SI-IGF-I binding sites from Kd�2 nM to Kd�O.6

nM (Figure 14) with no significant alteration of low affinity 12SI-IGF-I binding sites (not

shown).

Since PKC, as well as a number of other enzymes, can be activated by increased

intracellular calcium ions, keratinocytes were treated with increased extracellular calcium

(1. IS mM) or ionophore A23187 with and without increased extracellular calcium. The

effect of these treatments was then measured on binding of 12SI-IGF-I and 12SI-EGF to

keratinocyte monolayers (Figure IS). Treatment of keratinocytes with increased

extracellular calcium and with A23187 produced a time dependent decrease in EGF

binding, though the overall effect was not as large as that produced by PMA treatment. In

contrast, a time dependent increase in 12SI-IGF-I binding was produced by all treatments,

though A23187 with increased extracellular calcium produced the largest increase.

Scatchard analysis of the A23187 effect on EGF and IGF-I binding (Figures 13 and 14),

showed that the decreased EGF binding was largely a function of reduced receptor

number, whereas the increased IGF-I binding was produced by an increased affinity of

high affinity binding sites. Increased affinity of high affinity IGF-I receptors was also

produced by treatment of keratinocyte monolayers with ionomycin in the presence of

increased (l.lS mM) extracellular calcium. Ionomycin is an ionophore with higher

selectivity for intracellular calcium transport than A23187 (81), suggesting that the effect

ofionophore A23187 on IGF-I receptor expression is mediated through increased calcium

transport and not by another divalent cation.
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Figure 13. Scatchard analysis of the effects of PMA and Ca + + IA23187 on EGF

receptor binding to cultured human keratinocytes. Keratinocytes were treated for 24 h

with KGM alone (open circles) or containing 10 ng/ml PMA (closed circles) or 1.15

mM CaC12/0.1 I-lM A23187 (open triangles). The insert is a plot of EGF concentration

added versus specific binding of the ligand.
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Figure 14. Scatchard analysis of the effects of PMA, Ca+ + IA23187, and

Ca + + lionomycin on high affinity IGF-I receptor binding to cultured human

keratinocytes. Keratinocytes were treated for 24 h with KBM alone (open circles, solid

line) or containing 10 ng/ml PMA (closed triangles, dotted line) or 1.15 mM CaCl2
with either 0.1 f.1M A23187 (closed circles, long-dashed line) or 1 f.1M ionomycin (open

triangles, short-dashed line). The insert is a plot of IGF-I concentration added versus

specific binding of the ligand. Low affinity IGF-I binding has been omitted from the

figure for the sake of clarity.
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Figure 15. Calcium and/or calcium ionophore treatment of keratinocyte monolayers

has opposite effects on 1251-EGF and 1251-1GF-1 binding. Keratinocytes in KBM were

treated for 0-22 h with 1.15 mM CaCl2 (closed circles), 0.1 JlM A23187 (open

circles), or both (open triangles). Solid lines indicate 125I-IGF-I binding while the

dashed lines denote 1251_EGF binding. Control binding was performed on cells treated

with KBM containing solvent alone.



2.2.7 IGF-I or High-dose Insulin Increases EGF Binding to Keratinocytes

The experiment described in Figure 10 indicates that one or more of the

supplemented growth factors in KGM -- IGF-I, EGF, hydrocortisone, or bovine pituitary
extract contributes to increasing cell surface EGF receptor numbers. Since the growth

experiment described in Figure 2 indicates that the EGF and IGF-I receptor pathways act

synergistically, experiments were performed to test whether alteration ofEGF receptor

binding properties by IGF-I treatment ofkeratinocytes might occur. Such

"transmodulation" (82), in which activation of one receptor pathway regulates another

receptor pathway by directly or indirectly altering receptor affinity, receptor number,

and/or receptor tyrosine kinase activity, could potentially contribute to the growth synergy

between the IGF-I and EGF receptor systems.

In the growth assay described in Figure 2, insulin and IGF-I were used

interchangeably since previous work has indicated that the keratinocyte growth

requirement for supraphysiologic insulin concentrations can be replaced by IGF-I (83) and

is mediated through low affinity insulin binding to and activation of the IGF-I receptor

(67,68,84). The competition experiment shown in Figure 16 verifies that insulin does

compete for IGF - I receptor binding in cultured human keratinocytes, but only at high

doses of insulin. A 50-fold excess of unlabelled IGF-I competed greater than 90% of

radioligand binding whereas a 10,000-fold excess insulin concentration only displaced

57% binding ofIGF-I. Considerable displacement ofIGF-I binding occurs only at the

supraphysiologic insulin concentrations typically used in serum-free culture systems

(56,83,84). In the remaining experiments described in this thesis, IGF-I and high-dose

insulin had essentially the same effects on growth of cultured keratinocytes consistent with

their mitogenic activity being mediated exclusively via activation of the IGF-I receptor

pathway.
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Figure 16. Competition by IGF-I and insulin for binding of 125I-IGF-I to cultured

human keratinocytes. 125I-IGF-I (1 ng/ml) binding was measured in the presence of

human recombinant insulin (0.01-10 ug/rnl; Eli Lilly and Co.) or IGF-I (0.0001-1

ug/rnl; Ethicon, Inc.). Keratinocytes grown in KGM were transferred to KBM for 1 d

prior to the assay. Data are expressed as the percentage of counts bound in the

presence of competitor/counts bound in KBM alone.



To assess potential IGF-I receptor mediated transmodulation ofEGF receptor

binding, 1251_EGF binding to the EGF receptor was measured in cells that were first

grown to near-confluence in KGM, then transferred for 24 h to KBM to remove the

effects of exogenous growth factors, and finally incubated for 2 d with varying
concentrations of insulin or IGF-I.

Figure 17A demonstrates a dose dependent increase in binding of 125I-EGF to

keratinocytes treated with insulin. At low concentrations of insulin where the molecule

binds predominantly to the insulin receptor (68), little or no decrease in EGF binding

occurs. However at supraphysiologic concentrations where insulin activates the IGF-I

receptor (68), insulin increases EGF binding to a maximum of more than 2-fold at an

insulin concentration of 5 ug/ml (Figure 17A). Carrier-free preparations ofboth bovine

insulin and human recombinant insulin had similar effects on EGF receptor binding (data

not shown). A half-maximal increase in EGF binding over untreated cells was calculated

to occur at approximately 180 ng/ml insulin. This value correlates well with previous

findings in which a half-maximal increase in mitogenicity in cultured keratinocytes

occurred at an insulin concentration of 100-500 ng/ml (84,85). This result is consistent

with both the mitogenic and EGF receptor binding effects of high-dose insulin being

mediated through the IGF-I receptor.

To confirm that high-dose insulin was acting through IGF-I receptors to increase

binding ofEGF to its receptor, the effects ofIGF-I on EGF receptor binding were

assessed. The dose-response curve for EGF receptor binding in IGF-I treated

keratinocytes is shown in Figure 17B. Like high-dose insulin, IGF-I causes a dose­

dependent increase in 1 25I-EGF binding to cultured keratinocytes. The dose-response for

EGF receptor transmodulation coincides with previously described IGF-I mediated

keratinocyte proliferative responses (68). In the example given, IGF-I increased EGF

binding by a maximum of 1.5-fold at a concentration of 100 ng/ml. Although the

magnitude of the maximal increase shown in Figure 17 with IGF-I is less than that with

50



A
- 220
a

200..
...
Ie

180a
U

• 160
-

"a 140
Ie
:::II 120a
III

100
...
a 801&1
I

60.-
III
..

0.1 1 10 100 1000 10000

Insulin Dose (ng/ml)

B
180

-

'0
...

160...
Ie
a
u

• 140
-

"a
120Ie

:::II
0
III

100k-
"
1&1
I 80

ID
..

0.01 0.1 1 10 100 1000-

IGF-I Dose (ng/ml)

Figure 17. Dose-response of 125I-EGF binding to human keratinocytes treated with

human recombinant insulin or IGF-I. Keratinocytes grown in KGM were transferred to

KBM for 1 d and then treated for 2 d with the indicated concentrations of human

recombinant insulin (A) or IGF-I (B) in KBM. Values were determined in triplicate

and are expressed as the percent mean specific binding of cells in KBM alone. Primary

keratinocyte lines derived from different individuals were used in the upper and lower

parts of the figure.



insulin, this difference can probably be attributed to the use of different primary

keratinocyte cell lines in the two experiments. The maximum stimulation ofEGF binding
varied among cell lines, but ranged from approximately 1.5- to 4-fold in 5 primary

keratinocyte cell lines tested with an overall mean increase of 1.8-fold. High-dose insulin

and IGF-I have shown similar maximal effects on EGF binding when tested on the same

cell line (data not shown). Some variability of response within cell lines also occurred

which may be partly attributable to the progressive down-regulation of cell surface EGF

receptors with time previously described in post-confluent terminally differentiating

keratinocyte cultures (86).

Figure 18 shows EGF binding to keratinocytes using increasing 125I-EGF

concentrations and a Scatchard transformation of the data. Control keratinocytes grown

in KBM for 2 d demonstrated a linear Scatchard plot at 4°C indicating the presence of a

single class ofEGF receptors with a Kd of 1.8 nM. These cells possessed approximately

4.8 X 104 EGF binding sites/cell. Treatment for 2 d with 5 ug/ml human recombinant

insulin resulted in no significant change in receptor binding affinity, but binding sites

increased approximately 3-fold to 17 X 104 sites/cell. This result indicates that the

increase in EGF receptor number observed in keratinocytes treated with KGM versus

KBM (Figure 10) could be wholly attributable to effects ofIGF-I or high-dose insulin on

EGF receptor binding.

The increase in EGF binding caused by insulin was time dependent as shown in

Figure 19. Treatment of cells over a 2 d period with 5 ug/ml human recombinant insulin

resulted in a continuous increase in EGF receptor binding. The greatest increase in EGF

binding occurred within the first 12 h of treatment. Even a brief exposure to insulin of less

than 1 min at 4°C followed by 6 h at 4°C in medium free of insulin was sufficient to cause

an increase in EGF binding in comparison with cells in KBM alone.

The rapidity of the transmodulatory effect ofIGF-I treatment on EGF receptor
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Figure 18. Scatchard analysis of 125I-EGF binding to human keratinocytes treated

with human recombinant insulin. Cells were treated as described in Figure 17 with

5 ug/rnl human recombinant insulin in KBM (open circles) or KBM alone (closed

circles) as control. The insert is a plot of EGF concentration added versus specific

binding of the ligand. Values given represent mean specific binding of triplicate

measurements in a single experiment.
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Figure 19. Kinetics of the increase in 1251_EGF binding to human keratinocytes

treated with insulin. Keratinocytes grown in KGM were transferred to KBM for 1 d

prior to treatment with 5 ug/rnl human recombinant insulin in KBM for up to 48 h.

Early time points correspond to 0 min (no insulin addition), 1 min, 1 h, 2 h, and 4 h of

insulin treatment. Values were determined in triplicate and are expressed as the percent

mean specific binding of cells in KBM alone ± standard deviation.



numbers would argue against this process being mediated by de novo synthesis ofEGF

receptors. In Figure 20, the possibility that this process might result from an alteration in

EGF receptor half-life was tested. The figure demonstrates that cells treated with KBM

alone versus KBM containing high-dose insulin showed no significant difference in EGF

receptor half-life.
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Figure 20. Insulin treatment ofhuman keratinocytes does not affect EGF receptor half­

life. Keratinocyte proteins were labeled with 35 S-methionine in KBM for 12 h prior to

removal of the labeling medium at t=O. Cells were lysed immediately or further incubated

for 12, 24, or 48 h in KBM alone (c) or containing 5 ug/ml bovine insulin (i). Samples

were immunoprecipitated with rabbit anti-EGF receptor antibody and proteins were

separated on a 7% polyacrylamide gel as described in Chapter 7. Following the direction

of the arrows, keratinocytes were incubated for 0, 12, 24, or 48 h after the labeling period.

Densitometric scanning of the gel revealed no change in EGF receptor half-life in control

versus insulin-treated cells.
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2.3 Discussion

In vivo, IGF-I mediates the growth promoting effects ofgrowth hormone and is

itself an important hormone in determining structure and function of adult tissues (59).

While the primary function ofIGF-I is to regulate growth-related cellular metabolism, it

could also have effects on intracellular hexose transport and anabolic metabolism through

cross reaction with the insulin or IGF-II receptors. IGF-I may be an especially important

hormone for development and homeostasis of adult tissues, since its plasma level increases

throughout adolescence to a peak concentration of about 40 nM and levels plateau at

about 20 nM in adults (59). These concentrations are far above the Kd of the IGF-I

receptor for IGF-I (about 1 nM), but IGF-I access to tissues is restricted by serum binding

proteins for IGF-I. Tissue responses to IGF-I in adults may also be tightly regulated by

IGF-I receptor expression, which decreases in many tissues throughout development and

is at low levels in many adult tissues (64). Although IGF-I could potentially bind to

insulin or IGF-II receptors in adult tissues, the mitogenic regulation of cellular growth is

specifically mediated by the � subunit tyrosine kinase of the IGF-I receptor and not that of

the insulin receptor (63). In this context, it is interesting that little change in IGF-I

receptor expression is seen in basal epidermal keratinocytes of neonatal versus adult skin

(Figure 4). The IGF-I receptor may thus play an important role in sustained proliferation

of keratinocytes throughout life.

The localization ofIGF-I receptors to the proliferative basal layer in normal

epidermis supports the notion that interactions between the EGF and IGF-I receptor

pathways could serve to modulate normal epidermal growth in vivo. Given the probable

role ofIGF-I as an epidermal mitogen, the restriction ofIGF-I receptor expression to the

basal epidermal compartment may largely limit proliferation to basal keratinocytes in

normal skin. In this regard, IGF-I receptor localization is more specific for keratinocytes
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with proliferative potential than is EGF receptor distribution, since EGF receptors can be

detected at cell surface membranes of all viable epidermal layers «48,72) and Figure 4).
This suggests a potentially important difference in differentiation or developmental

regulation ofIGF-I and EGF receptor expression in human skin.

There may also be important differences in biochemical regulation of ligand­

receptor binding interactions in the EGF and IGF-I receptors. In situ binding of 1251_

EGF is primarily limited to basal epidermal keratinocytes in epidermis, even though

suprabasal keratinocytes also express EGF receptors. This finding suggests that regulation
of the binding availability of existing EGF receptors may be an important determinant of

receptor-ligand interactions in vivo (72). From the observation of diminished EGF binding

to its receptor after treating keratinocytes with PMA, calcium, or ionophores, it appears

that EGF receptor-ligand binding can be highly modulated in a negative fashion, possibly

through PKC mediated threonine phosphorylation (77). Alternatively, increased cell

surface EGF receptor number in cultured keratinocytes can be rapidly induced by an IGF-I

receptor mediated transmodulation. In contrast, the ability of the IGF-I receptor to bind

IGF-I is not negatively affected by PMA, calcium, or ionophore treatment of

keratinocytes. Thus, expression of the IGF-I receptor is regulated differently from that of

the EGF receptor in cultured keratinocytes. These data, combined with details of the IGF-

1 receptor gene promoter sequence (87) and the pattern ofIGF-I receptor expression in

epidermis, suggest that IGF-I receptor-ligand interactions in tissue may be more a function

of differentiation-specific control of receptor expression rather than biochemical

modification of ligand binding potential. The finding that binding of 125I-IGF-I to

epidermal tissue in situ closely parallels IGF-I receptor expression as defined by

immunohistochemistry fulfills one prediction of this IGF-I receptor-ligand binding scheme.

The results described in this chapter indicate that IGF-I or insulin acts

synergistically with EGF to promote keratinocyte spreading and growth in chemically

defined MCDB 153 medium. IGF-I and insulin increase cell surface EGF receptors and
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this effect may be responsible, in part, for the observed synergism ofEGF and insulin-like

factors. Previous studies have demonstrated that clonal growth of human keratinocytes is

dependent on EGF, insulin, and undefined growth factors present in pituitary extracts or

bovine serum (31,32,35,38), but none have clearly demonstrated minimal growth factor

requirements to sustain spreading and proliferation of human keratinocytes in chemically

defined medium. The data presented here on human keratinocyte growth agree with those

on mouse keratinocytes which demonstrate synergistic enhancement ofDNA synthesis

induced by IGF-I in combination with EGF or bFGF (65) or by insulin in combination with

EGF (88).

At low cell inoculation densities used in these studies, spreading and proliferation

of human keratinocytes was dependent on the simultaneous presence ofEGF and IGF­

Ilhigh-dose insulin. In a number of other studies, the effects of growth factors on

keratinocyte proliferation have been measured after cell attachment and spreading are

accomplished in a complete growth medium (20,24,25,68,89). Under these conditions,

growth responses to individual factors have been observed with less requirement for

synergistic effects ofEGF and IGF-I1insulin to support cell proliferation (20,24,25,68,89).

When the effects ofEGF and IGF-I or insulin on keratinocyte growth were assayed after

cells had attached and spread in complete growth medium, proliferation was no longer

absolutely dependent on the simultaneous presence ofEGF and insulin-like factors. Thus,

part of the synergistic requirement for EGF and IGF-I1insulin may be related directly to

effects on initial cell attachment and spreading. In this regard, keratinocytes treated with

EGF and insulin increase synthesis of fibronectin 2-5 fold in serum-free medium (89) and

fibronectin or other connective tissue molecules can increase cell proliferation under these

conditions (89,90).

IGF-I transmodulation ofEGF receptors has not been previously described. In a

transformed mouse keratinocyte line in which IGF-I and EGF growth synergy was noted,

high-dose insulin had no effect on EGF receptor binding (88). This cell line is strictly
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EGF-dependent for growth in a serum containing medium and expresses fewer EGF

receptors than the normal human keratinocytes grown in serum-free medium used in these

experiments. Studies ofEGF receptor binding in normal human keratinocytes show that

the antiproliferative agents IFN-y, TGF-p, and CSA decrease EGF receptor binding to 25-

50% ofuntreated control levels (91). Thus, the finding that the proliferative agents IGF-I

and insulin increase EGF receptor binding is consistent with a model in which some

molecules are capable of exerting stimulatory or inhibitory effects on keratinocyte growth

via their ability to up- or down-regulate EGF receptor binding sites. The mechanism by

which IGF-I transmodulates the EGF receptor is not known. However, the rapid time

course of the process and the lack of alteration in EGF receptor half-life would seem to

argue for an alteration in trafficking of preexisting EGF receptors. In this context, it is

noteworthy that existence of a "latent" pool ofEGF receptors in human skin has been

proposed previously based on the observation that immunohistochemically defined EGF

receptors are found throughout the viable layers of the epidermis, while radioligand

binding studies show a more basalar distribution ofEGF ligand binding sites (48,72).

Synergistic effects between the IGF-I and EGF receptor pathways may also

involve regulation of different aspects of cell cycle mediated growth. In fibroblasts,

insulin-like factors and EGF are necessary for mitogenic responses to PDGF but are poor

intrinsic mitogens in the absence ofPDGF (reviewed in (29)) .. On the basis of these

observations, it has been postulated that growth factors act at specific, sequential points in

the cell cycle to allow continued growth (55). In fibroblasts, PDGF is a major mitogen

"competence" factor that must be present before EGF or insulin-like "progression" factors

are able to stimulate proliferation via their effects on a later Gl growth control point.

Since keratinocytes lack PDGF receptors and are thus not directly responsive to PDGF

(see Chapter 4), growth of connective tissue and epithelial cell types may be regulated by

fundamentally different sets ofgrowth factors and intracellular signaling pathways.

Insulin-like factors appear to be obligate for keratinocyte colony growth, but only ifEGF,
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FGF, or a pituitary extract is simultaneously present (33,35). It has been proposed that

IGF-I may act as a progression-like factor since it can stimulate proliferation of

keratinocytes previously exposed to serum (68). IfIGF-I is in fact a progression factor in

keratinocytes, then the growth factor synergy ofIGF-I and EGF may result from EGF

acting at another point in the cell cycle, perhaps serving as a competence factor.

The increased expression ofIGF-I receptors in suprabasal keratinocytes oflesional

psoriatic skin could be important in regulating the keratinocyte hyperplasia associated with

this disorder. IGF-I receptor distribution closely parallels the increased size of the

keratinocyte proliferative compartment in active psoriatic epidermis (6). The potential

need for IGF-I receptor activation to trigger keratinocyte proliferation might help to

explain the relative confinement of keratinocyte proliferation to basal and suprabasal

epidermal layers in psoriasis, despite increased expression of TGF-(J. (26,27) and EGF

receptors (48,72) capable of ligand binding over all viable epidermal layers in psoriasis.

Indeed, mitogenic responsiveness to IGF-I in some epithelial cell types appears to be

controlled through regulation of cell surface IGF-I receptors and not the available ligand

concentration (92). Even so, free IGF-I would need to be available to activate IGF-I

receptors in psoriatic skin if this receptor system is relevant to psoriatic epidermal

hyperplasia. A relative abundance ofIGF-I might be available to psoriatic epidermis

through leaky, fenestrated capillaries in the papillary dermis (93), or by IGF-I secreted in a

paracrine fashion from dermal fibroblasts which overexpress PDGF receptors in active

psoriatic lesions (see Chapter 4). There is even the possibility that IGF-I could be

supplied to the epidermis in an autocrine fashion, since IGF-I immunoreactivity can be

induced in the epidermis under some conditions (66). The ability to detect IGF-I receptor

kinase activity in psoriatic lesional keratinocytes in the absence of exogenously added

IGF-I indicates that the IGF-I receptor pathway is activated in psoriatic epidermis. A role

for participation of the IGF-I receptor-ligand system in the pathogenesis of psoriasis is

suggested from clinical improvement produced by somatostatin-like drugs that diminish
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plasma IGF-I concentrations (94). Furthermore, activation of the increased IGF-I

receptors present in lesional psoriatic skin might increase EGF receptor expression (a

characteristic ofpsoriatic epidermis) via IGF-I mediated transmodulation of the EGF

receptor.
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Chapter 3: The FGF Receptor in Cultured Human Keratinocytes and in Normal

and Psoriatic Skin

3.1 Introduction

FGF-related peptides constitute a family ofheparin-binding growth factors with

angiogenic properties and mitogenic activity for a variety of cell types including

keratinocytes (95). There are at least seven members of this hormone family including

aFGF, bFGF, Kaposi FGF, FGF5, FGF6, and KGF (96-100). All of these proteins have

mitogenic activity for fibroblasts with the exception ofKGF, which appears to be a

specific mitogen for epithelial cells including keratinocytes (100). KGF is synthesized by

dermal fibroblasts and may act as a paracrine modulator of epidermal growth (101).

Keratinocyte lines exhibit varying degrees ofgrowth activation by particular FGF-related

peptides depending upon the cell line and culture conditions (33,34,84,102-104).

Additionally, bFGF has been identified as an active component ofgrowth stimulating

pituitary extracts used in standard serum-free keratinocyte culture systems (96). Cultured

human keratinocytes synthesize bFGF mRNA (105); however, bFGF and aFGF proteins

lack signal peptides so bFGF may not be released from keratinocytes except in response to

tissue damage (106). Some researchers have suggested that bFGF may still be able to

exert autocrine growth stimulation by binding and activating receptors within the cell

("intracrine" activation) or that bFGF may be released into the extracellular matrix by

unknown mechanisms where it may act as a "reservoir" of ligand available for release to

FGF receptors (107).

FGF receptors constitute an equally diverse family of tyrosine kinase cell-surface

receptors possessing two or three extracellular immunoglobulin-like domains which may

function in ligand binding (108). Not only have multiple FGF receptor genes been
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identified, but alternatively spliced mRNAs from individual genes may be translated into as

many as twelve different polypeptides (109). Chemical crosslinking experiments have

identified FGF receptor species with molecular weights ranging from approximately 100

to 165 kd (110,111). The function of these multiple receptor forms and genes is uncertain

and is further complicated by the finding that FGF receptors appear to bind more than one

FGF-related peptide with similar high affinity and, thus, may not be specific to individual

ligands (110). A human keratinocyte FGF receptor has been cloned from a cDNA library

(112), but FGF receptor proteins have not been identified in normal human keratinocytes.

This chapter provides preliminary data regarding the identification of an FGF receptor

protein in cultured normal human keratinocytes and FGF receptor distribution in normal

and psoriatic skin. Taken together with studies of the growth stimulating properties of

FGF-related peptides, these findings suggest that the FGF receptor pathway may

contribute to keratinocyte growth regulation.
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3.2 Results

3.2.1 IGF-I and bFGF Act Synergistically to Promote Growth of Cultured Human

Keratinocytes

To analyze the function ofbFGF in normal keratinocyte growth, the growth assay

described in Figures 2 and 3 of Chapter 2 was extended to the study of keratinocytes

grown in the presence ofvarious combinations and concentrations ofbFGF and IGF-I

(Table 1). Keratinocytes grown in the presence ofbFGF alone showed only a minimal

increase in cell number after 6 d, as was the case with IGF-I alone (Figures 2 and 3, and

Table 1). In contrast, as was found with the combination ofEGF and IGF-I (Figures 2

and 3), bFGF and IGF-I together showed a marked synergistic enhancement of cell

growth. Growth of keratinocytes in the presence ofboth bFGF and EGF had an additive

effect on cell number with no apparent growth synergy (data not shown). The results

described in Table 1 reinforce the findings in Chapter 2 indicating that activation of the

IGF-I receptor pathway is critical for keratinocyte proliferation. Preliminary findings

indicate that growth stimulation by aFGF and KGF is also dependent on IGF-I receptor

activation in cultured human keratinocytes (not shown).
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Table 1. -- Basic FGF Acts Synergistically
with IGF-I to Promote Keratinocyte Proliferation'

Growth Factor Added Cell Number

None 15,500 ±1360

IGF-I 27,700 ± 4600

bFGF 23,900 ± 2460

IGF-I + bFGF 121,000 ± 4540

•
There were 35,000 keratinocytes present in each 25-cm2 culture plate at the initiation of the experiment.

The basal medium was KBMlHC. IGF-I (pepro Tech Corp.) was used at 100 ng/mI. Basic FGF

(Synergen) was added at 50 ng/mI. After 6 d, cell counts were measured using an electronic counter.

Despite the finding that EGF and bFGF act similarly in combination with IGF-I to

promote keratinocyte growth, in other respects the effects ofEGF and bFGF upon

keratinocytes are distinct. Figure 21 shows the typical morphology of keratinocytes

grown in the presence ofEGF and IGF-I (Figure 21A) or bFGF and IGF-I (Figure 21B).

Colonies ofkeratinocytes grown in the presence ofEGF consist of loosely associated cells

with an elongated appearance, while keratinocytes cultured in the presence ofbFGF

formed densely-packed, compact colonies.
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Figure 21. Keratinocyte morphology in the presence of different growth factors.

Keratinocytes seeded and grown in KBMlHC containing IGF-I/EGF (A) or IGF-IIbFGF

(B) were photographed after 6 d. Recombinant human EGF, bFGF, and IGF-I were all

added at 100 ng/m1.



 



3.2.2 Keratinocytes Express a Single Major bFGF Receptor Protein Based upon

Chemical Crosslinking

While FGF-related peptides have been shown to stimulate human keratinocyte

growth (33,34,102), no FGF receptor protein has yet been identified in normal human

keratinocytes. To identify such a protein, radioiodinated bFGF was chemically crosslinked

to intact cultured keratinocytes as shown in Figure 22. Addition of the crosslinking agent

disuccinimidyl suberate to keratinocytes preincubated with 125I-bFGF resulted in

crosslinking of the iodinated ligand to a single major species with an approximate

molecular weight of 160 kd (assuming that each receptor molecule binds a single bFGF

molecule) (Figure 22, lane 1, arrow). This protein was not seen in the absence of

crosslinker (Figure 22, lane 2) or in the presence of excess quantities ofunlabelled bFGF

(Figure 22, lanes 3-5). In lanes 3-5, the lower molecular weight species presumably

represent multimeric forms ofbFGF. The molecular weight of the receptor identified by

this experiment is consistent with the size of the largest FGF receptor molecules identified

in other cell types (110).

To confirm the identification of a keratinocyte FGF receptor, Iysates of cultured

keratinocytes and shave biopsy specimens from uninvolved and involved psoriatic skin

were immunoblotted with a rabbit polyclonal antibody directed against the humanflg­

related FGF receptor (Figure 23). The FGF receptor antibody recognized a Mr165 kd

protein in both cultured keratinocytes (Figure 23, lane 1) and in epidermal tissue

specimens (Figure 23, lanes 2 and 3). This finding is consistent with this protein being the

receptor identified by ligand crosslinking, although it could also be a related FGF-family

receptor. Immunoblotting with the FGF receptor antibody detected no consistent

alteration in FGF receptor protein levels in 3 paired lesional and non-Iesional psoriatic

shave biopsies (not shown).
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Figure 22. Chemical crosslinking of 125I-bFGF to intact cultured human keratinocytes.

Keratinocytes were incubated for 2 h at 4°C with 10 ng/mlI25I-bFGF alone (lanes 1 and

2) or in the presence of three different sources of excess recombinant bFGF: 500-fold

excess Pepro Tech bFGF (lane 3), 5,000-fold excess Synergen bFGF (lane 4), or 5,000-

fold excess Calbiochem bFGF (lane 5). Crosslinking with 1 mM disuccinimidyl suberate

was performed for 20 min at 4°C. The sample shown in lane 2 did not receive any

crosslinker. Keratinocytes were lysed and samples were separated on a 7.5%

polyacrylamide gel and the dried gel was autoradiographed. A single major species ofM,

� 160,000 kd (after subtracting the molecular weight of the ligand) can be seen in lane 1.

No bands are seen in the absence of crosslinker (lane 2) and only low molecular weight

bands, probably corresponding to crosslinked ligand, are visible in lanes 3-5.
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Figure 23. Immunoblotting of a polyclonal rabbit anti-FGF receptor antibody. Proteins

were separated by SDS-PAGE and then transferred to nitrocellulose. Samples were

obtained as described in Chapter 7 from cultured keratinocytes (lane 1) and from

epidermal and papillary dermal tissue. Skin samples were from a non-Iesional (lane 2) and

a lesional (lane 3) biopsy of a patient with psoriasis. A major protein band of

approximately 165 kd was detected in all three specimens as well as a series of lower

molecular weight minor bands.
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3.2.3 Competition for Radioactive Ligand Binding by FGF-related Peptides

To test the relative binding affinities ofvarious FGF-related peptides for the

identified keratinocyte FGF receptor, competition experiments were performed in which

excess quantities ofunlabelled aFGF, bFGF, and KGF were allowed to compete for

binding of 125I-bFGF to cultured keratinocytes. As seen in Figure 24 (lower), 2 different

recombinant sources ofbFGF competed most effectively with the radioligand. The order

of competition for binding was bFGF > KGF > aFGF. Since FGF molecules can bind

matrix with low affinity, the experiment was also conducted with a 2 M NaCI wash to

remove binding to these low affinity sites (107,113). Under these conditions, - 90% of

control binding was abolished but the relative order of radioligand competition by the

unlabelled ligands was preserved (data not shown).

In a parallel experiment, competition for binding of 125I-KGF was assessed

(Figure 24, upper). In this experiment, bFGF and KGF were able to compete equally well

for radioligand binding while aFGF competed less successfully. This experiment is

consistent with KGF binding to the same receptor as bFGF rather than its own distinct

receptor on cultured human keratinocytes. However, the identity of the receptor to which

KGF binds in cultured normal human keratinocytes remains uncertain.
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Figure 24. Competition for 125I-bFGF and 125I-KGF binding to cultured human

keratinocytes. Keratinocyte binding of radioiodinated KGF (top) or bFGF (bottom)

was measured in the absence of competitor (control) or in the presence of a 5,OOO-fold

excess of the indicated recombinant human peptides. In a separate experiment (not

shown), addition of EGF and IGF-I along with radioisotope did not compete for

binding by the radioactive ligand.



3.2.4 Immunohistochemical Staining for the FGF Receptor in Human Skin

As was the case with EGF and IGF-I receptor localization, it would be expected

that synergistic growth factor interactions between the IGF-I and FGF receptors would

demand that both receptor systems be expressed within the proliferative cell compartment

of the epidermis. The FGF receptor antibody that identified a keratinocyte FGF receptor

species by Western blotting in Figure 23 was used to analyze FGF receptor distribution in

uninvolved and lesional psoriatic skin (Figure 25). Plasma membrane staining for the FGF

receptor was detected on keratinocytes located throughout the viable layers of the

epidermis (Figure 25A). This finding indicates that IGF-I and bFGF can potentially act in

synergy within the basal pool ofproliferative keratinocytes. Moreover, it reconfirms the

finding observed with EGF and IGF-I receptor localization that the IGF-I receptor is the

growth factor receptor most closely associated with defining the proliferative keratinocyte

pool. In Figure 25B, psoriatic lesional epidermis is also seen to have plasma membrane

staining for the FGF receptor throughout the viable cell layers. Further study will be

needed to determine if the less intense staining of lesional epidermis in this sample is

representative of altered FGF receptor expression in psoriasis.
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Figure 25. Immunohistochemical staining ofhuman skin with a rabbit anti-FGF receptor

antibody. Sections from normal appearing, uninvolved psoriatic skin (A) and lesional

psoriatic skin (B) were stained by the immunoperoxidase technique using the same

antibody that recognized the 165 kd protein by Western blotting in Figure 23. Membrane

staining of all viable epidermal layers can be seen in both the normal and psoriatic

specimens.
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3.3 Discussion

The results in this chapter establish that mitogenic stimulation of cultured human

keratinocytes by bFGF is dependent upon the simultaneous presence ofIGF-I receptor

activation. The synergistic stimulation ofgrowth exhibited by bFGF with IGF-I is similar

to that described for EGF and IGF-I in Chapter 2. Experimentation thus far indicates that

IGF-I receptor stimulation is absolutely required for the stimulation ofkeratinocyte

proliferation by FGF-related peptides; however, it is possible that other FGF-related

peptides could act through distinct mechanisms which would not require IGF-I receptor

activation. Along with the observation that EGF and bFGF do not synergize with each

other (84,102,104), these findings support a model for cell cycle progression in

keratinocytes where FGF and EGF act at the same point in the cell cycle, distinct from the

action ofIGF-I. While EGF and FGF may act similarly with regard to the cell cycle, they

have distinct effects on keratinocyte morphology in culture and time-lapse photography

indicates that EGF and IGF-I treated keratinocytes exhibit far greater motility than bFGF

and IGF-I treated keratinocytes (II. Uyttendaele, personal communication).

The effects of bFGF on keratinocyte proliferation in cultured human keratinocytes

appear to be mediated exclusively by specific interaction with a 160 kd FGF receptor

protein. The size of this protein indicates that it may belong to the class ofFGF receptors

having three extracellular immunoglobulin-like domains. Radioreceptor competition

experiments suggest that the FGF receptor identified by crosslinking preferentially binds

bFGF over aFGF and KGF. The particular order ofbinding affinity has not been

previously described and could be indicative of the expression of an FGF receptor species

unique to human keratinocytes. The lack of crosslinking ofbFGF to any other receptor

could indicate that human keratinocytes express a single class ofFGF receptors.

However, bFGF has been noted to bind with 20-fold less efficiency than KGF to the KGF
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receptor in BalblMK cells (114). FGF receptors which bind other FGF-related peptides,

but not bFGF, may still be identified and the expression of other FGF receptor species may

be detectable by other culture conditions.

A protein of similar size to that identified by crosslinking was detected with an

FGF receptor specific polyclonal antibody. While this protein may be a related member of

the FGF receptor family, the size of the protein is consistent with its being identical to the

receptor identified by crosslinking. Immunohistochemical staining of lesional and

uninvolved psoriatic epidermis with this polyclonal antibody suggests that IGF-I and FGF

receptor pathways could act simultaneously upon cells within the proliferative

compartment of the epidermis to support keratinocyte growth. FGF molecules in the

epidermis could be derived from keratinocyte bFGF synthesis, fibroblast KGF synthesis, or

serum derived FGF (101,105). Additionally, bFGF from the epidermis could possibly act

on dermal fibroblasts and capillary endothelial cells, especially in response to tissue injury

during wound healing or as part of the Koebner reaction in psoriasis. Further study will be

necessary before it can be established whether regulation of components of the FGF

receptor pathway is disrupted in psoriatic skin.
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Chapter 4: The PDGF Receptor in Cultured Human Keratinocytes and in Normal

and Psoriatic Skin

4.1 Introduction

PDGF is a potent mitogen for dermal fibroblasts, smooth muscle cells, and other

types of connective tissue cells. PDGF is also chemotactic for fibroblasts, monocytes, and

neutrophils (reviewed in (115)). PDGF stimulates collagen and collagenase synthesis by

fibroblasts in vitro as well as the production ofIGF-I (116). These properties and the fact

that PDGF is the most abundant growth factor in platelets (115) suggest that PDGF might

be a major regulator of fibroplasia and connective tissue growth in conditions such as

healing wounds or psoriasis. Since PDGF is also produced by some epithelial cell types

(117), including human keratinocytes (23,118), PDGF might also affect function of dermal

connective tissue cells by release from epidermal keratinocytes or other epithelial cells.

PDGF is composed of two chains, A-chain and B-chain, which dimerize to form

AA, AB, and BB. All three forms are biologically active and have been identified from

natural sources. Cellular responses to PDGF are dependent on the interaction ofPDGF

with cell surface receptors. Two PDGF receptor molecules have been identified, termed a

and 13, and cDNA clones have been obtained for each (reviewed in (119)). Both of the

receptors contain extracellular ligand-binding domains and intracellular split tyrosine

kinase domains. It has recently been proposed that dimerization of the two receptor

subunits is required for the generation of high affinity binding sites, and that the three

receptor dimers (ala, alI3, 13/13) have different PDGF ligand binding specificities (reviewed

in (119)). The ability ofa cell to respond to a particular form ofPDGF appears to be

determined by the amount and ratio of the two receptor subunits present on the cell

surface. It is still unclear whether unique pathways exist for the generation of intracellular

82



signals for the two receptor subunits.

Cultured psoriatic fibroblasts have been previously shown to have an increased

sensitivity to the mitogenic and chemotactic properties ofPDGF suggesting that some

component of this growth factor pathway may be altered in hyperproliferative skin (120).

Conversely, PDGF receptors have not been described in human keratinocytes. Since

growth studies in connective tissue cells indicate that PDGF is a major mitogenic

"competence" factor (29,55), a lack ofkeratinocyte PDGF receptors would indicate that

keratinocyte growth is modulated in a fundamentally different manner from fibroblast

growth. The work described in this chapter was designed to establish whether or not

keratinocytes express PDGF receptors and to examine the pattern ofPDGF receptor

expression in psoriasis and chronic wounds, two conditions associated with increased

fibroplasia and vascularization as well as epidermal hyperplasia (30).
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4.2 Results

4.2.1 Cultured Keratinocytes Do Not Express Functional PDGF Receptors on Their

CeU Surfaces

To assess whether keratinocytes express functional PDGF receptors, normal

human keratinocytes and fibroblasts were treated with PDGF for 0, 1 or 3 h. Such

treatment causes cell surface receptor "down-regulation" in cells expressing biologically

active PDGF receptors that are available for ligand binding (121). The course of this

process was followed by measuring binding of radioiodinated monoclonal antibodies

recognizing the a. and J3 subunits of the PDGF receptor. As shown in Figure 26, binding

ofboth antibodies decreased by >50% in fibroblasts after 3 h treatment with PDGF-BB

reflecting PDGF receptor internalization. In contrast, keratinocytes bound far fewer

counts initially and this background level ofbinding was unchanged by PDGF treatment.

This finding indicates that keratinocytes cultured under these conditions do not express

active PDGF receptors and would thus not be directly responsive to autocrine PDGF

secretion.

4.2.2 Increased Dermal Expression of PDGF Receptors in Growth Activated Skin

Wounds and Psoriasis

Epidermis adjacent to chronic skin wounds and epidermis from active psoriatic

plaques display markers of regenerative maturation, a form of epidermal growth activation

associated with epidermal hyperplasia and wound repair (8,122). Both conditions also

display activation of dermal fibroblasts, increased fibroplasia, and increased
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FIgure 26. "Down-regulation" of PDGP receptors on cultured cells in response to

PDGP treatment. Cultured normal human keratinocytes (solid lines) or fibroblasts

(dashed lines) were treated with 50 ng/ml PDGP-BB for 0, 1, or 3 h. Receptor down-

regulation in response to ligand binding was assayed by measuring the binding to cells

of radioiodinated mAbs to the PDGP receptor ex (closed circles) and � (open circles)

subtypes. Keratinocytes bound low levels of both antibodies which did not change with

PDGP treatment. In contrast, fibroblasts exhibited diminished binding with time of

PDGP treatment indicative of progressive receptor down-regulation.



neovascularization or vascular growth.

Since previous work has shown that cultured psoriatic fibroblasts are more

responsive to the chemotactic and mitogenic properties ofPDGF (120) and that PDGF is

beneficial in the treatment of acute wounds (123), potential alterations in PDGF receptor

expression in growth activated skin were assessed. Expression ofthe PDGF receptor p­

subunit was studied in full thickness skin biopsies from 10 patients with psoriasis and from

15 patients with chronic lower extremity wounds. In each case, expression of the PDGF

receptor was examined on cryostat-prepared sections of normal and lesional skin using the

monoclonal antibody PR7212, which has been extensively characterized (124). In normal

skin, faint staining of dermal fibroblasts and vascular elements was noted with this

antibody (Figure 27B). Non-Iesional skin from psoriatic patients showed a similar

expression pattern (Figure 27A). No specific epidermal staining for the PDGF receptor

was seen in normal epidermis or non-Iesional epidermis from psoriatic patients (Figures

27A and 27B). A control mouse IgG produced no staining of epidermal or dermal

structures (Figure 27E). Analysis of skin from active psoriatic lesions (Figure 27C) and

chronic wounds (Figure 27D and 27F) showed a marked increase in staining intensity of

dermal fibroblasts and vascular elements (Figure 27F) in comparison to normal skin from

these conditions. The hyperplastic epidermis associated with these lesional biopsies failed

to show staining for the PDGF receptor, consistent with the in vitro findings described in

Figure 26 as well as the work of other investigators indicating that keratinocytes do not

express functional PDGF receptors or synthesize PDGF receptor mRNA (30,118).

To confirm the specificity of the PDGF receptor tissue staining, Western blot

analysis was performed on tissue extracts from two psoriatic patients using antibody

PR7212. The band at 180 kd, indicated by the arrow in Figure 28, corresponds to the

fully mature PDGF receptor p-subunit (124). The most intensely stained band

corresponds to the 164 kd precursor form of the receptor, while the smallest band

probably represents a 130 kd PDGF receptor degradation product (124). The bands >200
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Figure 27. Staining of normal and growth-activated human skin with a monoclonal

antibody to the PDGF receptor by the immunoperoxidase technique. Sections obtained

from normal adult human skin (B), chronic skin wounds (D,F), non-Iesional psoriatic skin

(A,E), and psoriatic lesional tissue (C) were stained with antibody PR7212 directed

against the PDGF receptor J3 chain (A-D,F) and a non-specific isotype control antibody

(E). In D, "ep" indicates epidermis not stained by the PDGF receptor antibody. Bar, 40 J.1

(A-E), 20 J.1(F).



 



kd that were stained with antibody PR7212 were similarly detected with a negative control

antibody (data not shown). The immunoblotting study also confirms that psoriatic lesional

tissue expresses increased levels ofPDGF receptor p-subunit in comparison to an equal

quantity ofnon-Iesional psoriatic tissue obtained from the same individual. This finding

was true when comparing samples consisting of epidermis with papillary dermal tissue

(Figure 28, lanes 1 and 2), reticular dermis samples (Figure 28, lanes 3 and 4), or full­

thickness tissue homogenates (Figure 28, lanes 5 and 6). Similar analysis ofwound

specimens was not possible due to an insufficient supply ofbiopsy tissue.
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Figure 28. Immunoblot analysis of monoclonal antibody to the p-type PDGF receptor.

Proteins were separated by SDS-PAGE and then transferred to nitrocellulose. Samples

were obtained as described in Chapter 7 from Patients 1 (lanes 1-4) and 2 (lanes 5 and 6).

Psoriatic lesional (lanes 1,3,5) and non-Iesional (lanes 2,4,6) specimens were prepared

from epidermis and papillary dermis (lanes 1 and 2), reticular dermis (lanes 3 and 4), and

full-thickness skin (lanes 5 and 6). The arrowhead denotes the full length 180 kd PDGF

receptor p chain.
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4.3 Discussion

The results in this chapter establish that fibroblasts and other dermal cell types in

human skin express J3-type receptors for PDGF, while epidermal keratinocytes show no

detectable expression of this PDGF receptor. Furthermore, the expression of J3-type

PDGF receptors is increased in the dermis adjacent to chronic skin wounds and in

psoriatic dermis, two conditions associated with increased fibroplasia, neovascularization,

and epidermal hyperplasia. Since epidermal keratinocytes do not express PDGF 0.- or 13-

type receptors (30,118), direct effects ofPDGF on human skin are probably limited to

dermal cells that express appropriate receptors. As suggested by histochemical staining,

dermal fibroblasts and vascular cells may be important targets ofPDGF in human skin.

High levels ofPDGF receptor expression in psoriasis and chronic wound tissue might

regulate proliferation, migration, or other functions in dermal cells expressing this receptor

(115).

For the PDGF pathway to be biologically important, free PDGF must be available

to react with unoccupied PDGF receptors. In acute wounds, PDGF could be provided by

platelet degranulation after vascular injury. PDGF release from platelets might not be

significant in psoriatic or in chronic wound tissue, since blood vessels are relatively intact.

Cultured human keratinocytes synthesize mRNA for PDGF A-chain and produce

increased mRNA for PDGF B-chain upon activation with IL-1o. or TGF-J3 (118). Since

PDGF receptor J3-subunits bind only PDGF B-chains, PDGF released from activated

epidermis in psoriasis or adjacent to chronic wounds could contribute to growth of

connective tissue elements associated with these conditions. Thus, modulation of

epidermal PDGF synthesis and dermal PDGF receptor expression might provide a means

for integration of epidermal-dermal functions under different physiological conditions.

However, the ability of the PDGF pathway to affect cell proliferation or other functions
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may also be dependent on exposure to other growth factors which regulate cell cycle

control points distal to that affected directly by PDGF (29).

Fibroblasts cultured from psoriatic plaques have increased mitogenic and

chemotactic responses to PDGF (120), suggesting an alteration of the PDGF pathway in

this condition that might potentially involve increased PDGF receptor expression as

described here. Although psoriatic keratinocytes apparently do not express PDGF

receptors (30,118), PDGF might indirectly contribute to epidermal hyperplasia in several

ways. Rapidly proliferating epidermis would be expected to have increased nutritional

requirements that might be provided by increased PDGF-mediated vascular growth. Smits

et al. (125) have recently reported the presence ofPDGF receptor �-subunits on rat

capillary endothelial cells, though the exact role of these receptors on endothelial cells

remains to be elucidated. PDGF stimulates fibroblasts to increase synthesis ofIGF-I (116)

and IL-6 (126), two factors that can stimulate the proliferation of human keratinocytes

(25,127). Furthermore, IGF-I can stimulate keratinocytes to increase EGF receptors,

which are increased in epidermis of psoriasis and chronic wounds «20) and Chapter 2). A

similar scheme has been proposed for regulation of epithelial and connective tissue

elements in breast carcinomas in which ductal epithelial cells synthesize PDGF that affects

both stromal growth and production ofIGF-I (117). Epithelial-connective tissue

interactions such as these may help to explain how psoriatic dermal fibroblasts increase

epithelial growth in some skin equivalent models (128).

Psoriasis and wound repair are two conditions in which growth ofmultiple cell

types is activated. Elucidation of similarities and differences in these two processes may

help to decide which features of cell and tissue activation are common to benign

hyperplasia and which are characteristic of a particular pattern ofgrowth activation.

Psoriasis, in particular, displays a number ofunique histological features which may result

from actions ofmany different growth factors, cytokines, and immune elements on skin

(20). Common features of psoriasis and chronic wounds are fibroplasia, increased vascular
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growth, and epidermal hyperplasia. The apparent ability of dermal cells in both conditions

to increase expression ofPDGF receptors suggests that common regulatory pathways may

control growth ofdermal cells in both conditions. PDGF acting via specific receptors may

be an important regulator of growth and function of dermal cell types in adult human skin.
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Chapter 5: Effects of Anthralin and CSA on the EGF Receptor Pathway in Human

Keratinocytes

5.1 Introduction

Current, commonly used anti-psoriatic therapies range from standard first-line

topical treatments like corticosteroids, anthralin, and ultraviolet light to systemic therapies

like psoralen and ultraviolet A (pUVA), methotrexate, CSA, and retinoids for recalcitrant

cases (129). Most of these treatments have been developed through empirical means. For

example, in 1925 Goeckerman developed the combined coal tar/ ultraviolet radiation

therapy that bears his name as a response to the observation that sunlight improved

psoriasis in some patients (130). Similarly, methotrexate, vitamin D-derivatives, and CSA

were all first reported to be efficacious for psoriasis in patients receiving these drugs for

other conditions (3).

The lack of a rational basis for the efficacy of anti-psoriatic drugs, the toxicity

associated with their long-term use, and their limited effectiveness in producing remission

of the disease have restricted therapy with these agents. Therefore, the development of

more effective, less toxic treatments requires that the mechanism(s) of action of current

treatment modalities be clearly established. Since epidermal hyperplasia in psoriasis may

be mediated by altered cytokine and/or inflammatory pathways, anti-psoriatic agents may

reverse abnormalities in crucial pathways as part of their therapeutic action. Thus, the

study of these treatments in the context of their differing abilities to reverse psoriasis­

associated changes in growth factor pathways and immune activation could provide

insights into the mode of action of these drugs, while also establishing the relative

contributions to the psoriatic phenotype of the various abnormalities that have been

identified. Most commonly used anti-psoriatic agents appear to have widespread effects

on different cell types and may improve psoriasis through combined action on epidermal
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and inflammatory cells. This chapter focuses on the effects of two anti-psoriatic drugs,

CSA and anthralin, on keratinocyte growth in vitro and their effects on the EGF receptor

pathway (131,132) in which both the ligand and receptor components of the pathway have

been shown to be overexpressed in psoriatic epidermis (26,27,48,72). In vivo studies

describing the effects ofCSA on TGF-a expression in psoriatic epidermis will also be

described (133).

CSA and anthralin provide an interesting contrast in psoriatic drug therapies.

Although topical anthralin, along with coal tar, is the oldest effective therapy for psoriasis

(134) its mechanism of action is far less well studied than systemic treatment with CSA

which has been in use for psoriasis only since 1986 (135,136). Additionally, while the

initial response to anthralin treatment is relatively slow it frequently results in long-term

remission of psoriasis following cessation of therapy. In contrast, CSA treatment

generally shows a rapid improvement in psoriasis which also relapses quickly upon the

withdrawal of therapy (135,137). These differences may reflect fundamentally different

modes of action of these drugs and could even provide clues to identifying preferred

targets for obtaining long-term remissions of psoriasis.

Despite the initial fortuitous discovery of its efficacy in psoriasis (138), extensive

investigation of CSA as an anti-psoriatic drug was only begun in response to the

identification of activated T-cells in psoriatic lesions (11). From this observation, it was

proposed that immune activation might induce the psoriatic phenotype and that the disease

could therefore be responsive to CSA. The drug has proved to be extremely effective in

the treatment of severe psoriasis (135,136,139,140). In vitro, CSA has effects on both

keratinocytes (141-143) and chronic inflammatory cells (144), so that CSA effects on

psoriatic skin could involve either altered immunological or epidermal activation. Some

therapeutic efficacy of CSA in psoriasis may be related to its suppression of chronic

inflammatory cell functions. CSA directly inhibits proliferation of T lymphocytes by

modulating transcription of mRNA for IL-2 and IFN-y (145-150). CSA also diminishes
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the ability ofLangerhans cells to present antigen to primed lymphocytes in psoriatic

patients (144,151). Both of these effects may serve to limit production ofIFN-y and other

cytokines by activated T lymphocytes. A rapid decrease in HIA-DR expression by

psoriatic keratinocytes, observed in patients treated with CSA (144), may be related to

diminished local production ofIFN-y or to direct effects ofCSA on epidermal

keratinocytes. CSA also inhibits the proliferation of normal human keratinocytes in

culture at drug concentrations near those achieved in psoriatic epidermis, but the

mechanism of its effect on keratinocytes is unknown (142,143,152-154).

Anthralin as a treatment for psoriasis has its origins in 1876 when chrysarobin (3-

methyl dithranol), the naturally occurring active component of a ringworm therapy, was

proven effective in a psoriatic whose condition had been misdiagnosed (155,156).

Anthralin (dithranol) was first synthesized in 1916 (157) and, while treatment regimens

have changed over the years, the drug has been in use continuously as an anti-psoriatic

therapy up to the present. Anthralin treatment has been reported to inhibit granulocyte

function, lipoxygenase pathway activity, DNA replication and repair, mitochondrial

respiration, and calmodulin activity in vitro (134,158-166). In vivo, anthralin decreases

plasminogen activator levels in plaques, inhibits mitochondrial ATP synthesis, and

normalizes keratin expression (134,165-167). However, it is unclear how anthralin

treatment affects the growth factor/cytokine pathways which might regulate epidermal

hyperplasia in psoriatic plaques.
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5.2 Results: CSA

5.2.1 CSA Inhibits Keratinocyte Growth In Vitro

Previous studies using keratinocytes from normal adult human skin or transformed

lines (142,143) have demonstrated significant inhibition of proliferation by CSA

concentrations of 3-5 ug/ml, In contrast, inhibition of lymphocyte proliferation at 100

ng/ml or less ofCSA has been reported (144). To establish an appropriate concentration

range of CSA to study in the serum-free culture system used in these studies, normal

human keratinocyte strains derived from neonatal foreskin were cultured exclusively in

KGM medium in the presence and absence of CSA. Keratinocyte growth was measured

using both tritiated thymidine incorporation and cell counting experiments. Figure 29

shows the dose-response relationship for inhibition of keratinocyte proliferation over a

range of 1-50 ug/ml CSA. Half-maximal inhibition in proliferation was attained at

approximately 5 ug/ml of CSA, similar to that observed in other keratinocyte strains

(142). The lowest dose ofCSA tested (1 ug/ml) produced a 50% inhibition of

proliferation ofPHA-stimulated human lymphocytes measured in parallel experiments,

confirming the need for higher CSA concentrations to inhibit keratinocyte proliferation

(data not shown). Keratinocytes treated with up to 10 ug/ml CSA for 2 d were >90%

viable, indicating a specific effect of CSA on inhibition of cell proliferation. Diminished

viability of keratinocytes was detected at CSA concentrations higher than 10 ug/rnl, which

appears to be outside the pharmacologic concentration ofCSA in human epidermis (143).

The ability of CSA to inhibit DNA synthesis was independently confirmed by flow

cytofluorometry analysis described below. The ability of CSA to diminish keratinocyte

proliferation over several population doublings was assessed by direct cell counting. In

rapidly proliferating cells, concentrations of CSA between 1 and 10 ug/ml inhibited
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Figure 29. The effect of CSA on keratinocyte proliferation. Inhibition of DNA

synthesis by cultured human keratinocytes grown in the presence of CSA or carrier in

KGM for 48 h was measured by tritiated thymidine uptake. Results are expressed as

percent mean inhibition of triplicate measurements.



proliferation by 42-98% (Table 2).

Table 2. -- Effect of CSA on Keratinocyte Proliferation'

Culture Condition No. of cells, x 103 % Inhibition

Control 1526 ± 113 ...

CSA-

1 ug/ml 972 ± 56 42

5 ug/ml 383 ± 58 87

10 ug/ml 240 ± 10 98

•
There were 215,000 keratinocytes present in a 25-cm2 culture plate at the initiation of the experiment.

After 3 d, cell counts were measured using an electronic counter.
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5.2.2 CSA Inhibits Keratinocyte Cell Cycle Progression in Gl

To determine the effect of CSA on the keratinocyte cell cycle, flow

cytofluorometry was used to assess DNA content of keratinocytes treated for 6, 18, or 24

h with 1-10 ug/ml ofCSA. Figure 30 displays the distribution ofkeratinocytes in G] or

subsequent phases of the cell cycle (S, G2, or M). After 18 to 24 h of treatment with

CSA, an accumulation of keratinocytes in the GO/Gl phase of the cell cycle was detected

with CSA concentrations from 1-10 ug/ml, with a concomitant decrease in the S + G2 +

M phases (Figure 30). Separate measurement of S phase in treated keratinocytes showed

a 30% reduction in S phase keratinocytes after 24 h of treatment with 5 ug/ml CSA (data

not shown). Further characterization of the CSA effect was achieved with simultaneous

measurement ofDNA and RNA content in cells by flow cytofluorometry that segregates

keratinocytes into "A" and "B" populations (168). The A keratinocytes are smaller cells

with a more basal appearance that have lower RNA content and less rapid cell cycle

progression, whereas B keratinocytes have a larger cell size, more RNA, and a faster cell

cycle progression (168). Treatment ofkeratinocytes with 5 ug/ml CSA for 24 h resulted

in a reduction in the B keratinocyte population by 54% (data not shown). These results

were confirmed with rapidly proliferating (10% confluent) cultures ofkeratinocytes (Table

3). Treatment with CSA (5 ug/ml) caused an accumulation of cells in the GoIGl phase of

the cell cycle with an accompanying decrease in the proportion of cells in S phase by 63%

and G2/M phases by 51% (P < 0.001). Taken together, proliferation and cell cycle data

suggest that CSA inhibits keratinocyte proliferation, inducing a Gl accumulation or block,

and shifts the population ofproliferating cells toward a slower dividing pool.
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Table 3. -- Effect of CSA on Keratinocyte Cell Cycle Progression"

Proportion of Cells, %

CeU Cycle Phase Control CSA, 5 ug/ml P

GoIGI 53.0 ± 2.25 80.4 ± 0.55 <.001

S 28.6 ± 3.2 10.6 ± 0.57 <.001

G2/M 18.4 ± 0.99 9.0 ±0.2 <.001

*

Keratinocytes were 10% confluent at the initiation of the experiment. Control cultures received the
same concentration ofDMSO as was present in the CSA-supplemented cultures. Keratinocytes were

cultured for 24 h prior to cell cycle analysis.

5.2.3 Effect Of CSA on Keratinocyte Transglutaminase Activity

Activity of transglutaminase, an enzyme synthesized by keratinocytes, increases

with terminal differentiation (169). To determine whether the antiproliferative effect of

CSA on keratinocytes was associated with induction of terminal differentiation,

transglutaminase levels were measured after 2 d with CSA (Table 4). In comparison to

control cultures, 5 ug/ml CSA did not increase transglutaminase levels significantly. At 10

ug/ml CSA, an approximately 50% increase in transglutaminase was observed. However,

in patients receiving high oral doses ofCSA (14 mg/kg/day), cutaneous levels ofCSA

exceeding 3 ug/ml are not achieved (143). Therefore, the observed in vitro rise in

transglutaminase levels at 10 ug/ml CSA is of questionable clinical significance. In these

experiments, PMA was included as a positive inducer of differentiation (169). Treatment
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ofkeratinocytes with PMA induced a 2.9-fold increase in transglutaminase activity after 2

d of treatment. Parallel experiments demonstrated a concomitant 3-fold increase in

cornified envelope production after PMA treatment (data not shown) confirming the utility

ofusing phorbol esters to induce terminal differentiation and ofmeasuring

transglutaminase levels as a marker of keratinocyte terminal differentiation.

Table 4. -- Effect ofCSA on Keratinocyte Differentiation"

Tritiated Putrescine,

Samples cpm/mg of Protein

Control 1460 ± 304

+ CSA, 5 ug/ml 1502 ± 422

+ CSA, 1 0 ug/ml 2222 ± 324

+PMA 4225 ± 411

"Normal keratinocytes were cultured in KGM in the presence of CSA for 2 d. Control cultures received
the same concentration ofDMSO as was present in the CSA-supplemented cultures. Transglutaminase
was then assayed by the incorporation of tritiated putrescine into casein. 100 ng/ml PMA was used as a

positive control.

5.2.4 Effect of CSA on TGF-a Expression in Keratinocytes

An important feature of psoriatic epidermis which could be affected by CSA

treatment is overexpression ofTGF-cx. mRNA and protein by involved keratinocytes

(26,27). The ability ofCSA to modulate expression ofTGF-cx. mRNA and protein was

assessed in normal keratinocytes treated with up to 5 ug/ml CSA for 1 d. Total RNA was
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extracted from control or eSA treated keratinocytes and size-fractionated RNA was

probed for TGF-a expression by Northern blot analysis (Figure 31). Even though the

increase in TGF-a mRNA in eSA-treated keratinocytes was less than that produced by

the known TGF-a inducer PMA (43) (data not shown), a clear dose related increase in

TGF-a mRNA was seen in eSA treated keratinocytes. Adjustment for total RNA content

as measured by hybridization with an actin-specific probe did not affect these findings

(data not shown). Thus, eSA treatment ofkeratinocytes did not reduce expression of

TGF-a rnRNA at concentrations that inhibit proliferation and some eSA concentrations

even increased TGF-a mRNA, either through effects on transcription or stability of

message.

To determine whether eSA might affect translation ofTGF-a mRNA into protein

or release of mature TGF-c by cells, the amount ofTGF-a protein released from

keratinocytes treated for 2 d with eSA or PMA was measured with a quantitative

radioimmunoassay (91). As shown in Table 5, the quantity of soluble TGF-a released into

supernatants of eSA treated cultures was not altered, whereas a 2-fold increase was

produced by PMA treatment. Thus eSA appears to have little effect on overall synthesis

or release of TGF-a from normal keratinocytes.
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Figure 31. CSA increases TGF-a expression in cultured human keratinocytes.

Keratinocytes were treated for 24 h with KGM with DMSO (control) or KGM with CSA.

Cellular RNA was extracted, separated on an agarose-formaldehyde gel, transferred to

nitrocellulose, and hybridized with a TGF-a probe. Lanes 1-6 represent the following: 1-

control, 2- 0.01 ug/ml, 3- 0.1 ug/ml, 4- 1 ug/ml, 5- 2.5 ug/ml, and 6- 5 ug/ml CSA. The

increase in CSA transcription was not affected when standardized with an actin-specific

probe (not shown).
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Table 5. -- Effect of CSA on the Secretion of TGF-a by Cultured Keratinocytes'

Samples TGF-a Culture Supernatant, J.1M

Control 3.6

+ CSA, 5 ug/ml 3.6

+PMA 6.4

•
Normal confluent keratinocytes were cultured in KGM to keep the cell number fairly constant

throughout the experiment. TGF-a. concentration in the culture supernatants was measured after 2 d by
using a radioimmunoassay kit (Biotope, Redmond, WA). 100 ng/ml PMA was used as a positive control.
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5.2.5 Effect of CSA on EGF Receptor Expression in Keratinocytes

Even though CSA did not appear to greatly affect TGF-a expression by

keratinocytes, previous studies have suggested that CSA might decrease EGF receptors in

keratinocytes (91) that could serve to limit TGF-a-mediated mitogenic signaling in

psoriasis. Since keratinocyte proliferative inhibition is well established after 24 h of

treatment with 5 ug/ml CSA (Figure 30), EGF receptor numbers were measured after

such treatment to assess whether short-term growth inhibition was mediated via the EGF

receptor. Subconfluent, rapidly proliferating keratinocytes maintained in KGM were

treated for 24 h with 5 ug/ml CSA, and EGF receptor expression was quantitated by

binding of 1251-EGF at a variety ofligand concentrations. Figure 32 displays total 1251_

.

EGF binding to CSA-treated and control cultures (insert) and a Scatchard transformation

of these binding data. Control keratinocytes showed an average of 1.81 x 105

receptors/cell with a Kd of 0.45 nM, whereas CSA-treated keratinocytes showed 1.76 x

105 receptors/cell with a Kd of 0.5 nM. Similar results were obtained with keratinocytes

treated with CSA in media lacking exogenous growth factors (KBM); CSA also failed to

significantly affect either EGF receptor number or binding affinity. In several other

experiments in which 1251-EGF binding was assessed at a single low concentration of

radiolabeled ligand (0.5 to 3 ng/ml), a maximal decrease of 16% in EGF binding was

observed. These data are in agreement with differences in EGF binding at low ligand

concentrations displayed in Figure 32. Thus, CSA did not appreciably diminish EGF

receptor number in keratinocytes under the conditions tested.
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Figure 32. Scatchard analysis of 125I-EGF binding to cultured normal human

keratinocytes in response to CSA treatment. Keratinocytes were grown in KGM to

75% confluence and then incubated for 24 h in KGM + DMSO carrier (open circles,

solid line) or KBM + 5 Jlgiml CSA (closed circles, dashed line). Cells were then

processed as described in Chapter 7. Each point represents specific binding of

duplicate or triplicate measurements. The insert shows total specific binding to control

and treated keratinocytes.



5.2.6 CSA Treatment Does Not Decrease the Expression of TGF-a in Psoriatic

Plaques

To determine whether CSA altered TGF-a. expression in psoriasis,

immunohistochemical and Northern blot analysis ofTGF-a. was performed on pre- and

post-CSA treatment psoriatic plaques (133). Previous immunohistochemical analysis of

TGF-a. staining in normal skin showed membrane reactivity primarily in the basal

keratinocyte layer, while TGF-a. membrane staining in psoriasis extended to spinous

keratinocytes as well (26). As Figure 33 demonstrates, intense basal and suprabasal

membrane TGF-a. staining is seen in pre-treatment (Figure 33A) and post-treatment

(Figure 33B) psoriatic plaque, while membrane reactivity is limited to the basal layer in

uninvolved skin from the same individual. In this individual, TGF-a. immunostaining is

even more intense in the post-CSA treatment plaque than in the untreated lesional

epidermis. High levels ofTGF-a. immunoreactivity were sustained in all post-CSA

treatment psoriatic plaques studied (10/10) with no decrease observed in any lesion.

Figure 34 extends these results to analysis ofTGF-a. mRNA isolated from the

same plaque of the same individual shown in Figure 34. A single 4 kb mRNA species

hybridizing with the TGF-a. probe was detected in cultured keratinocytes (lane 1) or

psoriatic lesional tissue (lanes 2,3) with no significant change in TGF-a. or control actin

hybridization (lanes 5,6) observed before or after CSA treatment. Thus, the in vivo

analysis ofTGF-a expression in CSA treated patients confirms the in vitro finding that

CSA does not alter TGF-a protein levels.
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Figure33. Immunoperoxidase staining with the anti-TGF-cx. specific mAb Al.5 of IesionaI and non-Iesional skin of a psoriasis patient

beforeand after CSA treatment. l30X. Intense membrane staining can be seen throughout the viable layers of involved psoriatic

epidermis both before (A) and after CSA treatment (B). In contrast, uninvolved skin from the same patient exhibits intense membrane

TGF-cx.staining only in the basal epidermal layer (C).



 



Figure 34. Northern blot analysis ofTGF-a. transcription in psoriatic plaques before and

after CSA treatment. RNA samples from cultured normal human keratinocytes (lanes 1

and 4), pre-treatment psoriatic plaque (lanes 2 and 5), and post-treatment plaque (lanes 3

and 6) were analyzed with cDNA probes specific to TGF-a. (lanes 1-3) and actin (lanes 4-

6). The arrowhead identifies the 4 kb mRNA transcript for TGF-a..
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5.3 Discussion: CSA

Psoriatic plaques display several molecular abnormalities which could be potential

targets of therapy. The apparent contributions of multiple growth factors or cytokines to

the pathogenesis ofpsoriasis suggest that therapeutic agents which affect multiple cell

growth or inflammatory pathways might be most efficacious in treating this disorder.

Furthermore, ifpsoriasis is viewed as a focus of persistent cell growth or activation, one

might predict that agents which block proximal or regulatory points in signal transduction

pathways (largely confined to the GI phase of the cell cycle) might lead to better

responses or longer remission of treated psoriatic lesions. CSA is an interesting

therapeutic agent in that it affects the growth ofboth lymphocytes and keratinocytes (141-

144).

CSA appears to block keratinocyte proliferation within the G] phase of the cell

cycle without inducing terminal differentiation. As suggested by clinical trials, CSA may

produce longer lasting remission of psoriasis than agents such as methotrexate which act

in the S phase to limit proliferation ofgrowth-activated cells (135,136,139,140,170). The

specific mechanism through which CSA decreases keratinocyte proliferation remains

unknown. The work described here suggests that an unlikely point of action of CSA is on

expression ofTGF-a. or EGF receptors by cultured keratinocytes. However, keratinocyte

proliferation in culture is dependent on expression of multiple, distinct growth factors

including EGF, insulin-like growth factors, FGF-related peptides, and several less

characterized factors (56). CSA might have suppressive effects on a growth factor

pathway independent from that mediated by the EGF receptor or it might affect Gl

progression at a point after the convergence of different growth factor signals.

Clinical studies indicate a rapid decrease in faA-DR expression by epidermal cells

within 1 week of starting CSA therapy (144). IFN-y is a potent inducer offaA-DR in
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keratinocytes and the rapid change in HLA-DR expression by psoriatic keratinocytes

treated with CSA could be due to diminished keratinocyte responsiveness to IFN-y or to

diminished local production by activated T lymphocytes. CSA treated keratinocytes

remain responsive to IFN-y mediated changes, as stimulation ofy-IP-lO gene transcription

was observed in response to IFN-y in keratinocytes exposed to CSA (l31). Thus, a

primary target of CSA in psoriatic skin may be the T lymphocyte. In fact, lymphocyte

proliferation is inhibited by CSA concentrations that are 10 to 100-fold lower than those

required to inhibit keratinocyte proliferation (144) and the low doses ofCSA currently

being used to treat psoriasis may not achieve the concentration necessary to inhibit

keratinocyte growth in skin. The ability ofCSA to influence HLA-DR expression of

epidermal cells and to affect antigen presentation or lymphocyte alloreactivity in psoriatic

patients soon after starting therapy further supports a key role for cellular immune

activation in the pathogenesis of psoriasis. Recent work using markers of keratinocyte

growth activation and immune activation to study psoriatic skin suggests that the primary

action of CSA is on decreasing T-cell activation in plaques with accompanying decreases

in IFN-y production, while keratinocyte growth-related changes are resistant to CSA

effects (133).

As shown here, epidermal TGF-a. expression is among the growth-related changes

which CSA does not reverse. Skin biopsy specimens of plaques obtained before and after

treatment ofpsoriatic patients demonstrated unchanged or increased TGF-a. levels

supporting the in vitro data (133). Furthermore, these experiments support the validity of

the approach of using in vitro experimentation to analyze the effects of anti-psoriatic

drugs on cytokine pathways.
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5.4 Results: Anthralin

5.4.1 Anthralin Treatment Inhibits Keratinocyte Growth In Vitro

Since psoriatic plaques are characterized by both an activated keratinocyte and T

lymphocyte compartment (20,171,172), the effects of anthralin on keratinocyte and

lymphocyte growth were assessed using cultured normal human keratinocytes and

lymphocytes in the presence ofvarying concentrations of anthralin. These experiments

demonstrated that keratinocytes were much more sensitive in vitro to the inhibitory effects

of anthralin on cell proliferation than were lymphocytes (Figure 35). Anthralin at

concentrations of 10 ng/ml to 10 ug/rnl was added to actively proliferating foreskin

keratinocytes grown under optimal serum-free conditions (Figure 35, upper) and to

normal lymphocytes stimulated with the mitogen, PHA (Figure 35, lower). At

concentrations of 10 ng/rnl, anthralin caused a 98% inhibition of keratinocyte proliferation.

In contrast, even at anthralin concentrations of 10 ug/ml, only 50% inhibition of mitogen­

induced lymphocyte proliferation was observed. Keratinocyte and lymphocyte viabilities

were greater than 99% at concentrations of anthralin less than 10 ug/ml, therefore cell

death could not account for marked inhibition of keratinocyte growth by anthralin. These

concentrations of anthralin are much less than those achieved in the epidermis of patients

treated with O. 1 % anthralin in vivo. For example, the epidermal level of anthralin that

results from the application of a 0.1 % preparation is 93.66 J.lM (134). A 1 ug/ml solution

of anthralin is equivalent to a 4.4 J.lM solution. The concentrations used for the

experiments described here are within the range achieved in epidermis after routine clinical

use, but the intraepidermal distribution of anthralin after topical administration is

unknown.

In order to determine if anthralin inhibited keratinocyte proliferation by
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Figure 35. Keratinocytes are more sensitive to the growth inhibitory effects of

anthralin than are lymphocytes. Anthralin (0.01-10 ug/rnl) was added to normal

human foreskin keratinocytes grown in KGM for 5 d (upper) and to PHA-stimulated

PBMCs cultured for 4 d (lower). Cell counts were determined using an electronic

counter.



inducing cell cycle specific arrest, anthralin-treated keratinocytes were labeled with

acridine orange and then subjected to flow cytometric analysis. Using this technique, both

the RNA and DNA contents of individual keratinocytes can be assessed simultaneously.

Previous studies have demonstrated that cultured keratinocytes can be divided into 3

populations which differ in their RNA content and proportion of cells which are actively

dividing (168,173). Keratinocytes cultured in the presence of anthralin from 0.01 to 1.0

ug/ml showed no significant difference in the percentage of cells in GoIG1, S, and G2+M

phases of the cell cycle (Table 6). However, the RNA content ofkeratinocytes treated

with 0.1 ug/ml of anthralin decreased as demonstrated by the reduced "high RNA" peak at

640 nm (Figure 36). This decrease in cellular RNA primarily represents a decrease in

ribosomal RNA. In separate experiments, the addition of anthralin did not diminish the

accumulation of the rhodamine analog, rhodamine 123 (174), into the mitochondria of

viable keratinocytes (data not shown). Since anthralin treatment decreased ribosomal

RNA content but did not inhibit mitochondrial-specific dye uptake, anthralin has

differential effects on growth-related cellular organelles.
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Table 6 -- Anthralin Treatment Does Not Cause Cell Cycle Specific Arrest-

Cell Cycle Distribution (%)

Anthralin (ug/ml) GO/Gl S G2/M

Control 41.2 40.6 18.2

0.01 37.4 49.4 13.2

0.10 34.3 38.7 27.0

1.0 43.9 41.2 14.9

10.0 44.1 27.1 28.8

*Keratinocytes were 10% confluent at initiation of the experiment. Control cultures received the same

concentration of DMSO as was present in the anthralin-supplemented cultures. Keratinocytes were

cultured for 24 h prior to cell cycle analysis.
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Figure 36. Anthralin decreases total cellular RNA in cultured human keratinocytes. Flow

cytometric analysis of acridine orange-stained control (A) and anthralin-treated (0.1

ug/ml) (B) cultured keratinocytes. Fluorescence intensity at 640 nm and at 530 nm is

proportional to RNA and DNA content, respectively.
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5.4.2 Anthralin Treatment Inhibits Keratinocyte TGF-a Expression In Vitro

As with the studies on CSA, Northern blot analysis was performed on anthralin

treated cells to assess anthralin effects on TGF-a. transcript levels. When mRNA prepared

from actively proliferating keratinocytes grown in the presence of anthralin (0.01 to 10

ug/ml) for 24 h (Figure 37) was probed for TGF-a., a single band was observed at

approximately 4 kb as described previously (131). In contrast to the results seen with

CSA, however, addition of anthralin at concentrations of 0.1 to 10 ug/ml caused a

dramatic decrease in TGF-a. mRNA expression. The total amount ofRNA applied to

each lane was identical as shown by ethidium bromide staining of total RNA. To control

for effects of anthralin to globally decrease mRNA production, blots were reprobed for

actin mRNA. While less actin specific mRNA was observed with increasing anthralin

concentrations, TGF-a. specific mRNA diminished at a faster rate for each anthralin

concentration studied. For example, at 0.1 ug/ml anthralin, densitometric scanning

demonstrated a reduction in TGF-a. mRNA expression to only 8% of that ofuntreated

keratinocytes, yet actin mRNA remained at 67% of that ofuntreated keratinocytes.

In order to determine whether anthralin non-specifically decreased the expression

of other growth-associated genes, the effect of anthralin addition (0.01 to 10 ug/ml) on

keratinocyte c-myc mRNA expression was next tested (Figure 38). Transcription of c­

myc is inducible in fibroblasts by serum exposure (175) and c-myc mRNA is constitutively

expressed in human keratinocytes at relatively high levels (176,177). Figure 38 (lanes 1-4)

shows induction of c-myc in growth-arrested human dermal fibroblasts after serum

treatment in comparison to constitutive expression in human keratinocytes (lane 5).

Expression of c-myc mRNA was increased somewhat by treatment of keratinocytes with

PMA (lane 6) or anthralin (Lanes 7-9). In comparison to expression ofTGF-a. mRNA or

actin mRNA, c-myc mRNA was not diminished by treatment of cells with anthralin
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Figure 37. Anthralin inhibits TGF-o. mRNA expression in cultured human keratinocytes.

Northern analysis was performed under high stringency conditions on actively proliferating

keratinocytes grown in the presence of anthralin (0.01 to 10 ug/ml) for 24 h. The total

amount ofRNA applied to each lane was identical as shown by ethidium bromide staining

of total RNA (A). Addition of anthralin at concentrations of 0.1 to 10 ug/ml caused a

dramatic decrease in TGF-o. mRNA expression (B). The blot was reprobed with an actin

specific cDNA probe (C). While less actin specific mRNA was observed with increasing

anthralin concentrations, TGF-a. specific mRNA diminished at a faster rate for each

anthralin concentration studied.
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Figure 38. Anthralin does not decrease c-myc mRNA expression. Expression of c-myc

mRNA is induced in growth arrested human dermal fibroblasts (lane 1), after 10% serum

treatment for 0.5 (lane 2), 1.0 (lane 3) and 2.0 (lane 4) hours in comparison to constitutive

expression in human keratinocytes (lane 5). Expression of c-myc mRNA was increased

somewhat by treatment of keratinocytes with TPA (lane 6) or anthralin at 0.01 (lane 7),

l.0 (lane 8) and 10.0 (lane 9) ug/ml as compared to the control (lane 5).
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concentrations as high as 10 ug/ml.

5.4.3 Anthralin Decreases EGF and IGF-I Receptor Binding

As described in Chapter 2, IGF-I and EGF work in synergy to promote

keratinocyte proliferation in vitro. The effect of anthralin on the binding ofEGF and IGF­

I to their respective receptors on keratinocytes cultured under optimal conditions, was

next investigated (Figure 39). Again in contrast with CSA, addition of 0.1-10 ug/ml

anthralin caused a sharp decrease in EGF binding to the EGF receptor. IGF-I binding to

the IGF-I receptor was also inhibited but to a lesser extent. The differential sensitivities of

the EGF and IGF-I receptors to the effects of anthralin suggests there is specificity to its

mode of action and supports the findings of Chapter 2 that these pathways are

differentially regulated. In separate experiments, Scatchard analysis revealed that anthralin

(1.0 ug/ml) decreased EGF receptor binding affinity and cell surface receptor numbers

(Figure 40). The Kd for binding ofEGF to its receptor in the absence of anthralin was 0.5

nM, whereas in the presence of anthralin it was 2.1 nM. EGF receptor cell surface

numbers were decreased to a lesser extent. The number of receptors per cell was 2.1 x

105 in the absence of anthralin and 1.7 x 105 in the presence of anthralin. Thus, reduced

binding ofEGF to its receptor appears to be primarily mediated by diminished binding

affinity.
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Figure 39. Anthralin decreases EGF receptor and IGF-I receptor binding on cultured

human keratinocytes. Keratinocytes grown in KGM were transferred for 24 h to KGM

+ DMSO carrier (control) or KGM containing 0.1-10 ug/ml anthralin. Anthralin

caused a sharp decrease in EGF binding (open circles) to the EGF-receptor, while IGF­

I binding (closed circles) to the IGF-I receptor was inhibited to a lesser extent. Values

were determined in triplicate and are expressed as the percent mean specific binding to

control cells ± standard deviation.
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Figure 40. Scatchard analysis of anthralin effects on EGF receptor binding.

Keratinocytes were grown in KGM to 75% confluence and then incubated for 24 h in

KGM + DMSO carrier (closed circles) or KGM + 1 ug/ml anthralin (open circles).

Cells were then processed as described in Chapter 7. Each point represents specific

binding of triplicate measurements. The insert shows total specific binding to control

and treated keratinocytes. The Scatchard plot indicates that anthralin decreases both

EGF-receptor binding affinity and receptor numbers.



5.5 Discussion: Anthralin

This work demonstrates that pharmacologically relevant concentrations of

anthralin have the ability to strongly inhibit keratinocyte proliferation, possibly by affecting

early steps in mitogenic signaling pathways. Anthralin diminishes ligand binding to the

EGF receptor via a reduction in binding affinity. Previous work has demonstrated that

EGF receptor affinity and ligand-induced tyrosine kinase activity is greatly reduced by

PKC activation as a result of phosphorylation of the EGF receptor on threonine residue

654 (77-80). Anthralin may also block EGF receptor effects by decreasing binding

affinity, although the mechanism of action for anthralin may be different from that ofPKC.

Anthralin treatment significantly decreases the abundance ofmRNA for TGF-a..

Since TGF-a. mRNA abundance is regulated in keratinocytes by activation of the EGF

receptor, the diminished TGF-a. in anthralin treated cells could be mediated either via

effects of anthralin on the EGF receptor or by direct effects on TGF-a. mRNA

transcription or stability. Anthralin might also diminish keratinocyte proliferation through

its effects on the IGF-I receptor, though the effect of anthralin on this growth factor

receptor is quantitatively smaller than its effects on the EGF receptor. Other effects of

anthralin on epidermal keratinocytes, including diminished respiration (166), diminished

DNA synthesis (163,164), and normalization of keratin expression (165), may be

secondary consequences of diminished mitogenic signaling from EGF, IGF-I, or other

membrane growth factor receptor systems.

The ability of anthralin to affect EGF receptor expression and TGF-a. mRNA in

human keratinocytes contrasts markedly with CSA. While CSA also directly inhibits

keratinocyte proliferation, it does not significantly diminish EGF receptor expression or

TGF-a. mRNA production by human keratinocytes. CSA induces a proliferative block in

the G1 phase of the cell cycle, whereas anthralin does not block proliferation at a single
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point in the keratinocyte cell cycle. Thus, these anti-psoriatic compounds which have

direct epidermal effects, may have different mechanisms of inhibiting keratinocyte

proliferation in vitro. In vivo, the anti-psoriatic mechanism of anthralin and CSA may be

significantly different, since lymphocyte proliferation is more strongly suppressed by low

concentrations ofCSA, whereas keratinocyte proliferation is more strongly inhibited by

low concentrations of anthralin.

Clinical treatment of psoriatic lesions with anthralin appears to produce relatively

long remissions after cessation of therapy, whereas there is a predictable relapse of active

psoriasis shortly after cessation of therapy with CSA (135,137). The ability of anthralin to

decrease keratinocyte mitogenic activation by TGF-a might be important in this regard, as

CSA has relatively little effect on this pathway in vitro or in vivo (133,178). In

preliminary studies, treatment with 0.1 % anthralin in vivo decreased immunoreactive

TGF-a in a treated psoriatic plaque consistent with in vitro results described above.

Clearly, further analysis of psoriatic tissue treated in vivo with anthralin will be needed to

further clarify its mode of action, especially in comparison to other anti-psoriatic agents.
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Chapter 6: Concluding Remarks

The results described in this thesis expand upon previous observations of increased

expression ofEGF receptors and TGF-a in psoriatic epidermis (26,27,48,72). It is now

apparent that altered receptor expression of other tyrosine kinase growth factor receptor

pathways may contribute to psoriatic epidermal hyperplasia as well. In particular, IGF-I

receptor expression may be a critical regulator of epidermal proliferative capacity.

Activation of the IGF-I receptor may be necessary for mitogenic stimulation by the EGF

or FGF receptor pathways to occur. Furthermore, recent growth studies in our laboratory

indicate that another growth promoting cytokine produced by keratinocytes and

overexpressed in psoriatic skin, IL-6 (25), also acts synergistically with IGF-I to stimulate

keratinocyte growth (H. Uyttendaele, personal communication). Thus, modulation of

IGF-I receptor activation may be a critical checkpoint in maintaining normal keratinocyte

proliferative regulation.

Cytokines produced by multiple cell types in the skin are likely to form a complex

network of interactions that contribute to the psoriatic phenotype. Figure 41 presents a

schematic interpretation of how these interactions might enable communication among

various compartments of the skin. Work described in Chapter 5 indicates that the f3-form

of the PDGF receptor is overexpressed in psoriatic blood vessels and in dermal fibroblasts.

Cultured keratinocytes constitutively synthesize mRNA for PDGF-A which does not

activate the PDGF-f3 receptor, but mRNA for PDGF-B, which does activate the PDGF-f3

receptor, can be induced in keratinocytes by treatment with IL-la or TGF-rJ (118). Since

keratinocytes do not express PDGF receptors, regulation of paracrine release of PDGF by

keratinocytes may control growth activation of dermal blood vessels and connective tissue

elements. PDGF treatment of cultured fibroblasts induces both IGF-I and IL-6 synthesis

(116,126). Since psoriatic fibroblasts overexpress PDGF receptors and exhibit an

increased sensitivity to PDGF (120), they may produce increased quantities ofIGF-I and
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Figure 41. A simplified view of the cytokine network in the skin. Cytokine

production by keratinocytes (top), fibroblasts (lower middle), and immune cells (lower

right) as well as circulating factors available from leaky capillaries (lower left), could

all contribute to psoriatic dermal and epidermal hyperplasia as well as activation of the

immune response. Regulation of receptor expression could be critical to the proper

cellular targeting of cytokine production. Discussion of how cytokine and receptor

abnormalities may contribute to psoriatic hyperplasia is provided in the text.



IL-6. IGF-I, which could also be derived from leaky, fenestrated capillaries in the

papillary dermis (93), could in turn stimulate keratinocyte proliferation through increased

IGF-I receptors in the epidermis. IGF-I receptor activation may increase EGF receptor

levels, perhaps by "unmasking" the pool of "latent" immunologically identifiable EGF

receptors which do not bind ligand in normal skin (72). These EGF receptors could in

turn be activated by the increased TGF-a. found in psoriatic epidermis (26,27). Elevated

levels ofIL-6, which could be produced by dermal fibroblasts in response to PDGF or by

keratinocytes, might act to stimulate keratinocyte proliferation as well as immune

activation (25). Additionally, KGF produced by fibroblasts (101,105) or bFGF released

from keratinocytes in response to tissue injury (as seen with the Koebner phenomenon)

could activate epidermal FGF receptors. Thus, cytokines from dermal fibroblasts, blood

vessels and keratinocytes could potentially act to stimulate keratinocyte growth through

the common end point of synergistic interactions between activated IGF-I receptors in

conjunction with activated IL-6, FGF, and/or EGF receptors. Consequently, targeting of

the epidermal IGF-I receptor for anti-psoriatic therapy could possibly diminish the growth

promoting activity ofmultiple cytokine pathways upon psoriatic epithelium.

While this oversimplified model for cytokine involvement in psoriatic epidermal

hyperplasia certainly underestimates or omits the function of some cytokines and cell types

(particularly T lymphocytes), it does provide a basis for assessing the role of different

pathways in the psoriatic lesion. Since psoriatic epidermis and growth-activated skin in

wound healing share many common features (8) including overexpression of epidermal

EGF receptors and TGF-a. (20) as well as dermal PDGF receptors, these features may

represent common end responses to growth inducing stimuli. Features unique to psoriasis

may be more closely linked to the fundamental pathogenetic defect(s) of the disease. A

greater understanding of these common motifs for growth stimulation could provide

insights into normal wound healing, hyperplastic diseases like psoriasis, and perhaps even

neoplastic diseases like breast carcinoma where similar mechanisms for stromal-epithelial
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interactions have been proposed (117).

Even without knowledge of the pathogenesis ofpsoriasis, it now seems possible to

target particular pathways for the rational design of new therapies. These efforts might

include one or more of the following approaches: attempts to decrease ligand expression

in the epidermis; the use of receptor antagonists, tyrosine kinase inhibitors, or other signal

transduction inhibitors; the use of inhibitors of dermal growth activation (particularly

targeting the PDGF receptor); treatment with epidermal differentiation inducing agents;

and the development of less toxic immunomodulatory drugs. Further studies of the

mechanism of action of currently used therapies may provide clues to which cytokine

pathway abnormalities should be targeted for treatment. Such studies could eventually

lead to the development of rationally designed therapies capable of providing long-lasting

remission of psoriatic symptoms with the least amount of toxicity to patients.
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Chapter 7: Materials and Methods

Reagents

Reagents were obtained from Sigma Chemical Co. (St. Louis, MD) except where

noted.

Chapter 2

Keratinocyte Growth Assay

Normal human keratinocytes were obtained from neonatal foreskins after dermal­

epidermal separation was achieved by a 12 h incubation in 1 % dispase at 4°C, followed by

trypsinization for 30 min at 37°C. Keratinocytes were used for experiments after the

second or third passage. Keratinocytes were grown in serum free modified MCDB 153

medium (KGM; Clonetics, San Diego, CA) supplemented with 0.5 ug/ml HC (Clonetics),

bovine insulin (5 ug/ml, Clonetics), human recombinant EGF (10 ng/ml, Clonetics), bovine

pituitary extract, gentamycin and amphotericin B. Cells were trypsinized and the trypsin

was neutralized with DMEMII 0% fetal calf serum. Keratinocytes were collected by

centrifugation and resuspended in KBM (KBM is KGM without the factors indicated

above, Clonetics) containing O. 5 ug/ml HC and antibiotics as a basal growth medium.

Factors added to KBMlHC were bovine insulin (5 ug/ml), human recombinant insulin (5

ug/ml Humulin, Eli Lilly and Co., Indianapolis, IN), human recombinant IGF-I (10 or 100

ng/ml), and/or human recombinant EGF (10 or 100 ng/ml). Both human recombinant

IGF-I and human recombinant EGF were produced by Chiron Corp., Emeryville, CA and

were obtained from Dr. T. Kiorpes (Ethicon, Inc., Somerville, NJ). Cells were seeded at a

density of4000 cells/cm2 in 25 cm2 tissue culture flasks (Corning #25100). Cells seeded

in this manner in KGM had a 30-70% plating efficiency after 1 d. After 6 d, duplicate
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cultures of each growth condition were trypsinized and counted in a Coulter Counter

(Coulter Electronics, Inc., Hialeah, FL). Cells were photographed 1 and 6 d after seeding

with an inverted phase-contrast microscope on Kodak Tmax 100 film (Eastman Kodak

Co., Rochester, NY) using a 10X objective.

Immunohistochemistry

Immunoperoxidase staining of cryostat sections of skin from neonatal foreskin,

normal adult human skin, and 18 psoriatic patients was performed with mouse monoclonal

antibodyaIR-3 as described previously (26) using 3-amino-9-ethylcarbazole as the

developing reagent. A well characterized mouse monoclonal antibody, aIR-3, specifically

recognizing the IGF-I receptor (73) was obtained through Dr. Steven Jacobs (Wellcome

Research Laboratories, Research Triangle Park, NC). Monoclonal antibody EGFRI

(Amersham Corp., Arlington Heights, IL) directed against the EGF receptor has been

previously used to examine epidermal EGF receptor staining (72). Both antibodies were

used at an IgG concentration of 1 ug/ml and staining was compared with an IgG isotypic

control.

Receptor Binding Assays

Cultured human neonatal foreskin keratinocytes were grown in KGM to

approximately 75% confluence in 24-well tissue culture plates. For experiments

performed in KGM, compounds were added in KGM for the indicated times and the plates

were then washed 2 x 90 min at 37°C with KBM prior to the assay. For analysis of

receptor binding in KBM, keratinocytes grown in KGM were transferred to KBM for 1 d

prior to the addition of compounds in KBM. Added compounds were 10 ng/ml PMA (LC

Services Corp.; Woburn, MA), 10 ng/ml4a-PMA (LC Services Corp.), 1.15 mM CaCI2,

and the calcium ionophores ionomycin (1 J..lM) and A23187 (0.1 J..lM). For

transmodulation experiments, cells were transferred to KBM for 1 d, followed by
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incubation with KBM alone or containing human recombinant or bovine insulin (5 ug/ml,

except where indicated) or IGF-I for the indicated time. Plates were placed on ice and

washed once with cold binding buffer (BB: KBM + 5 mg/ml BSA + 20 mM HEPES (PH

7.3)) followed by the addition of 0.25 mlIwell of 125I-EGF (Amersham Corp., specific

activity 100 JlCilJlg) or 125I-IGF-I (Amersham Corp.; specific activity 2000 Cilmmol) in

BB to each well. 125I-EGF or 125I-IGF-I was added at 1 ng/ml, except for Scatchard

analysis where the radioisotope was added up to a maximum of 5 ng/ml and supplemented

with unlabelled ligand at higher concentrations. In the transmodulation experiments, the

unlabelled ligand added was receptor grade EGF (Collaborative Research, Inc., Bedford,

MA). In other experiments, the unlabelled ligand added was human recombinant EGF or

human recombinant IGF-I (Pepro Tech Corp.; Rocky Hill, NJ). Plates were transferred to

a rocking incubator at 4°C for 6 h and then washed 4 times with BB. Cells were lysed in

0.1 M NaOHlO.l% TX-I00 and counts were read in a gamma counter. Nonspecific

binding was measured with a 1,000-fold excess of unlabelled EGF in the transmodulation

experiments and did not exceed 5% of total binding. Nonspecific binding was measured

with a 5,000-fold excess ofunlabelled EGF or IGF-I in all other experiments and did not

exceed 20% of total binding. Values given are mean specific binding of triplicate

measurements and are representative of results obtained from at least two different

primary cell lines.

Receptor binding inhibition experiments were performed as described above with 1

ng/ml 125I-IGF-I added with unlabelled IGF-I (Pepro Tech Corp.), insulin (Clonetics

Corp.), or mAb aIR-3. Each value represents mean specific binding of triplicate

measurements.

Localization of125I-IGF-I Binding by Autoradiography
The experiment was performed essentially as described for localization ofEGF

receptor binding sites in human skin (48). Full-thickness excisional biopsy specimens from
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normal human skin were sliced into small pieces of approximately 1 mm2. The samples

were then incubated with shaking at room temperature for 90 min in BB (described above)

containing 5 ng/ml of 125I-IGF-I or an equal quantity of radioligand in the presence of a

5,OOO-fold excess ofhuman recombinant IGF-I (pepro Tech Corp.). The samples were

washed 6 x 10 min with BB at room temperature and then fixed overnight in 10%

formalin. Samples were then embedded in paraffin and processed for sectioning. Sections

(approximately 6 urn) were dipped in 1:1 NTB-2 (Eastman Kodak Co.) emulsion and

distilled water. After exposure at 4°C for 8 weeks, the slides were developed 1 min in

Kodak D-19 developer at 15°C. Sections were lightly stained with hematoxylin and eosin

and mounted in Permount.

Tyrosine Kinase Assays

IGF-I receptor. Split-thickness skin biopsies from 3 psoriatic patients were

homogenized in 0.5 ml of lysis buffer (LB: 20 mM Tris (PH 8.0) containing 150 mM

NaCI, 10% glycerol, 1% TX-I00, 1 mMPMSF, 0.15 U/ml aprotinin, and 1 mMNaV04)

using a motor driven Teflon pestle. After homogenization, insoluble material was

removed by centrifugation in a microfuge for 15 min at 4°C. Protein concentration was

determined using the Bio-Rad protein assay kit according to the manufacturer's

instructions (Bio-Rad Laboratories, Richmond, CA) and 60 ug of each protein sample was

immunoprecipitated with 1 J..lI aIR-3 at 4°C overnight. Subconfluent cultured neonatal

keratinocytes grown in KGM were treated for 24 h with KBM prior to lysis. Thirty min

prior to lysis, the medium was changed to KBM alone or containing 100 ng/ml IGF-I and

reincubated at 37°C. Cultured keratinocytes were then lysed in 1 ml LB/plate and

approximately 300 ug protein was immunoprecipitated with 2 J..lI aIR-3 overnight. All

immunoprecipitates were then bound for 4 h to Protein A-Sepharose beads preincubated

with rabbit anti-mouse IgG (Organon Teknika-Cappel; Malvern, PA).

Immunoprecipitates were washed once with cold PBS, twice with 0.5 M LiCl in 20 mM
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Tris (pH 8.0), and once with kinase buffer (50 mM Tris (PH 7.4), 10 mM MnCI2). The

beads were resuspended in 40 J.lI kinase buffer and the kinase reaction was allowed to

proceed for 15 min at room temperature following the addition of 1 J.lI y-32P-ATP

(Amersham Corp.; specific activity 6000 Cilmmol). The reaction mixtures were washed

twice with 1 ml kinase buffer and then boiled 5 min in 50 J.lI 2X Laemmli buffer (179).

Proteins were electrophoresed by SDS-PAGE using the Laemmli method (179) along with

rainbow molecular weight markers (Amersham Corp.) in a 7.5% polyacrylamide gel. Gels

were fixed, dried, and exposed at -70°C using XAR-5 film (Eastman Kodak Co.,

Rochester, NY) and Cronex intensifying screens (DuPont Co., Wilmington, DE).

EGF Receptor. Subconfluent cultured neonatal keratinocytes grown in KGM in

100 mm2 plates were treated for up to 20 min with either 100 nglml PMA or 1.15 mM

CaCl2/10 J.lM A23187. Plates were then transferred to ice and washed once with ice-cold

PBS. Keratinocytes were lysed in 10 mM Tris (pH 7.5), 1% TX-I00, 10 mM EDTA,

10% glycerol, 10 ug/ml aprotinin, 10 ug/ml leupeptin, 10 J.lM Navo4, and 1 mM DTT.

Samples were then immunoprecipitated for 30 min at 4°C with 1.5 ul/plate of a rabbit

antibody directed against the carboxy-terminal portion of the EGF receptor (180) (a

generous gift ofDr. Stuart Decker). Immunoprecipitates were bound to Protein A­

Sepharose beads for 30 min and then washed twice with lysis buffer, once with kinase

buffer (20 mM HEPES (pH 7.3), 1 mM MnCl2 1 mM DTT), and then taken up in 25 J.lI

kinase buffer. Kinase reactions were initiated by addition of 1 J.lI y_32p-ATP (Amersham

Corp.; specific activity 6000 Ci/mmol), allowed to proceed for 5 min at 25°C and

terminated by the addition of 5X Laemmli buffer. Proteins were electrophoresed in a 7%

polyacrylamide gel as described above.

EGF Receptor Half-Life Determination

Subconfluent cultured neonatal keratinocytes grown in KGM in 100 mm2 plates
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were transferred to KBM for 10 h. The medium was then changed to methionine-free

KBM (Clonetics) for 2 h and the cells were then labeled for 12 h in this medium

containing 625 J,lCilplate of 3 5 S-methionine (Tran3 5 S-label, specific activity 1000

Ci/mmol; ICN Biomedicals, Inc., Costa Mesa, CA). At t=O h, plates were washed twice

with KBM and then reincubated in KBM alone or KBM containing 5 ug/ml bovine insulin

(Clonetics) for 0, 12, 24, or 48 h. Keratinocytes were then lysed as described above for

EGF receptor kinase assays and equal counts of each sample were immunoprecipitated as

described above for EGF receptor kinase assays. Immunoprecipitates were washed (180)

and samples were electrophoresed as described above. After fixation, gels were treated

for 1 h with EN3HANCE (New England Nuclear, Boston, MA), and then processed as

described above.

Chapter 3

Materials

Human recombinant aFGF, bFGF, and KGF were obtained from Dr. Robert

Goldman, Pepro Tech Corp .. In some experiments, recombinant bFGF from Synergen or

Calbiochem (La Jolla, CA) was used as indicated. 125I-bFGF and 1251-KGF were

generously provided by Dr. Dennis Fujii, Sterling Drug Inc., Malvern, PA. Rabbit anti­

FGF receptor antibody was a generous gift ofDr. Raymond Birge, Rockefeller University.

Keratinocyte Growth Assay

The growth assay was performed as described for Chapter 2 using KBMlHC as

basal medium with addition of 100 ng/ml IGF-I (pepro Tech Corp.) and/or 50 ng/ml bFGF

(Synergen).
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FGFReceptor Crosslinking

Subconfluent cultured neonatal keratinocytes grown in KGM in 100 mm2 plates

were washed twice with Crosslinking Buffer (CB): ice-cold KBM containing 0.2% gelatin

and 20 mM HEPES (PH 7.3). Plates were then incubated for 2 h at 4°C with 1 mVplate of

CB containing 10 ng/rnl (8 x lOS cpm total) of 12SI-bFGF. Plates containing excess

unlabelled human recombinant bFGF had a SOO-fold excess ofPepro Tech Corp. bFGF,

S,OOO-fold excess ofSynergen bFGF, or S,OOO-fold excess ofCalbiochem bFGF. Plates

were then washed once with CB, once with CB containing 0.2% BSA, and once with

PB S. Crosslinking was then performed by addition of 1 mM disuccinimidyl suberate

(Boehringer Mannheim, Indianapolis, IN) in PBS at 4°C for 20 min. Plates were then

washed once with 10 mM HEPES (PH 7.3) containing 2 mM EDTA and 0.2 M glycine

and once with PBS. Cells were then scraped into Eppendorftubes and centrifuged briefly

in a Beckman microfuge. The pellet was lysed in SO fll LB on ice for IS min and

centrifuged at 4°C for 10 min. SX Laemmli buffer was then added to the supernatant,

samples were boiled, and one-fifth of each sample was electrophoresed in a 7.S%

polyacrylamide gel as described above. Gels were fixed, dried, and exposed as described

above.

Immunoblotting

Biopsy specimens from a psoriatic patient were obtained as described in Chapter 2

under IGF-I Receptor Kinase Assays. Equal quantities ofprotein were electrophoresed in

a 7% SDS-PAGE gel and transferred to 0.2 urn nitrocellulose (Schleicher & Schuell,

Keene, NH) (181). The nitrocellulose was blocked in a solution ofTBST (10 mM Tris

(pH 8.0), ISO mM NaCI, O.OS% Tween 20), DET (O.S% sodium deoxycholate, 0.2% NP-

40, 0.02% SDS), and CASEIN (S% milk powder, 2 mM Tris (pH 8.0), 0.02% NaN3, 0.2

mM EDTA) for 1 h and then incubated overnight at room temperature with a 1 :2S00
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dilution of rabbit anti-FGF receptor antibody in TBST/CASEIN. After washing the filter

3 x 10 min in TBSTIDET and 3 x 10 min in TBST/CASEIN, a 1:1000 dilution ofan

alkaline phosphatase conjugated goat anti-rabbit antibody (Tago, Inc., Burlingame, CA)

was added for 2 h at room temperature. After further washes in TBST, the blot was

developed in 0.2 M Tris (pH 9.5), 10 mM MgCI2, 1 mg/ml nitro blue tetrazolium, and 0.5

mglml5-bromo-4-chloro-3-indolyl phosphate.

Receptor binding assays

Cultured human neonatal foreskin keratinocytes were grown in KGM to

approximately 75% confluence in 24-well tissue culture plates. The plates were washed 2

h at 37°C with binding buffer (KBM containing 0.15% gelatin and 25 mM HEPES (pH

7.3)) prior to the assay. Plates were placed on ice and washed twice with cold PBS and

0.25 mlIwell ofa 1 ng/ml solution of 1 25I-bFGF or 125I-KGF in binding buffer was

added. Unlabelled ligand added was human recombinant aFGF, bFGF, or KGF. Plates

were transferred to a rocking incubator at 4°C for 2 h and then washed 4 times with cold

PB S. Cells were lysed in 0.1 M NaOHlO.l% TX-100 and counts were read in a gamma

counter. Values given are mean specific binding of triplicate measurements and are

representative of results obtained from at least two different primary cell lines.

Immunohistochemistry

Immunohistochemical staining of cryostat sections of skin from 1 psoriatic patient

was performed as described in Chapter 2 using a 1 :500 dilution of the rabbit anti-FGF

receptor antibody.

Chapter 4
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Materials

Monoclonal antibodies to the a-form of the PDGF receptor (292.18) and the p­

form of the PDGF receptor (PR7212) (124) were generously provided by Dr. Charles

Hart (ZymoGenetics, Inc., Seattle, WA) as was PDGF-BB homodimer.

Receptor Down-regulation Experiment

Cultured human neonatal foreskin keratinocytes and fibroblasts were grown in

KGM and DMEM + 10% fetal calf serum respectively in 24-well tissue culture plates to

approximately 90% confluence. Fresh medium containing 50 ng/ml PDGF-BB

homodimer was added for the indicated times. The plates were washed once with ice-cold

binding buffer (KBM or DMEM + 5 mg/ml BSA + 20 mM HEPES buffer (pH 7.3»,

approximately 80,000 cpm/well of radioiodinated anti-PDGFR antibodies 292.18 or

PR7212 were added in 0.5 ml binding buffer, and the plates were transferred to a rocking

incubator at 4°C for 5 h. After 4 washes with binding buffer, cells were lysed in 0.1 M

NaOHlO.l% TX-I00 and counts were read in a gamma counter. Each condition was

tested with duplicate samples. Results are presented as total cpm bound.

Immunohistochemistry

Immunohistochemical staining of cryostat sections of skin from 10 psoriatic

patients and 15 chronic wound patients was performed as described in Chapter 2. Mouse

monoclonal antibody PR7212 which specifically recognizes the p chain of the PDGF

receptor (124) was used at an IgG concentration of2-5 ug/ml and staining was compared

with an IgG isotypic control.

Immunoblotting

Biopsy specimens from two psoriatic patients were homogenized in 0.5 ml of80

mM Tris (pH 6.8), 1% TX-I00, 4 M urea, 2% p-mercaptoethanol, and 10% glycerol
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using a motor driven Teflon pestle. Skin from Patient 1 was sampled in two stages; first

as a superficial shave biopsy to remove epidermis and papillary dermis followed by a

punch biopsy to obtain reticular dermis tissue. The specimen from Patient 2 was biopsied
as a full thickness punch biopsy. After homogenization, insoluble material was removed

by centrifugation in a microfuge for 15 min at 4°C. Protein concentration was determined

by the bicinchoninic acid method according to the manufacturer's instructions (pierce,

Rockford, IL) and equal quantities ofprotein were electrophoresed in a 7% SDS-PAGE

gel, transferred to nitrocellulose, and immunoblotted as described in Chapter 3 using a

1: 500 dilution ofPR7212 as primary antibody and a 1: 1000 dilution of an alkaline

phosphatase conjugated goat anti-mouse antibody (Tago, Inc.) as secondary antibody.

Chapter 5

Cell Proliferation Assay

Keratinocytes were grown in KGM as described under Chapter 2. CSA was

obtained from Sandoz Corporation (East Hanover, NJ). The powder was diluted in

DMSO to a stock concentration of 3 mg/ml. The stock was diluted in culture medium to

prepare various concentrations ofCSA. Anthralin (dithranol, 1,8-dihyroxy-9[10H]­

anthracenone) was diluted in DMSO to a stock concentration of 10 mg/ml. The stock was

diluted in DMSO to prepare various concentrations of anthralin. Control cultures received

appropriate dilutions ofDMSO alone.

Keratinocytes were cultured in 24 well polystyrene culture plates (Corning) at a

density of 2 x 105 cells/well in KGM. The keratinocytes were incubated with various

concentrations of CSA or vehicle alone for 48 h. The cells were pulsed with 2 IlCi of

tritiated thymidine (ICN Biomedicals, Inc.) for the last 4 h, harvested manually after
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treatment with cold 10% trichloroacetic acid and 1 % SDS, and then counted in a beta

scintillation counter. The results are expressed as percent inhibition which is the

percentage of3H-thymidine incorporated in the CSA treated over control keratinocytes.

For CSA cell counting experiments, keratinocyte cultures at a density of 1 x 104 cells/cm2

(10% confluency) were incubated for 3 d. For anthralin experiments, keratinocytes were

cultured at a density of 5-10 x 104 cells/25 cm2 flask in KGM. The keratinocytes were

incubated with various concentrations of anthralin or vehicle alone for 5 d. Cells were

counted in a Coulter Counter. Cell viability was assessed by trypan blue dye exclusion.

PBMCs were isolated from heparinized human blood by Ficoll density gradient

centrifugation as previously described (182). Various concentrations of anthralin or

vehicle were added to PBMCs cultured at a concentration of 1 x 106Iml for 4 d in 10 ml

RPM! 1640-10% fetal bovine serum plus glutamine and penicillin/streptomycin in the

presence and absence ofPHA (Wellcome Diagnostics, Temple Hill Dartford, England) at

a 1 :250 dilution of the stock solution. After 4 d, cell counts were measured using a

Coulter Counter. Cell viability was assessed by trypan blue dye exclusion.

Normal human neonatal foreskin fibroblasts were grown in the presence or absence

offetal bovine serum as previously described (20,183).

Flow Cytometry

Keratinocytes used for cell cycle analysis were grown in serum-free media and then

cell cycle distribution was determined using flow cytometric analysis of acridine-orange­

treated keratinocytes as previously described (168). Aliquots of 0.2 m1 containing 1-4 x

105 cells in minimal essential medium plus fetal bovine serum were mixed with 0.4 ml of

0.08 NHCI, 0.15 NNaCI, and 0.1% TX-I00 at 4°C. Cells were stained 30 seconds later

by the addition of 1.2 ml of a solution containing 0.15 N Na2HP04, 0.1 M citric acid

buffer (pH 6), 1 mM disodium EDTA, 0.15 N NaCI, and 6 ug/ml acridine orange

(polysciences, Warrington, PA). Under these conditions, interactions of the dye with
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DNA resulted in green fluorescence with a maximum emission of530 run (F530), whereas

interaction of the dye with RNA gave red metachromasia at 640 run (F640). The

intensities of these reactions are proportional to the DNA and RNA content respectively.

Specificity of the staining was evaluated by treatment of the cells with RNase A

(Worthington Biochemical Corp., Freehold, NJ) or with DNase I. Fluorescence of

individual cells was measured in an Epics 752 Cell Sorter Coulter Cytometer. The red and

green emissions from each cell were separated optically and the integrated values of the

pulses were quantitated by separate photomultipliers. Background fluorescence was

automatically subtracted; 1 x 104 cells were counted per sample.

Transglutaminase Assay

Keratinocyte transglutaminase activity was assayed by an adaptation of the method

ofYuspa et al. (169). Cells from 4 confluent plates were scraped and washed with PBS

and then with assay buffer (50 mM Tris (pH 7.5), 0.13 M NaCI and 8.3 mM CaCI2). The

cells were suspended in 225 III ofbuffer and sonicated to prepare the cell lysate. The

reaction mixture consisted of 100 III cell lysate, 50 III of casein (1.2 mg) and 50 III of3H­

putrescine (New England Nuclear, specific activity 17.9 Cilmmol). 3H-putrescine was

added to cold putrescine to a total concentration of 25 mM. After 30 min at 37°C, 50 III

of reaction mixture was spotted on Whatman 3 MM filter paper strips and immediately

immersed in cold 10% trichloroacetic acid. The filter papers were agitated through three

20 min trichloroacetic acid washes and rinsed with cold absolute ethanol. The

radioactivity bound to casein was counted in a Packard liquid scintillation counter. The

protein content was estimated by the bicinchoninic acid method (Pierce Chemicals).

RNA Isolation andAnalysis

RNA was isolated from keratinocyte cultures exposed to various concentrations of

CSA or anthralin for 24 h. For in vivo studies, RNA was extracted from 6 mm skin
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biopsies ofpre- and post-treatment psoriatic plaques of 2 patients treated for 1-3 months

with 2-7.5 mg/kg/d ofCSA. RNA was extracted with acid guanidine thiocyanate-phenol­

chloroform (184). RNA concentration was determined by absorption at 260 nm. Equal

quantities ofRNA were size fractionated by electrophoresis in 1 % agarose and then

transferred to nitrocellulose or Genescreen (New England Nuclear) by following standard

protocols (185). Hybridization probes were made by either nick translation (185) or

random priming with 32p dCTP using the random primed DNA labeling kit obtained from

Boehringer Mannheim. A full length cDNA clone for TGF-a (186) was obtained from Dr.

Rik Derynck. A 40 base synthetic oligonucleotide ofhuman p-actin (Oncogene Science,

Manhasset, NY) was 51-end labeled with y_32p-ATP using T4 polynucleotide kinase (New

England Biolaboratories, Beverly, MA). A c-myc specific cDNA probe was a generous

gift from Dr. Wilson Miller (Sloan Kettering Memorial Hospital, New York, NY (187)).

Hybridization was carried out at 45°C under high stringency conditions using 50%

formamide. The membranes were washed and developed on XAR-5 film at -70°C using

Cronex intensifying screens. Blots were scanned by optical densitometry.

Measurement of TGF-a Protein

The amount ofTGF-a secreted into 4 ml ofKGM by confluent cultured

keratinocytes grown in the presence and absence of CSA (5 ug/ml), was assayed using a

TGF-a radioimmunoassay (91). A standard curve was obtained using synthetic TGF-a at

5 different concentrations.

Receptor Binding Assays

Assays were performed as described under Chapter 2 Receptor Binding Assays.

Keratinocytes were incubated with KGM containing DMSO carrier, 5 ug/ml CSA, or 0.01

to 10 ug/ml anthralin for 24 h. Plates were washed 2 x 90 min at 37°C before binding as

described above. For Scatchard analysis, anthralin was used at a concentration of 1.0
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ug/ml,

Immunohistochemistry
Pre- and post-treatment biopsies of psoriatic plaques were taken from 10 patients

treated for 1-3 months with 2-7.5 mg/kg/d CSA. Immunohistochemical staining was

performed as described above using mouse monoclonal antibody AI. 5 directed against

TGF-a. (26).
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