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Introduction

Psoriasis is a complex inflammatory skin disease in
which the epidermis becomes markedly hyperplastic
and infiltrated with cytotoxic T-cells. Several well-
characterized systemic therapies are available such as
methotrexate, retinoids, and cyclosporine, but limita-
tions on safety prevent their widespread application.
Topical or external therapies, in addition to ultraviolet
(UV) light, include glucocorticoids, analogues of 1,25-
dihydroxyvitamin Dz (1,25(0OH);D3), and the retinoid
tazarotene. Remarkably, each of these treatment mo-
dalities appears to be directed toward very different
molecular targets. This review will summarize our
knowledge of the mechanisms of established therapies
with emphasis on possible common elements and will
also explore therapeutic approaches still in the experi-
mental stage.

About 2% of the adult population is affected by
psoriasis, and its incidence increases with age.! Two
major components of the disease have been recognized
since the late 1800s. The first is a striking accumulation
of superficial epidermal scale, a greatly increased hy-
perplasia and thickening of the living epidermis, and a
changed pattern of histological differentiation within the
epidermis itself. The second is an exudate or outpouring
of inflammatory cells into the dermis and an enlarge-
ment of dermal blood vessels, both of which contribute
to the erythema, induration (or hardening), and raised
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appearance of the psoriatic plaque.?? The effectiveness
of newer, highly specific immunosuppressive therapies
indicates that T-cell-driven inflammation is critical for
the pathogenesis of the disease,®* and model studies
show that T-cell infiltration as well as specific cytokines
released from the activated T-cells can induce hyper-
proliferation of the epidermal keratinocytes.>® The
mechanisms of long-standing therapies such as UV light
and oral methotrexate, initially assumed to act by
inhibiting epidermal proliferation, are being reevalu-
ated. Both agents also clearly induce T-cell apoptosis,
and it appears possible that a major therapeutic effect
of ultraviolet B (UVB) light is to eliminate epidermal
cytotoxic T-cells.”~® Ongoing studies are having a sig-
nificant impact on the understanding of the basic
pathophysiology of psoriasis; through this work, ad-
ditional therapeutic targets for psoriasis may be identi-
fied at the molecular level.

Pathophysiology of Psoriasis. Epidermal hyper-
proliferation and scaling in the psoriatic plaque is the
result of a 40-fold increase in the number of epidermal
mitotic cells and a reduction in the transit time through
the living layer from about 12 to 2 days.!° There are
also widespread changes in epidermal histology and
gene expression. The nonliving cornified or outermost
layer of skin becomes much thicker and disorganized.511
The final living layer of the epidermis, the granular
layer, is no longer recognizable at the histological level,
and at the same time, certain proteins identified with
the granular layer, such as filaggrin, are suppressed.1!
In addition, the major cell type of the epidermis, the
keratinocyte, expresses a number of new structural
proteins, including the intermediate filament subunits
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keratins 6 and 16 (K6 and K16) as well as additional
precursor proteins for the epidermal cornified enve-
lope.1213 Gene expression follows a pattern that is very
similar to hyperproliferative epidermis during wound
healing.1415

A complex mixture of growth factors and cytokines is
induced in psoriasis. Prominent among these are auto-
crine growth factors for the epidermal keratinocyte, such
as transforming growth factor-a (TGF-a), amphiregulin,
and heparin-binding EGF-like growth factor (HB-EGF),
which bind the epidermal growth factor receptor
(EGFR).1617 The keratinocyte in culture produces a
number of proinflammatory cytokines in response to
treatment with interleukin-1 (IL-1), tumor necrosis
factor-o. (TNF-o,) and interferon-y (IFN-y), suggesting
that keratinocytes may amplify the effect of infiltrating
inflammatory cells.18-20 In addition, keratinocyte ex-
pression of the leukocyte trafficking receptor, ICAM-1,
is induced by IFN-y21, T-cell-derived cytokines can
induce keratinocyte mitogenesis, suggesting reciprocal
interactions between the stationary and infiltrating
cells. For example, injected granulocyte-macrophage
colony-stimulating factor (GM-CSF) induces epidermal
mitogenesis in human skin,?? and a combination of
cytokines from lesional T-cell supernatants, IFN-y,
GM-CSF, and IL-3, selectively induces mitosis of epi-
dermal keratinocytes freshly derived from the unin-
volved epidermis of psoriatic patients but not from
normal individuals.®

The immune and inflammatory cell types found in
psoriatic plague are quite complex. Neutrophils ac-
cumulate in the stratum corneum, and T-cell and
macrophage levels are elevated in both the epidermal
and dermal layers of skin.>623 Immunocytes (T- and
B-cells and monocytes) are also activated in the periph-
eral blood in proportion to the severity of the disease.?*
The predominant T-cell type in the epidermis is the
cytotoxic CD8+ T-cell, whereas the major T-cell type in
the dermis is the CD4+ helper T-cell.2® Psoriasis
therapy is correlated with clearance of CD8+ T-cells
from the epidermis,!®> and treatments such as UV light
that cause complete clearance also produce the longest
remissions.?325 Inflammatory cytokine expression in the
psoriatic plaque follows a type 1 pattern, characterized
by high levels of IFN-y and IL-2, consistent with a cell-
mediated immune response,2® and levels of the type 2
cytokines, IL-4 and IL-10, which promote the humoral
immune response, are correspondingly quite low.?”
Preliminary clinical studies have found that subcutane-
ous injection of IL-10 or IL-11 in psoriasis patients
induces an induction of type 2 or an inhibition of type 1
cytokine expression along with improvement in the
disease. The cytokine environment of the plaque may
therefore promote the cell-mediated T-cell responses
that are critical for the pathogenesis of the disease.*28

Inhibition of T-cell activation is also therapeutically
effective in psoriasis. The immunosuppressive agents
cyclosporine and FK506 block IL-2 expression which is
required for T-cell growth and survival.?® The fusion
toxin, DAB3zgglL-2 (IL-2 fused to diphtheria toxin), is an
injectable protein designed to target primarily activated
cytotoxic T-cells, which have a 1000-fold higher affinity
for IL-2 than resting T-cells.3° CTLA4-1g (BMS-188667)
blocks T-cell interactions with antigen-presenting cells
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and prevents T-cell activation through the T-cell recep-
tor.® The beneficial effects of these therapies (FK5086,
DABg3golL-2, and CTLA4-1g are still considered experi-
mental) suggest that the presence of activated T-cells
is critical for development and maintenance of the
psoriatic plaque. Although genetic susceptibility to
psoriasis does not follow simple Mendelian inheritance,
the elevated association of several HLA subtypes with
the disease®! also indicates that T-cell activation is
involved. One of the most convincing models for pso-
riasis at the histological level involves injection of
activated autologous T-cells into immunodeficient mice
grafted with unaffected skin from psoriasis patients.t32
These grafts become markedly hyperplastic, vividly
demonstrating the powerful impact that the activated
T-cell can have in skin.

A striking aspect of psoriasis etiology is its limitation
to discrete plaques, with a sharp boundary between
involved and uninvolved areas of skin.! The appearance
of the disease suggests that its spread is strongly
inhibited by normal, nonhyperproliferative epidermis.
Normal-appearing skin in a susceptible individual can
often be converted to a psoriatic plaque by wounding or
mild abrasion (the Koebner effect),3® presumably be-
cause the cascade of events initiated by epidermal
hyperproliferation is not as easily reversible as in
normal individuals. Dysregulation of epidermal prolif-
eration and differentiation in transgenic mice, either by
overexpression of amphiregulin, a heparin-binding ligand
for the EGF receptor,’® or by aberrant, suprabasal
expression of cell adhesion molecules normally found
in the basal layer only, such as the integrin subunit /3;,3*
can produce a psoriasis-like phenotype. Thus, disruption
of normal controls on epidermal homeostasis appears
sufficient to induce T-cell infiltration and inflammation
of the epidermis and may also be a critical step in
disease pathogenesis.

Current Therapies and Their Mechanisms of
Action. The range of therapeutic options for psoriasis
is quite extensive and has been the subject of some
excellent recent reviews.13> The severity of psoriasis is
related to the percentage of body surface area involved
and therapy is designed accordingly. Psoriasis which is
limited in extent can be treated topically. Topical
therapies include coal tar and anthralin, which are
poorly understood mechanistically. Ligands for several
nuclear receptors of the steroid superfamily, including
glucocorticoids, vitamin D3 analogues such as calcipo-
triol, and the retinoid tazarotene, are also therapeuti-
cally effective by a topical route. For cases which involve
large areas of the body (20% or greater), UV irradiation
and/or systemic therapies are required. UV therapies
include UVB light, which is most effective if limited to
a narrow wavelength range near 312 nm,° and long-
wavelength UVA light in the presence of a sensitizer
such as psoralen (PUVA).36 Systemic retinoids, meth-
otrexate, fumaric acid esters,3” and immunosuppressive
agents such as cyclosporine are also effective orally.t
Current monotherapies have significant drawbacks and
are often used in combination. For example, UV in
combination with systemic retinoids increases efficacy
and reduces the UV dose and consequent long-term risk
of epidermal neoplasia. Topical glucocorticoids, while
extremely effective as local antiinflammatory agents,
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induce skin thinning as a side effect; on the other hand,
topical retinoids stimulate both epidermal hyperplasia
and new dermal collagen synthesis.38 Significantly, the
combination of the topical retinoid tazarotene with a
glucocorticoid is more effective than tazarotene alone.3°
Calcipotriol also works effectively as an adjunct to
glucocorticoids and UV light.35

In the following sections, we discuss the properties,
mechanisms of action, and possible future evolution of
major therapeutic modalities for psoriasis. A subsequent
section presents therapies under investigation. Finally,
on the basis of our current knowledge of disease
pathogenesis, we take a look at potential new drug
targets.

Ligands for the Nuclear Hormone Receptors

Three major classes of psoriasis therapy, glucocorti-
coids, retinoids, and analogues of 1,25(0OH),D3, all bind
to and activate members of the steroid nuclear hormone
receptor superfamily. This family of receptors has a
conserved modular structure that includes both DNA
and hormone-binding domains; furthermore, activation
of these receptors by ligand can produce pleiotropic
effects on mRNA expression, including both inhibition
and induction of hormone-specific genes. However,
because of systemic side effects, the use of these drugs
in psoriasis, except for retinoids, is limited to topical
application.

Glucocorticoids. Activation of the glucocorticoid
receptor (GR) inhibits the activity of the proinflamma-
tory enhancers NF-«xB and AP-1, and this may account
for the very potent antiinflammatory activity of glucor-
corticoids.*° Glucocorticoids have a rapid therapeutic
effect in psoriasis, but duration of use is limited by
tachyphylaxis (resistance to prolonged therapy) and skin
atrophy or thinning. A posttreatment rebound of the
disease is also well-documented.?> Since topical gluco-
corticoids constitute a well-established and well-char-
acterized treatment for psoriasis, they will not be
discussed in this review.

Vitamin D3 Analogues. Calcitriol or 1,25(0OH),D3 is
the active form of vitamin D3 which binds the nuclear
vitamin D receptor (VDR).#! Calcitriol and several of its
analogues have been used topically, with limited side
effects, to treat psoriasis. In addition to the classical
target organs of intestine and bone, skin is also a target
organ of VDR agonists. Cultured keratinocytes and
dermal fibroblasts contain receptors for 1,25(0H),D3,*2
and 1,25(0OH),Ds is a potent stimulator of epidermal cell
differentiation*3#* that inhibits the proliferation of
keratinocytes.*®> The first indication that vitamin Ds
analogues might be beneficial in psoriasis was provided
by the observation of clinical improvement in a patient
during a study of oral 1a-hydroxyvitamin D3 (1o(OH)-
Ds) in osteoporosis.*® This finding has been supported
by a number of additional studies of analogues of 1,25-
(OH);D3. Oral vitamin D3 therapies are severely com-
plicated by hypercalcemia, however, and therefore it is
very significant that topical application of the analogues
has proven to be clinically effective.*” The most widely
used topical analogue of 1,25(0OH),Dj; is calcipotriol (MC
903). In a clinical study involving 167 chronic plaque
psoriasis patients with twice daily application of calci-
potriol ointment (50 ug/g ocintment), complete clearing
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was observed in 26% of the patients and significant
improvement was observed in 50—70% of the patients.*8
Approximately 20% of the patients reported cutaneous
irritant reactions to topical calcipotriol in various clini-
cal studies. Although calcipotriol is ~100-fold less potent
than 1,25(0OH),D3 as a hypercalcemic agent when tested
in rodents,*® hypercalcemia can be dose-limiting in
topical therapy, and >100 g/week of calcipotriol oint-
ment (50 ug/g) is contraindicated.®® In addition to
calcipotriol, new synthetic analogues such as tacalcitol,
lexacalcitol (KH 1060), GS 1500, CB 1093, EB 1213,
maxacalcitol (MC 1275 or OCT), and MC 1288 with
potent cell differentiating and cell proliferation inhibi-
tory effects but with reduced effects on calcium metabo-
lism have been synthesized, mainly for topical use.
Numerous clinical studies have demonstrated the ef-
ficacy of some of these analogues, including tacalcitol
(4 ug/g) and maxacalcitol (25 ug/g).5051

A. Mechanism of VDR Ligand Activity in Pso-
riasis. VDR agonists such as 1,25(0OH),D3 and calcipo-
triol have been shown to induce terminal differentiation
accompanied by inhibition of cell proliferation in murine
and human keratinocyte cultures.*34452 VDR agonists
also induce cornified envelope formation and increased
levels of the differentiation markers transglutaminase
I (TGase 1) and involucrin.*® In psoriatic plaque treated
with 1,25(0OH),D; or calcipotriol, the most rapid changes
(within 2 weeks) appear to be a reduction in cell
proliferation and in neutrophil content as measured by
staining for elastase.>34 In addition, IL-10 levels in the
plaque are elevated and IL-8 is reduced within 3 days
of calcipotriol treatment, suggesting an early effect of
calcipotriol on critical cytokine regulatory pathways.%
Activation of B- and T-lymphocytes induces the expres-
sion of VDR, and 1,25(0OH),D; potently inhibits the
proliferation of mitogen-activated T-lymphocytes.56:57 In
mouse models of autoimmune disease and transplant
rejection,*® 1,25(0OH),D; and its analogues have a mod-
est immunosuppressive effect that may also contribute
to efficacy in psoriasis.

B. Regulation of Gene Expression by VDR Ago-
nists. Most of the biological actions of vitamin D3
analogues are mediated by VDR, which is a ligand-
dependent transcription factor belonging to the super-
family of steroid/thyroid hormone nuclear receptors.58
1,25(0OH),D3 and its analogues modulate gene expres-
sion through a heterodimer between VDR and the
retinoid X receptor (RXR).*15° VDR must heterodimerize
with RXR for binding to the vitamin D3 response
elements (VDRES) present in the promoter region of
responsive genes. The VDREs are direct repeats of 5'-
AGGTCA-3' motifs separated by four nucleotides (DR4).5°
Most 1,25(0OH),Ds-inducible genes, such as osteocalcin,
osteopontin, and calbindin 9K, contain VDRESs and are
involved in calcium homeostasis and metabolism.*9.60
There are others, such as the cell cycle inhibitor p21,
which also can induce keratinocyte differentiation, and
this may be relevant to the antiproliferative activity of
these compounds in psoriasis.’162 VDR agonists also
inhibit the expression of some critical cytokines, includ-
ing IL-2 and GM-CSF.%3 Negative regulation of GM-CSF
appears to occur through an entirely different class of
DNA binding site than a VDRE,53 however, suggesting
that the mechanisms for VDR-mediated inhibition of
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gene expression may be more diverse and complex than
for induction.

C. Structure—Activity Relationships Among VDR
Ligands. Calcipotriol (MC 903, dovonex, calcipotriene,
psorcutan) is the most widely used 1,25(0OH),D3; ana-
logue for the topical treatment of psoriasis.* It is a side
chain-modified analogue of 1,25(0OH),D3; with an E-
double bond at C-22, a hydroxy group at C-24, and a
cyclopropyl ring at C-25, designed to be metabolized
rapidly in systemic circulation. Although calciptriol, as
noted above, is 100 times less active than 1,25(0OH).D3;
in causing hypercalcemia, it is as potent as 1,25(0OH),D3
in inducing terminal differentiation and inhibiting cell
proliferation of cultured human keratinocytes.®> Tacal-
citol (curatoderm, TV-02 ointment) or 1la,24(R)-dihy-
droxyvitamin D3 is another side chain-modified ana-
logue with decreased hypercalcemic activity compared
to 1,25(0H),D3% that has been shown to be effective in
the topical treatment of psoriasis.5”

HO* ™1 OH HO™

Calcitriol Calcipotriol (MC 903)

1,25 (OH),D;3

HO"

Maxacalcitol (MC 1275,
22-Oxacalcitriol, OCT)

Substantial research has been carried out to probe
the molecular basis for the design of therapeutically
effective 1,25(0OH),D3 analogues.*49 The overall effect
of the analogues is a function of the interaction with
four proteins: the nuclear receptor VDR, the serum
vitamin D-binding protein (DBP), the vitamin D 24-
hydroxylase, and a recently proposed membrane recep-
tor. Binding to VDR appears to be required for thera-
peutic efficacy, and removal of the lo-hydroxyl group
in ring A sharply reduces binding affinity. The vitamin
D side chain can be extensively modified, however, with
little effect.® Interestingly, there can be a significant
disparity between VDR binding and in vitro potency in
tests of biological activities such as growth inhibition
or bone resorption.4965.68.69 The C-20-epi analogues of
1,25(0OH),D3 such as GS 1500, EB 1213, and KH 1060
are particularly striking in this regard. While GS 1500
(Kg = 0.089 nM) and EB 1213 (Kq = 0.073 nM) bind to
VDR with comparable affinity to 1,25(0H),D3 (Kq =
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0.065 nM) and calcipotriol (Kg = 0.31nM), the ICs
values of GS 1500 and EB 1213 in the growth inhibition
of human keratinocytes were much lower (0.28 and 0.11
nM, respectively) than those of 1,25(0OH),D3 (I1Cso = 50
nM) and calcipotriol (ICsp = 32 nM).%> The C-20-epi
synthetic analogues GS 1500, EB 1213, and KH 1060
are also more potent than 1,25(0OH),D3 in inducing gene
expression from a VDRE transfected into human kera-
tinocytes or rat osteosarcoma cells.%56% Recent evidence
suggests that the 20-epi analogues are more potent
inducers of gene transcription through VDR because
they produce a conformational change that increases the
half-life of VDR within the cell in comparison with
nonepimerized analogues.®® The 20-epi analogues also
interact differently with the VDR ligand-binding do-
main, causing an altered pattern of VDR protease
sensitivity.%°

HO™ OH
Tacalcitol

HOY

X =S GS 1500 HO™
X = O EB 1213

KH 1060 (Lexacalcitol)

HO™ OH

HOY OH
MC 1288 CB 1093

The structural elements that are necessary for DBP
binding are quite different than those required for VDR
binding. While the la-hydroxy group does not affect
DBP binding, the side chain plays a crucial role. In
general, the side chain-modified analogues of calcitriol
have low affinity to serum DBP, leading to a more rapid
clearance from circulation that limits their calcemic
activity.** The vitamin D analogue maxacalcitol has a
500-fold lower affinity than 1,25(OH),Ds for serum DBP,
and it is also rapidly cleared from circulation with a net
reduced calcemic effect.”®
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Oxidation at C-23 and C-24 by vitamin D 24-hydroxy-
lase results in side chain cleavage and inactivation,’%72
and this is the major metabolic degradation pathway
for vitamin D analogues. The 24-hydroxylase products
of certain analogues retain very significant biological
activity, however, and intracellular retention of active
metabolites has also been proposed to explain the
greater potency of some 20-epi analogues, including KH
1060.7t Vitamin D analogues may also undergo epimer-
ization at the 3-position with retention of activity.
Epimerization alters metabolism by 24-hydroxylase’?
and thus can affect analogue stability.

In addition to regulation of gene transcription, 1,25-
(OH).Ds is also implicated in rapid effects in target cells
that occur too quickly to be explained by gene transcrip-
tion.”® The acute effects include elevation of intracellular
calcium, activation of protein kinase C, and rapid
induction of intestinal calcium uptake (transcaltachia).’
A nonnuclear or plasma membrane pharmacophore has
been proposed, but the identity of such an additional
Vitamin D receptor is unclear.*! The differential ability
of analogues to elicit rapid effects such as transcaltachia
could have an effect on their overall therapeutic activity.

Vitamin A Derivatives: Retinoids. Physiological
oxidation of vitamin A (retinol) produces a pharmaco-
logically active retinoid, all-trans-retinoic acid (RA), that
is critically involved in embryonic development and in
maintenance of normal differentiation in many epithe-
lial tissues after birth.”® Retinoids have now been shown
to have a wide range of clinical applications in derma-
tology and cancer.”® A total of six retinoic receptors have
been identified: the retinoic acid receptors (RARa, £,
and y) and the retinoid X receptors (RXRa, 5, and y).
Like VDR, these belong to the steroid/thyroid hormone
nuclear receptor superfamily.”>7” Regulation of gene
expression is complex since the RAR and RXR receptors
have very different ligand binding specificities. all-trans-
RA binds exclusively to the RARs, while 9-cis-RA binds
both receptor types. Induction of gene expression by RA
requires an RAR—RXR heterodimer® in which the RXR
partner is generally silent.”?8% The retinoic acid re-
sponse elements (RARES) of RA-responsive genes con-
sist of a direct repeat of the hexamer sequence 5'-AGG/
TTCA-3' separated by two (DR2) or five (DR5) base pairs
or slight variants of this arrangement.”” The RXRs
appear to function largely as required heterodimer
partners for other nuclear receptors.

Initial studies in psoriasis using either topical or oral
all-trans-RA were not very promising because of unac-
ceptable skin irritation and lack of efficacy (see ref 11).
The second generation of aromatic retinoids, etretinate
(tigason) and acitretin, were effective systemic therapies
but ineffective topically for the treatment of psoriasis.
These drugs are contraindicated in women of childbear-
ing age because of teratogenicity.8 Widespread and
reversible side effects associated with their use include
mucocutaneous irritation, such as dryness and flaking
of the skin, as well as elevation of serum triglycerides,
which can generally be controlled with lipid-lowering
drugs.82 Systemic retinoids also cause longer-term ef-
fects (> 1 year) such as osteoporosis or hyperostosis that
appear to be irreversible,8-83 and consequently they are
used only for severe forms of psoriasis.

Tazarotene (AGN 190168), a synthetic retinoid of the
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diarylacetylene class, is a relatively selective ligand (5—
10-fold) for the RAR receptors  and y as compared to
RARa. Tazarotene (Tazorac in the United States and
Zorac in other countries) has been approved as a topical
therapy for the treatment of mild to moderate plaque
psoriasis, which constitutes the majority of psoriasis
cases.!! In a double-blinded, placebo-controlled phase
Il study (n = 324), once daily tazarotene (0.1% or
0.05%) gel or vehicle gel was administered to patients
with mild-to-moderate plaque psoriasis for 12 weeks.
These patients were monitored for another 12 weeks
posttreatment. Treatment success rates ranged from
60—70% in the target lesions of tazarotene-treated
patients. Interestingly, the clinical response continued
during the 12-week posttreatment observation period.8*
The side effects of tazarotene were mainly limited to
local irritation.

COOEt

(S Tazarotene

A. Molecular Mechanisms of Tazarotene Action
in Psoriasis. Retinoids inhibit the expression of a
number of genes that are associated with abnormal or
psoriatic differentiation, cell proliferation, and inflam-
mation. Some of these genes contain AP1 or NF-IL6 as
their major enhancer factor, and retinoids inhibit their
expression by antagonizing the enhancer action of these
transcription factors.85-8 The retinoid-suppressible genes
include metalloproteases (stromelysin-1, collagenase,
and gelatinase), protooncogenes and transcription fac-
tors (c-fos, c-myc, and oct-3/4), growth factors, cytokines
and their receptors (TGF-51, EGF-R, IL-6, and IL-6
receptor), markers of epidermal keratinocyte differen-
tiation (keratins K5, K6, K14, and K16, TGase I,
loricrin, MRP-8, and SKALP), and proinflammatory
proteins (JE/MCP-1, iNOS, TNF-a, IL-2, IL-6, IL-8, and
MRP-8).8° Tazarotene inhibits AP1- and NF-IL6-de-
pendent gene expression through all three RAR iso-
forms.86.88

Tazarotene appears to have beneficial effects on all
three major manifestations of psoriasis, namely kera-
tinocyte proliferation, abnormal keratinocyte differen-
tiation, and immunocyte infiltration in epidermis and
dermis. Psoriatic lesions express several genes that are
either absent or expressed at very low levels in normal
or nonlesional psoriatic skin. Tazarotene inhibits the
expression of a number of these genes, including ODC,
TGase |, MRP-8, SKALP, K6, K16, HLA-DR, and
ICAM-1 in psoriasis and various skin-based systems.11.90
Further, the level and pattern of expression of filaggrin
in psoriatic lesions was normalized by topical tazaro-
tene.’* Tazarotene also inhibits the IFN-y-induced
expression of MRP-8 and TGase | in keratinocytes.?!
Tazarotene induces the expression of three novel genes,
tazarotene-induced gene 1 (TIG1), TIG2, and TIGS3, in
various skin systems including psoriatic lesions.”9:92.93
The most interesting of these, TIG3, was found to be a
novel class Il tumor suppressor or antiproliferative
gene.%

In addition to treating psoriasis, topical calcipotriol
and topical tazarotene are effective in treatment of
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congenital diseases of epidermal keratinization and
differentiation, such as certain ichthyoses,® which are
also characterized by epidermal flaking and scaling.
Such clinical findings raise the possibility that normal-
ization of epidermal differentiation may be critical to
the antipsoriatic activity of both these compound classes.
It is interesting, however, that the differences in the
effects of retinoids and vitamin D3 analogues on cultured
keratinocyte differentiation far outnumber the similari-
ties: for example, retinoids inhibit the expression of the
differentiated phenotype while vitamin D3 analogues
enhance it.#591.9 Conceivably, a common gene or set of
genes regulated by both classes of ligand may be
identified that represents a critical target for reversing
abnormal differentiation in the disease.

UV Light

UV light is one of the oldest and most widespread
therapies for psoriasis.?> UVB light (280—320 nm) used
by itself or as UVB narrow-band light (at 312 nm) can
induce a long-term remission of psoriasis.® UVB therapy
has the intriguing property that it induces rapid deple-
tion of intraepidermal T-cells from the skin.2® The
reduction in T-cell number appears to precede changes
in epidermal differentiation as indicated by the later
down regulation of psoriasis markers such as K16. In
addition, intraepidermal T-cells undergo rapid apoptosis
following narrow-band UVB treatment.® Recent studies
suggest a likely mechanism. UV irradiation of skin
induces epidermal keratinocyte expression of the Fas
ligand, CD95L, which in turn can trigger apoptosis in
neighboring cells, such as T-cells, that express CD95 or
Fas, the receptor for CD95L. For example, UV-treated
cultured keratinocytes, which express CD95L, induce
apoptosis in T-lymphocytes bearing CD95.8 A similar
series of events is proposed for T-cells in the UV-
irradiated psoriatic plaque. It is well-established in
mouse that UV irradiation of skin is highly immuno-
suppressive. UV-mediated immunosuppression does not
occur in knockout mice lacking CD95L, indicating that
T-cell apoptosis is a central element in the cutaneous
actions of UV light.%”

Methotrexate

Oral methotrexate (MTX) has been widely used for
the treatment of psoriasis since the 1960s.%¢ One
drawback of MTX use is increased risk of cirrhosis of
the liver after a cumulative dose greater than 1.5 g, and
periodic liver biopsies are recommended after this dose
has been reached.1% MTX inhibits the enzyme dihy-
drofolate reductase (DHFR) and thereby blocks the
regeneration of tetrahydrofolate, a critical methyl donor
for nucleotide biosynthesis. Because it suppresses DNA
synthesis, MTX has been widely used for cancer therapy.
It also has antiinflammatory and immunosuppressive
effects” that may be relevant to its effectiveness in
psoriasis as well as rheumatoid arthritis. For example,
MTX stimulates the release of adenosine from cells,
leading to adenosine-dependent antiinflammatory activ-
ity.9 In addition, MTX induces apoptosis in dividing
lymphocytes by a route independent of adenosine and
CD95.7 Apoptosis is not induced in resting T-cells,
indicating that MTX may specifically remove T-cell
clones recently stimulated by antigen, consistent with
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its immunosuppressive activity and application to graft
rejection.” The pharmacodynamics of MTX are complex,
and it can inhibit more than one intracellular enzyme:
upon diffusion into the cell, MTX is modified by poly-
glutamylation, trapping MTX within the cell and ren-
dering it a more potent substrate for several enzymes
in addition to DHFR, including two enzymes involved
in de novo purine synthesis.?%19 QOther inhibitors of
DHFR, including trimetrexate, have been used to treat
cancer, but their effects in psoriasis have not been
reported.19°
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Macrocyclic Immunosuppressive Agents

Immunosuppressive agents of the macrocyclic class,
first developed for organ transplantation, block IL-2
production and thereby inhibit T-cell growth. These
agents bind cytosolic proteins called immunophilins that
then become specific inhibitors of the phosphatase
calcineurin. Calcineurin is required for the activation
and nuclear transport of the transcription factor NF-
AT that induces expression of 1L-2 mMRNA.101.102 |nhibi-
tion of calcineurin blocks the activity of NF-AT, which,
in turn, suppresses IL-2 production as well as T-cell
activation.1% Cyclosporine A binds cyclophilin, whereas
tacrolimus (FK506) and the ascomycins bind to a
different immunophilin called macrophilin 12 or FK-
binding protein-12 (FKBP-12).2°

Cyclosporine A. Cyclosporine A (CsA) is a cyclic
polypeptide of fungal origin that was described in 1972.
The effects of oral cyclosporine in psoriasis were fortu-
itously discovered in 1979 from an observation that
plague-type psoriasis cleared in all four patients who
received the drug as an immunosuppressive agent for
psoriatic arthritis.1% Subsequent clinical trials using a
2.5—-5 mg/kg/day oral dosage further confirmed the
efficacy of CsA in the treatment of various types of
psoriasis, including erythrodermic and plaque-type.19°
Systemic CsA can produce reversible nephrotoxicity and
susceptibility to viral infection. Efforts to treat psoriasis
with topical cyclosporine preparations have failed, owing
probably to its large size (1202 Da) and consequent poor
skin penetration.1% On the other hand, intralesional
injections of CsA were found to be clinically effective in
a double-blind study involving a total of 31 patients with
plaque-type psoriasis.’®” Systemic CsA rapidly sup-
presses the proinflammatory cytokines IL-8 and Gro-a
in the psoriatic plaque (within 1 week) but has no effect
on inducible expression of these cytokines in cultured
keratinocytes, suggesting that CsA is a fairly specific
inhibitor of T-cell cytokine expression and that IL-8 and
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Gro-a down-regulation in psoriasis (presumably at the
level of the keratinocyte) is an indirect result of CsA on
the infiltrating T-cells.2°

Cyclosporine A

Tacrolimus (FK506, Prograf). Tacrolimus (FK506),
a hydrophobic macrolide lactone isolated from Strepto-
myces tsukubaensis, is 10—100 times more potent than
CsA in vitro and in vivo.1%® FK506 rapidly clears
psoriatic lesions in patients with severe, recalcitrant
psoriasis at doses of 0.05—0.15 mg/kg/day.1%° Among the
side effects frequently reported with systemic FK506 are
diarrhea, paresthesia, and insomnia. In contrast to CsA,
topical application of 0.04—0.4% FK506 markedly in-
hibited the inflammatory hypersensitivity reaction to
dinitrofluorobenzene (DNFB) on the skin of domestic
pigs.t% The treatment response was similar to that of
0.13% clobetasole, a potent glucocorticoid. More re-
cently, in a phase Il randomized, double-blind study
involving 16 patients with chronic plaque-type psoriasis,
using a microplaque assay where lesions were descaled
with salicylic acid and drug applied under occlusion,
0.3% tacrolimus ointment was found to significantly
reduce eythema, infiltration, and superficial blood flow
and to decrease epidermal thickness.''? Significantly,
topical macrolide immunosuppressants do not appear
to carry the risk of skin atrophy, which is a major
drawback associated with corticosteroids.!'?
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Ascomycins: Ascomycin, SDZ 281240, SDZ ASM
981, and ABT 281. Other analogues of FK506 were also
isolated in fermentations by scientists at Fujisawa.!'3
Of these, FR-900520 had been previously isolated by
another group and was named ascomycin.!* As is
evident from its structure, ascomycin differs from
FK506 only in the side chain at C-21.115116 Numerous
structure—activity relationship (SAR) studies have been
conducted on FK506 and related ascomycin derivatives.
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In summary, these studies indicate that the “western”
side is involved in the interaction with the macrophilin-
binding protein FKBP-12, while the “eastern” portion
interacts with calcineurin to form a ternary complex.117
The hydroxy group at C-32, however, does not interact
with either of these proteins, permitting structural
modifications that alter physicochemical properties but
not immunosuppressive activity.
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Some of the ascomycin derivatives, SDZ 281240
(structure not disclosed) and SDZ ASM 981, have
similar activity to FK506 and have also been tested as
topical immunosuppressives. In a randomized, double-
blind, placebo-controlled clinical study, 15 patients with
severe recalcitrant psoriasis achieved a clearing of
psoriasis at concentrations of 0.1% and 1% topical SDZ
281240 after 10 days of treatment.1’® The therapeutic
effect of 1% SDZ ASM 981 when applied under occlusion
was comparable to that of 0.05% clobetasol-17-propi-
onate, a potent topical corticosteroid.!® SDZ ASM 981
is also effective in the topical treatment of allergic
contact dermatitis (ACD).120

Psoriatic skin is characterized by erythema (hyper-
emia) and increased blood flow.*2! Therefore the risk of
side effects induced by systemic absorption of topical
agents such as the immunosuppressives is increased.
Synthetic ascomycin derivatives have been made with
the specific aim of rapid clearance in systemic circula-
tion while retaining local immunosuppressive activity.
Of these analogues, ABT-281 is an immunosuppressant
equivalent to FK506 in potency when applied topically
but with dramatically lower (about 10—100-fold) immu-
nosuppressive potency when given systemically.11” ABT-
281 thus has a promising profile as a topical agent for
the treatment of psoriasis and related diseases such as
atopic dermatitis.

As noted above, several topical macrolide immuno-
suppressants are therapeutically effective in psoriasis
when applied under occlusion after the psoriatic scale
is stripped off the plaque. Because these procedures are
not compatible with widespread topical application, the
design of formulations that provide good topical pen-
etration without occlusion is probably critical for the
clinical success of this class of agents.

Fumaric Acid Esters

A mixture of methyl and ethyl esters of fumaric acid
has been used for many years in Germany as an oral
therapy for psoriasis, and a specific mixture of fumaric
acid esters (fumaderm) is available commercially. A
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clinical response requires several months of treatment.3”
The dosage employed (1.2 g/person/day) suggests either
that the fumaric acid esters have a low-affinity thera-
peutic target or that a specific metabolite is the ultimate
active form. B- and T-lymphocyte levels are slightly
reduced during the course of therapy, but the signifi-
cance of this is not known.3”

Experimental Therapeutic Classes

Cytochrome P-450 Inhibitors: Liarozole. Since
retinoids are well-established therapies for the systemic
treatment of psoriasis, inhibition of the breakdown of
endogenous RA has been explored as an alternative
therapeutic approach. RA is metabolized by a cyto-
chrome P450-dependent pathway to 4-hydroxy- and
4-oxoretinoic acid, and these metabolites are further
modified by glucuronidation and are rapidly eliminated.
The recently described cytochrome P450 CYP26 or
P450RAI (P450 RA-inducible) is a highly specific RA
metabolizing monooxygenase??2 whose expression is
dramatically induced by retinoids. Liarozole (R 75251),
an imidazole derivative, inhibits CYP26 and several
other cytochrome P450s and is also able to mimic the
antikeratinizing effects of RA in vivo.123 A double-blind,
randomized clinical study involving 20 patients with
severe plagque-type psoriasis was conducted where half
of the patients were treated with oral liarozole (75 mg,
twice daily) and the other half were treated with oral
acitretin (25 mg/day).1?* After 12 weeks of treatment,
both groups responded with a similar decrease in the
PASI score from ~20 to ~10. Liarozole was found to
modulate cell biological parameters in lesional and
uninvolved skin in a manner that was similar to
acitretin. For example, there is a decrease in the CD
11b-positive cell population (neutrophils, monocytes,
and macrophages) and a decrease in epidermal ICAM-1
expression.1?> The side effects of liarozole include those
of hypervitaminosis A.125> Recently, more potent inhibi-
tors in this class have been identified, such as R
115866.126 It remains to be determined whether a topical
CYP26 inhibitor will be effective in the treatment of
psoriasis.
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Liarozole R 115866
Immunosuppressive Biological Macromolecules.
T-cell activation is exquisitely regulated by both cell—
cell interactions and specific growth factors, and T-cell
function is central to regulation of a system designed
to suppress recognition of autoantigens and induce a
vigorous response to foreign macromolecules. Several
therapeutic macromolecules that can block or subvert
critical receptors required for T-cell activation have been
tested for the treatment of psoriasis in recent years. A
fusion protein of IL-2 and diphtheria toxin, DAB3gglL-
2, containing the enzymatically active region of diph-
theria toxin, clearly has a beneficial effect in cases of
psoriasis that are recalcitrant to other therapies®® but
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has suffered from unpleasant side effects at higher doses
(fever, chills, nausea) and less than remarkable ef-
ficacy.1?” This innovative therapy appears to act analo-
gously to the macrocyclic immunosuppressants such as
CsA and FK506 by inhibiting the growth of T-cells most
dependent on IL-2. Another approach has been to block
a costimulatory signal required for T-cell clonal expan-
sion in response to presentation of specific antigens by
antigen-presenting cells (APCs). The T-cell surface
protein CTLA-4 (cytotoxic T-lymphocyte-associated an-
tigen-4) is a required accessory molecule for T-cell
receptor activation. CTLA-4 binds to the B7 family of
molecules (CD80 and CD86) on the APC surface, ensur-
ing that the T-cell responds in the proper context. APCs
that may be involved in psoriasis pathogenesis include
infiltrating macrophages and epidermal Langerhans
cells which, when activated, express markers of the B7
class.?¢ CTLA-4 consists of two proteins, CD28 and
CD152. A fusion protein, CTLA4Ig (BMS 188667), which
consists of the constant region of a human immunoglo-
bulin with a portion of CD152, has recently been
successfully tested as a systemic therapy for psoriasis3.
CTLAA4Ig blocks the interaction of APCs and T-cells and
is immunosuppressive in animal models. Doses of
CTLAAdIg in the range of 5—40 mg/kg reduced both
epidermal hyperplasia and T-cell infiltration into the
epidermis.® These findings on the role of T-cell activa-
tion are consistent with earlier trials of antibodies to
CD4, a T-cell surface marker, which are also effective
in treatment of psoriasis. OKT(R)cdr4a, for example, a
humanized form of a mouse monoclonal antibody to
CD4, was therapeutically effective in a group of 6
patients given a single course of treatment at 1 mg/kg/
day for 6 days.'?8 Although these studies provide strong
evidence for a central role for T-cells in the pathogenesis
of psoriasis, it remains to be seen whether the particular
therapies will be readily applicable in routine clinical
practice. More recently, subcutaneous injection of IL-
10 in relatively small amounts, about 20 ug/kg as
opposed to the larger doses of CTLA4lg and CD4
antibody, caused significant improvement of psoriasis
in open label studies.#2” The clinical pharmacology of
IL-10 action supports the conclusion that type 2-cyto-
kine expression is induced, consistent with suppression
of cell-mediated immunity. IL-11, which suppresses type
1 cytokine expression, has also been suggested to be
therapeutically effective.?® Finally, a humanized anti-
body to CD11a, a subunit of the leukocyte function-
associated antigen (LFA-1), blocks migration of T-cells
to the psoriatic plague and also has a significant
therapeutic effect when given intravenously.'?

IMPDH Inhibitors: CellCept and VX-497. Inosi-
tol-5-monophosphate dehydrogenase (IMPDH) is es-
sential for the de novo biosynthesis of guanosine nu-
cleotides in T- and B-cells. It catalyzes the nicotinamide
adenine dinucleotide (NAD)-dependent oxidation of
inosine-5'-monophosphate (IMP) to xanthosine-5'-mono-
phosphate (XMP). Unlike other cells that have alternate
enzyme pathways available, the proliferation of these
lymphocytes totally depends on the IMPDH pathway.
Therefore T- and B-cells are very sensitive to IMPDH
inhibition, and this enzyme appears to be a good target
for immunosuppressive drugs. Increased IMPDH activ-
ity has been demonstrated in leukemic cell lines and
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tumor tissues. Since psoriasis involves proliferation of
T-lymphocytes in the epidermis and dermis, this disease
has been identified as a potential therapeutic target of
an IMPDH inhibitor.130

Mycophenolic acid (MPA), an antibiotic isolated from
the fermentation broth of several Penicillium species,
was found to exhibit antiproliferative activity on a
variety of tumors in mice and rats by functioning as a
potent, uncompetitive, reversible IMPDH inhibitor.
MPA was also used as an oral agent in the treatment
of psoriasis with good to excellent responses but with
some serious side effects.’31 Mycophenolate mofetil
(MMF, CellCept), the morpholinoethyl ester prodrug of
MPA, was approved recently for use as an immunosup-
pressive agent for acute kidney transplant rejection. A
recent report suggests that MMF is most effective in
psoriatic arthritis among patients tested.3?
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The solution of the X-ray crystal structure of MPA-
bound IMPDH |ed to the discovery of the VX-497 class
of second-generation IMPDH inhibitors.13® VX-497 is
currently under development as an immunosuppressant
for psoriasis and other diseases. MPA inhibits the
enzyme by simultaneously mimicking the nicotinamide
portion of the NAD co-factor and a catalytic water
molecule. The lipophilic portion of MPA (including the
hexenoic acid tail, the methoxy group, and the methyl
group) makes van der Waals contacts with the side
chains of amino acid residues in the active site, while
the phenolic hydroxyl group forms hydrogen bonds with
Thr-333 and GIn-441 residues. These hydrogen bonds
are very important for inducing a tight fit within the
MPA—IMPDH complex. MPA is quite potent (ICso =
0.02 uM) in an enzymatic assay for IMPDH inhibition.
Dehydroxy-MPA, which cannot form the hydrogen
bonds with Thr-333 and GIn-441, is a 1000-fold less
potent than MPA. Furthermore, the amino-substituted
analogue, 1, is about 8-fold less potent (1Cso = 0.154 uM)
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due to disruption of one of these hydrogen bonds. The
hydrogen bond between the carboxylic acid of MPA and
Ser-276 of IMPDH also contributes significantly to the
binding since the corresponding ester and alcohol are
50-fold less potent in IMPDH inhibition. The cyclopen-
tane ring-locked analogue, 2, and VX-497 are two of the
most potent IMPDH inhibitors (ICsp = 7—8 nM) de-
scribed in the literature.

Leflunomide, a Immunosuppressant and Nucle-
otide Synthesis Inhibitor. Leflunomide (brequinar
sodium) inhibits pyrimidine synthesis in lymphocytes
and has an immunosuppressive effect in animal models
of graft rejection. Recently, leflunomide (20 mg/day) was
shown to be as efficacious as MTX (7.5—15 mg/week) in
treatment of rheumatoid arthritis in a large clinical
trial.’3* The possibility that leflunomide is also active
in psoriasis must be seriously considered.’3> A metabo-
lite of leflunomide, A77 1726 or RS-61980, blocks growth
of a T-cell lymphoblastoma in the concentration range
of 1-10 uM, and this inhibition is relieved by addition
of exogenous uridine. Consistent with its inhibition of
de novo pyrimidine biosynthesis, A771726 blocks dihy-
droorotate dehydrogenase with a Kij = 2.7 uM.136 Its
potency in cell-based assays of growth inhibition ap-
pears to be approximately one-tenth that of MTX.7:136
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Leukotriene B4 Antagonists: SC-52798, VML295
(LY293111), and ZK 158252. Psoriatic lesions are
characterized by the accumulation of polymorphonucle-
ar leukocytes (PMNSs). Leukotriene By (LTBy), a 5-li-
poxygenase-derived metabolite of arachidonic acid, and
other metabolites of arachidonic acid are found in
elevated concentrations in psoriatic skin.’3” LTBy is
involved in the migration, chemotaxis, and degranula-
tion of PMNSs.138 Considerable efforts have been directed
toward LTBy, receptor antagonists in the search for novel
therapeutic agents for inflammatory diseases. SC-
52798, the optically pure dextra rotatory isomer of SC-
50605, is a second-generation LTB, antagonist based
on an earlier compound, SC-41930. SAR studies showed
that the introduction of the thiazole group in SC-52798
enhanced the in vitro potency of inhibition of LTB;-
induced PMN chemotaxis and degranulation ~20—25-
fold in comparison with the methyl ketone analogue, SC-
41930.

VML-495 (LY293111) is closely related to SC-52798
in structure. In normal males, oral VML-495 twice daily
(200 mg/dose) blocked epidermal hyperplasia and PMN
infiltration induced by topically applied LTB4.1%° A
placebo-controlled clinical study was conducted on
patients with stable plaque-type psoriasis using the
same dosing regimen over a 4-week period.’3 The
treatment was well-tolerated, and the expression of the
LTBs-inducible PMN marker CD11b on peripheral blood
PMNs from psoriatic patients was almost completely
blocked in the VML-495-treated group. However, there
was no significant reduction in the severity of psoriasis,
nor was there any effect on histological parameters of
inflammation and epidermal proliferation.138
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ZK-158252140 s another LTB, antagonist that inhibits
LTB4-induced chemotaxis of human neutrophils, and it
inhibited edema and neutrophil infiltration induced by
topical LTB,4 in a guinea pig model.1#? Despite its
efficacy in animal models, in a randomized, double-blind
study on 69 patients with psoriasis, ZK 158252 as a 3%
alcoholic topical solution used once daily for 10 days had
no clinically relevant effects on the expansion, erythema,
thickening, and scaling of psoriatic lesions.’*2 These
results raise serious doubts about the role of LTB, in
the pathogenesis of psoriasis.

Antisense Oligonucleotides. A major T-cell adhe-
sion molecule, ICAM-1, is upregulated in psoriatic
epidermis, and its expression can be strongly induced
in human keratinocytes by treatment with IFN-y.21 A
direct approach to down-regulation of this molecule
involves destabilization of its mMRNA by formation of a
mixed hybrid with an antisense oligonucleotide that is
stable and permeable to the cells. Because the RNA—
DNA hybrid is very sensitive to intracellular nucleases,
ICAM-1 mRNA can be degraded before it is translated
into protein. One such ICAM-1-inhibitory antisense
oligonucleotide, ISIS 2302, has a modified backbone that
enhances its half-life in vivo. Initial clinical data have
suggested that ISIS 2302 is effective as an intravenous
formulation for an inflammatory disease of the bowel
mucosa, Crohn's disease,*3 but these findings have not
been reproducible and clinical trials are continuing.
Notwithstanding these data, antisense oligonucleotides
such as ISIS 2302 may have potential as a treatments
for psoriasis because of their potential for targeted
repression of gene expression.

Protein Kinase Inhibitors. Protein kinase C (PKC)
regulates normal keratinocyte growth and differentia-
tion, and its dysregulation is suspected to be involved
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in the inflammation and abnormal differentiation ob-
served in psoriasis.*4145 Staurosporine, a naturally
occurring indolocarbazole, is one of the most potent PKC
inhibitors yet reported, but it appears to be relatively
nonselective!#® since it also inhibits cAMP-dependent
kinases and protein tyrosine kinases (PTKSs). A variety
of synthetic staurosporine derivatives have been de-
signed to improve the selectivity of PKC inhibition.147.148
SCH 47112 is a novel synthetic indolocarbazole that
inhibits PKC in vitro at nanomolar concentrations (1Csg
= 1.7 nM) compared with 1Csp = 7 nM for staurospo-
rine.1*® Replacement of the imide nitrogen in SCH 47112
to form a ring-expanded hydrazide or N-methylation
leads to complete loss of inhibitory activity while
changes in the “southern” region are well-tolerated.
However, in general, these analogues are specific nei-
ther for individual PKC isozymes nor for PKC versus
other serine/threonine protein kinases. SCH 47112
potently inhibits inflammation and hyperplasia in hair-
less mouse skin induced by the natural PKC agonist 12-
O-tetradecanoylphorbol-13-acetate (TPA) as well as
TPA-induced differentiation in cultured human kerati-
nocytes.1%0 However, the importance of PKC activation
in psoriasis has not been tested through appropriate
studies with these inhibitors.

Staurosporine

SCH47112

PTK Inhibitors: AG 213, AG 555, and SU 5271.
Elevated activation or overexpression of ligand-activated
PTKs is implicated in cancers and also in several
nonmalignant diseases such as psoriasis.1®17.151 Many
PTKs are growth factor receptors, such as the EFGR,
or are closely associated with growth factor signaling.
Others are involved in the regulation of angiogenesis
and the immune response.’®? Ligands for PTKs abun-
dantly overexpressed in psoriasis include TGF-a, am-
phiregulin, and heparin-binding EGF, all ligands for
EGFR,16.17.151 and cytokines such as GM-CSF.?2 The
possibility that hyperactivation of EGFR is the cause
of epidermal hyperproliferation in psoriasis is at least
part of the reason why agents that block EGFR have
been extensively studied.153

In general, PTK inhibitors can be pure competitors
with either ATP or the protein substrate, or bisubstrate
inhibitors. Achieving selectivity of the PTK inhibitors
for EGFR versus other PTKs such as IGFR (insulin-
like growth factor receptor) and PDGFR (the platelet-
derived growth factor receptor) is important. The core
structures of the first generation, small-molecule tyr-
phostins (tyrosine phosphorylation inhibitors), were
initially based on the structure of tyrosine itself, using
3,4-dihydroxy-cis-cinnamonitrile as the basic pharma-
cophore. These compounds were not very specific for
EGFR because they also inhibited either PDGFR or the
HER2-Neu protooncogene that is often overexpressed
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in breast cancer. The tyrphostins AG213 and AG490
inhibit (ICsp = 7—15 uM) the EGF-dependent prolifera-
tion of human and guinea pig keratinocytes and also
reversibly induce their growth arrest,5415 substantiat-
ing the growth inhibitory potential of this class of
compounds.
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Small-molecule inhibitors belonging to structural
classes such as the anilinoquinazolines, pyridopyrim-
idines, pyrrolopyrimidines, and pyrazolopyrimidines can
have much higher potency and specificity toward EG-
FR.15 The synthetic molecule SU 5271 (AG 1517,
PD153035) (ICs0 = 0.025 nM) belongs to the quinazoline
class of PTKSs that are competitive inhibitors of ATP and
are highly selective for EGFR. The chloroaniline-
condensed derivative AG 1478 is >1000—10000-fold
selective for the EGFR versus HER2-Neu and PDG-
FR.1% The 6,7-unsubstituted linear imidazoquinazoline
3 was shown to be >10° fold selective for the EGFR
versus PDGFR, fibroblast growth factor receptor, and
insulin receptor.15” Replacement of the 6,7-dimethoxy
groups in AG1517 with 6,7-diethoxy groups increases
the potency 4-fold.158 Most other changes have proven
detrimental to the potency of inhibition. SU5271 has
been in phase I clinical trials since early 1997 for the
topical treatment of plaque-type psoriasis.’®® The in-
soluble nature of anilinoquinazolines such as SU-5271160
may seriously compromise their ability to penetrate into
the epidermis, however, reducing the chances of observ-
ing topical efficacy in psoriasis.

Novel Pharmacological Approaches to Psoriasis
Therapy

Nuclear Receptor Ligands. Rapid advances in the
field of nuclear hormone receptors in the last 15 years
have led to the identification of biochemical targets for
three major psoriasis therapies: glucocorticoids, ana-
logues of vitamin D3, and retinoids. It is too soon for
new drugs to have emerged based on an improved
understanding of the biology of their target receptors
(GR, RAR, and VDR), yet recent findings in the nuclear
receptor field suggest that new classes of ligands may
be identified which are “functionally selective” or ca-
pable of modulating some receptor functions but not
others. For example, antagonists of two nuclear receptor
classes, the RARs and the estrogen receptors (ERa and
ERp), induce agonist-like effects in a restricted range
of tissues and cell types. The ER antagonist raloxifene
is used in the treatment of osteoporosis, as estrogen is,
but has no trophic effects on mammary and uterine
tissue.161.162 Raloxifene and other ER antagonists are
also used clinically to prevent the growth of estrogen-
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dependent breast cancers. These novel estrogen ligands
are referred to as SERMs, or selective estrogen receptor
modulators.161.163

We have recently described a class of highly potent
RAR antagonists, including AGN 193109,1%4 which
suppress basal transcriptional activity at the RARs and
which are therefore referred to as retinoid inverse
agonists.1%> Surprisingly, two gene products suppressed
by retinoid agonists in cultured human epidermal
keratinocytes, MRP-8 and stromelysin-1, are also in-
hibited by AGN 193109. Another class of retinoid
antagonists, referred to as neutral antagonists, has no
effect on MRP-8 regulation and does not inhibit basal
transcriptional activity from the RARs as inverse ago-
nists do.165166 Competition studies demonstrate that
agonists and inverse agonists suppress MRP-8 by dif-
ferent mechanisms through the same receptor, RARy.
Since MRP-8 and stromelysin-1 may be involved in
inflammation, these findings open up the possibility that
this family of retinoid inverse agonists®” will have novel
and useful properties in the treatment of inflammatory
diseases such as psoriasis.

Nuclear receptors act in conjunction with a wide
range of co-regulatory molecules, known as co-activators
and co-repressors, whose binding to receptor is regu-
lated by agonist or antagonist, respectively.168 The
tissue selectivity of estrogen antagonist activity may
depend on cell-restricted expression of the different
nuclear receptor co-activators and co-repressors.163 In
the case of the RARSs, inverse agonists can be distin-
guished from neutral antagonists by increased recruit-
ment of the negative co-regulator or co-repressor, N-
CoR.189 The differential recruitment of N-CoR by inverse
agonist requires RAR heterodimerization with RXR on
an appropriate DNA response element, indicating that
multisubunit protein allosteric interactions may be
essential for distinguishing the two types of ligands.
Understanding of subtle ligand-dependent changes in
the co-activator and co-repressor binding sites on recep-
tors may facilitate identification of new function-selec-
tive ligands. For example, peptide analogues of co-
activators have been designed which can distinguish
between the co-activator binding surface of ER when
bound to one or the other of two closely related SERMs,
tamoxifen and raloxifene.170

Selective modulators of GR and VDR have been
identified but not extensively characterized. In ideal
form, such modulators for GR or VDR, also referred to
as “dissociated ligands”, will inhibit gene expression by
interfering with enhancers such as AP-1, NF-IL6, and
NF-«B that are linked to hyperproliferation and inflam-
mation but will not induce expression of genes thought
to be linked to common side effects. Candidate dissoci-
ated glucocorticoids have been recently described which
behave as antagonists for GR-mediated induction of
gene expression in some but not all cell types tested and
retain the ability to antagonize AP-1 activity and inhibit
NF-«B signaling.l’1172 These compounds also have
antiinflammatory activity in vivo, but it is not known
whether GR-mediated side effects such as skin atrophy
have been eliminated. The VDR antagonism of certain
recently described vitamin D3 analogues are also cell
type-specific, but the in vivo properties of these have
not yet been explored.1’® Although these data demon-
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strate that modulators of VDR and GR can be synthe-
sized which are cell-type-selective in their agonist or
antagonist activity, it is so far unclear whether they
have desirable or unique properties in vivo consistent
with an improved therapeutic index.

Other approaches to increasing therapeutic selectivity
and safety for nuclear receptor ligands include the
design of features that enhance metabolism or elimina-
tion, as has been done successfully for vitamin Dj
analogues, or the design of receptor subtype-selective
ligands, which is applicable to the RARs. Current
therapeutic retinoids for psoriasis bind all three RARS,
but newer receptor-selective retinoids for RARy and
RARa have been described.174717® RARy is the major
subtype in skin, and it is also clearly the critical receptor
for topical irritation in rodents.}’4177 It remains to be
determined whether true RARy-specific retinoids will
exhibit an improved therapeutic index in the treatment
of psoriasis. RARa-specific retinoids neither cause topi-
cal irritation nor regulate differentiation in human
keratinocyte cultures, so their potential cutaneous func-
tion is unclear.'66.177 Because RARa is prominent in
hematopoeitic differentiation,'”® however, it is possible
that the recently characterized RARo.-specific retinoids
(agonists and antagonists!’®) will have therapeutic
benefits in psoriasis.

GR, VDR, and RAR are in fact members of a much
larger family of nuclear receptors,8° of which additional
members have the potential to be therapeutically im-
portant in psoriasis. Preliminary data suggests that
PPARy agonists of the thiazolidinedione or TZD class
may be effective. These compounds are not only widely
used as a novel therapy for adult onset (type 2) diabetes,
but they can also reduce disease severity in a mouse
model of inflammatory bowel disease!®! and inhibit
proinflammatory enzymes such as inducible nitric oxide
synthase.’82 Two recent open-label studies, in which a
total of 8 patients were examined, demonstrated sig-
nificant therapeutic improvement during therapy with
the TZD troglitazone.183184 There was also a substantial
inhibition of epidermal keratinocyte growth in cell
culture, raising the possibility that members of this class
could be active topically.’® Among the remaining
nuclear receptors, many are so-called orphans which do
not have identified high-affinity ligands.180 Some of
these, such as RORy, regulate T-cell development and
thus have potential as targets which may regulate T-cell
participation in autoimmunity.1>

Inhibitors of Cytokine and Growth Factor Ac-
tion. There currently are no psoriasis therapies that
explicitly target epidermal hyperplasia, and thus there
are no growth factor or cytokine receptors, other than
those involved in T-cell activation, which can legiti-
mately be considered therapeutic targets. This is true
even in the case of EGFR, which is the target of several
growth factors highly elevated in the psoriatic
plaque:1617 agents which block EGFR tyrosine kinase
activity are clinically unproven so far. A large number
of additional cytokines and growth factors cause some
degree of psoriasis-like epidermal hyperplasia and
inflammation when overexpressed in transgenic mice,
but these disease models are of uncertain validity.32:186
The best approach to modeling psoriasis is a cumber-
some one: grafting of uninvolved patient skin to the
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severe combined immunodeficient (scid) mouse.187 Ex-
ogenously activated T-cells are injected to induce a
realistic plaque, which is responsive to some but not all
of the immunosuppressive therapies used successfully
to treat psoriasis.3?

Because the evidence that T-cells have a central role
in psoriasis pathogenesis is so strong, it is likely that
all novel immunosuppressive agents will be tested in
the disease. The side effect of global immunosuppression
has so far limited application to the most severely
afflicted, however. An alternative is to design agents
which inhibit specific steps of T-cell activation taking
place primarily in skin. The approach is appealing since
the epidermis and associated microorganisms may be
the source of antigens stimulating T-cell autoreactiv-
ity.188 |n addition, such therapeutics could be applied
topically and would be considerably safer, just as the
topical macrocyclic immunosuppressives appear to be.
For example, clinical evidence suggests that Langerhans
cells, the specialized dendritic APCs residing in the
epidermis, are closely involved in T-cell activation in
psoriasis.3® These cells process antigen for presentation
to the T-cells and express CD80 and CD86, the co-
stimulatory molecules of the B7 family required for
T-cell activation. Although CTLA4lg, which binds to
CD80 and CD86 (B7-1 and B7-2) and causes some
improvement in psoriasis with systemic treatment,® is
thought to have some critical systemic effects, the
authors of this study also suggest that more localized
therapy could be effective. Ligand binding to CD95 or
Fas appears to be well-validated as a mechanism of
inducing epidermal T-cell apoptosis based on studies of
the action of UV light.8°7 The holy grail of combinatorial
chemistry, the design of small molecules which can
mimic receptor recognition by large polypeptides,'8® may
provide the critical avenue for developing novel, topi-
cally available therapies to modulate these cell—cell
interaction pathways. The application of tyrosine kinase
inhibitors may also be expanded: for example, the
tyrosine kinase JAK3 is associated with IL-2 receptor
signaling, and the fact that human mutations in this
gene cause serious immunodeficiency suggests that it
also may be an excellent target for psoriasis therapy.1%°
Finally, promising therapies such as PTK inhibitors and
macrolide immunosuppressives are limited by the abil-
ity of molecules to penetrate the epidermis. This in itself
is a major challenge to the medicinal chemist.

Conclusions

Because of the complexity of its pathogenesis, the
primary if not exclusive source of new paradigms in
psoriasis therapy to date has been clinical observation
and clinical research rather than basic research. None-
theless, now that pathways related to nuclear receptor
or T-cell activation have been clearly defined, additional
targets may be selected based on these models. In
addition, it can be assumed that successful drugs to
these targets may have applications in other hyperpro-
liferative and inflammatory diseases, including arthri-
tis, inflammatory bowel disease, and cancer.

Biographies

Scott M. Thacher obtained a Ph.D. degree in biophysics
at Harvard University under Guido Guidotti, did postdoctoral
work with Robert Rice at the Harvard School of Public Health



Perspective

and Jack Folk at the NIH, and served on the faculty of the
Texas A&M College of Medicine in the Department of Medical
Biochemistry and Genetics. He came to Allergan in 1993 and
is currently Research Investigator in Retinoid Research.

Jayasree Vasudevan obtained a Ph.D. degree in chemistry
from the Indian Institute of Chemical Technology, Hyderabad,
under Dr. A. V. Rama Rao and worked with Prof. Spencer A.
Knapp and Prof. Harvey J. Schugar as a postdoctoral fellow
at Rutgers University. She has been working at Allergan since
1997, where she is currently Senior Scientist in Retinoid
Research.

Kwok-Yin Tsang completed his Ph.D. degree in chemistry
at Texas A& M University in 1994 with Prof. Jeffery W. Kelly.
Following postdoctoral research in the laboratories of Prof.
Daniel S. Kemp at Massachusetts Institute of Technology, he
joined Allergan Inc. in 1997, where he is currently Senior
Scientist in Retinoid Research.

Sunil Nagpal obtained his Ph.D. degree in biochemistry
from the Indian Institute of Science, Bangalore, and did
postdoctoral research at NIAID, NIH, and at INSERM. He
worked at Allergan, Inc. from 1993—1999. He is currently
Senior Research Scientist in Gene Regulation Research at Eli
Lilly and Co.

Roshantha A. S. Chandraratna obtained a Ph.D. degree
in chemistry from Kansas State University under Prof. Joseph
V. Paukstelis and did postdoctoral research with Prof. William
H. Okamura at the University of California, Riverside. He
joined Allergan Inc. in 1985 and is currently Vice President,
Retinoid Research.

References

(1) Greaves, M. W.; Weinstein, G. D. Treatment of psoriasis. N.
Engl. J. Med. 1995, 332, 581—588.

(2) Stelwagon, H. W. Diseases of the Skin, 5th ed.; W. B. Saunders:
Philadelphia, 1907.

(3) Abrams, J. R.; Lebwohl, M. G.; Guzzo, C. A.; Jegasothy, B. V.;
Goldfarb, M. T.; Goffe, B. S.; Menter, A.; Lowe, N. J.; Krueger,
G.; Brown, M. J.; Weiner, R. S.; Birkhofer, M. J.; Warner, G. L.;
Berry, K. K,; Linsley, P. S.; Krueger, J. G.; Ochs, H. D.; Kelley,
S. L.; Kang, S. CTLA4Ig-mediated blockade of T-cell costimu-
lation in patients with psoriasis vulgaris. J. Clin. Invest. 1999,
103, 1243—1252.

(4) Asadullah, K.; Sterry, W.; Stephanek, K.; Jasulaitis, D.; Leupold,
M.; Audring, H.; Volk, H. D.; Docke, W. D. IL-10 is a key cytokine
in psoriasis. Proof of principle by IL-10 therapy: a new thera-
peutic approach. J. Clin. Invest. 1998, 101, 783—794.

(5) Bata-Csorgo, Z.; Cooper, K. D.; Ting, K. M.; Voorhees, J. J,;
Hammerberg, C. Fibronectin and a5 intergrin regulate kerati-
nocyte cell cycling. A mechanism for increased fibronectin
potentiation of T cell lymphokine-driven keratinocyte hyperpro-
liferation in psoriasis. J. Clin. Invest. 1998, 101, 1509—1518.

(6) Wrone-Smith, T.; Nickoloff, B. J. Dermal injection of immuno-
cytes induces psoriasis. J. Clin. Invest. 1996, 98, 1878—1887.

(7) Genestier, L.; Paillot, R.; Fournel, S.; Ferraro, C.; Miossec, P.;
Revillard, J. P. Immunosuppressive properties of methotrex-
ate: apoptosis and clonal deletion of activated peripheral T cells.
J. Clin. Invest. 1998, 102, 322—328.

(8) Gutierrez-Steil, C.; Wrone-Smith, T.; Sun, X.; Krueger, J. G;
Coven, T.; Nickoloff, B. J. Sunlight-induced basal cell carcinoma
tumor cells and ultraviolet-B-irradiated psoriatic plaques express
Fas ligand (CD95L). J. Clin. Invest. 1998, 101, 33—39.

(9) Ozawa, M.; Ferenczi, K.; Kikuchi, T.; Cardinale, I.; Austin, L.
M.; Coven, T. R.; Burack, L. H.; Krueger, J. G. 312-nanometer
ultraviolet B light (narrow-band UVB) induces apoptosis of T
cells within psoriatic lesions. J. Exp. Med. 1999, 189, 711—718.

(10) McCullough, J. L.; Weinstein, G. D.; Ziboh, V. A. Cell Kkinetics
in psoriasis: the use of animal and human skin models. In
Models in Dermatology; Maibach, H., Lowe, N., Eds.; Kaeger:
Basel, 1985; Vol. 1, pp 51—-58.

(11) Esgleyes-Ribot, T.; Chandraratna, R. A. S.; Lew-Kaya, D. A,
Sefton, J.; Duvic, M. Response of psoriasis to a new topical
retinoid, AGN 190168. J. Am. Acad. Dermatol. 1994, 30, 581—
590.

(12) Weiss, R. A.; Eichner, R.; Sun, T.-T. Monoclonal antibody
analysis of keratin expression in epidermal diseases: a 48- and
56-Kdalton keratin as molecular markers for hyperproliferative
keratinocytes. J. Cell Biol. 1984, 98, 1397—1406.

(13) Hohl, D.; de Viragh, P. A.; Amiguet-Barras, F.; Gibbs, S.;
Backendorf, C.; Huber, M. The small proline-rich proteins
consititute a multigene family of differentially regulated corni-
fied cell envelope precursor proteins. J. Invest. Dermatol. 1995,
104, 902—909.

Journal of Medicinal Chemistry, 2001, Vol. 44, No. 3 293

(14) Mansbridge, J. N.; Knapp, A. M. Changes in keratinocyte
maturation during wound healing. J. Invest. Dermatol. 1987,
89, 253—263.

(15) Gottleib, S. L.; Hayes, E.; Gilleaudeau, P.; Cardinale, |.; Gottleib,
A. B.; Krueger, J. G. Cellular actions of etretinate in psoriasis:
enhanced epidermal differentiation and reduced cell-mediated
inflammation are unexpected outcomes. J. Cutan. Pathol. 1996,
23, 404—418.

(16) Cook, P. W.; Piepkorn, M.; Clegg, C. H.; Plowman, G. D.; DeMay,
J. M.; Brown, J. R.; Pittelkow, M. R. Transgenic expression of
the human amphiregulin gene induces a psoriasis-like pheno-
type. J. Clin. Invest. 1997, 100, 2286—2294.

(17) Stoll, S.; Garner, W.; Elder, J. Heparin-binding ligands mediate
autocrine epidermal growth factor receptor activation in skin
organ culture. J. Clin. Invest. 1997, 100, 1271—-1281.

(18) Kupper, T.S.; Lee, F.; Birchall, N.; Dower, S. Interleukin 1 binds
to specific receptors on human keratinocytes and induces
granulocyte macrophage-colony stimulating factor mRNA and
protein. J. Clin. Invest. 1988, 82, 1787—1792.

(19) Larsen, C. G.; Anderson, A. O.; Oppenheim, J. J.; Matsushima,
K. Production of interleukin-8 by human dermal fibroblasts and
keratinocytes in response to interleukin-1 or tumor necrosis
factor. Immunology 1989, 68, 31—36.

(20) Kojima, T.; Cromie, M. A,; Fisher, G. J.; Voorhees, J. J.; Elder,
J. T. GRO-a mRNA is selectively overexpressed in psoriatic
epidermis and is reduced by cyclosporin A in vivo, but not in
cultured keratinocytes. J. Invest. Dermatol. 1993, 101, 767—772.

(21) Griffiths, C. E. M.; Voorhees, J. J.; Nickoloff, B. J. Characteriza-
tion of intercellular adhesion molecule-1 and HLA-DR expression
in normal and inflamed skin: Modulation by recombinant
gamma interferon and tumor necrosis factor. J. Am. Acad.
Dermatol. 1989, 20, 617—629.

(22) Braunstein, S.; Kaplan, G.; Gottlieb, A. B.; Schwartz, M.; Walsh,
G.; Abalos, R. M.; Fajardo, T. T.; Guido, L. S.; Krueger, J. G.
GM-CSF activates regenerative epidermal growth and stimu-
lates keratinocyte proliferation in human skin in vivo. J. Invest.
Dermatol. 1994, 103, 601—604.

(23) Krueger, J. G.; Wolfe, J. T.; Nabeya, R. T.; Vallat, V. P.;
Gilleaudeau, P.; Heftler, N. S.; Austin, L. M.; Gottlieb, A. B.
Successful ultraviolet B treatment of psoriasis is accompanied
by a reversal of keratinocyte pathology and by selective depletion
of intraepidermal T cells. J. Exp. Med. 1995, 182, 2057—2068.

(24) Jeffes, E. W., 3rd; Lee, G. C.; Said, S.; Sabahi, M.; McCullough,
J. L.; Herrod, R.; Alzona, C. P.; Linden, K. G.; Soundararajan,
D.; Edwards, S.; Weinstein, G. D. Elevated numbers of prolif-
erating mononuclear cells in the peripheral blood of psoriatic
patients correlate with disease severity. J. Invest. Dermatol.
1995, 105, 733—738.

(25) Koo, J.; Lebwohl, M. Duration of remission of psoriasis therapies.
J. Am. Acad. Dermatol. 1999, 41, 51—59.

(26) Uyemura, K.; Yamamura, M.; Fivenson, D. F.; Modlin, R. L.;
Nickoloff, B. J. The cytokine network in lesional and lesion-free
psoriatic skin is characterized by a T-helper type 1 cell-mediated
response. J. Invest. Dermatol. 1993, 101, 701—705.

(27) Asadullah, K.; Docke, W. D.; Ebeling, M.; Friedrich, M.; Belbe,
G.; Audring, H.; Volk, H. D.; Sterry, W. Interleukin 10 treatment
of psoriasis: clinical results of a phase 2 trial. Arch. Dermatol.
1999, 135, 187—-192.

(28) Trepicchio, W. T.; Ozawa, M.; Walters, 1. B.; Kikuchi, T.;
Gilleaudeau, P.; Bliss, J. L.; Schwertschlag, U.; Dorner, A. J.;
Krueger, J. G. Interleukin-11 therapy selectively downregulates
type | cytokine proinflammatory pathways in psoriasis lesions.
J. Clin. Invest. 1999, 104, 1527-1537.

(29) Ruhlmann, A.; Nordheim, A. Effects of the immunosuppressive
drugs CsA and FK506 on intracellular signaling and gene
regulation. Immunobiology 1997, 198, 192—206.

(30) Gottlieb, S. L.; Gilleaudeau, P.; Johnson, R.; Estes, L.; Wood-
worth, T. G.; Gottlieb, A. B.; Krueger, J. G. Response of psoriasis
to a lymphocyte-selective toxin (DAB389I1L-2) suggests a primary
immune, but not keratinocyte, pathogenic basis. Nat. Med. 1995,
1, 442—447.

(31) Elder, J. T.; Nair, R. P.; Guo, S.-W.; Henseler, T.; Christophers,
E.; Voorhees, J. J. The genetics of psoriasis. Arch. Dermatol.
1994, 130, 216—224.

(32) Nickoloff, B. J. Animal models of psoriasis. Exp. Opin. Invest.
Drugs 1999, 8, 393—401.

(33) Krueger, G. G. A perspective of psoriasis as an aberration in
skin modified to expression by the inflammatory/repair system.
In Immune Mechanisms in Cutaneous Disease; Norris, D. A., Ed.;
Marcel Dekker: New York, 1989; pp 425—445.

(34) Carroll, J. M.; Romero, M. R.; Watt, F. M. Suprabasal integrin
expression in the epidermis of transgenic mice results in
developmental defects and a phenotype resembling psoriasis.
Cell 1995, 83, 957—968.

(35) Christophers, E.; Wolff, K. Treatment of Psoriasis. Dermatologic
Therapy; Munksgaard: Copenhagen, 1999; Vol. 11.



294

(36)

(38)

(39)

(40)

41

~

(42

—

(43)

(44)

(45)

(47)

(48)

(49)

(50

=

(61

(52)

(53)

(54)

(55)

(56)

(67

Journal of Medicinal Chemistry, 2001, Vol. 44, No. 3

Coven, T. R.; Murphy, F. P.; Gilleaudeau, P.; Cardinale, I
Krueger, J. G. Trimethylpsoralen bath PUVA is a remittive
treatment for psoriasis vulgaris. Evidence that epidermal im-
munocytes are direct therapeutic targets. Arch. Dermatol. 1998,
134, 1263—1268.

Mrowietz, U.; Christophers, E.; Altmeyer, P. Treatment of
psoriasis with fumaric acid esters: scientific background and
guidelines for therapeutic use. Br. J. Dermatol. 1999, 141, 424—
429.

Griffiths, C. E. M.; Russman, A. N.; Majmudar, G.; Singer, R.
S.; Hamilton, T. A.; Voorhees, J. J. Restoration of collagen
formation in photodamaged skin by tretinoin (retinoic acid). N.
Engl. J. Med. 1993, 329, 530—535.

Gollnick, H. P.; Finzi, A. F.; Marks, R.; Barker, J. N.; Jansen,
C.; Revuz, J.; Saurat, J. Optimising the use of tazarotene in
clinical practice: consensus statement from the European
advisory panel for tazarotene (Zorac TM). Dermatology 1999,
199, 40—46.

Karin, M. New twists in gene regulation by glucocorticoid
receptor: Is DNA binding dispensable? Cell 1998, 93, 487—490.
Brown, A. J.; Russo, A.; Slatopolsky, E. Vitamin D. Am. J.
Physiol. 1999, 46, F157—F175.

Feldman, D.; Chen, T.; Hirst, M. Demonstration of 1,25-
dihydroxyvitamin D3, receptors in human skin biopsies. J. Clin.
Endocrinol. Metabol. 1980, 51, 1463—1465.

Hosomi, J.; Hosoi, J.; Abe, E.; Huda, T.; Kuroki, T. Regulation
of terminal differentiation of cultured mouse epidermal cells by
1,25-dihydroxyvitamin Ds. Endocrinology 1983, 113, 1950—1957.
Smith, E. L.; Walworth, N. C.; Holick, M. F. Effect of 1,25-
dihydroxyvitamin D3, on the morphologic and biochemical dif-
ferentiation of cultured human epidermal keratinocytes grown
in serum-free conditions. J. Invest. Dermatol. 1986, 86, 709—
714.

Bikle, D. D.; Abe-Hashimoto, J.; Su, M. J.; Felt, S.; Ginson, D.
F.; Pillai, S. 22-Oxa calcitriol is a less potent regulator of
keratinocyte proliferation and differentiation due to decreased
cellular uptake and enhanced catabolism. J. Invest. Dermatol.
1995, 105, 693—698.

Morimoto, S.; Kumahara, Y. A patient with psoriasis cured by
la-hydroxyvitamin Dz. Med. J. Osaka University 1985, 35, 51—
54

Morimoto, S.; Onishi, T.; Imanaka, S.; Yukawa, H.; Kozuka, T.;
Kitano, Y.; Yoshikawa K.; Y, K. Topical administration of 1,25-
dihydroxyvitamin Dg, for psoriasis: report of five cases. Calcif.
Tissue Int. 1986, 38, 119—122.

Ramsay, C. A.; Berth-Jones, J.; Cunliffe, W. J.; Dubertret, L.;
van de Kerkhof, P. C. M.; Menne, T.; Wegmann, E. Long-term
use of topical calcipotriol in chronic plaque psoriasis. Pharmacol.
Treat. 1994, 189, 260—264.

Bouillon, R.; Okamura, W. H.; Norman, A. W. Structure—
function relationships in the Vitamin D endocrine system.
Endocr. Rev. 1995, 16, 200—257.

Veien, N. K.; Bjerke, J. R.; Rossmann-Ringdahl, 1.; Jakobsen,
H. B. Once daily treatment of psoriasis with tacalcitol compared
with twice daily treatment with calcipotriol. A double-blind trial.
Br. J. Dermatol. 1997, 137, 581—586.

Barker, J. N.; Ashton, R. E.; Marks, R.; Harris, R. I.; Berth-
Jones, J. Topical maxacalcitol for the treatment of psoriasis
vulgaris: a placebo-controlled, double-blind, dose-finding study
with active comparator. Br. J. Dermatol. 1999, 141, 274—278.
Kragballe, K.; Wildfang, I. L. Calcipotriol (MC 903), a novel
vitamin D3 analogue stimulates terminal differentiation and
inhibits proliferation of cultured human keratinocyes. Arch.
Dermatol. Res. 1990, 282, 164—167.

de Jong, E. M.; van de Kerkhof, P. C. Simultaneous assessment
of inflammation and epidermal proliferation in psoriatic plaques
during long-term treatment with the vitamin D3 analogue
MC903: modulations and interrelations. Br. J. Dermatol. 1991,
124, 221—-229.

Gerritsen, M. J. P.; Rulo, H. F. C.; Van Vligmen-Willems, I.; Van
Erp, P. E. J.; Van De Kerkhof, P. C. M. Topical treatment of
psoriatic plaques with 1,25-dihydroxyvitamin D3: a cell biological
study. Br. J. Dermatol. 1993, 128, 666—673.

Kang, S.; Yi, S.; Griffiths, C. E.; Fancher, L.; Hamilton, T. A;
Choi, J. H. Calcipotriene-induced improvement in psoriasis is
associated with reduced interleukin-8 and increased interleukin-
10 levels within lesions. Br. J. Dermatol. 1998, 138, 77—83.
Bhalla, A. K.; Amento, E. P.; Clemens, T. L.; Holick, M. F.;
Krane, S. M. Specific high-affinity receptors fo 1,25-dihydrox-
yvitamin D3z in human peripheral blood mononuclear cells:
Presence in monocytes and induction in T lymphocytes following
activation. J. Clin. Endocrinol. Metab. 1983, 57, 1308—1310.
Tsoukas, C. D.; Provvedini, D. M.; Manolagas, S. C. 1,25-
dihydroxyvitamin Dz: a novel immunoregulatory hormone.
Science 1984, 224, 1438—1440.

(58)

(59)

(60)

(61)

(62)

(63)

(64)

(65)

(66)

(67)

(68)

(69)

(70)

(71)

(72)

(73)

(74)

(75)

(76)

(77)

Perspective

Baker, A. R.; McDonnell, D. P.; Hughes, M.; Crisp, T. M;
Mangelsdorf, D. J.; Haussler, M. R.; Pike, J. W.; Shine, J.;
O'Malley, B. W. Cloning and expression of full-length cDNA
encoding human vitamin D receptor. Proc. Natl. Acad. Sci.
U.S.A. 1988, 85, 3294—3298.

Umesono, K.; Murakami, K. K.; Thompson, C. C.; Evans, R. M.
Direct repeats as selective response elements for the thyroid
hormone, retinoic acid, and vitamin D3 receptors. Cell 1991, 65,
1255—1266.

Darwish, H. M.; DeLuca, H. F. Identification of a 1,25-dihydrox-
yvitamin Ds-response element in the 5'-flanking region of the
rat calbindin D-9k gene. Proc. Natl. Acad. Sci. U.S.A. 1992, 89,
603—607.

Liu, M.; Lee, M. H.; Cohen, M.; Bommakanti, M.; Freedman, L.
P. Transcriptional activation of the Cdk inhibitor p21 by vitamin
D leads to the induced differentiation of the myelomonocytic
cell line U937. Genes Dev. 1996, 10, 142—153.

Di Cunto, F.; Topley, G.; Calautti, E.; Hsiao, J.; Ong, L.; Seth,
P. K.; Dotto, G. P. Inhibitory function of p21Cipl/WAF1 in
differentiation of primary mouse keratinocytes independent of
cell cycle control. Science 1998, 280, 1069—1072.

Towers, T. L.; Freedman, L. P. Granulocyte-macrophage colony-
stimulating factor gene transcription is directly repressed by the
vitamin D3 receptor. Implications for allosteric influences on
nuclear receptor structure and function by a DNA element. J.
Biol. Chem. 1998, 273, 10338—10348.

Kragballe, K. Calcipotriol: A new drug for topical psoriasis
treatment. Pharmacol. Toxicol. 1995, 77, 241—246.

Mork Hansen, C.; Mathiasen, I. S.; Binderup, L. The antipro-
liferative and differentiation-inducing effects of Vitamin D
analogues are not determined by the binding to the Vitamin D
receptor alone. J. Invest. Dermatol., Symp. Proc. 1996, 1, 44—
48.

Matsunaga, T.; Yamamoto, M.; Mimura, H.; Ohta, T.; Kiyoki,
M.; Ohba, T.; Naruchi, T.; Hosoi, J.; Kuroki, T. 1,24(R)-Dihy-
droxyvitamin D3, a novel active form of vitamin D3 with high
activity for inducing epidermal differentiation but decreased
hypercalcemic activity. J. Dermatol. 1990, 17, 135—142.

van de Kerkhof, P. C. M.; Werfel, T.; Haustein, U. F.; Luger, T.;
Czarnetzki, B. M.; Niemann, R.; Planitz-Stenzel, V. Tacalcitol
ointment in the treatment of psoriasis vulgaris: a multicentre,
placebo-controlled, double-blind study on efficacy and safety. Br.
J. Dermatol. 1996, 135, 758—765.

van den Bemd, G.-J. C. M.; Pols, H. A. P.; Birkenhager, J. C;
van Leeuwen, J. P. T. M. Conformational change and enhanced
stabilization of the vitamin D receptor by the 1,25-dihydroxyvi-
tamin D3 analogue KH1060. Proc. Natl. Acad. Sci. 1996, 93,
10685—10690.

Liu, Y. Y,; Collins, E. D.; Norman, A. W.; Peleg, S. Differential
interaction of lalpha,25-dihydroxyvitamin D3 analogues and
their 20-epi homologues with the vitamin D receptor. J. Biol.
Chem. 1997, 272, 3336—3345.

Okano, T.; Tsugawa, N.; Masuda, S.; Takeuchi, A.; Kobayashi,
T.; Nishii, Y. Protein-binding properties of 22-oxa-1-alpha,25-
dihydroxyvitamin D3, a synthetic analogue of 1-alpha,25-dihy-
droxyvitamin Ds. J. Nutr. Sci. Vitaminol. 1989, 35, 529—533.
Dilworth, F. J.; Williams, G. R.; Kissmeyer, A. M.; Nielson, J.
L.; Binderup, E.; Calverley, M. J.; Makin, H. L.; Jones, G. The
vitamin D analogue KH1060, is rapidly degraded both in vivo
and in vitro via several pathways: Principal metabolites gener-
ated retain significant biological activity. Endocrinology 1997,
138, 5485—5496.

Brown, A. J.; Ritter, C.; Slatopolsky, E.; Muralidharan, K. R.;
Okamura, W. H.; Reddy, G. S. 1Alpha,25-dihydroxy-3-epi-
vitamin D3, a natural metabolite of 1alpha,25-dihydroxyvitamin
D3, is a potent suppressor of parathyroid hormone secretion. J.
Cell. Biochem. 1999, 73, 106—113.

Nemere, I.; Dormanen, M. C.; Hammond, M. W.; Okamura, W.
H.; Norman, A. W. Identification of a specific binding protein
for 1 alpha,25-dihydroxyvitamin D3 in basal-lateral memranes
of chick intestinal epithelium and relationship to transcaltachia.
J. Biol. Chem. 1994, 269, 23750—23756.

Baran, D. T. Nongenomic rapid effects of Vitamin D. In Vitamin
D: Molecular Biology, Physiology, and Clinical Applications;
Holick, M. F., Ed.; Humana Press: Totowa, NJ, 1999; pp 195—
205.

Chambon, P. A decade of molecular biology of retinoic acid
receptors. FASEB J. 1996, 10, 940—954.

Thacher, S. M.; Vasudevan, J.; Chandraratna, R. A. S. Thera-
peutic applications for ligands of retinoid receptors. Curr. Pharm.
Des. 2000, 6, 25—58.

Mangelsdorf, D. J.; Umesono, K.; Evans, R. M. The Retinoid
Receptors. In The Retinoids: Biology, Chemistry and Medicine;
Sporn, M. B., Roberts, A. B., Goodman, D. S., Eds.; Raven
Press: New York, 1994; pp 319—349.



Perspective

(78)

(79)

(80)

81
(82)

(83)

(84)

(85)

(86)

87

(88)

(89)

(90)

(91)

(92)

(93)

(94)

(95)

(96)

97)

(98)
(99)

(100)

Nagpal, S.; Friant, S.; Nakshatri, H.; Chambon, P. RARs and
RXRs: evidence for two autonomous transactivation functions
(AF-1 and AF-2) and heterodimerization in vivo. EMBO J. 1993,
12, 2349—-2360.

Nagpal, S.; Patel, S.; Asano, A. T.; Johnson, A. T.; Duvic, M;
Chandraratna, R. A. S. Tazaratone-induced gene 1 (TIG1), a
novel retinoic acid receptor-responsive gene in skin. J. Invest.
Dermatol. 1996, 106, 269—274.

Thacher, S. M.; Standeven, A. S.; Athanikar, J.; Kopper, S.;
Castilleja, O.; Escobar, M.; Beard, R. L.; Chandraratna, R. A. S.
Receptor specificity of retinoid-induced hyperplasia. Effect of
RXR-selective agonists and correlation with topical irritation.
J. Pharmacol. Exp. Ther. 1997, 282, 528—534.

Gollnick, H. P. Oral retinoids — efficacy and toxicity in psoriasis.
Br. J. Dermatol. 1996, 135 (Suppl. 49), 6—17.

Vahlquist, C.; Olsson, A. G.; Lindholm, A.; Vahlquist, A. Effects
of gemfibrozil (Lopid) on hyperlipidemia in acitretin-treated
patients. Results of a double-blind crossover study. Acta Derm.
Venereol. 1995, 75, 377—380.

DiGiovanna, J. J.; Sollitto, R. B.; Abangan, D. L.; Steinberg, S.
M.; Reynolds, J. C. Osteoporosis is a toxic effect of long-term
etretinate therapy. Arch. Dermatol. 1995, 131, 1263—1267.
Weinstein, G. D. Safety, efficacy and duration of therapeutic
effect of tazarotene used in the treatment of plaque psoriasis.
Br. J. Dermatol. 1996, 135, 32—36.

Nicholson, R. C.; Mader, S.; Nagpal, S.; Leid, M.; Rochette-Egly,
C.; Chambon, P. Negative regulation of the rat stromelysin gene
promoter by retinoic acid is mediated by an AP1 binding site.
EMBO J. 1990, 9, 4443—4454.

Nagpal, S.; Athanikar, J.; Chandraratna, R. A. S. Separation of
transactivation and AP1 antagonism functions of retinoic acid
receptor a. J. Biol. Chem. 1995, 270, 923—927.

Nagpal, S.; Cai, J.; Zheng, T.; Patel, S.; Masood, R.; Lin, G. Y.;
Friant, S.; Johnson, A.; Smith, D. L.; Chandraratna, R. A. S.;
Gill, P. S. Retinoid antagonism of NF—IL6: insight into the
mechanism of antiproliferative effects of retinoids in Kaposi's
sarcoma. Mol. Cell Biol. 1997, 17, 4159—-4168.

DiSepio, D.; Malhotra, M.; Chandraratna, R. A. S.; Nagpal, S.
Retinoic acid receptor-nuclear factor-interleukin 6 antagonism.
A novel mechanism of retinoid-dependent inhibition of a kera-
tinocyte hyperproliferative differentiation marker. J. Biol. Chem.
1997, 272, 25555—25559.

Nagpal, S.; Chandraratna, R. A. S. Retinoids as anti-cancer
agents. Curr. Pharm. Des. 1996, 2, 295—316.

Chandraratna, R. A. S. Tazaratene-first of a new generation of
receptor-selective retinoids. Br. J. Dermatol. 1996, 135, 18—25.
Nagpal, S.; Thacher, S. M.; Patel, S.; Friant, S.; Malhotra, M.;
Shafer, J.; Krasinski, G.; Asano, A. T.; Teng, M.; Duvic, M.;
Chandranratna, R. A. S. Negative regulation of two hyperpro-
liferative keratinocyte differentiation markers by a retinoic acid
receptor-specific retinoid: insight into the mechanism of retinoid
action in psoriasis. Cell Growth Differ. 1996, 7, 1783—1791.
Nagpal, S.; Patel, S.; Jacobe, H.; DiSepio, D.; Ghosn, C.;
Malhotra, M.; Teng, M.; Duvic, M.; Chandraratna, R. A. S.
Tazarotene-induced gene 2 (T1G2), a novel retinoid-responsive
gene in skin. J. Invest. Dermatol. 1997, 109, 91—95.

DiSepio, D.; Ghosn, C.; Eckert, R.; Deucher, A.; Robinson, N.;
Duvic, M.; Chandraratna, R. A. S.; Nagpal, S. Identification and
characterization of a retinoid-induced class 11 tumor suppressor/
growth regulatory gene. Proc. Natl. Acad. Sci. U.S.A. 1998, 95,
14811—14815.

Hofmann, B.; Stege, H.; Ruzicka, T.; Lehmann, P. Effect of
topical tazarotene in the treatment of congenital ichthyoses. Br.
J. Dermatol. 1999, 141, 642—646.

Kragballe, K.; Steijlen, P. M.; Ibsen, H. H.; van de Kerkhof, P.
C.; Esmann, J.; Sorensen, L. H.; Axelsen, M. B. Efficacy,
tolerability, and safety of calcipotriol ointment in disorders of
keratinization. Results of a randomized, double-blind, vehicle-
controlled, right/left comparative study. Arch. Dermatol. 1995,
131, 556—560.

Saunders: N. A,; Jetten, A. M. Control of growth regulatory and
differentiation-specific genes in human epidermal keratinocytes
by interferon y. J. Biol. Chem. 1994, 269, 2016—2022.

Hill, L. L.; Ouhtit, A.; Loughlin, S. M.; Kripke, M. L.; Anan-
thaswamy, H. N.; Owen-Schaub, L. B. Fas ligand: a sensor for
DNA damage critical in skin cancer etiology. Science 1999, 285,
898—-900.

Linden, K. G.; Weinstein, G. D. Use of methotrexate in psoriasis.
Dermatol. Ther. 1999, 11, 52—59.

Morabito, L.; Montesinos, M. C.; Schreibman, D. M.; Balter, L.;
Thompson, L. F.; Resta, R.; Carlin, G.; Huie, M. A.; Cronstein,
B. N. Methotrexate and sulfasalazine promote adenosine release
by a mechanism that requires ecto-5'-nucleotidase-mediated
conversion of adenine nucleotides. J. Clin. Invest. 1998, 101,
295-300.

Kamen, B. Folate and antifolate pharmacology. Semin. Oncol.
1997, 24 (S18), 30—39.

Journal of Medicinal Chemistry, 2001, Vol. 44, No. 3 295

(101)
(102)
(103)
(104)

(105)

(106)

(107)

(108)

(109)

(110)

(111)

(112)

(113)

(114)
(115)
(116)

(117)

(118)

(119)

(120)

(121)

(122)

(123)

Cardenas, M. E.; Muir, R. S.; Breuder, T.; Heitman, J. Targets
of immunophilin-immunosuppresant complexes are distinct
highly conserved regions of calcineurin A. EMBO J. 1995, 14,
2772—-2783.

Schreiber, S. L.; Crabtree, G. R. The mechanism of action of
cyclosporin A and FK506. Immunol. Today 1992, 13, 136—141.
Paul, C.; Ho, V. C. Ascomycins in dermatology. Semin. Cutan.
Med. Surg. 1998, 17, 256—259.

Mueller, W.; Herrmann, B. Cyclosporine A for psoriasis. N. Engl.
J. Med. 1979, 301, 555.

Christophers, E.; Mrowietz, U.; Henneicke, H. H.; Farber, L;
Welzel, D. Cyclosporine in psoriasis: a multicenter dose-finding
study in severe plaque psoriasis. The German Multicenter Study.
J. Am. Acad. Dermatol. 1992, 26, 86—90.

Mrowietz, U. The enigma of cyclosporin A treatment for psoria-
sis: systemic efficacy versus topical nonresponsiveness. Acta
Derm. Venereol. 1992, 72, 321—326.

Burns, M. K.; Ellis, C. N.; Eisen, D.; Duell, E.; Griffiths, C. E.;
Annesley, T. M.; Hamilton, T. A.; Birnbaum, J. E.; Voorhees, J.
J. Intralesional cyclosporine for psoriasis. Relationship of dose,
tissue levels, and efficacy. Arch. Dermatol. 1992, 128, 786—790.
Kino, T.; Hatanaka, H.; Miyata, S.; Inamura, N.; Nishiyama,
M.; Yajima, T.; Goto, T.; Okuhara, M.; Kohsaka, M.; Aoki, H.;
Ochiai, T. FK-506, a novel immunosuppressant isolated from a
streptomyces Il: immunosuppressive effect of FK-506 in vitro.
J. Antibiot. 1987, 40, 1256—1265.

Jegasothy, B. V.; Ackerman, C. D.; Todo, S.; Fung, J. J.; Abu-
Elmagd, K.; Starzl, T. E. Tacrolimus (FK 506)- -a new thera-
peutic agent for severe recalcitrant psoriasis. Arch. Dermatol.
1992, 128, 781—785.

Meingassner, J. G.; Stutz, A. Immunosuppressive macrolides of
the type FK 506: a novel class of topical agents for treatment
of skin diseases? J. Invest. Dermatol. 1992, 98, 851—855.
Remitz, A.; Reitamo, S.; Erkko, P.; Granlund, H.; Lauerma, A.
I. Tacrolimus ointment improves psoriasis in a microplaque
assay. Br. J. Dermatol. 1999, 141, 103—107.

Reitamo, S.; Rissanen, J.; Remitz, A.; Granlund, H.; Erkko, P.;
Elg, P.; Autio, P.; Lauerma, A. I. Tacrolimus ointment does not
affect collagen synthesis: results of a single-center randomized
trial. J. Invest. Dermatol. 1998, 111, 396—398.

Hatanaka, H.; Kino, T.; Miyata, S.; Inamura, N.; Kuroka, A;
Goto, T.; Tanaka, H.; Okuhara, M. FR-900520 and FR-900523,
novel immunosuppressants isolated from a Streptomyces. II.
Fermentation, isolation and physicochemical and biological
characteristics. J. Antibiot. (Tokyo) 1988, 41, 1592—1601.
Arai, T.; Koyama, S.; Suenaga, T.; Honda, H. J. Antibiot. 1962,
15, 231.

Morisaki, M.; Arai, T. Identity of immunosuppressant FR-900520
with ascomycin. J. Antibiot. (Tokyo) 1992, 45, 126—128.

Or, Y. S,; Clark, R. F.; Xie, Q.; McAlpine, J.; Whittern, D. N;
Henry, R.; Luly, J. R. The chemistry of ascomycin: Structure
determination and synthesis of pyrazole analogues. Tetrahedron
1993, 49, 8771.

Mollison, K. W.; Fey, T. A.; Gauvin, D. M.; Sheets, M. P.; Smith,
M. L.; Pong, M.; Krause, R.; Miller, L.; Or, Y. S.; Kawai, M.;
Wagner, R.; Wiedeman, P. E.; Clark, R. F.; Gunawardana, I. W.;
Rhoades, T. A.; Henry, C. L.; Tu, N. P,; BaMaung, N. Y.
Kopecka, H.; Liu, L.; Xie, Q.; Lane, B. C.; Trevillyan, J. M.;
Marsh, K.; Carter, G. W.; Chen, Y.-W.; Hsieh, G. C,; Luly, J. R.
Discovery of ascomycin analogues with potent topical but weak
systemic activity for treatment of inflammatory skin diseases.
Curr. Pharm. Des. 1998, 4, 367—379.

Rappersberger, K.; Meingassner, J. G.; Fialla, R.; Fodinger, D.;
Sterniczky, B.; Rauch, S.; Putz, E.; Stutz, A.; Wolff, K. Clearing
of psoriasis by a novel immunosuppressive macrolide. J. Invest.
Dermatol. 1996, 106, 701—710.

Mrowietz, U.; Graeber, M.; Brautigam, M.; Thurston, M.; Wa-
genaar, A.; Weidinger, G.; Christophers, E. The novel ascomycin
derivative SDZ ASM 981 is effective for psoriasis when used
topically under occlusion. Br. J. Dermatol. 1998, 139, 992—996.
Van Leent, E. J.; Graber, M.; Thurston, M.; Wagenaar, A.; Spuls,
P. I.; Bos, J. D. Effectiveness of the ascomycin macrolactam SDZ
ASM 981 in the topical treatment of atopic dermatitis. Arch.
Dermatol. 1998, 134, 805—8009.

Creamer, D.; Allen, M. H.; Sousa., A.; Poston, R.; Barker, J. N.
Localization of endothelial proliferation and microvascular
expansion in active plaque psoriasis. Br. J. Dermatol. 1997, 136,
859—865.

White, J. A.; Beckett-Jones, B.; Guo, Y. D.; Dilworth, F. J.;
Bonasoro, J.; Jones, G.; Petkovich, M. cDNA cloning of human
retinoic acid-metabolizing enzyme (hP450RAl) identifies a novel
family of cytochromes P450. J. Biol. Chem. 1997, 272, 18538—
18541.

van Wauve, J.; van Nyen, G.; Coene, M.-C.; Stoppie, P.; Cools,
W.; Gossens, J.; Borghgraef, P.; Janssen, P. A. J. Liarozole, an
inhibitor of retinoic acid metabolism, exerts retinoid-mimetic
effects in vivo. J. Pharmacol. Exp. Ther. 1992, 262, 773—779.



296

(124)

(125)

(126)

(127)

(128)

(129

N

(130)

(131)

(132)

(133)

(134)

(135)

(136)

(137)

(138)

(139)

(140)

(141)

(142)

Journal of Medicinal Chemistry, 2001, Vol. 44, No. 3

Kuijpers, A. L.; Van Pelt, J. P.; Bergers, M.; Boegheim, P. J.;
Den Bakker, J. E.; Siegenthaler, G.; Van de Kerkhof, P. C.;
Schalkwijk, J. The effects of oral liarozole on epidermal prolif-
eration and differentiation in severe plaque psoriasis are
comparable with those of acitretin. Br. J. Dermatol. 1998, 139,
380—389.

van Pelt, J. P.; de Jong, E. M.; de Bakker, E. S.; van de Kerkhof,
P. C. Effects of systemic treatment with liarozole on cutaneous
inflammation, epidermal proliferation and differentiation in
extensive plaque psoriasis. Skin Pharmacol. Appl. Skin Physiol.
1998, 11, 70—79.

Stoppie, P.; Borgers, M.; Borghgraef, P.; Dillen, L.; Goossens,
J.; Sanz, G.; Szel, H.; Van Hove, C.; Van Nyen, G.; Nobels, G.;
Vanden Bossche, H.; Venet, M.; Willemsens, G.; Van Wauwe, J.
R115866 inhibits all-trans-retinoic acid metabolism and exerts
retinoidal effects in rodents. J. Pharmacol. Exp. Ther. 2000, 293,
304—312.

Bagel, J.; Garland, W. T.; Breneman, D.; Holick, M.; Littlejohn,
T. W.; Crosby, D.; Faust, H.; Fivenson, D.; Nichols, J. Admin-
istration of DAB389IL-2 to patients with recalcitrant psoriasis:
a double-blind, phase Il multicenter trial. 3. Am. Acad. Dermatol.
1998, 38, 938—944.

Bachelez, H.; Flageul, B.; Dubertret, L.; Fraitag, S.; Grossman,
R.; Brousse, N.; Poisson, D.; Knowles, R. W.; Wacholtz, M. C.;
Haverty, T. P.; Chatenoud, L.; Bach, J. F. Treatment of recal-
citrant plaque psoriasis with a humanized nondepleting antibody
to CD4. J. Autoimmun. 1998, 11, 53—62.

Gottlieb, A.; Krueger, J. G.; Bright, R.; Ling, M.; Lebwohl, M;
Kang, S.; Feldman, S.; Spellman, M.; Wittkowski, K.; Ochs, H.
D.; Jardieu, P.; Bauer, R.; White, M.; Dedrick, R.; Garovoy, M.
Effects of administration of a single dose of a humanized
monoclonal antibody to CD1la on the immunobiology and
clinical activity of psoriasis. J. Am. Acad. Dermatol. 2000, 42,
428—-435.

Sintchak, M. D.; Fleming, M. A.; Futer, O.; Raybuck, S. A;
Chambers, S. P.; Caron, P. R.; Murcko, M. A.; Wilson, K. P.
Structure and mechanism of inosine monophosphate dehydro-
genase in complex with the immunosuppressant mycophenolic
acid. Cell 1996, 85, 921—-930.

Spatz, S.; Rudnicka, A.; McDonald, C. J. Mycophenolic acid in
psoriasis. Br. J. Dermatol. 1978, 98, 429—435.
Grundmann-Kollmann, M.; Mooser, G.; Schraeder, P.; Zollner,
T.; Kaskel, P.; Ochsendorf, F.; Boehncke, W. H.; Kerscher, M;
Kaufmann, R.; Peter, R. U. Treatment of chronic plaque-stage
psoriasis and psoriatic arthritis with mycophenolate mofetil. J.
Am. Acad. Dermatol. 2000, 42, 835—837.

Sintchak, M. D.; Nimmesgern, E. The structure of inosine 5'-
monophosphate dehydrogenase and the design of novel inhibi-
tors. Immunopharmacology 2000, 47, 163—184.

Strand, V.; Cohen, S.; Schiff, M.; Weaver, A.; Fleischmann, R.;
Cannon, G.; Fox, R.; Moreland, L.; Olsen, N.; Furst, D.; Caldwell,
J.; Kaine, J.; Sharp, J.; Hurley, F.; Loew-Friedrich, I. Treatment
of active rheumatoid arthritis with leflunomide compared with
placebo and methotrexate. Arch. Intern. Med. 1999, 159, 2542—
2450.

Beissert, S.; Luger, T. A. Future developments of anitpsoriatic
therapy. Dermatol. Ther. 1999, 11, 104—117.

Greene, S.; Watanabe, K.; Braatz-Trulson, J.; Lou, L. Inhibition
of dihydroorotate dehydrogenase by the immunosuppressive
agent leflunomide. Biochem. Pharmacol. 1995, 50, 861—867.
Camp, R. D.; Mallet, A. I.; Woollard, P. M.; Brain, S. D.; Black,
A. K.; Greaves, M. W. The identification of hydroxy fatty acids
in psoriatic skin. Prostaglandins 1983, 26, 431—447.

Van Pelt, J. P.; De Jong, E. M.; Seijger, M. M.; Van Hooijdonk,
C. A.; De Bakker, E. S.; Van Vlijmen, I. M.; Parker, G. L.; Van
Erp, P. E.; Van De Kerkhof, P. C. Investigation on a novel and
specific leukotriene B4 receptor antagonist in the treatment of
stable plaque psoriasis. Br. J. Dermatol. 1998, 139, 396—402.
van Pelt, J. P.; de Jong, E. M.; van Erp, P. E.; Mitchell, M. |;
Marder, P.; Spaethe, S. M.; van Hooijdonk, C. A.; Kuijpers, A.
L.; van de Kerkhof, P. C. The regulation of CD11b integrin levels
on human blood leukocytes and leukotriene B4-stimulated skin
by a specific leukotriene B4 receptor antagonist (LY293111).
Biochem. Pharmacol. 1997, 53, 1005—1012.

Buchmann, B.; Ekerdt, R.; Froehlich, W.; Giesen, C.; Heindl, J.;
Skuballa, W. Novel leukotriene B, derivatives, process for their
preparation and their use as medicaments. German Patent DE
4242390, June 16, 1994,

Giesen, C.; Buchmann, B.; Ekerdt, R.; Froehlich, F.; Heindl, J.;
Skuballa, W. The guinea pig as a suitable species for the
characterization of the LTB, receptor antagonist ZK 158252. J.
Invest. Dermatol. 1998, 110, 683.

Langner, A.; Werner-Schlenzka, H.; Stapor, W. Study on the
effect of an LTB, antagonist of the growth of psoriatic papules.
Australas. J. Dermatol. 1997, 38 (Suppl. 2), Abstr. 2054.

(143)

(144)

(145)

(146)

(147)

(148)

(149)

(150)

(151)

(152)

(153)

(154)
(155)

(156)
(157)

(158)

(159)
(160)

(161)

(162)

Perspective

Yacyshyn, B. R.; Bowen-Yacyshyn, M. B.; Jewell, L.; Tami, J.
A.; Bennett, C. F.; Kisner, D. L.; Shanahan, W. R., Jr. A placebo-
controlled trial of ICAM-1 antisense oligonucleotide in the
treatment of Crohn'’s disease. Gastroenterology 1998, 114, 1133—
1142.

Fisher, G. J.; Tavakkol, A.; Leach, K.; Burns, D.; Basta, P.;
Loomis, C.; Griffiths, C. E.; Cooper, K. D.; Reynolds, N. J.; Elder,
J. T.; Livneh, E.; Voorhees, J. J. Differential expression of protein
kinase C isoenzymes in normal and psoriatic adult human
skin: reduced expression of protein kinase C-beta 11 in psoriasis.
J. Invest. Dermatol. 1993, 101, 553—559.

Rasmussen, H. H.; Celis, J. E. Evidence for an altered protein
kinase C (PKC) signaling pathway in psoriasis. J. Invest.
Dermatol. 1993, 101, 560—566.

Tamaoki, T.; Nomoto, H.; Takahashi, I.; Kato, Y.; Morimoto, M.;
Tomita, F. Staurosporine, a potent inhibitor of phospholipid/
Ca?*-dependent protein kinase. Biochem. Biophys. Res. Com-
mun. 1986, 135, 397—402.

Ishli, H.; Jirousek, M. R.; Koya, D.; Takagi, C.; Xia, P.; Clermont,
A.; Bursell, S. E.; Kern, T. S.; Ballas, L. M.; Heath, W. F.;
Stramm, L. E.; Feener, E. P.; King, G. L. Amelioration of
vascular dysfunctions in diabetic rats by an oral PKC beta
inhibitor. Science 1996, 272, 728—731.

Martiny-Baron, G.; Kazanietz, M. G.; Mischak, H.; Blumberg,
P. M.; Kochs, G.; Hug, H.; Marme, D.; Schachtele, C. Selective
inhibition of protein kinase C isozymes by the indolocarbazole
Go 6976. J. Biol. Chem. 1993, 268.

Vice, S. F.; Bishop, W. R.; McCombie, S. W.; Dao, H.; Frank, E.;
Ganguly, A. K. Indolocarbazole nitrogens linked by three-atom
bridges: a potent new class of PKC inhibitors. Bioorg. Med.
Chem. Lett. 1994, 4, 1333—1338.

Reynolds, N. J.; McCombie, S. W.; Shankar, B. B.; Bishop, W.
R.; Fisher, G. J. SCH 47112, a novel staurosporine derivative,
inhibits 12-O-tetradecanoylphorbol-13-acetate-induced inflam-
mation and epidermal hyperplasia in hairless mouse skin. Arch.
Dermatol. Res. 1997, 289, 540—546.

Elder, J. T.; Fisher, G. J.; Lindquist, P. B.; Bennett, G. L.;
Pittelkow, M. R.; Coffey, R. J., Jr,; Ellingsworth, L.; Derynck,
R.; Voorhees, J. J. Overexpression of transforming growth factor
alpha in psoriatic epidermis. Science 1989, 243, 811—814.
Sun, L.; Tran, N.; Tang, F.; App, H.; Hirth, P.; McMahon, G.;
Tang, C. Synthesis and biological evaluations of 3-substituted
indolin-2-ones: a novel class of tyrosine kinase inhibitors that
exhibit selectivity toward particular receptor tyrosine kinases.
J. Med. Chem. 1998, 41, 2588—2603.

Ben-Bassat, H.; Vardi, D. V.; Gazit, A.; Klaus, S. N.; Chaouat,
M.; Hartzstark, Z.; Levitzki, A. Tyrphostins suppress the growth
of psoriatic keratinocytes. Exp. Dermatol. 1995, 4, 82—88.
Levitzki, A.; Gazit, A. Tyrosine kinase inhibition: An approach
to drug development. Science 1995, 267, 1782—1788.

Dvir, A.; Milner, Y.; Chomsky, O.; Gilon, C.; Gazit, A.; Levitzki,
A. The inhibition of EGF-dependent proliferation of kerati-
nocytes by tyrphostin tyrosine kinase blockers. J. Cell Biol. 1991,
113, 857—865.

Traxler, P. M. Protein tyrosine kinase inhibitors in cancer
treatment. Exp. Opin. Ther. Patents 1997, 7, 571—-588.
Rewcastle, R. W.; Palmer, B. D.; Bridges, A. J.; Hollis Showalter,
H. D.; Sun, L.; Nelson, J.; McMichael, A.; Kraker, A. J.; Fry, D.
W.; Denny, W. A. Tyrosine kinase inhibitors. 9. Synthesis and
evaluation of fused tricyclic quinazoline analogues as ATP site
inhibitors of tyrosine kinase activity of the epidermal growth
factor receptor. J. Med. Chem. 1996, 39, 918—928.

Bridges, A. J.; Zhou, H.; Cody, D. R.; Rewcastle, G. W.; Mc-
Michael, A.; Showalter, H. D.; Fry, D. W.; Kraker, A. J.; Denny,
W. A. Tyrosine kinase inhibitors. 8. An unusually steep structure—
activity relationship for analogues of 4-(3-bromoanilino)-6,7-
dimethoxyquinazoline (PD 153035), a potent inhibitor of the
epidermal growth factor receptor. J. Med. Chem. 1996, 39, 267—
276.

Levtizki, A. Protein tyrosine kinase inhibitors as novel thera-
peutic agents. Pharmacol. Ther. 1999, 82, 231—239.

Bridges, A. J. The rationale and strategy used to develop a series
of highly potent, irreversible, inhibitors of the epidermal growth
factor receptor family of tyrosine kinases. Curr. Med. Chem.
1999, 6, 825—843.

Grese, T. A.; Pennington, L. D.; Sluka, J. P.; Adrian, M. D.; Cole,
H. W.; Fuson, T. R.; Magee, D. E.; Phillips, D. L.; Rowley, E. R.;
Shetler, P. K.; Short, L. L.; Venugopalan, M.; Yang, N. N.; Sato,
M.; Glasebrook, A. L.; Bryant, H. U. Synthesis and pharmacology
of conformationally restricted raloxifene analogues: highly
potent selective estrogen receptor modulators. J. Med. Chem.
1998, 41, 1272—1283.

Yang, N. N.; Bryant, H. U.; Hardikar, S.; Sato, M.; Galvin, R. J.
S.; Glasebrook, A. L.; Termine, J. D. Estrogen and raloxifene
stimulate transforming growth factor-33 gene expression in rat
bone: a potential mechanism for estrogen- or raloxifene-medi-
ated bone maintenance. Endocrinology 1996, 137, 2075—2084.



Perspective

(163)
(164)
(165)

(166)

(167)

(168)

(169)

(170)

(171)

(172)

(173)

(174)

(175)

McDonnell, D. P. The molecular pharmacology of SERMs. Trends
Endocrinol. Metab. 1999, 10, 301—-311.

Standeven, A. M.; Johnson, A. T.; Escobar, M.; Chandraratna,
R. A. S. Toxicol. Appl. Pharmacol. 1996, 138, 169—175.

Klein, E. S.; Pino, M. E.; Johnson, A. T.; Davies, P. J. A.; Nagpal,
S.; Thacher, S. M.; Krasinski, G.; Chandraratna, R. A. S.
Identification and functional separation of retinoic acid receptor
neutral antagonists and inverse agonists. J. Biol. Chem. 1996,
271, 22692—22696.

Thacher, S. M.; Nagpal, S.; Klein, E. S.; Arefieg, T.; Krasinski,
G.; DiSepio, D.; Agarwal, C.; Johnson, A. T.; Eckert, R. L.;
Chandraratna, R. A. S. Cell type and gene-specific activity of
the retinoid inverse agonist AGN 193109: Divergent effects from
agonist at retinoic acid receptor-yin human keratinocytes. Cell
Growth Differ. 1999, 10, 255—262.

Johnson, A. T.; Wang, L.; Standeven, A. M.; Escobar, M;
Chandraratna, R. A. S. Synthesis and biological activity of high
affinty RAR antagonists. Bioorg. Med. Chem. 1999, 7, 1321—
1338.

Glass, C. K.; Rosenfeld, M. G. The coregulator exchange in
transcriptional functions of nuclear receptors. Genes Dev. 2000,
14, 121-141.

Klein, E. S.; Wang, J. W.; Khalifa, B.; Gavigan, S. A.; Chan-
draratna, R. A. Recruitment of nuclear receptor corepressor and
coactivator to the retinoic acid receptor by retinoid ligands.
Influence of DNA heterodimer interactions. J. Biol. Chem. 2000,
275, 19401—19408.

Norris, J. D.; Paige, L. A.; Christensen, D. J.; Chang, C. Y.;
Huacani, M. R.; Fan, D.; Hamilton, P. T.; Fowlkes, D. M.;
McDonnell, D. P. Peptide antagonists of the human estrogen
receptor. Science 1999, 285, 744—746.

Vayssiere, B. M.; Dupont, S.; Choquart, A.; Petit, F.; Garcia, T.;
Marchandeau, C.; Gronemeyer, H.; Resche-Rigon, M. Synthetic
glucocorticoids that dissociate transactivation and AP-1 tran-
srepression exhibit antiinflammatory activity in vivo. Mol.
Endocrinol. 1997, 11, 1245—1255.

Vanden Berghe, W.; Francesconi, E.; De Bosscher, K.; Resche-
Rigon, M.; Haegeman, G. Dissociated glucocorticoids with an-
tiinflammatory potential repress interleukin-6 gene expression
by a nuclear factor-«B-dependent mechanism. Mol. Pharmacol.
1999, 56, 797—806.

Ozono, K.; Saito, M.; Miura, D.; Michigami, T.; Nakajima, S.;
Ishizuka, S. Analysis of the molecular mechanism for the
antagonistic action of a novel lalpha,25-dihydroxyvitamin D3
analogue toward Vitamin D receptor function. J. Biol. Chem.
1999, 274, 32376—32381.

Reczek, P. R.; Ostrowski, J.; Yu, K. L.; Chen, S.; Hammer, L.;
Roalsvig, T.; Starrett, J. E.; Driscoll, J. P.; Whiting, G.; Spinazze,
P. G. Role of retinoic acid receptor gamma in the Rhino mouse
and rabbit irritation models of retinoic acitivity. Skin Pharmacol.
1995, 8, 292—299.

Teng, M.; Duong, T. T.; Klein, E. S.; Pino, M. E.; Chandraratna,
R. A. S. Identification of a retinoic acid receptor o specific
agonist. J. Med. Chem. 1996, 39, 3035—3038.

Journal of Medicinal Chemistry, 2001, Vol. 44, No. 3 297

(176)

a7

(178)

(179)

(180)
(181)

(182)

(183)

(184)

(185)

(186)

(187)

(188)

(189)

(190)

Yu, K. L.; Spinazze, P.; Ostrowski, J.; Currier, S. J.; Pack, E. J.;
Hammer, L.; Roalsvig, T.; Honeyman, J. A; Tortolani, D. R.;
Reczek, P. R.; Mansuri, M. M.; Starrett, J. E., Jr. Retinoic acid
receptor beta, gamma-selective ligands: synthesis and biological
activity of 6-substituted 2-naphthoic acid retinoids. J. Med.
Chem. 1996, 39, 2411—-2421.

Standeven, A. M.; Teng, M.; Chandraratna, R. A. S. Lack of
involvement of retinoic acid receptor o in retinoid-induced skin
irritation in hairless mice. Toxicol. Lett. 1997, 92, 231—240.
Scott, L. M.; Mueller, L.; Collins, S. J. E3, a hematopoietic-
specific transcript directly regulated by the retinoic acid receptor
alpha. Blood 1996, 88, 2517—2530.

Teng, M.; Duong, T. D.; Johnson, A. T.; Klein, E. S.; Wang, L.;
Khalifa, B.; Chandraratna, R. A. S. Identification of highly potent
retinoic acid receptor a-selective antagonists. J. Med. Chem.
1997, 40, 2445—2451.

Giguere, V. Orphan nuclear receptors: from gene to function.
Endocr. Rev. 1999, 20, 689—725.

Su, C. G.; Wen, X.; Bailey, S. T.; Jiang, W.; Rangwala, S. M.;
Keilbaugh, S. A.; Flanigan, A.; Murthy, S.; Lazar, M. A.; Wu,
G. D. A novel therapy for colitis utilizing PPAR-gamma ligands
to inhibit the epithelial inflammatory response. J. Clin. Invest.
1999, 104, 383—389.

Li, M.; Pascual, G.; Glass, C. K. Peroxisome proliferator-activated
receptor gamma-dependent repression of the inducible nitric
oxide synthase gene. Mol. Cell. Biol. 2000, 20, 4699—4707.
Pershadsingh, H. A.; Sproul, J. A.; Benjamin, E.; Finnegan, J.;
Amin, N. M. Treatment of psoriasis with troglitazone therapy.
Arch. Dermatol. 1998, 134, 1304—1305.

Ellis, C. N.; Varani, J.; Fisher, G. J.; Zeigler, M. E.; Per-
shadsingh, H. A.; Benson, S. C.; Chi, Y.; Kurtz, T. W. Troglita-
zone improves psoriasis and normalizes models of proliferative
skin disease: ligands for peroxisome proliferator-activated
receptor-gamma inhibit keratinocyte proliferation. Arch. Der-
matol. 2000, 136, 609—616.

Sun, Z.; Unutmaz, D.; Zou, Y.-R.; Sunshine, M. J.; Pierani, A.;
Brenner-Morton, S.; Mebius, R. E.; Littman, D. R. Requirement
for RORy in thymocyte survival and lymphoid organ develop-
ment. Science 2000, 288, 2369—2373.

Schon, M. P. Animal models of psoriasis — what can we learn
from them? J. Invest. Dermatol. 1999, 112, 405—410.
Nickoloff, B. J.; Wrone-Smith, T. Injection of pre-psoriatic skin
with CD4+ T cells induces psoriasis. Am. J. Pathol. 1999, 155,
145-158.

Robert, C.; Kupper, T. S. Inflammatory skin diseases, T cells,
and immune surveillance. N. Engl. J. Med. 1999, 341, 1817—
1828.

Ellman, J.; Stoddard, B.; Wells, J. Combinatorial thinking in
chemistry and biology. Proc. Natl. Acad. Sci. U.S.A. 1997, 94,
2779—2782.

Cacalano, N. A.; Johnston, J. A. Interleukin-2 signaling and
inherited immunodeficiency. Am. J. Hum. Genet. 1999, 65,
287—293.

JM0000214



