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Summary

The interaction between leukocyte function-associat-
ed antigen-1 (LFA-1), a member of 3,-integrin family, and
intercellular adhesion molecule-1 (ICAM-1) plays a critical
role in mediating cell adhesion, leukocyte transmigration
and augmentation of T-cell receptor signaling. Inhibitors
of LFA-1/ICAM-1 interaction represent a new therapeutic
area for treatment of diseases such as rheumatoid arthri-
tis, psoriasis and ischemic reperfusion injury, and have
evolved from monoclonal antibodies (MAbs) to small mol-
ecules as potential therapeutic agents. This review will
summarize the MAbs that have been or are being evalu-
ated in clinical trials and will examine the discovery of the
small-molecule antagonists. The SAR of several of the
leading series and the mechanism of action for some of
these molecules will also be discussed.

Introduction

The family of leukocytes includes neutrophils, lym-
phocytes (mostly B- and T-cell subtypes), monocytes,
eosinophils and basophils. During an inflammatory
response, peripheral blood leukocytes are recruited to the
site of inflammation or injury by a series of specific cellu-
lar interactions. The initiation and maintenance of
immune functions are regulated by intercellular adhesive
interactions as well as signal transduction resulting from
interactions between leukocytes and other cells (1-3).

Leukocyte adhesion to vascular endothelium and trans-
migration from the circulation to sites of inflammation is a
critical step in the inflammatory response (4-6). For this
purpose, leukocytes utilize 3 major groups of adhesion
molecules, namely, carbohydrate-binding selectins, inte-
grins and members of the immunoglobulin (I9) supergene
families.

Integrins are a large superfamily of heterodimeric
transmembrane glycoproteins that attach cells to extra-
cellular matrix proteins of the basement membrane or to
ligands on other cells. Integrins contain large (a; 120-170
kDa) and small (3; 90-100 kDa) subunits (7, 8). Like other
members of the [,-integrin family, leukocyte function-
associated antigen-1 (LFA-1) is expressed exclusively on
leukocytes and shares a common 3 chain. The 4 mem-
bers that differ in their a chains are LFA-1 (CD11a/CD18
and o f,), Mac-1 (CD11b/CD18, a,B,), p150,95
(CD11c/CD18, a,B,) and CD11d/CD18 (ayB,) (9). As a
cell-surface adhesion receptor, LFA-1 has been identified
as one of the major integrins that supports inflammatory
and specific T-cell immune responses through mediating
cell adhesion and leukocyte transmigration, activation of
helper T cells and cytotoxic T cells (10). These functions
are achieved through interactions with its counterrecep-
tors: intercellular adhesion molecule (ICAM)-1, -2 and -3
which are members of the Ig supergene family located on
endothelial, leukocytes and other cell types (11, 12). Even
with the more recent identification of ICAM-4 and -5,
ICAM-1 is still perhaps the most important among the
ICAMs since it is the most widely distributed and its
expression appears to be strictly regulated.

The interaction of LFA-1 to ICAM-1 is a vital step in
the normal functioning of the immune system. A genetic
condition termed leukocyte adhesion deficiency (LAD)
has been characterized as the lack of appropriate expres-
sion of functional adhesion molecules of the CD18 family.
Thus, patients with LAD have recurrent bacterial infec-
tions due to the inability to effectively recruit granulocytes
in response to infections (13). Consistent with this back-
ground, ICAM-1 knockout homozygous mice have
numerous abnormalities in their inflammatory responses
(14). Interestingly, the LFA-1 a-chain knockout homozy-
gous mouse has a selective defect in induction of periph-
eral immune responses whereas responses to systemic
infection are normal (15). The interaction of LFA-1 with
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ICAM-1 has been directly implicated in numerous patho-
logical states, such as dermatitis, psoriasis, asthma,
rheumatoid arthritis, graft rejection, tumor metastasis,
reperfusion injury, myocardial infarction, etc. Therapeutic
prevention of LFA-1 binding to ICAM-1 has potential in
the prophylaxis or treatment of these disease states
(16-20).

Structural biology of integrin activation
and LFA-1/ICAM-1 interaction

The a subunit of LFA-1 belongs to a subgroup of inte-
grin o subunits (a,, a,, o, A, 0y, A, o) that contain an
N-terminal stretch of 200 amino acids which is called the
inserted | or A domain and is homologous to the A-
domains present in von Willebrand factor, several colla-
gen and complement proteins, and cartilage matrix pro-
tein. Mutagenesis and antibody epitope mapping studies
indicated that the | domain of LFA-1 is critical for specific
interaction with ICAMs (21-23). The most extracellular
portion of the LFA-1 | domain contains a magnesium
cation-binding domain called the metal ion dependent
adhesion site (MIDAS), which is involved in the direct
interaction with ICAMs. Residues Asp-137, Ser-139,
Ser-141, Thr-206 and Asp-239, together with a chloride
ion, provides the hexa-coordination to the divalent mag-
nesium cation and constitute part of the ligand binding
surface. After expression at the cell surface of leukocytes
in an inactive form, LFA-1 must be converted to an active
state to interact with ICAMs. Two mechanisms have been
put forward for the activation of LFA-1 (24). The first one
suggests an incremental increase in the intrinsic affinity of
the integrin for its ligands concomitant with a conforma-
tional change in the extracellular domain, and the second
one suggests that the avidity of LFA-1 is increased as a
result of increased integrin receptor clustering at the cell
surface.

The crystal structures of the CD11a and CD11b |
domains have been revealed, allowing for a greater
insight into their functions. The CD11b | domain exhibited
2 different conformations depending on the crystal con-
tacts (25, 26). This led to the proposal that one of the
observed conformations is a mimetic of the activated
ligand bound form while the other represents the unligat-
ed state of the protein. In crystallography studies, differ-
ences in the position of the a-helix of CD11a | domain
were also observed in the presence or absence of diva-
lent cation (27, 28). The proposal that these conforma-
tions reflect a regulatory site was supported by a recent
structural study of an | domain of a,B,/collagen peptide
complex in which the ligated | domain is in the proposed
activated form (29). In the activated ligand bound state,
the C-terminal helix of the | domain drops downwards by
10 A, whereas in the unligated state, this helix moves
away from the B-sheet core of the protein to expose a
hydrophobic cleft. On the basis of a series of site-direct-
ed mutagenesis studies of amino acid residues in this
cleft, Abbott and ICOS scientists have proposed that this
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site (termed the | domain allosteric site or IDAS), defined
by amino acid residues lle-259, Leu-298, lle-235, Val-
157, Leu-161 and Lle-306 in the | domain (30), could act
as a regulatory site for the LFA-1 activation process (31).

Although ICAM-1 has 5 extracellular Ig-like domains,
only the first I|g domain of ICAM-1 is involved in direct
interaction with LFA-1 | domain according to point muta-
tion (32), antibody binding studies (33) and x-ray crystal
structure analysis of domains 1 and 2 of ICAM-1 (34). The
second Ig domain of ICAM-1 has a role in maintaining the
structure of the LFA-1 ligand-binding site in the first
domain of ICAM-1, but does not appear to have a direct
role in ligand binding (35). Two working models for the rel-
atively flat interacting epitope of ICAM-1 with LFA-1 have
been generated. The residues of first Ig domain of ICAM-
1 involved in the direct association with LFA-1 include 7
amino acids: Lys-39, Glu-34, Met-64, Tyr-66, GiIn-73,
Leu-30 and Asn-68 (36). In particular, Glu-34 plays a crit-
ical role in the cation-dependent binding through dis-
placement of the chloride ion and coordination to the
Mg?* of LFA-1 | domain.

Monoclonal antibodies against LFA-1 or ICAM-1

It has been demonstrated that antagonism of the
LFA-1/ICAM-1 interaction can be realized by antibodies
directed against either protein or either subunit of LFA-1
(37). These molecules effectively inhibit inflammatory
responses both in vitro and in vivo. More significantly, 5
monoclonal antibodies have been examined in human
clinical trials for a variety of indications. Some of the clin-
ical efficacy results are summarized below.

Odulimomab, a murine 1gG, monoclonal antibody
directed against the CD11a of LFA-1, was developed by
Immunotech. Odulimomab has been launched in France
for the prevention of graft-versus-host disease (38) and
kidney transplant rejection (39) by Pasteur-Meireux
Connaught as Antilfa™. One European phase lll clinical
trial in renal transplant patients administered odulimomab
has been completed by IMTIX, the transplant division of
Pasteur-Meireux Connaught (40). A multicenter phase Ill
study involving 760 kidney recipients is being conducted
throughout the U.S., Canada and Europe. It is focusing
on patients at a risk of rejection due to suboptimal grafts
which is the population of patients who responded best to
odulimomab treatment in a previous trial.

Enlimomab (R6.5), a murine IgG,, monoclonal anti-
body which binds to domain 2 of ICAM-1, was discovered
by Isis Pharmaceuticals and was developed by
Boehringer Ingelheim in Europe and the U.S. Phase llI
trials of the drug for stroke were disappointing as trial
results reported an adverse effect on neurological out-
comes in stroke patients which may have been associat-
ed with immunogenicity problems (41). Enlimomab has
been in phase llI clinical trials for use in renal transplan-
tation (42) and phase Il trials for use against graft-versus-
host disorders and liver transplant rejection (43). It was in
phase lll trials in stroke and was investigated in the U.S.
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as a therapy for rheumatoid arthritis in phase 1l clinical
trials (44).

Erlizumab (rhuMAb CD18) (45) is a recombinant
humanized anti-CD18 monoclonal antibody developed by
Genentech. The Limitation of Myocardial Injury following
Thrombolysis in Acute Myocardial Infarction (LIMIT AMI)
phase Il study of erlizumab for the treatment of acute
myocardial infarction failed to reach its primary objec-
tives, thus prompting Genentech to discontinue develop-
ment of the agent (46). Roche was also carrying out
phase |l trials for the treatment of hemorrhagic shock.
However, its development was discontinued in January
1998 (47).

Genentech and Xoma are collaborating on the devel-
opment of Xanelim™ (efalizumab, Hu1124), a humanized
anti-CD11a monoclonal antibody. The drug showed sig-
nificant therapeutic benefit in comparison with placebo in
a completed phase Il study in Canada that enrolled 145
patients with moderate-to-severe psoriasis (48, 49).
Subsequently, 2 phase Il clinical trials in patients with
moderate to severe psoriasis are under way at about 80
sites with more than 1000 patients being evaluated in the
U.S. and Canada. Initial results from these 2 trials are
very encouraging, with a BLA submission to the FDA
expected by year-end or in the first quarter of 2002 (50).
Efalizumab is also being developed for organ transplant
rejection in a phase I/ll multiple-dose trial.

LeukArrest™ (Hu23F2G) is a humanized leukointe-
grin monoclonal antibody developed by Icos Corporation
that binds to CD11/CD18 adhesion molecules. Hu23F2G
was in phase |l trials in the U.S. for the treatment of
trauma-induced hemorrhagic shock. Results from a 150-
patient trial failed to meet its primary endpoints, however,
the product was well tolerated (51). The highest dose
inhibited pulmonary and cardiac failure and reduced the
incidence of adult acute respiratory distress syndrome
(ARDS). A single-dose phase Il study of Hu23F2G in
patients with multiple sclerosis undergoing acute exacer-
bations has been completed (52). No significant clinical
benefit was seen in this trial. An additional phase Il trial
has been completed using a multiple dosing regimen.
Again, recovery of neurological function was not
enhanced, but formation of new brain lesions was
reduced by Hu23F2G. Preliminary results from a phase Il
trial in 420 patients with myocardial infarction have shown
that although Hu23F2G was well tolerated, it had little
effect on infarct size (53). A phase Il trial in North
America involving patients with acute ischemic stroke has
been terminated prematurely since the interim results
did not show any clinical benefit and failed to meet the
trial's primary endpoints; the agent, however, was well
tolerated.

Monoclonal antibodies against the LFA-1/ICAM-1
association have been indispensable in establishing the
pathological roles that this interaction plays in human.
However, these antibodies have apparent deficiencies as
therapeutic agents which would limit their chronic use.
These deficiencies include the inability to deliver the
agents orally and the potential for immunoreactivity (54)
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although the liability of immunogenicity could be alleviat-
ed by producing humanized antibodies. Furthermore, pro-
tein-based therapeutics are generally expensive to pro-
duce. Therefore, the last 5 years have witnessed
substantial research activities in the pharmaceutical
industry aiming at discovery of small molecule antago-
nists of the LFA-1/ICAM-1 interaction to provide thera-
peutic agents with a broader application.

Small-molecule antagonists of LFA-1/ICAM-1
interaction

In the early 1990s, several series of small molecules
have been reported to prevent cell adhesion by either
inhibiting transcription of ICAM-1 and other adhesion pro-
teins or by acting intracellularly to inhibit the activation of
integrins via an unknown mechanism (although they do
not directly antagonize the association of ICAM-1 with
LFA-1) (55, 56). The pyrazole-based RWJ-50271 was
reported as the first true antagonist of the LFA-1/ICAM-1
association, although it lacks the potency to be useful
therapeutically (57). More recently, a diverse set of small
molecules began to emerge as potent antagonists of the
LFA-1/ICAM-1 interaction with defined mechanism of
action and potential therapeutic utilities.

Antagonists mimicking the ICAM-1 ligand
binding site

Based on the homology modeling of the interaction
epitope of the first Ig domain of ICAM-1 with LFA-1 (36),
scientists from Genentech and Hoffmann-La Roche have
designed a series of diaminopropionic acid derivatives as
ICAM-1 1st Ig domain mimetics capable of interrupting
LFA-1/ICAM-1 interaction with nanomolar IC, values in a
cell-free binding assay (Table I) (58). Among the large
number of examples claimed in the patents (59, 60), the
critical structural features include a-amino group acylated
with halogenated or methylated terephthalic acids, which
in turn are coupled to 3-aminomethyl phenol (1),
aminomethyl heterocycles (2) or 1-naphth-1-ylethyl
amine (3). The B-amino group can be capped with a
variety of alkyl, acyl and sulfonyl groups which constitutes
a region for modulating the selectivity for LFA-1 over
Mac-1 (4-6). The compounds exhibit 10- (4) to over
100-fold (5) selectivity for inhibiting the LFA-1/ICAM-1
interaction over the Mac-1/ICAM-1 interaction. The
3-atom linker appears to be rather tolerant of different
variations. The cellular activity of compound 4 decreased
somewhat in a neutrophil (expressing both LFA-1 and
Mac-1)/ICAM-1 adhesion assay with an IC., value of
16 nM, while compound 6 showed an IC, of 0.1 nM in the
same cellular adhesion assay.

The in vitro and in vivo immunomodulatory activity of
these compounds compares favorably to both antibodies
directed against LFA-1 and ciclosporin (58). For example,
compound 6 inhibits a mouse mixed lymphocyte reaction
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O+ __R1
NH
R2 O
OH
N
H H
N o]
R4~ R3
o]
Table I: Diaminopropionic acid derivatives.
ICy, (NM) ICy, (NM)
R, R, R, R, LFA-1/ICAM-1  Mac-1/ICAM-1 IC,, (NM) MLR
1 2-thienyl Br H 3-OH-PhCH, 1.3 ND 160
2 2-thienyl Br H (indole-4-yl)methyl 2.7 25 420
3 2-thienyl Br H 1-naphth-CH(Me) 4.8 68 1535
4 2-thienyl cl H 3-OH-PhCH, 0.5 6.4 70
5 9H-fluoren-9-yl-methyl Cl H 3-OH-PhCH, 1.8 273 12500
6 3,5-(0OH),-Ph Cl Cl 3-OH-PhCH, 0.2 ND 2
H Antagonists targeting the LFA-1 | domain
\
N
o N HMG-CoA (3-hydroxy-3-methylglutaryl coenzyme A)
reductase inhibitors possessing cholesterol-lowering
o o NH activity, such as mevinolin (lovastatin) 8, have been found
oH to be inhibitors of LFA-1/ICAM-1 interaction with low
N micromolar IC,, values in a cell-free binding assay and
H o) 7 have displayed reduced potency in a cellular adhesion

F

ICy, = 47 nM (LFA-1/ICAM-1)
ICy, = 273 nM (Mac-1/ICAM-1)

Fig. 1.

(MLR) with an IC; of 2 nM as compared to IC, values of
0.138 and 3.35 nM for anti-LFA-1 (M17) and anti-CD18
(HB226) antibodies, respectively. The only available in
vivo efficacy data on this series of ICAM-1 mimetics come
from compound 7, a truncated, 100-fold less potent ana-
logue of 4 (Fig. 1). Compound 7 exhibited efficacy com-
parable to the anti-LFA-1 antibody in inhibiting the paw
swelling response in a mouse model of delayed type
hypersensitivity (DTH) when the compound was dosed
s.c. at 9 UM via a minipump for one day. In a croton oil-
induced dermatitis murine model, 7 also inhibited the ear
swelling response in a dose-dependent manner when
administered s.c. at 4 pM for 3 days via a minipump;
efficacy was comparable to the anti-CD18 antibody (60).

Detailed molecular analysis suggests that the binding
sites within LFA-1 for ICAM-1, -2 and -3 are overlapping
but not identical. Moreover, the binding faces for LFA-1 on
top of ICAM-1, -2 and -3 appear to be distinct (61).
ICAM-1 first Ig domain mimetics are potentially advanta-
geous for offering selective antagonists against other
ICAMs, although such selectivity information is not
available for compounds 1-7.

assay by Novartis (Fig. 2) (62). The inhibitory activities of
these compounds are mainly derived from the lactone
form because the ring-opening hydroxyacid is 10-fold less
potent. Some hydroxyamide derivatives (9,10) have
potencies similar to 8 in a Jurkat cell (LFA-1 expressing)/
ICAM-1 cellular binding assay. In a murine thioglycollate
induced peritonitis model, 9 fully inhibited the neutrophil
migration when administered s.c. at a dose of 0.1 mg/kg
(63).

A further improvement was made on the mevinolin
derivatives wherein the lactone ring was modified to lac-
tam or cyclic carbamate to provide compounds with
improved affinity in the adhesion assay and oral efficacy
in some inflammatory disease models (64). Compound 11
had IC,, values of 50 and 200 nM in a cell free adhesion
assay and a human MLR assay, respectively. In the
murine thioglycollate-induced peritonitis model, 11 has an
ED,, value of 0.1 mg/kg p.o. It also provided 41% inhibi-
tion when given at 3 mg/kg b.i.d. in an allergic contact
dermatitis (ACD) model. Without any information on the
pharmacokinetic profiles of these compounds, it is inter-
esting to note that compound 12, showing an IC, value of
190 nM in the cell-free assay, provided the same degree
of inhibition (41%) when given at 1 mg/kg b.i.d. in the
ACD model.

The binding site of 8 on LFA-1 has been determined
using both NMR spectroscopy and x-ray crystallography
(62). The region of the interaction between the protein
and ligand 8 is a crevice formed by helix 1 and 7, and
strands 4 and 5, consisting of hydrophobic residues Leu-
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ICy, = 2.4 UM (LFA-1/ICAM-1)
IC,, = 25 UM (hut78/ICAM-1)
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IC,, = 2.4 uM (Jurkat/ICAM-1)
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ICy, = 2.4 nM (Jurkat/ICAM-1)
|C50 =25 nM (human MLR)

OH

HO o o
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N

ICy, = 190 nM (Jurkat/ICAM-1)

Fig. 2. Mevinolin analogs.

132, Phe-153, lle-235, Tyr-257, Lys-287, Leu-298, Glu-
301, Leu-302 and Lys-305. This crevice is located at a
face opposite of the MIDAS motif which coincides with the
proposed allosteric site, the IDAS of LFA-1. It has been
suggested by the original authors that 8 may inhibit
LFA-1/ICAM interactions by an indirect mechanism. It is
plausible that the binding of 8 may inhibit structural
changes that occur due to either ICAM-1 binding or the
poorly understood activation process.
5-Substituted-3-phenylhydantoin derivatives have
been reported as LFA-1 inhibitors by Boehringer
Ingelheim (65). This series of compounds were discov-
ered through optimization of a HTS hit with low micromo-
lar potency in a cell-free adhesion assay. The most potent
compounds in the series (13-17) inhibit the binding of
LFA-1 to ICAM-1 with affinities in the range of 20-60 nM
in the binding assay (Table Il). They were also tested in 2

cellular assays. The inhibitory activities against LFA-1-
induced aggregation of JY cells correlate well with the
potency derived from the cell-free binding assay.
However, the compounds are substantially weaker as
inhibitors of both LFA-1- and VLA-4-mediated adhesion of
SKWS3 cells to ICAM-1, a possible reflection of the selec-
tive antagonism of LFA-1 mediated adhesion.
Compound 15, BIRT-377, was characterized in detail
both in vitro and in vivo. It is highly selective for LFA-1-
mediated events (i.e., no Mac-1/ICAM-1 inhibitory activity
was observed) and it did not exhibit significant cytotoxici-
ty in a cellular toxicity MTT assay (LD, > 250 pM). 15 has
an IC, value of 0.85 UM in inhibiting the production of
IL-2 by stimulated human peripheral blood lymphocytes.
15 also inhibited the SEB-induced production of IL-2 in a
dose-dependent manner at 25 and 50 mg/kg doses p.o.
in a mouse model, with the higher dose reducing the level
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R2
(0]
'/ CH,
cl N_ _No
T
(6]
Cl
Table II: 3-Phenylhydantoin derivatives.
IC,, (nM) IC,, (nM)
R, R, K,(nM) JYcels SWK-3cells

13 (CH,),SO,H Br 100 <1
14 (CH,),N(CH,), Br 50 200 2
15 CH, Br 20 100 3
16 H Br 60 100 8
17 Ac Br 60 1300 35
18 CH, 3-Pyr 40 30 0.5

of serum IL-2 by approximately 64% which is the same
degree observed for an anti-LFA-1 Ab (M17.2; 200 pg
i.p.). The N-1 position of the hydantoin seems to be the
position for addressing the poor aqueous solubility of the
overall molecule and metabolic liability of 15 which may
be achieved by attaching charged groups as in com-
pounds 13 and 14 (66). The binding site of 15 was only
established as the CD11a chain in the original communi-
cation (65), although our modeling work suggests that
compound 15 also binds to the IDAS and inhibits LFA-1
activation in a similar fashion as 8.

Biaryl systems were explored using the Suzuki reac-
tion of the aryl bromide 15 with various aryl boronic acid
(67). Among the analogs examined, 3-pyridyl-based com-
pound 18 appears to have the best in vitro profile with
insignificant cellular toxicity (Table Il). It is selective for
ICAM-1 binding in the SKW3 cell adhesion assay and
does not inhibit fibronectin. It also shows good activity in
the JY cell aggregation assay with an IC., of 30 nM
obtained.

Structural modification of the hydantoin core of 15
led to the discovery of 2 new series of LFA-1 antagonists
(Fig. 3). 1,3-Dihydropyrrolo[2,3-b]pyridin-2-one deriva-
tives, such as 19, and 1,3-dihydroindol-2-one derivatives,
such as 20, antagonize the binding of ICAM-1 to LFA-1
with IC,, values of 0.375 and 0.705 uM, respectively, in a
cell-free binding assay (68). The discovery that tetrahy-
dropyrrolo[1,2-climidazole-1,3-dione and tetrohydroimi-
dazo[1,5-b]pyridine-1,3-dione derivatives were LFA-1
antagonists, such as 21 and 22, was also disclosed (69).
Although no specific potency data were reported for these
compounds, the 10 examples claimed were reported to
have K, values below 10 puM.

Diaryl sulfide-based LFA-1 inhibitors represent the
most extensively explored and reported small molecule
antagonists to date. IC-52593 (23) was discovered from a
high throughput screening by Icos Corp. (Fig. 4) (70).

Inhibitors of LFA-1/ICAM-1 interaction

Initial SAR indicates that both the sulfide and the anilino
group are required for the affinity. Compound 23 has an
IC,, value of 2.1 uM in a cell-free binding assay, and
exhibited an IC, value of 1.5 uM for inhibiting JY cell
(LFA-1 expressing)/ICAM-1 binding. Compound 23 also
blocks the interaction of LFA-1 with other ICAMs, such as
ICAM-3, in the JY cell-based assay with an IC,, value of
0.5 pM.

Compound 23 was developed into several series
of potent, selective and orally bioavailable LFA-1

Cl

Br

Cl

Cl

Cl

Fig. 3. New Boehringer Ingelheim LFA-1 inhibitors.

OO "
S

Cl Cl
23

Fig. 4
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Table lll: p-Arylthio cinnamide derivatives.
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R4

Ar R

By)
N

IC,, (M)
NR,R,

IC,, (NM)

LFA-1/ICAM-1 JY cells

2-i-Pr-Ph
2,3-dihydrobenzo-[1,4]dioxin-6-yl Cl
2,3-dihydrobenzo[1,4]dioxin-6-yl
2,3-dihydrobenzo[1,4]dioxin-6-yI CF
2-MeO-Ph CF
1-Me-5-indolyl Cl Cl

ITT

3
3

4-Ac-1-Piz

4-Ac-1-Piz
3-CO,H-1-Pip
4-CO,H-1-Pip
4-CO,H-1-Pip
4-CO,H-1-Pip

44
40
25
3.0
5.0
6.0

35
80
140
0.5
0.1
4.0

antagonists by Abbott Laboratories (71, 72). The anilino
diaryl sulfide template was transformed into the p-arylthio
cinnamide series through identification of an additional
binding pocket (Table Ill). Parallel optimization of the 3
segments of the molecule led to the discovery of A-
286982 (24), which has IC, values of 44 and 35 nM in a
cell-free binding assay and the JY cell adhesion assay,
respectively (73). The poor solubility associated with 24
was addressed through 2 structure-based approaches.
One was the identification of more hydrophilic isopropyl
phenyl ring replacements using a NMR fragment screen-
ing technique. Incorporation of these new fragments,
mainly heterocycles, into the parent cinnamide template
led to analogues with marginally increased aqueous sol-
ubility and improved pharmacokinetic profiles in rats, as
exemplified by A-292949 (25) (74). Additional SAR efforts
on the heterocycles failed to further advance the potency
of the resulting analogs. The second approach was
attaching a negatively charged carboxy group to the sol-
vent-exposing piperidine/piperazine-based cyclic amides.
A-304470 (26) has an aqueous solubility of greater than
3 mg/ml (pH 7.4) while maintaining the affinity of 24. In
contrast, attachment of positively charged groups to the
cyclic amides did not improve the solubility of the result-
ing analogs. Compound 26 also exhibited a very good
pharmacokinetic profile with bioavailabilities of 28 and
55% observed in rats and dogs, respectively (75). In a rat
model of stroke, 26 administered at 50 mg/kg i.v. prior to
reperfusion provided a statistically significant reduction of
infarct size (Infarct Size/Area at Risk = 44%) compared to
the control (IS/AAR = 63%).

Improvements in potency of over 10-fold were
achieved with the introduction of a second chlorine or tri-
fluoromethyl group to the 3-position of the central phenyl
ring to fill up the cavity remaining in the binding pocket
(Table Ill). The most potent compounds (27 and 28) con-
tain 2 CF, groups and have IC,, values of 0.5 and 0.1 nM,
respectively, in the JY cell adhesion assay. In a murine
model of allergen-induced asthma, compound 29
(F = 23% in rats) had a significant and dose-dependent
inhibitory effect on eosinophilia at concentrations as low
as 1 mg/kg p.o. When 29 was given at 10 mg/kg p.o. at

OH

Fig. 5. Diaryl sulfide cyclopropylamides.

—1 and +7 h after allergen inhalation, eosinophil traffick-
ing was inhibited by more than 60% (76). In a staphylo-
coccus enterotoxin A-induced neutrophil trafficking model
in the rat, compound 29 inhibited neutrophil migration in
an apparent dose-responsive manner, with a significant
inhibitory effect seen at a concentration of 100 mg/kg.

A series of diarylsulfide cyclopropylamides was dis-
covered through modification of the double bond of 24 to
a trans-cyclopropyl group to circumvent the potential
metabolism liability of the cinnamide (Fig. 5) (77). Initially,
the 1C,, value of compound 30 dropped more than 2
orders of magnitude (from 13 nM to 1.48 pM) when the
medium of the assay was changed from serum-free to
50% FBS. Compound 30 was virtually inactive at a con-
centration of 4 pM in the JY adhesion assay. Alteration of
the polarity of the 2 termini of the molecule yielded com-
pound 31 (A-324920) with maximized potency and mini-
mized protein-binding properties. In the cell-free assay,
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Fig. 6. NMR-derived structural model for A-286982 with LFA-1
| domain.

the IC,, value of 31 decreased only 5-fold, from
5 nM in the absence of serum to 27 nM in the presence
of 50% FBS. In the JY cell adhesion assay, the degree of
the decreased in potency was comparable, from an IC,,
of 9 nM (-serum) to 50 nM (+50% serum). 31 also
exhibited a bioavailability of 27% and an oral half-life of
1.2 hin rat, which justifies further refinement of this series
of compounds.

The p-arylthio cinnamide 24 was found to bind to the
IDAS of LFA-1 distal from the MIDAS, on the basis of mul-
tidimensional NOE studies (Fig. 6) (74). Thus, this series
of compounds is predicted to inhibit adhesion of LFA-1 to
ICAM-1 by lowering the affinity of LFA-1 for ICAM-1
through an increase in the K, of LFA-1 or through stabi-
lizing the low affinity state of LFA-1. Recently, disulfide
bonds were introduced to lock the LFA-1 | domain in the
predicted open, ligand binding or closed, nonbinding con-
formations, respectively (78). It was found that 8 does not
inhibit the adhesion of the locked open | domain to
ICAM-1, which again suggests that the mechanism of
action of 8, 15 and 24, is to stabilize the | domain in the
closed conformation and block the downward shift of the
C-terminal a-helix that occurs in the transition to the open
conformation. The presence of the | domain in the a-sub-
units of other integrins suggests that it is possible to tar-
get individually the regulatory sites within those | domains
and identify small molecules which are capable of inter-
rupting biological processes involving the activation of
those integrins.

Inhibitors of LFA-1/ICAM-1 interaction

Antagonists with unknown site of action

Diazepanes derived from conformationally restricted
dipeptides have been shown by Novartis to inhibit the
LFA-1/ICAM-1 interaction (Fig. 7) (79). On the basis of
the examples claimed in the patent, the large hydropho-
bic groups on the two opposite ends of the molecules
seem to be critical for the intrinsic activities of this series
of compounds. For example, compounds 32 and 33 have
IC,, values of 440 and 70 nM, respectively, in a cell-free
binding assay. In the ACD mouse model, 33 had an
inhibitory effect of 40% when administered p.o. at a dose
of 2 x 3 mg/kg or 50% when applied topically at a dose of
10 mM.

Novel thiadiazole amides (80) and thiadiazolyl urea
(81) have been reported to be LFA-1 and Mac-1 inhibitors
by Pharmacia & Upjohn (Fig. 8). The amide-based com-
pounds appear to have very inconsistent inhibitory selec-
tivity for LFA-1 and Mac-1. For example, compound 34
has IC,, values of 0.2 and 2.4 uM against LFA-1 and
Mac-1, respectively, in the cell-free binding assays.
However, in the cellular assay, the selectivity of 34 was
reversed, with IC,, values of 2.0 and > 20 uM against
PMN (Mac-1 expressing human neutrophil) and JY cells,
respectively. The urea-based inhibitors seems to be more
Mac-1 selective, such as compound 35, which had IC_ s
of 0.3 and 0.1 uM against LFA-1 and Mac-1, respectively,
in the cell-free binding assay. The selectivity for Mac-1
inhibition exhibited by 35 was magnified to IC,, values of
0.8 and 5.0 uM for Mac-1 and LFA-1, respectively, in the
cellular assays.

A novel benzopyran compound 36 obtained from
Streptomyces sp. Mer-88 was claimed by Daiichi Seiyaku
(Fig. 9). Compound 36 inhibited the association of LFA-1
and ICAM-1 in a dose-dependent manner in vitro with
92.3% of the binding inhibited at a final concentration of
12.8 UM (82).
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Fig. 7. Diazepane derivatives.
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Scientists from Teikyo University have reported the
isolation of Adxanthromycin A (37) and B (38) from the
cultured broth of strain Streptomyces sp. NA-148 as
novel inhibitors of the ICAM-1/LFA-1 interaction (Fig. 10)
(83). Compounds 37 and 38 inhibited SKW-3 adhesion to
soluble ICAM-1 with IC s of 18.8 and 25.0 pug/ml, respec-
tively. They also completely and dose-dependently inhib-
ited homotypic aggregation of JY cells at a concentration
of 6.25 pg/ml. These compounds exhibited much weaker
inhibition in the cell-free assay, which raises the possibil-
ity of involvement of additional molecular targets.

Asperlin (39) was found to be a [ -integrin cell adhe-
sion molecule inhibitor by American Home Products
(Fig. 11) (84). Compound 39 inhibited the adhesion of
activated [,-integrin-expressing HL60 cells to recombi-
nant soluble ICAM-1 with an IC,, value of approximately
12.5 mcg/ml, and blocked the homotypic binding of
LFA-1 and ICAM-1 expressing 8866 cells in a dose-
dependent manner. 39 also exhibited selectivity over
other integrins and selectins. For example, 39 did not
inhibit the adhesion of activated B,-integrin-expressing
U937 cells to human fibronectin, nor did it inhibit the
adhesion of HL60 cells to E-selectin. 39 was not cytotox-
ic to HL60 cells in a MTT cytotoxicity assay, despite the
potential reactive structural features of the compound.

Aminoalkylphosphonic ester derivatives and malonic
diester derivatives have been claimed as ICAM-1-mediat-
ed cell adhesion inhibitors by Kyorin Pharmaceutical Co.
(Fig. 12) (85, 86). For example, compounds 40 and 41 at
10 pM inhibited the binding (88 and 100%, respectively)
of U937 cells to human umbilical vein endothelial cells
(HUVEC) which were treated with human IL-1b to induce
ICAM-1 and VCAM-1, respectively. In a mouse DTH
model, 28 and 29 reduced swelling by 66 and 78%,
respectively, over controls when dosed b.i.d. at 30 mg/kg
for 5 days. An uncertainty pertaining to these 2 com-
pounds is the possible involvement of other adhesion
molecules, such as VCAM-1 and selectins, as the molec-
ular targets for these inhibitors.

Conclusions
The LFA-1/ICAM-1 interaction has been implicated in

many pathological processes, most notably inflammatory
diseases and ischemic reperfusion injury. Small molecule
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antagonists may be useful in the treatment of psoriasis,
rheumatoid arthritis and stroke. Extensive research is
being conducted in this exciting new area as evidenced
by the increasing numbers of related patents and by the
different classes of antagonists reported to date. At pre-
sent, IC-747 appears to be the most advanced compound
since it is currently undergoing clinical development
for the treatment of psoriasis in a phase | trial initiated in
July 2001 (87). These early benchmark compounds will
help to better establish the therapeutic utility of LFA-1
antagonists.

The activation and downregulation of leukocyte adhe-
sion are still relatively poorly understood, although much
is already known about the binding sites in integrins for
ICAMs and other adhesion molecules, and reciprocally,
about the integrin recognition sites in the ICAMs. The
advances of basic research in leukocyte adhesion com-
bined with the increasing amounts of structural data,
should result in second generation antagonists with
improved pharmaceutical properties and better specifici-
ties for greater clinical applications.

References

1. Butcher, E.C. Leukocyte-endothelial cell recognition: Three (or
more) steps to specificity and diversity. Cell 1991, 67: 1033-6.

2. Springer, T.A. Traffic signals on endothelium for lymphocyte
recirculation and leukocyte emigration. Annu Rev Physiol 1995,
57: 827-72.

3. Ali, H., Haribabu, B., Richardson, R.M., Snyderman, R.
Mechanism of inflammation and leukocyte activation. Med Clin
North Am 1997, 81: 1-28.

4. Springer, T.A. Adhesion receptors of the immune system.
Nature 1990, 346: 425-34.

5. Butcher, E.C., Picker, L.J. Lymphocyte homing and home-
ostasis. Science 1996, 272: 60-6.

6. Ley, K. Molecular mechanisms of leukocyte recruitment in the
inflammatory process. Cardiovasc Res 1996, 32: 733-42.

Inhibitors of LFA-1/ICAM-1 interaction

7. Kishimoto, T.K., Rothlein, R. Integrins, ICAMS, and selectins.
Role and regulation of adhesion molecules in neutrophil recruit-
ment to inflammatory sites. Adv Pharmacol 1994, 25: 117-69.

8. Hynes, R.O. Integrins: Versatility, modulation, and signaling in
cell adhesion. Cell 1992, 69: 11-25.

9. Mazzone, A., Ricevute, G. Leukocyte CD11/CD18 integrins:
Biological and clinical relevance. Haematology 1995, 80: 161-75.

10. Gahmberg, C.G. Leukocyte adhesion: CD11/CD18 integrins
and intercellular adhesion molecules. Curr Opin Cell Biol 1997,
9: 643-50.

11. Carlos, T.M., Harlan, J.M. Leukocyte-endothelial adhesion
molecules. Blood 1994, 84: 2068-101.

12. Gahmberg, C.G., Tolvanen, M., Kotovuori, P. Leukocyte
adhesion: Structure and function of human leukocyte B,-integrins
and their cellular ligands. Eur J Biochem 1997, 245: 215-32.

13. Anderson, D.C., Schmalstieg, F.C., Shearer, W. et al.
Leukocyte LFA-1, OKMI, p150,95 deficiency syndrome:
Functional and biosynthetic studies of three kindreds. Fed Proc
1985, 44: 2671-7.

14. Sligh, J.E., Ballantyne, C.M., Rich, S.S. et al. Inflammatory
and immune responses are impaired in mice deficient in inter-
cellular adhesion molecule 1. Proc Natl Acad Sci USA 1993, 90:
8529-33.

15. Schmits, R., Kiindig, T.M., Baker, D.M. et al. LFA-1 deficient
mice show normal CTL responses to virus but fail to reject
immunogenic tumor. J Exp Med 1996, 183: 1415-26.

16. Bevilacqua, M.P., Nelson, R.M., Mannori, G.
Endothelial-leukocyte adhesion molecules in human disease.
Annu Rev Med 1994, 45: 361-78.

17. Huang, Y.-W., Baluna, R., Visetta, E.S. Adhesion molecules
as targets for cancer therapy. Histol Histopathol 1997, 12:
467-77.

18. Cornejo, C.J., Winn, R.K., Harlan, J.M. Anti-adhesion thera-
py. Adv Pharmacol 1997, 39: 99-142.

19. Henricks, P.A., Nijkamp, F.P. Pharmacological modulation of
cell adhesion molecules. Eur J Pharmacol 1998, 344: 1-13.

20. Jordan, J.E., Zhao, Z.Q., Vinten-dohansen, J. The role of
neutrophils in myocardial ischaemia-reperfusion injury.
Cardiovasc Res 1999, 43: 860-78.

21. Huang, C., Springer, T.A. A binding interface on the | domain
of lymphocyte function-associated antigen-1 (LFA-1) required for
specific interaction with intercellular adhesion molecule |
(ICAM-1). J Biol Chem 1995, 270: 19008-16.

22. Landis, R.C., McDowall, A., Holness, C.L., Littler, A.J.,
Simmons, D.L., Hogg, N. Involvement of the “I” domain of LFA-1
in selective binding to ligands ICAM-1 and ICAM-3. J Cell Biol
1994, 126: 529-37.

23. Leitinger, B., Hogg, N. Effects of | domain deletion on the
function of the B, integrin lymphocyte function-associated anti-
gen-1. Mol Biol Cell 2000, 11: 677-90.

24. van Kooyk, Y., Figdor, C.G. Avidity regulation of integrins:
The driving force in leukocyte adhesion. Curr Opin Cell Biol
2000, 12: 542-7.

25. Lee, J.O., Rieu, P.,, Amout, M.A., Liddington, R.C. Crystal
structure of the A domain from the a-subunit of the integrin CR3
(CD11b/CD18). Cell 1995, 80: 631-8.



Drugs Fut 2001, 26(8)

26. Lee, J.O., Bunkston, L.A., Arnout, M.A., Liddington, R.C. Two
conformations of the integrin A-domain (I-domain): A pathway for
activation? Structure 1995, 3: 1333-40.

27. Qu, A., Leahy, D.J. Crystal structure of the I-domain from
CD11a/CD18. Proc Natl Acad Sci USA 1995, 92: 10277-81.

28.Qu, A,, Leahy, D.J. The role of the divalent cation in the struc-
ture of the |-domain from the CD11a/CD18 integrin. Structure
1996, 4: 931-42.

29. Emsley, J., Knight, C.G., Farndale, R.W., Barnes, M.J.,
Liddington, R.C. Structural basis of collagen recognition by inte-
grin a,B,. Cell 2000, 101: 47-56.

30. Staunton, D., Van Der Vieren, M., Huth, J., Fowler, K., Orme,
M., Olejniczak, E.T. (Icos Corp./Abbott Laboratories). LFA-1 reg-
ulatory binding site and uses thereof. WO 0060355.

31. Huth, J.R., Olejniczak, E.T., Mendoza, R. et al. NMR and
mutagenesis evidence for an | domain allosteric site that regu-
lates lymphocyte function-associated antigen-1 ligand binding.
Proc Natl Acad Sci USA 2000, 97: 5231-6.

32. Stanley, P., Hogg, N. The | domain of integrin LFA-1 interacts
with ICAM-1 domain | at residue Glu-34 but not GiIn-73. J Biol
Chem 1998, 273: 3358-62.

33. Fisher, K.L., Lu, J., Riddle, L., Kim, K.J., Presta, L.G., Bodary,
S.C. Identification of the binding site in intercellular adhesion
molecule 1 for its receptor, leukocyte function-associated antigen
1. Mol Biol Cell 1997, 8: 501-15.

34. Bella, J., Kolatkar, P.R., Marlor, C.W., Greve, J.M,,
Rossmann, M.G. The structure of the two amino-terminal
domains of human ICAM-1 suggests how it functions as a rhi-
novirus receptor and as an LFA-1-integrin ligand. Proc Natl Acad
Sci USA 1998, 95: 4140-5.

35. Stanley, P., McDowall, A., Bates, P.A., Brashaw, J., Hogg, N.
The second domain of intercellular adhesion molecule-1
(ICAM-1) maintains the structural integrity of the leukocyte func-
tion-associated antigen-1 (LFA-1) ligand-binding site in the first
domain. Biochem J 2000, 351: 79-86.

36. Edwards, C.P., Fisher, K.L., Presta, L.G., Bodary, S.C.
Mapping the intercellular adhesion molecule-1 and -2 binding
site on the inserted domain of leukocyte function-associated anti-
gen-1. J Biol Chem 1998, 273: 28937-44.

37. Behrend, M. Immune-adhesion molecules in the prevention
of allograft rejection and reperfusion injury. Exp Opin Invest
Drugs 2000, 9: 789-805.

38. Cavazzana-Calvo, M., Bordigoni, P., Michel, G. et al. A phase
Il trial of partially incompatible bone marrow transplantation for
high-risk acute lymphoblastic leukaemia in children: Prevention
of graft rejection with anti-LFA-1 and anti-CD2 antibodies. Br J
Haematol 1996, 93: 131-8.

39. Hourmant, M., Le Mauff, B., Le Meur, Y. et al. Administration
of an anti-CD11a monoclonal antibody in recipients of kidney
transplantation: A pilot study. Transplantation 1994, 58: 377-80.

40. Hourmant, M., Bedrossian, J., Durand, D. et al. Multicenter
comparative study of an anti-LFA-1 adhesion molecule mono-
clonal antibody and antithymocyte globulin in prophylaxis of
acute rejection in kidney transplantation. Transplantation Proc
1995, 27: 864.

41. Vuorte, J., Repo, H., Meri, S. et al. Anti-ICAM monoclonal
antibody R6.5 (enlimomab) tested clinically in ischemic stroke
promoted neutrophil activation. Stroke 1999, 30: 246.

777

42. Salmela, K., Wramner, L., Ekberg, H. et al. A randomized
multicenter trial of the anti-ICAM-1 monoclonal antibody
(enlimomab) for the prevention of acute rejection and delayed
onset of graft function in cadaveric renal transplantation.
Transplantation 1999, 67: 729-36.

43. Mundell, I. Coping with rejection: Can anti-ICAM-1 antibodies
help? Inpharma 1993, 879: 20.

44. Kavanaugh, A., Jain, R., Nichols, L. et al. Anti-CD54 (inter-
cellular adhesion molecule-1; ICAM-1) monoclonal antibody
therapy in rheumatoid arthritis (RA). Clin Res 1994, 42: 314A.

45. Allison, D.E., Bussiere, J.L., Green, W.L. et al. Clinical PK/PD
of a humanized antibody fragment to leukocyte CD18 receptors.
Clin Pharmacol Ther 2000, 67: 107.

46. LIMIT AMI study results. 22nd Cong Eur Soc Cardiol (Aug
26-30, Amsterdam) 2000, Oral presentation.

47. Rhee, P., Morris, J., Durham, R. et al. Recombinant human-
ized monoclonal antibody against CD18 (rhuMAb CD18) in trau-
matic hemorrhagic shock: Results of a phase Il clinical trial. J
Trauma 2000, 49: 611-9.

48. Papp, K.A., Bissonette, R., Goldwater, R. et al. The treatment
of moderate to severe psoriasis with hu1124: A new monoclonal
antibody. Br J Dermatol 1999, 141: 980.

49. Gottlieb, A.B., Krueger, J., Abdulghani, A. et al. Psoriasis is
clinically and histologically improved by treatment with a human-
ized anti-CD11A monoclonal antibody (hu1124): Results of a
multicenter, multiple ascending dose study. Arthritis Rheum
1999, 42 (Suppl.): 373.

50. Data reported for Xanelim in psoriasis. DailyDrugNews.com
(Daily Essentials) June 27, 2001.

51. ICOS reports results from LeukArrest clinical trial in hemor-
rhagic shock. DailyDrugNews.com (Daily Essentials) June 21,
1999.

52. Lubin, F. A phase Il trial of anti-CD11/CD18 monoclonal anti-
body in acute exacerbations of multiple sclerosis. Hu23F2G MS
Study Group. Neurology 1999, 52(Suppl. 2): 290-1.

53. Icos Corp. Press Release. Icos announces phase 2 clinical
trial in myocardial infarction. Available from: http://www.icos.com.

54. Kavanaugh, A.F., Schulze-Koops, H., Davis, L.S. et al.
Repeat treatment of rheumatoid arthritis patients with a murine
anti-intercellular adhesion molecule 1 monoclonal antibody.
Arthritis Rheum 1997, 40: 849-53.

55. Hamilton, G.S., Mewshaw, R.E., Bryant, C.M. et al.
Fluorenylalkanoic and benzoic acids as novel inhibitors of cell
adhesion processes in leukocytes. J Med Chem 1995, 38:
1650-56.

56. Boschelli, D.H., Kramer, J.B., Khatana, S.S. et al. Inhibition
of E-selectin, ICAM-1, and VCAM-1-mediated cell adhesion by
benzo[b]thiophene-, benzofuran-, indole-, and naphthalene-2-
carboxamides: Identification of PD 144795 as an anti-
inflammatory agent. J Med Chem 1995, 38: 4597-614.

57. Sanfilippo, P.J., Jetter, M.C., Cordova, R. et al. Novel thiazole
based heterocycles as inhibitors of LFA-1/ICAM-1 mediated cell
adhesion. J Med Chem 1995, 38: 1057-9.

58. Gadek, T.R., Marsters, J.C. Jr., Stanley, M. et al.
Identification and characterization of antagonists of the
LFA-1/ICAM-1 protein-protein interaction as novel immunomod-
ulatory agents. 220th ACS Natl Meet (August 20-24,
Washington, DC) 2000, Abst MEDI-177.



778

59. Burdick, D.J. (Genentech). Antagonists for treatment of
CD11/CD18 adhesion receptor mediated disorders. WO
9949856.

60. Fotouhi, N., Gillespie, P., Guthrie, R.W., Pietranico-Cole,
S.L., Yun, W. (F. Hoffmann-La Roche AG). Diaminopropionic
acid derivatives. WO 0021920.

61. Binnerts, M.E., van Kooyk, Y. How LFA-1 binds to different
ligands. Immunol Today 1999, 20: 240-5.

62. Kallen, J., Welzenbach, K., Ramage, P. et al. Structural basis
for LFA-1 inhibition upon lovastatin binding to the CD11a
I-domain. J Mol Biol 1999, 292: 1-9.

63. Bauer, W., Cottens, S., Geyl, D., Weitz-Schmidt, G., Kallen,
J., Hommel, U. (Novartis AG). Lymphocyte function antigen-1
antagonists. WO 9911258.

64. Baenteli, R., Bauer, W., Cottens, S. et al. (Novartis AG).
Mevinolin derivatives. WO 0048989.

65. Kelly, T.A., Jeanfavre, D.D., McNeil, D.W. et al. A small mol-
ecule antagonist of LFA-1-mediated cell adhesion. J Immunol
1999, 163: 5173-7.

66. Emeigh, J.E., Bormann, B.-J., Frye, L. et al. Small molecule
antagonists of LFA-1-mediated cell adhesion. 221st ACS Natl
Meet (April 1-5, San Diego) 2001, Abst MEDI-177.

67. Kelly, T.A., Bormann, B.J., Frye, L.L., Wu, J.-P. (Boehringer
Ingelheim Pharmaceuticals, Inc.). Small molecules useful in the
treatment of inflammatory disease. WO 9839303.

68. Kelly, T.A., Wu, J.-P., Kuzmich, D., Ward, Y. D., Frye, L.L.
(Boehringer Ingelheim Pharmaceuticals, Inc.). Small molecules
useful in the treatment of inflammatory disease. WO 0106984.

69. Kelly, T.A., Wu, J.-P., Kuzmich, D. (Boehringer Ingelheim
Pharmaceuticals, Inc.). Small molecules useful in the treatment
of inflammatory disease. WO 0107052.

70. Fowler, K., Orme, M., Staunton, D.E., Adolphson, J. (Icos
Corp.). Inhibitors of LFA-1 binding to ICAMs and uses thereof.
WO 0059878.

71. Link, J., Liu, G., Pei, Z. et al. (Abbott Laboratories). Cell
adhesion-inhibiting antiinflammatory and immune-suppressive
compounds. WO 0039081.

72. Link, J., Liu, G., Pei, Z. et al. (Abbott Laboratories). Cell
adhesion-inhibiting antiinflammatory and immune-suppressive
compounds. WO 0059880.

73. Liu, G., Link, J.T., Pei, Z. et al. Discovery of novel p-arylthio
cinnamides as antagonists of leukocyte function-associated anti-
gen-1/intercellular adhesion molecule-1 interaction. 1. Identifi-
cation of an additional binding pocket based on an anilino diaryl
sulfide lead. J Med Chem 2000, 43: 4025-40.

74. Liu, G., Huth, J.R., Olejniczak, E.T. et al. Novel p-arylthio cin-
namides as antagonists of leukocyte function-associated anti-

Inhibitors of LFA-1/ICAM-1 interaction

gen-1/intercellular adhesion molecule-1 interaction. 2.
Mechanism of inhibition and structure-based improvement of
pharmaceutical properties. J Med Chem 2001, 44: 1202-10.

75. Pei, Z., Xin, Z., Liu, G. et al. Discovery of potent antagonists
of leukocyte function associated antigen-1/intercellular adhesion
molecule-1 interaction. 3. Amide (C-ring) SAR and improvement
of overall properties of p-arylthio cinnamides. J Med Chem 2001,
44: 2913-20.

76. Winn, M., Reilly, E.B., Liu, G. et al. Discovery of novel
p-arylthio cinnamides as antagonists of leukocyte function-asso-
ciated antigen-1/intercellular adhesion molecule-1 interaction. 4.
S.A.R. of substituents on the benzene ring of the cinnamide. J
Med Chem, submitted.

77. Link, J.T., Sorensen, B., Liu, G. et al. Discovery and SAR of
diarylsulfide cyclopropylamide LFA-1/ICAM-1 interaction antago-
nists. Bioorg Med Chem Lett 2001, 11: 973-6.

78. Lu, C., Shimaoka, M., Ferzly, M., Oxvig, C., Takagi, J.,
Springer, T.A. An isolated, surface-expressed | domain o the
integrin a, B, is sufficient for strong adhesive function when
locked in the open conformation with a disulfide bond. Proc Natl
Acad Sci USA 2001, 98: 2387-92.

79. Albert, R., Ehrhardt, C., Hommel, U. et al. (Novartis AG).
Substituted diazepanes. WO 0127102.

80. Gammill, R.B., Vander V.S., Mitchell, M.A., Nugent, R.A.
(Pharmacia & Upjohn Corp.) Antiinflammatory thiadiazolyl ureas
which act as LFA-1 and Mac-1 inhibitors. WO 9920617.

81. Gammill, R.B., Vander V.S., Nugent, R.A. (Pharmacia &
Upjohn Corp.) Thiadiazoles amides useful as antiinflammatory
agents. WO 9920618.

82. Daiichi Seiyaku and Mercian KK. JP 12072766.

83. Nakano, T., Koiwa, T., Takahashi, S. Adxanthromycins A and
B, new inhibitors of ICAM-1/ICAM-1 mediated cell adhesion mol-
ecule from Streptomyces sp. NA-148. 1. Taxonomy, production,
isolation and biological activities. J Antibiot (Tokyo) 2000, 53:
12-8.

84. Perez, M.S. (American Home Products Corp.) 3, integrin cell
adhesion molecule inhibitors. US 5912266.

85. Kono, Y., Sawada, T., Nomura, M., Takahashi, Y., Tsubuki, T.,
Sakoe, Y., Kuriyama, K. (Kyorin Pharmaceutical Co., Ltd.).
Phosphonic ester derivatives and process for producing the
same. WO 0015645.

86. Kono, Y., Nomura, M., Sawada, T., Ando, N., Takahashi, Y.,
Kuriyama, K. (Kyorin Pharmaceutical Co., Ltd.). Malonic diester
derivatives and process for producing the same. WO 0015604.

87. Small-molecule LFA-1 antagonist enters phase | studies.
DailyDrugNews.com (Daily Essentials) July 3, 2001.



	Summary
	Introduction
	Structural biology of integrin activation and LFA-1/ICAM-1 interaction
	Monoclonal antibodies against LFA-1 or ICAM-1
	Small-molecule antagonists of LFA-1/ICAM-1 interaction
	Conclusions
	References

