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Moving targets: cell migration inhibitors as new anti-

inflammatory therapies

Charles R Mackay

The pharmaceutical industry has targeted various types of molecules to subdue inflammatory diseases. Drugs that disrupt cell
migration appear particularly promising in clinical trials and in many animal models of inflammatory disease. Cell migration
inhibitors not only interfere with migration of cells to a tissue, but also can affect other necessary processes such as mediator
release and angiogenesis. However, the question is whether drugs that target adhesion molecules or chemoattractant receptors
will prove superior to drugs that target other molecular types. This review proclaims the virtues of targeting cell migration-related
molecules for development of new anti-inflammatory and anti-tumor based drugs. It is likely that cell migration inhibitors will
transform the way in which many human inflammatory diseases and cancers are treated.

Despite the many billions of dollars that have been spent on immuno-
logical research, few effective anti-inflammatory drugs have emerged.
An urgent need for new drugs exists, as many inflammatory diseases
are inadequately responsive to current medications. Moreover, in devel-
oped countries, the incidence of some inflammatory diseases, such as
asthma, has increased markedly over recent decades. The incidence of
some autoimmune diseases, including type 1 diabetes, is also on the rise,
further suggestive of links between inflammatory diseases and aspects
of modern lifestyles!. The challenge for the development of new anti-
inflammatory drugs has been to find appropriate targets that are essen-
tial in the inflammatory process but are mostly dispensable for host
defense against pathogens.

The development of several new drugs is poised to revolutionize the
treatment of inflammatory diseases. Therapeutics that selectively alter
cell migration represent a particularly promising class of the new anti-
inflammatory drugs. The basis for this optimism rests on several recent
developments. The first is the proven efficacy of the first migration-
inhibitory drug to be approved, the anti—0, integrin monoclonal antibody
(mAb) natalizumab (Tysabri). This agent represents a breakthrough
for the treatment of multiple sclerosis and Crohn’s disease, by limiting
T cell migration to an inflamed tissue, such as the central nervous system
in multiple sclerosis. A second development has been the discovery of
the many cell migration molecules required for development of differ-
ent inflammatory responses and the demonstration in animal models
that targeting these is a highly effective way to ameliorate inflammation.
Finally, after a slow start, the pharmaceutical industry has developed
potent and selective small molecule as well as mAb inhibitors for most of
the important cell migration molecules, particularly the chemoattractant
receptors. While adhesion molecules, such as the integrins, have generally
been targeted by protein based drugs such as mAbs, chemoattractant
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receptors are G protein—coupled receptors (GPCRs) that are generally
amenable to inhibition by organic small molecule drugs. The ability to
take them orally makes small molecule inhibitors the drug of choice, yet
mAbs also offer some distinct advantages.

Intervention points for cell migration inhibitors
Leukocyte extravasation usually occurs through a multistep process,
involving first the selectins, then chemoattractant receptor signaling,
followed by firm adhesion to vessel walls through the actions of integrins
(Fig. 1). Thereafter, leukocytes migrate along chemotactic gradients, by
means of chemoattractant receptor signaling and the actions of adhesion
molecules, particularly integrins. Each of the molecular participants in
this process—selectins, chemoattractants and integrins—has a funda-
mental and sequential role, such that inhibition of any given selectin,
chemoattractant receptor or integrin could effectively inhibit leukocyte
extravasation entirely. Selectin or integrin adhesion molecules are few,
whereas the number of chemokines and other chemoattractants suggest
that these latter molecules must be prominent in dictating the precise
placement of leukocyte subsets. For instance, many of the functional
subsets of T cells express the o, integrin uniformly, but they differen-
tially express a range of chemoattractant receptors such as CCR5, CCR6
and CXCRS5. This provides opportunities, as well as pitfalls. If a drug
targets a cell migration molecule too selectively, it might be ineffective.
If it inhibits too broadly, it might be too immunocompromising.
Chemoattractant signaling is usually an essential event during the
multistep process of leukocyte rolling and transendothelial migration.
Consequently, inhibitors of many chemoattractants or their recep-
tors have proven to be highly effective anti-inflammatory agents in
a range of animal models of inflammation (see reviews by refs. 2-5).
However, inhibitors of the integrins and selectins have also proven to
be highly effective in animal models of inflammation and in human
disease. A second point at which a cell migration inhibitor may limit
the inflammatory response is disruption of normal cell placement
within a tissue. For instance, in human asthma, epithelial cell elabo-
ration of eotaxins attracts eosinophils, which can subsequently dam-
age airway epithelium®. CCR3 deficiency in mice does not prevent
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the binding of eosinophils to endothelium, but does result in their
arrest in the subendothelial space and failure to traverse airway tissue’.
Chemoattractants do much more than simply facilitate cell movement.
The proinflammatory effects of chemokines or anaphylatoxins such as
C5a derive from the release of inflammatory mediators by mast cells,
macrophages and neutrophils, including substances such as histamine,
myeloperoxidase and proteases (Fig. 1). Inflammatory responses often
result in new blood vessel growth, and certain chemokines are impor-
tant in stimulating vessel growth. Finally, chemoattractant receptors
also regulate leukocyte retention within a tissue (Fig. 1). Manipulation
of leukocyte retention by drugs such as FTY-720 is proving to be a
successful approach for retaining T cells in lymphoid tissues, thereby
limiting their migration to inflammatory lesions.

Some examples of the most advanced cell migration—based drugs
in development (or approved) for inflammatory diseases are listed
in Table 1. Drug developers now have a diverse range of candidate
molecular targets to alter cell migration for the treatment of inflam-
mation or cancer. Cell migration inhibitors can generally be divided
into four classes. Three of these represent the three types of molecules
involved in cell migration and adhesion: the selectins and their recep-
tors, the chemoattractants and their receptors, and the integrins and
their receptors (Fig. 1). A fourth class includes the signaling molecules
downstream from adhesion or chemoattractant receptors, such as
phosphoinositide-3-OH kinase-y (PI(3)K-y). The diversity of adhe-
sion molecules and chemoattractant receptors, and their restriction
to particular subsets of leukocytes, offers the possibility for selective
inhibition of leukocytes—for instance, a leukocyte type implicated in
the pathogenesis of disease. Various effector T cell subsets have been
implicated in the pathogenesis of different autoimmune or allergic
diseases. Likewise, mast cells, neutrophils and eosinophils, which tend
to be considered in the context of innate immunity, can act as potent
effector cells during inflammatory responses associated with adaptive
immunity. The following sections outline many of the promising cell
migration targets for subsets of T cells and other effector leukocytes.

Selectin inhibitors
Leukocyte tethering and rolling, mediated usually by three selectins
(L-selectin, P-selectin and E-selectin), are the first steps in the pro-
cess of leukocyte binding to vascular endothelium (Fig. 1). L-selectin
is involved in the homing of T cells to lymphoid tissues but is also
expressed on other leukocyte types, where it participates in inflamma-
tion. E-selectin is expressed selectively on skin endothelium, whereas
P-selectin is expressed on inflamed endothelium and by certain leuko-
cytes. Expression of both E- and P-selectins is regulated by inflammatory
stimuli. P-selectin glycoprotein ligand-1 (PSGL-1) is a mucin-like glyco-
protein that binds P-selectin, as well as L- and E-selectin. It is expressed
on certain leukocytes, as well as inflamed endothelial cells. Cutaneous
lymphocyte-associated antigen (CLA) represents a modified form of
PSGL-1 that interacts with E-selectin for skin homing by T cells.
Blockade of selectins or PSGL-1 inhibits several inflammatory condi-
tions, at least in animal models. These will not be reviewed in detail here,
as a recent review is available®. The most impressive experimental data
are in models of ischemia-reperfusion, particularly in transplantation
and myocardial reperfusion injury, and in atherosclerosis. One widely
used selctin inhibitor is recombinant human PSGL-1-Ig fusion protein
(rPSGL-1-Ig), whose mechanism of action is prevention of neutrophil
entry to inflamed or reperfused tissues. However, results of human trials
with selectin inhibitors have been mixed. The most promising selec-
tin inhibitor in human trials appears to be Bimosiamose, which is a
pan-selectin inhibitor developed by Revotar Biopharmaceuticals. It was
effective in models of allograft and xenograft rejection and in mouse
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Figure 1 Points where cell migration molecules operate during inflammatory
responses. Points 1-3 involve the multistep adhesion cascade of

leukocyte binding to endothelium. Chemoattractants (green dots) signal
chemoattractant GPCRs such as chemokine receptors or C5aR, leading

to integrin activation and firm adhesion. Chemoattractants also attract
leukocytes through tissues (point 4) and stimulate leukocytes to release
inflammatory mediators such as histamine and proteases (point 5). An
associated feature of many inflammatory responses is angiogenesis, in which
chemokines are important (point 6). Finally, leukocyte egress from tissues,
particularly lymphoid tissues, is regulated by S1P receptors (point 7), and
stimulation of S1P receptors can limit the migration through blood and
tissues by pathogenic T cells. At present, there are many drugs in preclinical
and clinical development that target one or more of these points (Table 1).
Selectin inhibitors operate at point 1; integrin inhibitors may operate at
points 1, 3 and 4; chemoattractant receptor inhibitors operate at points 2, 4,
5 and 6; and S1P receptor-based drugs such as FTY-720 operate at point 7.

7. Regulation of leukocyte
retention in tissue

models of asthma. Revotar has reported positive results for human phase
ITa clinical trials for chronic obstructive pulmonary disease (COPD),
psoriasis and asthma (http://www.revotar.com).

Integrin inhibitors
Natalizumab, the mAb to o integrin developed by Biogen-Idec and
Elan for the treatment of multiple sclerosis and Crohn’s disease,
together with another integrin inhibitor, efaluzimab (Raptiva), vali-
dates the effectiveness of migration inhibitors for human inflamma-
tory diseases. Natalizumab binds to both o,B, (VLA-4) and o,f3,.
Several studies in rodents indicated that an o-integrin inhibitor
should be highly effective for human multiple sclerosis and inflam-
matory bowel disease. The results of two phase 3 clinical trials showed
that natalizumab markedly reduces the number of relapses in indi-
viduals with multiple sclerosis®. The notable adverse effect of these
trials was the development in two subjects of progressive multifocal
leukoencephalopathy, a condition caused by a polyoma virus, JC virus.
This complication has resulted in restrictions on the type of patient
that can receive the drug.

CD11a-CD18 (LFA-1) is one of the important integrins for leu-
kocyte binding to endothelium and subsequent migration through
tissue. Efaluzimab is a humanized mAb that was approved in 2003
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Table 1 Promising targets and drug development programs for cell migration inhibitors

Disease indication

Target molecules

Drugs in development

Companies

Rheumatoid arthritis

Crohn’s disease, ulcerative colitis

Multiple sclerosis

CCR5

CCR5

CCR1

CbhaR

CbhaR

CXCR2

CCR2

CCR9

oyP; integrin
oyPy integrin
CXCL10

o,y integrin
oyP; integrin
S1P receptors
S1P receptors
CCR2

Maraviroc (SM)

SM

SM

Anti-C5aR mAb
SM

SM

INCB3284 (SM)
CCX282 (SM)
Natalizumab (mAb)
MLNOO2 (mAb)
MDX-1100 (mAb)
Natalizumab (mAb)
SM

FTY-720

S1P; (SM)
MKO0812 (SM)

Pfizer

Schering-Plough, phase 3
ChemoCentryx, phase 1
NovoNordisk/G2 Therapies, preclinical
Arana Therapeutics

Schering-Plough, phase 2

Incyte, phase 2
ChemoCentryx/GlaxoSmithKline, phase 3
Biogen-Idec, approved

Millennium, phase 2

Medarex, phase 2

Biogen-Idec, approved

Tanabe, phase 2

Novartis, phase 3

Amgen/Predix, phase 1

Merck, phase 2

CCR2 SM ChemoCentryx, phase 1
CCR6 SM ChemoCentryx, preclinical
CCR6 mAb G2 Therapies, preclinical
Psoriasis LFA-1 (CD11a) Efalizumab Genentech, approved
Selectins Bimosiamose (PS SM) Revotar, phase 2
CCR4 Depleting mAb Amgen/Kyowa-Hakko, phase 2
CXCR2 SM GlaxoSmithKline, preclinical
SLE CXCR3 SM Amgen, phase 1 completed
ChaR SM ChemoCentryx, preclinical
Asthma CRTh2 SM Oxagen, phase 2
CRTh2 SM Millennium/Aventis, phase 1
CCR3 Bimosiamose (PS SM) Various, undisclosed
Selectins Revotar, phase 2
Transplant rejection CXCR2/CXCR1 Reparixin (SM) Dompé pha.r.ma, phase 2
CXCR3 SM and mAbs Various, undisclosed
S1P receptors FTY-720 Novartis, phase 2
Atherosclerosis CCR2 MLNOO2 (mAb) Millennium, phase 2
COPD CXCR2 SCH 527123 (SM) Schering-Plough, phase 2
Selectins Bimosiamose (PS SM) Revotar, phase 2
Age-related macular degeneration ~ ChaR SM Arana Therapeutics
ChaR SM ChemoCentryx, preclinical
ChaR mAb NovoNordisk
Stem cell mobilization CXCR4 AMD3100 (SM) Genzyme, approved
Cancer metastasis CXCR4 Modified CXCL12 Chemokine Therapeutics, phase 1/2
CXCR7 SM ChemoCentryx, preclinical
CXCR7 mAb mAb Design, preclinical

Table does not itemize all compounds, from every company, that are in development, nor reference every compound. Please refer to company websites for more infor-
mation. Certain programs in preclinical development or phase 1 trials have been listed under selected indications, on the basis of theoretical considerations and not
necessarily company disclosures. For further information on structures and other compounds in preclinical and clinical development, see ref. 89. PS, pan-selectin;

SM, small molecule; mAb, monoclonal antibody.

for the treatment of moderate to severe plaque psoriasis. A recently
published long-term study demonstrated sustained improvement in
psoriasis symptoms in subjects throughout three years of continuous
treatment!?. Thus, efaluzimab is one of the most effective treatments
for psoriasis at present.

In addition, other promising approaches in pharmacological tar-
geting of integrins are being developed. The successful molecular
modeling of integrins has allowed development of small molecule
allosteric antagonists and ligand mimetics (reviewed in ref. 11). In
addition, statin compounds, commonly used for the treatment of
hypercholesterolemia, also selectively block LFA-1-mediated adhe-

990

sion and costimulation of lymphocytes and suppress inflammation
in a mouse model of peritonitislz. Nevertheless, use of statins as anti-
inflammatory drugs in humans has not yet been reported.

Chemoattractant receptor inhibitors

Neutrophils, eosinophils and mast cells express many chemoattrac-
tant receptors that serve both innate-immunity and inflammatory
functions. Excessive neutrophil influx has been implicated also in
immune-mediated inflammatory disorders such as psoriasis, rheu-
matoid arthritis and inflammatory bowel disease, and, as previously
mentioned, excessive eosinophil recruitment has been implicated in
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knock-in mice for new drug development.
Four humanized chemoattractant receptor
knock-in mice have been reported so far,
including C5aR (ref. 19) and also CXCR2
(ref. 20), CCR2 (ref. 21) and CCR5 (ref. 22).

Human C5aR knock-in
mouse K/BxN arthritis
model

Untreated

Human C5aR expression
on mouse neutrophils in
human C5aR knock-in mice

Figure 2 An example of the use of a human-molecule knock-in mouse for drug discovery and validation.
The mouse C5aR coding region was replaced with the human C5aR sequence, to create human C5aR
knock-in mice. Mouse neutrophils display high expression of human CbaR, assessed using a human
CbhaR-specific mAb (left). Human C5aR knock-in mice develop inflammatory arthritis in the

K/BxN model (middle). Human C5aR knock-in mice treated with mAb to human C5aR are completely
protected (right). These human C5aR knock-in mice have been instrumental for the development of

Novo Nordisk’s C5aR mAb inhibitor. From Lee et al.19.

the pathogenesis of asthma. Discussed below are some of the most
promising chemoattractant receptor targets for inflammatory reac-
tions. Those receptors involved in T cell-mediated inflammatory
diseases are discussed separately, although there can be considerable
overlap in expression of receptors by macrophages, neutrophils and
eosinophils, and by particular T cell subsets.

C5a receptors

The complement component C5a is one of the most potent chemoattractants
for neutrophils and eosinophils. It also activates other leukocytes includ-
ing mast cells and basophils. The detrimental effects of uncontrolled
C5a production have been verified in many inflammatory conditions,
particularly those involving the pathogenic effects of neutrophils. For
instance, overproduced C5a or upregulated C5aR expression has been
implicated in the pathogenesis of rheumatoid arthritis, respiratory dis-
tress syndrome, inflammatory bowel disease, systemic lupus erythema-
tosus (SLE), ischemia-reperfusion injury, COPD and sepsis (reviewed by
ref. 13). Mice genetically deficient in one of the receptors for C5a (C5aR)
and antagonists that block binding of C5a to its receptor have established
the validity of this receptor as a therapeutic target for many autoimmune
diseases and acute inflammatory conditions'>!“. Genetic anomalies in
regulators of the alternative pathway of complement, such as comple-
ment factor H, are associated with particular autoimmune diseases of the
kidney and also of the eye, notably age-related macular degeneration'>;
such diseases represent attractive indications for C5aR antagonists. A
second receptor exists for C5a, termed C5L2 (also called GPR77), but
its precise function is uncertain. Although this receptor does not signal
in the classical fashion like C5aR, it may serve a role in inflammation.
Some studies have suggested that C5L2 acts as an anti-inflammatory
molecule!®, whereas other studies have suggested a proinflammatory
role!”. Recently, C5L.2 deficiency and C5L2-specific antibodies have been
shown to protect against sepsis induced in mice by cecal ligation and
puncturels, although it still appears that C5aR, rather than C5L2, is
overwhelmingly the important target.

Over the past decades, even before the discovery of C5aR, many
research groups have tried to develop highly potent and specific small
molecule antagonists to block C5a function. This approach has turned
out to be surprisingly difficult, probably because C5a has a relatively high
molecular weight (>10,000) and binds to C5aR through two or more
sites. Novo Nordisk and G2 Therapies have developed a high-affinity
mADb to human C5aR (ref. 19), which is now in early clinical trials.

The increasing ease of producing transgenic mice with human-
ized receptors or ligands will likely establish the ready use of ‘human’
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mouse K/BxN arthritis model
Treated with mAb to C5aR

Human molecule knock-in mice are par-
ticularly useful for preclinical development
of drugs that show selectivity for the human
target. Many of the best antagonists that
have come from initial screens are depriori-
tized because of their species selectivity. In
studies with C5aR mAbs, we have success-
fully used human C5aR knock-in mice in an
inflammatory model. Passively transferred
inflammatory arthritis in K/BxN h.C5aR
knock-in mice could be prevented or reversed
with an mAb specific to human C5aR'® (Fig.
2). One problem with using human molecule
knock-in mice is whether the mouse ligand (or receptor) binds with
similar affinity and functionality as does the natural human ligand (or
receptor); this is the case for the human C5aR and CXCR2 knock-in
mice, and, fortunately, many mouse chemokines bind with similar
fidelity to human receptor counterparts, although in some cases—for
example, CCR2—they show decreased efficacy and potency.

CXCR2 and CXCR1

CXCR2 (and its close relative CXCR1) are attractive targets for a range
of inflammatory diseases as well as cancers. CXCR2 is the principal
chemokine receptor expressed on neutrophils, and its expression extends
to eosinophils, mast cells and a small subset of T cells. CXCR2 serves as
areceptor for the CXC chemokines that contain the sequence Glu-Leu-
Arg near the N terminus, so-called ‘ELR’ chemokines, namely CXCL8
(IL-8) and CXCL1 (Gro-o.). CXCR2 inhibitors are highly effective in
animal models of inflammation including lipopolysaccharide-induced
lung neutrophilia and arthritis?>. A negative sentiment developed about
CXCLS8 and its receptors after the failure of trials of a mAb to CXCL8
(Abgenix ABX-IL8) in human COPD?* and psoriasis. However ABX-
IL-8 may not recognize the immobilized, in vivo active form of CXCLS,
which may be one reason for the lack of clinical efficacy. In addition,
CXCL8 is not the only CXCR2 or CXCRI1 ligand expressed by activated
epithelium and endothelium in inflammatory conditions. Hence, inhibi-
tors that target CXCR2, or both CXCR2 and CXCR1, should be much
more effective, as these should block six or more ligands. Most drug
development activity has focused on CXCR2 because it binds many
more ligands than does CXCR1. Patients with COPD, acute respiratory
distress syndrome, rheumatoid arthritis and psoriasis would likely ben-
efit from treatment with a CXCR2—CXCR1 inhibitor. In each of these
conditions, neutrophils seem to play a pathogenic role and CXCR2
(and/or CXCR1) and their ligands likely play an essential role in neutro-
phil recruitment. In human rheumatoid arthritis, angiogenesis is likely
to contribute to disease pathogenesis and so the anti-angiogenic effects
of a CXCR?2 inhibitor, as discussed below, may contribute to therapeutic
effectiveness. One issue to resolve is the relative importance of CXCR2
versus CXCR1 and versus C5aR. A number of CXCR2-CXCR1 antago-
nists are in human clinical trials, the most advanced being Schering-
Plough’s CXCR2 small molecule inhibitor SCH 527123, already in phase
2 trials for COPD and ‘neutrophilic’ asthma.

Other inflammatory chemoattractant receptors
A number of companies have programs centering on CCR2 antagonism.
Incyte has a CCR2 antagonist, INCB3284, which is now in phase 2a
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clinical trials in patients with rheumatoid arthritis and type 2 diabetes.
Merck has a drug, MK0812, in phase 2 trials in subjects with multiple
sclerosis. Millennium Pharmaceuticals has a humanized mAb, MLN1202,
that targets CCR2. This drug failed in a phase 2 trial for rheumatoid
arthritis but is now in trials for multiple sclerosis and atherosclerosis. A
mAb to CCL2, possibly the most important CCR2 chemokine ligand,
also failed in clinical trials. ABN912 had no effect in rheumatoid arthritis
because it dramatically increased the serum concentrations of CCL2 by
serving as a blood depot of this chemokine rather than eliminating it?>.
This result indicates that careful selection of the most appropriate anti-
body isotypes, their half-lives with and without their target molecules
and the mechanisms of elimination must be carefully considered when
developing therapeutic antibodies targeting chemokines. A particular
problem with CCR2 antagonism might be promotion of Alzheimer’s
disease. In the brain, microglia may be neuroprotective by phagocytos-
ing amyloid-f protein. In a mouse model of Alzheimer’s disease, CCR2
deficiency accelerates early disease progression and results in premature
death?®, Also, mice deficient in CCR2 (or CCL2) develop cardinal fea-
tures of age-related macular degeneration, possibly because of defec-
tive clearance of C5a and immunoglobulin G (ref. 27). Whether CCR2
antagonists will produce a similar effect will be an important issue. At
present, animal data suggest that CCR2 antagonists should be most use-
ful in atherosclerosis and multiple sclerosis?®.

Other promising chemoattractant receptors that have been targeted
with small molecule inhibitors include CCR1 and the leukotriene B4
(LTB4) receptor, BLT1. Studies with BLT1-deficient mice have validated
this receptor, at least in mouse inflammation. Substantial protection
from disease was observed in the K/BxN mouse model of inflammatory
arthritis®® and, to a lesser degree, in allergic airway models. Nevertheless,
the issue exists of how close the biology of the human system matches
that of the mouse, since human clinical trials of a LTB4 receptor antago-
nist found that LTB4 was not a major contributor to the inflammatory
process in human rheumatoid arthritis®*. CCR1 is an inflammatory
chemokine receptor expressed on monocytes, T cells and dendritic cells
and interacts with several of the inflammatory chemokines. CCR1 was
one of the first chemokine receptors to be identified and so attracted
considerable attention from the pharmaceutical industry. Several stud-
ies have demonstrated the importance of CCR1 in mouse models of
inflammation, particularly in models of rheumatoid arthritis and in
experimental autoimmune encephalomyelitis (reviewed in ref. 31). In
one human clinical trial, an orally administered CCR1 antagonist devel-
oped by Schering AG and Berlex Biosciences showed no effect over pla-
cebo in a 16-week randomized, double-blind trial in relapsing-remitting
multiple sclerosis. CCR1 is an example of an important target looking
for the right therapeutic indication, and several other CCR1 antago-
nists (by Pfizer, Millennium Pharmaceuticals and ChemoCentryx/
GlaxoSmithKline) are in human clinical trials, for indications such as
rheumatoid arthritis and transplant rejection.

Chemoattractant receptors for T cell subsets

A straightforward concept that has emerged over the years is that T
cell subsets express cell migration molecules appropriate to their func-
tional program. For instance, naive T cells require the special microen-
vironment of organized lymphoid tissues for their priming and express
L-selectin and CCR7, which facilitate migration across high endothelial
venules. Expression of various chemoattractant receptors is carefully
regulated during T differentiation from naive T cells to functional sub-
sets. As such, the chemoattractant receptors are proving to be reliable
markers for functional subsets of effector and memory T cells. CXCR5
marks T follicular helper (Tgy) cells that provide T cell help to B cells.
CRTh2 and CCR3 mark T2 T cells, and CCR6 preferentially marks
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Figure 3 Chemoattractants, cytokines and leukocyte types for different
types of immune responses. (a) Ty1 cells produce the cytokine IFN-y, which
stimulates cells to produce chemokines such as CXCL10, a CXCR3 ligand.
Ty1 cells preferentially express CXCR3 and CCR5, and associate with
leukocyte types such as macrophages. GVHD, graft-versus-host disease.

(b) T2 responses typically involve the cytokines IL-4 and IL-13, which
stimulate chemokines such as the eotaxins, which recruit CCR3-expressing
leukocytes, particularly eosinophils. Another T2 expressed chemoattractant
receptor is CRTh2, which is also expressed by eosinophils. (¢) Ty-17

cells produce IL-17 isoforms, and these stimulate ELR chemokines such

as CXCL8, which attracts neutrophils. The main Ty-17 chemoattractant
receptor is CCR6, which binds the chemokine CCL20; CCR4 also serves as
a chemoattractant receptor. (d) T cell-B cell interactions occur mostly in

B cell follicles and germinal centers, and CXCR5—binding the chemokine
CXCL13—orchestrates germinal center interactions. The Tgy cells that
provide help to B cells express CXCR5 and the cytokine IL-21.

Ty-17 cells (Fig. 3). The reason for the association of different recep-
tors with the various T cell subsets and functional programs is because
certain subsets need to be in specific places and interact with different
leukocyte subsets. This faithful association of receptor expression with
functional programs offers opportunities to either block or subdue select
arms of the T cell response, for instance, pathogenic Ty;-17 cells that
might be driving an autoimmune disease. Despite the widespread use
of chemokine receptors as either markers, or targets, for different types
of immune responses, a few considerations must be remembered. None
of the individual T cell chemoattractant receptors shown in Figure 3 is
absolutely specific for any of the T cell subsets, as they are expressed by
innate immune cells and also by many other cells types. One topic not
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discussed here is receptor expression by CD4*CD25* regulatory T cells.
Chemoattractant receptors place regulatory T cells in the correct loca-
tions to facilitate their function, and the main receptors they express are
those that have also been implicated in inflammatory diseases: CCR2,
CCR4, CCR5, CCR6 and CCRY (ref. 32). The question of course is
whether inhibitors of these receptors will disrupt normal endogenous
immune regulatory mechanisms.

Th1 receptors: CXCR3, CCR5

Tyl cells are important effector cells for antiviral responses and are
the main cell type that produces interferon-y (IFN-y). Knowledge of
the relative importance of Ty1 cells versus Tyy-17 cells as effectors for
human autoimmune diseases is still evolving, but virtually all T cells
in the synovial fluid of humans with rheumatoid arthritis express
CCRS (ref. 33). Individuals homozygous for the CCR5A32 mutation
do not express functional CCR5 and are generally protected from
developing rheumatoid arthritis, suggesting that CCR5 is a promis-
ing target for treatment of rheumatoid arthritis**. CCR5 is the most
important co-receptor for HIV entry, and several pharmaceutical
companies have produced small molecule CCRS5 inhibitors. Pfizer’s
maraviroc (Selzentry) holds considerable promise for certain inflam-
matory conditions, as well as for inhibiting HIV entry into CCR5*
cells. Why does HIV target CCR5? CCRS5 facilitates effector T cell
and dendritic cell migration to mucosal surfaces, where exposure to
HIV mostly occurs. CCR5 marks Ty;1 T cells, which have an antiviral
role, and so infection of CCR5" Ty1 cells may also subvert immune
defenses. Regardless, the association of CCR5 with HIV infection
has resulted in CCR5 antagonists being one of the first chemokine-
based drugs to be approved, although not as yet for inflammatory
conditions. Study of CCR5A32 homozygous individuals suggests that
CCR5 antagonists may also be useful therapy for graft-versus-host
disease and transplant rejection®>%%. One potential downside of a
CCRS5 inhibitor could be compromised antiviral immune defenses,
because, in a study of human West Nile virus infection, CCR5A32
homozygosity was significantly associated with death®’, and intact
CCRS5 is also critical for survival of mice infected with West Nile
virus®%. However, the approximately 1-2% of people of European
ancestry lacking CCR5 seems to survive perfectly well, although other
mechanisms may compensate for its absence.

The other main chemokine receptor that marks Ty;1 cells is CXCR3,
although its expression is somewhat different in being expressed on a
wider variety of T cells, including some Ty;-17 cells. However its con-
nection to antiviral defense is strong, as its ligands CXCL10 (IP-10),
CXCR9 (MIG) and CXCL11 (ITAC) are strongly induced by IFN-y.
Like CCR5, CXCR3 shows a notable expression on T cells associ-
ated with particular inflammatory conditions, including rheumatoid
arthritis*3. Animal model data using CXCR3-deficient mice or CXCR3
inhibitors point to the utility of CXCR3 inhibitors for treating organ
transplant rejection and rheumatoid arthritis®. An interesting feature
of CXCR3 is that it also serves as an endothelially expressed recep-
tor that promotes angiostasis. Therefore, inhibition of CXCR3 may
remove inhibitory signals for new blood vessel growth. One utility
of a CXCR3 inhibitor could be promotion of allograft or xenograft
acceptance, because inhibition of CXCR3 on T cells would limit T cell
recruitment to an inflamed graft, and inhibition of the angiostatic
function of CXCR3 would promote angiogenesis and new blood ves-
sel formation in the organ graft. A CXCR3 small molecule inhibitor
from Amgen/Tularik failed in a human clinical trial for psoriasis, and
since then no companies have reported other clinical trials. A mAb
to CXCL10 (MDX-1100, Medarex) is now in clinical trials for ulcer-
ative colitis. CXCL10 (IP-10) is perhaps the most important of the
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three ligands of CXCR3, and the results of this trial should provide
guidance for other drug development programs. Another approach
is inhibition of the two Ty1 receptors, CXCR3 and CCR5, using one
drug. A small molecule antagonist termed TAK-779 blocks both CCR5
and CXCR3 in humans and rodents and inhibits the development of
adjuvant-induced arthritis in rats.

TH2 receptors: CCR3, CRTh2

T2 responses involve a different set of cytokines, such as interleukin
(IL)-4 and IL-13, and these induce chemokines such as the eotaxins
(CCL11, CCL24 and CCL26), which attract eosinophils by binding
the chemokine receptor CCR3 (see Fig.3). CCR3 is one of the prom-
ising targets for allergic diseases and notably asthma, in part because
it functions not only for eosinophil responses, but also for basophils,
mast cells and some T2 T cells. CCR3 is the dominant functional
chemokine receptor expressed by eosinophils*®, which are strongly
implicated in the pathogenesis of human asthma. CCL11 (eotaxin)
is secreted by bronchial epithelial and endothelial cells and presum-
ably attracts eosinophils to the lungs of allergic asthmatic patients.
Eosinophils release toxic substances, such as major basic protein,
designed for defense against large extracellular parasites. Indeed,
asthmatic airways resemble a tissue that is mounting an antiparasite
response, namely mucous production, smooth muscle contraction
(for expulsion of parasites) and eosinophil recruitment.

CCR3 inhibitors, as well as CCR3-deficient mice, have provided vali-
dation of this target, particularly in mouse models of allergic airway
inflammation”#1=43, One would think that the substantial in vivo data
on interactions between CCR3 and eotaxins and their overexpression in
human asthma would have given rise to many more drug development
programs. However the eosinophil fell out of favor with drug compa-
nies, partly because of an unsuccessful clinical trial of an IL-5 mAb. It
now appears that anti—IL-5 therapy does not totally suppress eosinophil
numbers in tissues because other cytokines such as GM-CSF can also
contribute to eosinophilia, and neutrophils can also contribute to asthma
pathogenesis. A central issue in allergic diseases, particularly human
asthma, is defining what cell type is the most ‘pathogenic’. If eosinophils
are important, then CCR3 represents an ideal target. If allergic diseases
are driven more by IL-13—expressing Ty;2 cells, then other targets may
be preferable, because CCR3 is expressed only by a subset of Ty;2 cells
and is dispensable for T cell-mediated allergic responses*!. An alternative
application for a CCR3 antagonist is eosinophilic esophagitis, a preva-
lent form of food allergy that causes distressing symptoms—heartburn,
nausea and vomiting. A single-nucleotide polymorphism in the human
CCL26 gene is associated with susceptibility to eosinophilic esophagitis,
and CCR3-deficient mice are protected in an experimental model of
eosinophilic esophagitis**. A number of potent CCR3 antagonists have
been described, and some have entered human clinical trials*.

CRTh2 (chemoattractant receptor-homologous molecule expressed on
T2 cells) is a receptor for the prostaglandin PGD2. CRTh2 is restricted
to allergic-type inflammatory cells, including T2 cells, eosinophils and
basophils, and seems to be a much more reliable Ty;2-expressed receptor
than CCR3. Several biological and genetic studies point to CRTh2 as a
highly attractive target for allergic diseases. For instance, potent and selec-
tive CRTh2 receptor antagonists significantly reduce airway inflammation
in animal models of allergic asthma*®47. A small molecule compound
from the biotech company Oxagen, termed ODC9101, is now in phase 2a
clinical trials, and intense interest is growing around this target.

Ty-17 cells and CCR6 and CCR4
IL-17-producing CD4"* T cells (Ty-17 cells) represent a distinct T helper
cell lineage*® involved in the pathogenesis of various autoimmune
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diseases (Fig. 3). Ty;-17 cells express CCR6 and CCR4, and this com-
bination of receptors distinguishes this subset*’, although Ty;-17 cells
probably also express CCR2 and CXCR3 but not CCR5 (ref. 50). Certain
IL-17 isoforms act to recruit neutrophils to inflammatory sites. For
instance, administration of IL-17A into the airways of mice induces
a substantial increase in neutrophils associated with production of
CXCLI and CXCL2 (ref. 51). Several studies suggest CCR6 inhibition
holds promise for treatment of Ty-17-related inflammatory condi-
tions, such as rheumatoid arthritis®2, and multiple sclerosis (F. Sallusto,
personal communication). Synoviocytes from arthritic joints of mice
and humans produce large amounts of CCL20, a ligand for CCR6, and
administering a blocking CCR6 mAb substantially inhibits arthritis in
a mouse model®2. However, T cells in human rheumatoid arthritis uni-
formly express CCR5 and CXCR3 (ref. 33), typical T1 receptors, and
so the precise pathogenic role of Ty;-17 cells versus Ty 1 cells and their
chemokine receptor expression need to be clarified. Inhibition of CCR6
may be more feasible and effective, from a drug development perspec-
tive, than inhibiting the many IL-17 isoforms. CCR6 is potentially ‘drug-
gable’ using organic small molecules, although this target has proven
difficult in small molecule screens, and, as such, CCR6 may be a prime
target for other inhibitory approaches, such as a blocking mAb.

Ty cells and CXCR5

T cells provide help to B cells within germinal centers. The principal
molecules responsible for T and B cell colocalization within germinal
centers include CXCRS5 and its chemokine ligand CXCL13 (ref. 53). Mice
that lack CXCRS5 have severely disrupted lymphoid follicles and mount
poor T-dependent antibody responses.

The relevance of Ty cells for human disease is that overactive Tgy
cells drive B cells to make autoantibodies®®. A good example of this
effect is the San Roque mouse, which develops an antibody-mediated
autoimmune disease because of an induced mutation that impairs
repression of [COS expression®4. Ty cells also produce CXCL13, which
is involved in lymphoid tissue neogenesis and hence may be relevant
to the pathogenesis of various chronic inflammatory autoimmune
diseases. CXCR5 as a target has not attracted much attention from
the pharmaceutical industry because of the limited data available
so far on the suitability of CXCRS5 inhibitors for antibody-mediated
autoimmune diseases, such as SLE.

The promise of tissue-specific cell migration inhibitors
The division of much of the T cell immune system into gut-associated
or skin-associated homing subsets represents one of the fundamental
subdivisions of the immune system (see the review by Sigmundsdottir
and Butcher® in this issue). It also presents an opportunity for the
design of tissue-selective inhibitors for inflammatory diseases. It is now
widely accepted that naive T cells migrate randomly between blood and
lymphoid tissues, whereas effector and memory T cells polarize to phe-
notypes associated either with gut or skin tropism?. This polarization
relates to the site where a naive T cell was originally primed, whether
gut-associated lymphoid tissues or skin-associated lymphoid tissues.
These tropisms probably represent a means for rationalization of immu-
nological resources in that antigen-specific effector T cells are directed
back to sites where they are most likely to encounter the provocative
pathogen. However, the very same tissue-selective effector T cells that
mediate host defense, in the gut for instance, can also be associated
with pathogenic inflammatory responses, such as celiac disease, Crohn’s
disease or ulcerative colitis.

One of the promising tissue-specific migration inhibitors in late-
stage clinical trials in Crohn’s disease is the CCR9 inhibitor CCX282
(Traficet-EN) from ChemoCentryx. CCR9™ T cells contribute to patho-
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genesis of inflammatory bowel disease in mouse models. The funda-
mental role of integrin 0,3, for gut homing by T cells and the success
of an o, mAb suggest that blockade of 0,3, should be effective for
human inflammatory bowel disease. Studies in primates have shown
that blockade of 0,3, with a mAb is highly effective for the treatment of
colitis®”. A recent clinical trial with a humanized mAb to 0,3, (MLN002)
in patients with active ulcerative colitis demonstrated a superiority over
placebo’®. Drugs such as CCX282 or mADb to 0,3, may have fewer side
effects, as they could avoid the broad immunosuppressive effects of cur-
rent anti-inflammatory drugs and selectively target the pathogenic T
cells associated with gut homing.

One of the chief defining molecules for T cell migration through the
skin is CLA; this binds to E-selectin, which is preferentially expressed on
inflamed endothelium in the skin. The chemokine CCL27 (CTACK) and
its receptor CCR10 are key chemoattractant molecules for T cell migration
to the skin, and neutralization of CCL27 suppresses skin inflammatory
responses in animal models*. Inhibitors of CCR10 or CLA could be suit-
able for immune-mediated skin diseases, particularly psoriasis, although
development of drugs has yet to be reported.

Blockade of lymphocyte egress: FTY-720

FTY-720 (Fingolimod) holds promise as a new blockbuster anti-
inflammatory drug and, after natalizumab and efaluzimab, is the most
advanced in human clinical trials. FTY-720 causes lymphocyte retention
in lymph nodes, with a consequent lymphopenia in blood®°. This drug
is phosphorylated in vivo to yield a molecule that mimics sphingosine-
1-phosphate (S1P) and acts as an agonist for four of the five members
of the SIP family of GPCRs. The physiological role of S1P receptors
on lymphocytes is to control their exit from lymphoid tissues®!. This
exit is very much an active and regulated process, and certain stimuli,
particularly antigen challenge, can reduce lymphocyte exit from lymph
nodes to almost zero, an effect described by sheep immunologists as
‘lymphocyte shutdown’ FTY-720 sequesters lymphocytes in second-
ary lymphoid organs, thereby preventing their migration to sites of
inflammation. This drug also limits T cell access to organ grafts and
autoimmune lesions, reduces inflammation in many animal models
and inhibits leukocyte recruitment in a mouse model of airway inflam-
mation®. In an initial proof-of-concept study, FTY-720 reduced the
number of MRI-measurable lesions and clinical disease activity in sub-
jects with multiple sclerosis®®. Sustained benefits after three years of
treatment with the drug in subjects with multiple sclerosis were reported
recently in an ongoing phase 2 study®*. One potential side-effect of FTY-
720 treatment is bradycardia due to expression of certain S1P receptors,
particularly S1P3, in the heart. Hence, development of agonists that are
selective for one particular receptor subtype, S1P}, are being pursued
vigorously by several pharmaceutical companies.

Cell migration inhibitors, angiogenesis and cancer
The association of chemokines and chemokine receptors with angio-
genesis, or with tumor cell metastasis, offers an opportunity for the
development of new anticancer therapies. Chemokine signaling may act
at many levels to promote tumorigenesis®®. Certain chemokines medi-
ate angiogenesis, thereby ensuring an adequate blood supply for tumor
growth. Chemokines can also facilitate homing of endothelial progenitor
cells to tumors, which promotes their growth®®67 and deliver survival
signals directly to cancer cells. Finally, expression of certain chemokine
receptors, such as CXCR4 and CCR7, may promote tumor metastasis
to lymph nodes or other tissues.

Molecules that regulate tumor-associated angiogenesis provide prom-
ising targets for treatment of cancers, as evidenced by the antiangiogenic
drug bevacizumab (Avastin), an inhibitor of vascular endothelial growth
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factor. The ELR chemokines, such as CXCL8 and CXCLI, serve an angio-
genic role through their binding to CXCR2 expressed by endothelial
cells. ELR chemokines released by tumor cells induce microvascu-
lar endothelial cell migration and tube formation®. The other main
chemokine receptors expressed by endothelium, particularly hypoxic
endothelium, include CXCR4 and CXCR7. Expression of CXCR2 and
CXCR4 and possibly CXCR?7 is regulated by the transcription factor
hypoxia inducible factor (HIF)®®. This finding presumably relates to the
connection between hypoxia and inflammation and the need to promote
new blood vessel formation during an active inflammatory response.
Several studies have shown substantial inhibition of tumor growth in
animal models using chemokine or chemokine receptor inhibitors, par-
ticularly for CXCR2, CXCR4 and CXCR7 (refs. 70-72).

Tumor cells express various chemokines and chemokine receptors,
some of which promote tumor growth and metastasis. For instance,
CXCR3 is expressed on mouse and human mammary tumor cell lines.
Antagonism of CXCR3 on breast tumor cells using a small molecule
antagonist inhibits experimental lung metastasis’>. CXCR7 is also
selectively expressed by certain tumors’! and facilitates prostate cancer
metastasis and progression’4. Because expression of CXCR?7 is restricted
to many tumor types and to hypoxic endothelium, a mAb that effectively
blocks CXCR?7 function and kills CXCR7-expressing cells might be an
ideal antitumor agent. Conceivably, CXCR7 may function by heterodi-
merizing with CXCRA4 (ref. 75) and/or CXCR2. Although CXCR7 is a
promising target for tumor therapy, the current availability of CXCR2
or CXCR4 small molecule antagonists makes a compelling case for a
trial of these in selected human cancers. So far, few companies have
revealed clinical programs for chemokine-based angiogenesis inhibi-
tors. Chemokine Therapeutics Corp. has developed a peptide analog of
the chemokine CXCL12, which antagonizes CXCR4, and it is in a phase
1/2 trial for cancer indications. A CXCR4 antagonist, AMD3100, has
been shown to mobilize CD34" stem cells from the bone marrow into
the blood and augment migration of bone marrow—derived endothelial
progenitor cells into sites of neovascularization after myocardial infarc-
tion. AMD3100 is being developed as a drug for mobilizing stem cells for
transplantation in patients with multiple myeloma and non-Hodgkin’s
lymphoma. AMD3100 also decreases growth of both primary and meta-
static breast cancer in mouse models’®.

Targeting hints from viruses and human genetics
A growing number of virally encoded proteins subvert immune
responses by binding to many different chemokines (reviewed in ref.
76).Indeed, the chemokine system is frequently targeted by pathogens to
subvert immune responses, which suggests that pharmaceutical inhibi-
tion for human inflammatory diseases is also a worthwhile approach.
Some viruses produce chemokine homologs, typified by vMIP-II,
which shows broad antagonistic activity. Another strategy is the use of
membrane-expressed chemokine receptor homologs, such as US28 of
human cytomegalovirus, which sequesters chemokines to dampen host
responses. Finally, some viruses simply use secreted chemokine-binding
proteins, such as M-T7 of myxoma virus, that bind chemokines with
high affinity. vMIP-II, encoded by Kaposi’s sarcoma herpesvirus HHVS,
antagonizes many of the Tjy1-associated receptors, such as CCR1, CCR2
and CCRS5, but stimulates Ty2-associated receptors such as CCR3. A
noteworthy feature of most viral chemokines or chemokine-binding
proteins is their broad chemokine or receptor-binding capabilities,
which suggests that viruses need to circumvent chemokine redundancy
for effective immune subversion.

Many polymorphisms have been identified in genes encoding cell
migration molecules, particularly chemokines and their receptors. A
number of these are associated with human inflammatory diseases or
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protection from disease. Several have been mentioned above and others
are listed in Table 2. In general, the strong association of a gene poly-
morphism with human disease, such as CCR5 for rheumatoid arthritis,
makes a compelling case for targeting a particular molecule. One pend-
ing opportunity is the incorporation of pharmacogenomic strategies
into the clinical use of migration inhibitors. For example, it would make
little sense to give a CCR5A32 individual a CCRS5 inhibitor, whereas an
individual with an allergic disease and a polymorphism in CCL26 might
be an ideal patient for a CCR3 antagonist.

Lessons learned and future directions

Pharmaceutically, the preferred method of drug delivery is a pill taken
orally. The chemoattractant receptors are GPCRs, which traditionally
have been ‘druggable’ by organic small molecules, a reason why the
pharmaceutical industry has embraced chemoattractant receptors
so enthusiastically. However, drugs targeting chemoattractant recep-
tors have had a slow genesis. The complement receptor C5aR was
discovered 15 years ago, yet few small molecule inhibitors have been
described. Likewise, chemokines and their receptors have also been
known for some time, yet there is not a single chemokine receptor
antagonist on the market for any indication other than HIV infection.
The pitfalls in ‘drugging’ chemoattractant receptors should be fully
appreciated, so that lessons can be learned and the full therapeutic
potential of this system realized. First, there is still much to learn
about the role of chemoattractants in human disease and how best
to target cell migration molecules. We need to understand mecha-
nistically how the activities of chemokines are regulated in vivo, the
role of the non-signaling receptors such as CXCR7 and D6, and how
important heteromerization of chemokines and their receptors is. An
inhibitor of one receptor may cooperatively inhibit another receptor
to which it heterodimerizes. CCR2 and CCR5 form heterodimers, as
do CCR2 and CXCR4 (ref. 78). Thus, chemokine receptor antagonists
may regulate allosterically the functional properties of receptors that
they do not bind directly’8. One of the other big problems is the dif-
ficulty in translating findings in the mouse to humans. Information
gained from disease models—for example, knockout mice—does not
necessarily reflect the human situation. Ultimately, the many human
clinical trials of cell migration inhibitors (Table 1) will reveal the roles
of the different selectins, integrins and chemoattractant receptors in
human inflammatory diseases.

Original discovery efforts for organic small molecule inhibitors
of chemoattractant receptors relied on competition ligand bind-
ing assays, because these were amenable to high-throughput assays.
Experience now indicates that chemoattractant receptor inhibitors
are best identified through functional assays such as calcium flux or
chemotaxis. Many of these receptor inhibitors now in development
are allosteric inhibitors and work by binding to a site other than the
natural ligand binding site. A good example is the CCR5 inhibitor
TAK779, which inhibits all of the ligands of CCR5 by binding to a
site in the transmembrane spanning helices, remote from the ligand
contact sites”’. The deficiency of many of the early inhibitors, derived
from competition binding assays, were that they often cross-reacted
with one or more of the hundreds of different GPCRs or ion chan-
nels, which was usually discovered relatively late during development.
The difficulties inherent in modeling GPCRs, because of their seven-
transmembrane structure, resulted in little if any rational antagonist
design. Finally, many of the chemoattractant receptor small molecule
antagonists developed against human targets lacked adequate affinity
or functionality against the homologous target in mice. In some cases,
years of synthetic work were spent making human antagonists that
would work on rodent receptors.
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Table 2 Some important polymorphisms in human cell migration-related systems, and inflammatory disease associations

Gene Polymorphism, location Effect on protein expression Association with disease Ref.
CCR5 A32, Absence of CCR5 on leukocytes 1 rheumatoid arthritis 34-36
coding region J transplant rejection
CX3CR1 V2491/ T280M 1 CX5CR1 4 coronary artery disease 90
| age-related macular degeneration
CCR2 Val64lle 1l CCR2 | acute transplant rejection 91,92
d coronary artery disease
CcCL26 Promoter TccLee T eosinophilic esophagitis 44
CFH (Complement Coding region T complement pathway activation T age-related macular degeneration 15
factor H) Y402H T autoimmune kidney diseases
ccLz2 -2518, TccL2 T bronchial asthma 93
promoter T allograft rejection
T Crohn’s disease
T psoriasis
GPR44 (CrTh2) 3’ UTR T mRNA stability T asthma incidence and severity 94

Because some chemoattractant receptors have proven intractable
to inhibition by small molecules, inhibition by mAbs has been an
alternative approach. A distinct advantage of mAbs is that they can
be used to both inhibit functional activity and kill receptor positive
cells through mechanisms such as antibody-dependent cell-mediated
cytotoxicity. This latter feature may be advantageous for removing
a pathogenic cell type expressing a particular target. For instance,
plasmacytoid dendritic cells selectively express the chemoattractant
receptor ChemR23 (ref. 80). Some of the best chemoattractant recep-
tor candidates for blocking or killing using mAbs include CCR6 or
CCR4 on Ty-17 cells and CXCR5 on Tgyy cells and B cells. Kyowa
Hakko and Amgen have developed a depleting mAb to CCR4 that is
now in a phase 2 trial for psoriasis.

Truncated or otherwise modified chemokines such as Met-
RANTES have been used extensively in animal models and dem-
onstrate a substantial inhibition of inflammation (reviewed in ref.
5). There is one notable clinical program employing a modified
chemokine, by Chemokine Therapeutics Corp, whose drug CTCE-
9908 is a peptide analog of the chemokine CXCL12 (SDF-1) and an
antagonist of its receptor CXCR4; it seems promising in a phase 1/2
trial for cancer. A cyclic peptide derived from the C terminus of C5a
serves as a potent antagonist for C5aR (ref. 81), and a drug based
on this approach, developed by Arana Therapeutics, is in human
trials. Finally, chemokines themselves could serve as drugs, either to
stimulate certain effects or to serve as natural antagonists. Ligands
of the Tyl related receptor CXCR3 naturally antagonize CCR3, a
receptor implicated in T2 responses.

This review has concentrated on adhesion and chemoattractant
receptors. An attractive alternative is inhibition of chemoattrac-
tant receptor signaling. This topic is covered in detail by Thelen
and Stein®? in this issue. The most promising class of such signal-
ing molecules is PI(3)Ks®3. Mice lacking one of the four isoforms,
PI(3)Ky, possess neutrophils and macrophages that show impaired
activation through chemoattractant receptors and poor chemotac-
tic responses®4. These mice are also protected in various models of
inflammation®’, including inflammatory arthritis®® and glomerulo-
nephritis®’. Several drug companies have produced effective small
molecule inhibitors of PI3Ky (reviewed in ref. 88). These agents
inhibit the function of several different chemoattractant receptors
simultaneously, thus circumventing the redundancy issue. PI3Ky

996

signaling also operates for receptors other than chemoattractant
receptors, which may offer advantages and drawbacks.

Conclusions

The many clinical trials with cell migration inhibitors that are ongoing
or planned should provide considerable new insight into the patho-
genesis of human diseases. The already extensive studies of cell migra-
tion inhibitors in rodent models of inflammation provide grounds for
optimism for the many ongoing and upcoming human trials (Table
1). It will be important for pharmaceutical companies to report the
failures, as well as the successes, so that a better understanding is
gained of human disease pathogenesis. There will almost certainly be
a need to reassess the current animal models of inflammation as the
true nature of human inflammatory diseases unfolds.

The promise of cell migration inhibitors for the treatment of
inflammatory diseases, and possibly cancers and infectious diseases,
is immense. The results of many ongoing clinical trials should further
validate the impact this new class of drugs will have on human health
and herald a new era for anti-inflammatory therapies.
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