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G protein-coupled receptors (GPCRs) are one of the most
important classes of targets for small molecule drug discovery,
but many current GPCRs of interest are proving intractable
to small molecule discovery and may be better approached
with bio-therapeutics. GPCRs are implicated in a wide variety
of diseases where antibody therapeutics are currently used.
These include inflammatory diseases such as rheumatoid
arthritis and Crohn disease, as well as metabolic disease
and cancer. Raising antibodies to GPCRs has been difficult
due to problems in obtaining suitable antigen because
GPCRs are often expressed at low levels in cells and are very
unstable when purified. A number of new developments in
overexpressing receptors, as well as formulating stable pure
protein, are contributing to the growing interest in targeting
GPCRs with antibodies. This review discusses the opportunities
for targeting GPCRs with antibodies using these approaches
and describes the therapeutic antibodies that are currently in
clinical development.

Introduction

G protein-coupled receptors (GPCRs) represent one of the largest
and most important classes of proteins for drug discovery. There
are over 350 non-olfactory GPCRs that are the receptors for a
very diverse range of ligands ranging in size from small ions, e.g.,
calcium, neurotransmitters, metabolites, to peptides and glyco-
protein hormones. GPCRs have long been exploited for treating
disease; some of the oldest known drugs, including opioids
and alkaloids derived from mandrake and foxglove that were
used by the Romans and Egyptians, mediate their activity
through GPCRs. In the last century, interaction with GPCRs
has accounted for the mode of action of around 30% of small
molecule marketed drugs, but in the last decade the success of
targeting these receptors has diminished, with small molecule
drugs directed at only eight new GPCR targets gaining market-
ing approval. This has occurred despite a huge growth in target
biology demonstrating new links between GPCRs and disease.
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One reason for this low success rate is that many GPCRs of
interest are proving to be surprisingly intractable to mod-
ern methods in small molecule drug discovery. An alternative
approach is to target GPCRs with antibody therapeutics. This
review discusses the benefits of antibody therapeutics over small
molecule approaches for GPCRs and examines possible targets.
The technical challenges of raising antibodies to membrane
spanning proteins are reviewed together with mention of recep-
tor breakthrough technologies that may facilitate the discovery
of antibody therapeutics for GPCRs. Case studies of GPCR-
targeting antibodies that are progressing to clinical trials are also
discussed.

GPCR Families

GPCRs are characterized by having an extracellular N-terminus,
7-transmembrane spanning domains (TMDs) and an intracellular
C-terminus. Within the TMD, there are a number of characteris-
tic motifs that are highly conserved within the subfamilies; how-
ever, the homology between subfamilies is very limited. There are
around 800 known GPCRs, but over half of these are olfactory
receptors or sensory receptors, leaving approximately 370 that can
be considered drug targets."? The Rhodopsin family or Family A,
is the largest family with the most diverse set of ligands, includ-
ing peptides, amines and purines. This family, which includes
histamine, dopamine and the adrenergic receptors, comprises the
largest set of targets to existing drugs. The family also includes
receptors for small neuropeptides such as the neurokinins and opi-
oids, as well larger peptides such as the chemokines. The majority
of Family A receptors have short N-termini and their ligands act
either directly within the transmembrane domains (TMDs) or
through an interaction with the extracellular loops. An exception
to this are the Family A receptors that have a leucine-rich repeat
region, such as the receptors for the glycoprotein hormones, e.g.,
follicle stimulating hormone receptor.

Family B is subdivided into the Secretin and Adhesion sub-
families. The Secretin family has 15 members that are all recep-
tors for large peptide ligands such as glucagon-like peptide
receptor and parathyroid hormone. This family has a large extra-
cellular domain that is involved in ligand binding. Many of these
receptors are clinically validated using the endogenous ligands or
related peptides, e.g., calcitonin, amylin and PTH;? however, to
date there are no small molecule marketed drugs for this family.
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The Adhesion family contains 33 members that consist of a TMD
related to the Secretin family linked to very large multi-domain
N-termini. The majority of the Adhesion family ligands have yet to
be identified, but those that are include extracellular matrix pro-
teins. This family undergoes a novel proteolytic cleavage between
the N-terminal extracellular domain and the TMD, although the
two remain closely associated at the plasma membrane.

The third major class of GPCRs is the Family C or metabotro-
pic Glutamate family. These bind their small ligands such as
glutamate or Ca** in their large bilobular extracellular domain.
These receptors appear to function mainly as homo- or hetero-
dimers and ligand activation involves interactions between the
extracellular domains and TMDs.*

A final class of GPCRs that are potentially of interest as targets
for therapeutic antibodies is the Frizzled family. This consists of
ten frizzled receptors and the smoothened receptor. Some of these
receptors have been shown to couple to G proteins and there are
some structural similarities with other Family A and B GPCRs.

Across all the families, many receptors have been identified
through sequence identity, but the ligand, and in many cases the
function, of the GPCR s still unknown. There are over 100 of
these so-called orphan receptors. If functional antibodies could
be raised to such receptors, this would provide a useful route to
target validation.

Advantages of Targeting GPCRs
with Antibody Therapeutics

General properties. There are many differences between anti-
body and small molecule therapeutics that are widely known.
While it is worth briefly mentioning some of these here, we have
focused on the aspects that particularly apply to therapeutics
directed at GPCRs. Although the costs of antibody development
and manufacture are higher than small molecules, in general they
have higher approval success rates compared with new chemi-
cal entities.” Antibodies usually have a much longer duration
of action than small molecules and show less inter-patient vari-
ability in plasma concentration at a given dose. Disadvantages of
antibodies include the potential for an immunogenic response;
this is substantially reduced in humanized or human mAbs, but
can vary with the route of administration.

Drugability. The majority of small molecule drugs directed
at GPCRs are simple analogs of their natural ligands, e.g., beta-
blockers are related in structure to adrenaline. Many current
GPCRs of interest as therapeutic targets have peptide or large
protein ligands, such as the chemokine receptors or the Family
B peptide receptors, including CGRP or GLP1. High through-
put screening of very large compound libraries has become the
method of choice to identify starting points for small molecule
drug discovery; however, success rates are poor. The hit rate
for Family A GPCRs evaluated by high throughput screening
(HTS) is around 50%,° but the number of these molecules actu-
ally progressing to the clinic is around 10%.° This is often due
to the poor drug-like properties, such as molecular weight and
pharmacokinetics, of small molecules directed at GPCRs. In the
case of Family B receptors, the hit rate in HTS is extremely low

www.landesbioscience.com

mAbs

REVIEW

or non-existent.” The subfamilies of Adhesion receptors and the
Frizzled receptors have a very interesting and emerging biology
that implicates them in inflammation, tumor growth and metas-
tasis. Conventional small molecule drug discovery methods have
generally failed to identify agonists or antagonists for these recep-
tors. Orphan GPCRs across any of the families are difficult to
screen for interactions with small molecules because it can be dif-
ficult to configure a suitable assay in the absence of a ligand and
knowledge of the relevant signaling pathways to measure func-
tion. Therefore, the GPCRs of current interest are poorly trac-
table to existing small molecule drug discovery approaches. For
many of these targets, a functional monoclonal antibody (mAb)
would provide a useful alternative approach.

Selectivity. The orthosteric binding site of GPCRs, which is
the usual site of action of small molecule drugs directed at these
receptors, is highly conserved across members of a single subfam-
ily, making it difficult to obtain selectivity for specific receptors.
This has been a particular problem for receptors in the mono-
amine family against which drugs on the market, e.g., clozapine,
have activity at a dozen or more receptors.” Drugs that bind to
allosteric sites that are less conserved between receptors are more
likely to show complete selectivity. Indeed, many companies are
now trying to identify small molecule allosteric modulators for
this reason. The greatest diversity in GPCR structures lies in
the N-terminus and loop regions such that even receptors that
bind the same peptide ligands can have very diverse extracellular
domains. Since antibodies to GPCRs will target these regions,
they have an opportunity to show unique specificity not possible
in small molecule modulators. Nevertheless, care is needed since
many GPCR antibodies developed primarily as research tools
have been shown to react across many GPCRs. For example,
antibodies raised against $-adrenergic receptors were shown to
bind as many as nine different adrenergic receptor subtypes.®
Although there is diversity in sequence between receptors, three-
dimensional structural similarity may remain, resulting in a lack
of selectivity even for antibodies.”

Distribution. Drug discovery targeted at GPCRs expressed
in the periphery is often hampered by serious side effects medi-
ated by receptors within the central nervous system (CNS).
Although there are examples of small molecule drugs that are
excluded from the CNS, it can be difficult to balance other
physicochemical properties to give good pharmacokinetics with
lack of CNS penetration. In addition, it is difficult to predict or
indeed measure absolute CNS penetration in man.' Since anti-
bodies can be easily designed to have limited CNS exposure, this
provides a significant advantage for antibody therapeutics that
target peripheral receptors. For example, u opioid receptors are
the site of action of morphine, and analgesic effects are medi-
ated by both central and peripheral receptors. Side effects such
as tolerance and dependence are mediated by central receptors
only, and it is known that peptide agonists that do not access the
CNS are able to produce robust analgesic effects in the absence
of CNS side effects."! Histamine receptors for allergy'? and can-
nabinoid receptors for pain'* and obesity' are other examples of
targets where lack of CNS activity would be a significant ben-
efit. The lung also represents a privileged site for the treatment of
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respiratory disease, and it may be possible to administer antibody
therapeutics that have limited systemic exposure while targeting
GPCRs in lung tissue.”

Pharmacology of GPCR-Targeting Antibodies

Target overview. Out of the 370 non-olfactory GPCRs, just
over 60 are already targeted by marketed small molecule drugs,
while approximately 25 are targeted by bio-therapeutics, most
of which are derivatives of the natural peptide ligand (data
from Thomson Pharma database). A further 100 receptors are
strongly implicated in disease, and the remainder are mainly
orphan receptors with unknown biology. We have carried out
an analysis of the targets against which antibody therapeutics
could have utility. We excluded targets that would require CNS
penetration for efficacy or where there are already optimized
small molecule drugs available or in development. We estimate
that antibody therapeutics could be valuable against around
80 GPCR targets. Of these, approximately 25% would require
activating or agonistic antibodies. The majority of the oppor-
tunities are in the cancer, inflammation or metabolic disease
areas (Fig. 1).

GPCRs in cancer. There is growing awareness of the diverse
¢ GPCRs are expressed on
many tumors where they play a role in proliferation, metastasis,

roles of GPCRs in cancer biology.

survival and angiogenesis. Several GPCRs have been identified
as oncogenes, some of which are encoded by viruses. For exam-
ple, Kaposi sarcoma-associated herpes virus (KSHV) genome
includes a chemokine like receptor that has pro-survival and pro-
angiogenic activity.”

GPCRs are upstream of many signaling pathways strongly
implicated in cell proliferation in tumors. This includes mito-
gen-activated protein (MAP) kinase cascades, Rho, Ras and Rac
signaling, as well as PI 3-kinase and transactivation of cytokine
receptors.'® Many GPCR ligands are potent mitogens, such as,
lysophosphatidic acid (LPA) and prostaglandins. Neuropeptides,
such as neurotensin, endothelin and gastrin-releasing peptide
(GRP), promote tumor growth through autocrine and paracrine
routes. The receptors for these peptides represent attractive tar-
gets for diagnostics or therapeutics. Since receptors to these pep-
tides are often highly upregulated on tumor cells, it is possible to
use them as a carrier mechanism for targeted toxins or targeted
radiotherapy with labeled peptides. For example, the somatosta-
tin analogue 'In-octreotide is used for localization and staging
of neuro-endocrine tumors that express somatostatin receptors
and modified somatostatin analogues are successfully being used
for tumor imaging and radionuclide therapy.'®

The role of chemokines and chemokine receptors is to orches-
trate the movement of immune cells to sites of inflammation.
Aberrant expression of chemokine receptors on tumor cells can
result in tumor metastasis to secondary organs that release che-
mokine ligands."” A chemokine receptor of particular interest for
cancer therapy is the CXCR4 receptor. Chemokine receptors,
including CXCR4, CXCR2 and other receptors, such as adre-
nomedullin and sphingosine phosphate receptors, are involved
in tumor angiogenesis either directly or through the release of
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Figure 1. Opportunities for G protein-coupled receptor-targeted
antibody therapeutics. Therapeutic areas in which G protein-coupled
receptors (GPCRs) suitable as targets for antibody-based drugs have
been identified. In total, 88/370 GPCRs have strong disease rationale

and a profile suitable for targeting with an antibody.
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other mediators, such as vascular endothelial growth factor
(VEGF).”

Antibodies directed at GPCRs thus may have utility in the
diagnosis, prognosis and treatment of cancers either directly
by blocking pathways involved in proliferation, metastasis and
angiogenesis or indirectly through facilitating the action of
tumor targeted chemo- and radiotherapies.

GPCRs in inflammation. GPCRs play a role in innate, adap-
tive and pathological responses of the immune system. GPCRs
are the site of action of a diverse set of inflammatory mediators,
including prostaglandins, leukotrienes and histamine. Small mol-
ecule antagonists are effective treatments for a range of inflam-
matory diseases, but may have limitations. For example, many
drugs directed at prostaglandin receptors lack specificity and are
chemically unstable. Histamine antagonists are hampered by
their CNS mediated side effects such as sedation. Therefore, anti-
bodies directed at such receptors may offer some advantages.

Chemokine and chemo-attractant receptors through their
role in attracting leukocytes to sites of inflammation have been
implicated in a wide variety of autoimmune diseases, including
rheumaroid arthritis, asthma, inflammatory bowel disease and
multiple sclerosis. Despite substantial efforts from pharmaceuti-
cal companies working on small molecule chemokine receptor
antagonists, there have been many failures during clinical trials.?!
While some of these are likely to be due to the target biology,
which would equally apply to antibody therapeutics, in some
cases small molecule antagonists had unacceptable pharmaceu-
tical properties or insufficient selectivity, and for these targets
an antibody may prove to be better treatments. For example,
many of the chemokine antagonists that entered development
had activity at other GPCRs and issues with high plasma protein
binding, poor pharmacokinetics or off-target toxicities.?'

Lysophospholipids including LPA and sphingosine 1 phos-
phate (SI1P) mediate their effects through a family of 8 GPCRs
(LPA1-3, S1P1-5). These receptors are widely expressed on
lymphocytes, macrophages, endothelial and neuronal cells.
Lysophospholipids can regulate immune responses through
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effects on cell migration, adhesion, apoptosis and survival, as well
as activation and cytokine secretion.”? To date, it has been very
difficult to discover potent and selective inhibitors of this family
of receptors. Fingolimod (FTY720) is a derivative of the fungal
metabolite myrocin and has potent immunosuppressive activity.
This is an analogue of sphingosine and is thought to mediate
its activities through the SIP1 receptor. Fingolimod and related
molecules are in clinical development for multiple sclerosis and
transplant. Antibodies with improved potency and selectivity at
these receptors offer an alternative therapeutic route that may
have an improved side effect profile.

Targeting the receptor can be more successful than targeting
the ligand with an antibody. This is due to the redundancy of
some GPCRs for multiple ligands or because the levels of ligands
can be upregulated to overcome antibody blockade more easily
than the receptor.?? This can be exemplified by the observed lack
of efficacy when targeting MIP1-a or RANTES as opposed to
targeting the receptors CCR1 and CCR5,* or CXCL8 (IL-8)
and its receptors CXCR1 and CXCR2.% The chemokine ligand
IP10 (CXCL10) and its receptor CXCR3 are one exception to
this observation, where IP10 appears to be a more selective ligand
and the receptor exists in different isoforms. In 2009, an anti-
IP10 therapeutic neutralizing antibody (MDX-1100) successfully
attained the study primary endpoint in a Phase 2 trial for rheu-
matoid arthritis patients receiving methotrexate (clinicaltrials.
gov identifier NCT01017367). The same antibody holds promise
in studies for other indications, such as ulcerative colitis.

GPCRs in metabolic disease. GPCRs are widely expressed on
tissues and cells that regulate diverse processes, such as appetite,
digestion, energy expenditure, fat metabolism and storage and
glucose homeostasis and, as such, represent important targets in
metabolic diseases, such as type I diabetes and obesity.?* Metabolic
diseases represent one of the fastest growing challenges in health-
care. In the United States alone, the number of people with obesity
(BMI 240 kg/m?) has increased 4-fold in the last 10 years.

GPCRs involved in the regulation of insulin and glucagon
secretion are current targets of significant interest to the phar-
maceutical industry. Several of these are expressed on pancreatic
B cells, such as the free fatty acid receptors, FFA 1, 2 and 3 (pre-
viously known as GPR40, 41 and 43).?” FFA1 is involved in the
regulation of FFA-potentiated glucose stimulated insulin secre-
tion, but is also involved in deleterious effects of fatty acids on
B-cell function. Since FFA1 knockout mice are protected against
the lipotoxic effects caused by a high fat diet, a FFAI antibody
could have a similar effect. GPR119 and GPR120 are other fatty
acid binding proteins that can regulate islet function. GPR119
has a very selective expression on pancreatic B cells and activa-
tion by its ligands, such as oleoylethanolamide, stimulates insulin
secretion.”® GPR120 is expressed in the intestine where its activa-
tion by fatty acids releases glucagon-like peptide (GLP)-1.%

The GPCR target that has attracted the most interest for dia-
betes is the glucagon-like peptide receptor, GLPIR. GLP1 acts
on receptors expressed on a number of islet cell types resulting
in increased insulin secretion and decreased glucagon secretion.
A peptide analogue of GLP1, exenatide (Byetta) is approved for
the treatment of diabetes. This is given by injection and has a
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relatively short halflife. To date it has proved impossible to find
effective small molecule agonists of this receptor.

Although many of the metabolic GPCR targets require acti-
vation, it may be possible to identify an activating antibody for
these receptors. Indeed, an antibody that potentiated the activity
of the endogenous agonists would be particularly interesting.

Approaches to Raising Antibodies Against GPCRs

General background. The generation of antibodies against
GPCRes is associated with several problems that arise from the
lack of suitable antigen reagents. Ideally, the receptor should be in
a pure, homogenous and conformationally stable form that is still
relevant to the native receptor structure, but this is hampered by
the requirement for GPCRs to be within the plasma membrane.
GPCRs and other membrane proteins are also problematical for
raising antibodies since the majority of the receptor protein is
embedded in the lipid bilayer. For GPCRs, only the N-terminal
domain and the extracellular loop regions are accessible as
immunogenic epitopes. Antibodies have been raised successfully
against the large extracellular domains (ECDs) of Family B and
C GPCRs, but success is limited when small N-terminal epitopes
of the ECD are targeted. It is common to obtain antibodies that
bind to the extracellular domains, but have no effect on recep-
tor function and, therefore, are of limited utility as therapeutic
agents. A goal with regard to immunogen format is to produce a
generic technology applicable across different GPCR classes. To
date, although several of the formats described here have yielded
GPCR-targeting antibodies, the success has not been reproduc-
ible across multiple receptors.

Low cell surface expression is another limiting factor and an
obstacle for obtaining sufficient quantities of protein for puri-
fication.® Another problem is the instability of protein when
purified. Purified receptors have been produced for a limited
number of GPCRs and display functional activity as determined
by radioligand binding;* however, this may be due to a small
percentage of functional receptor in a larger quantity of unfolded
protein.

The difficulties in production of GPCR protein in a relevant
conformation also affect the quality of the GPCR antigen in
question. Unless purified in the presence of a stabilizing ligand
or in a conformationally stabilized form, it is very likely that
such receptor proteins will display several different conforma-
tions. This may generate antibodies against these different forms,
but more often results in antibodies that bind to linear epitopes
present in the denatured receptor protein, e.g., CXCR4.3%%
Antigenic heterogeneity can also result from post-translational
modifications such as N-glycosylation,*® tyrosine and serine sul-

36 conformational fluctuations,

phation,® N-terminal processing,
receptor oligomerization and G-protein coupling.’’”

Another problem is the requirement for detergents to main-
tain protein folding in a functionally active form following puri-
fication of membrane proteins. Long chain detergents that confer
stability can mask extracellular epitopes. The overall implication
for subsequent identification of functionally relevant mAbs is the

requirement for a very large number of clones to be screened to
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Table 1. Antigen formats used to generate G protein-coupled receptor targeted antibodies

‘::::g:: Company/Organization Purity Utility Advantages Disadvantages
Kyowa Hakko Kirin, et CraresEle ' 5ol mahed wihine Increased efﬂcnency often
AN CEnES, in cell membrane DO E requirement for protein et W]
University of Maastricht q P May be limited by expression level
Cell and cell Many, e.g., Multispan, Phage Often low level of expression
membrane Dyax, Abbott, Amgen, Multiple antigens screening Poorly immunogenic
proteins Progenics, Millenium in vivo High non-specific background
MSM Protein Difficult to formulate
Liposomes Technologies/Cambridge Mixture of folded Phage High levels of receptor May result in unfolded protein
and magnetic  Antibody Technology, Dr. and unfolded screening compared to cells Internal epitopes will be
nanoparticles ~ Wayne Marasco (Harvard protein in vivo Low background exposed as mixture of
Medical School) orientations in vesicles
Constrained Pepscan, National . Phag.e Can mimic conforma- Conformation may not replicate
. . 100% purity screening . . . .
peptides Institutes of Health (NIH) in vivo tion specific domains loop in complete structure
. Many, e.g., Dyax, Amgen, Phage e . . . .
Synthetlc Abbott, Rockefeller, NIH, 100% purity sG] Target.s specific Linear e.pltope will not replicate
peptides . L epitopes loop in complete structure
Pfizer in vivo
ly folded, S .
>95% purity Phage e Antibodies obtained to
. . - stable reagent . . .
StaR Heptares Therapeutics Simple detergents screening . B intracellular epitopes not suitable
High expression in vivo SRR RS for therapeutics
9 . Good stability P
Purified . Mixture of folded/ Phag'e Dl.fﬂCUIt to purify rel{ably
VIB/Thrombogenics screening in sufficient quantity
receptor unfolded L e F
in vivo Short lifetime in folded form

identify those that bind native epitopes and in many cases none
are identified. Because of the problems associated with the dif-
ferent formats, a useful approach in both immunizations and
panning may be to alternate between peptides or recombinant
proteins and whole cell antigens. A summary of the key features
of antigen formats that have been used to generate anti-GPCR
antibodies is presented in Table 1.

Once an antibody has been raised to a GPCR, it is important
to characterize its pharmacological properties. In many cases this
is not done, but instead direct binding assays such as fluorescence-
activated cell sorting (FACs) or enzyme-linked immunosorbent
assay (ELISA) are used. Antibodies directed at GPCRs may bind
to extracellular epitopes to sterically hinder ligand binding with-
out altering GPCR signalling; alternatively, they may bind selec-
tively to stabilize different conformations of the receptor, thereby
either activating or inactivating signaling. Functional cell-based
assays would be required to evaluate such activities. This can be
a challenge, even for small molecules, since cell-based assays do
not always reflect the activity of GPCRs in vivo. An interest-
ing potential effect of antibodies is to modulate heterodimers of
GPCRs.% There is emerging evidence that heterodimerization of
GPCRs in specific tissues can offer alternative therapeutic tar-
gets. For example, heteromers of mu and delta opioid receptors
may represent a novel pain target.”

Immunogen Formats Used for GPCRs

Peptides. The least expensive and simplest antigen to generate is
a synthetic peptide. Peptides may be considered a pure source of
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antigen, but these rarely reflect the native protein conformation,
with the resulting antibodies showing a lack of specificity, func-
tional activity or suitability for receptor mapping.*’ This has been
a problem for commercial GPCR antibodies to dopamine recep-
tors,”! muscarinic,® B-adrenergic receptors,” o -adrenergic recep-
tors* and galanin receptors.”” Most antibodies obtained via this
route react only with the immunizing peptides and not with the
native proteins in which the peptide will often have a different
conformation.

Compared with synthetic peptides, larger protein fragment
antigens have a higher success rate at producing antibodies that
recognize native protein. They are easier to generate than cor-
rectly folded native protein and allow for selection of an area
of the protein to be targeted. Some functionally relevant anti-
bodies against GPCRs have been obtained by this approach, but
the majority of these are against a peptide receptor where steric
blockade of the ligand/receptor interaction is more likely to be
achieved than for small molecule ligand receptors. For example,
the N-terminal domain of the p-opioid receptor was used to gen-
erate antibodies that were able to distinguish between inactive
and agonist bound receptors, but no functional properties were
reported.*® Peptides corresponding to the second extracellular
loop of the human B, adrenoceptor have been used to produce
agonist-like mAbs.®

In order to obtain information about orphan GPCRs, pep-
tide immunization has generated a broad panel of research
tools. Immunization via an N-terminal peptide of LGR5 led
to a mAb that specifically binds to the receptor on transfected
cells with high affinity, but does not bind to the related LGR4 or
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LGR6. Furthermore, this antibody shows potent complement-
dependent cytotoxicity in vitro and strong anti-tumor activity in
vivo.%® These receptors are unusual in having a large extracellular
domain that includes a leucine-rich repeat motif.

Antibody binders have been identified via phage display tech-
nology against the chemo-attractant receptors C5aR and C3aR
by using either an N-terminal peptide of the receptor?” or the
second extracellular loop. This led to two distinctive antibody
groups that recognize two immunodominant domains within the
N-terminal region of the loop. The antibodies were specific over
C5aR, able to detect C3aR on the surface of human cells such as
leukocytes or monocytes, but did not interfere with the binding
of the receptor ligand indicating that the immunodominant loop
regions are not essential for ligand binding.”® The N-terminus of
CCRS5 has also been used to raise antibodies in rabbits.* Peptides
were linked with a T-cell epitope from tetanus toxin in order to
enhance the immune-response. Polyclonal antisera or purified
antibodies showed inhibition of HIV infection in cellular assays.

Recent advances in the structure determination of GPCRs by
X-ray crystallography have provided information for homology
modeling of GPCRs.% Such structural information has been used
to design constrained peptides with more “native-like” structures
to create an improved format of antigen.’' Initially such tech-
nologies were used to generate antibodies against GPCR peptide
ligands,”* but have been expanded to generate peptido-mimetics
for extracellular epitopes of GPCRs. A cyclic dodeca-peptide
mimicking the conformation specific domain of the extracellular
loop-2 of CCR5 was prepared using MAP-conjugate as a carrier.”
The antibodies raised against this peptide reacted with human
CCR5 and potently suppressed infection by the R5 HIV-1 virus
in cells. Cyclic peptides have also been successful in the isolation
of scFv phage antibodies targeted to the extracellular loops of
CCR5.% Chemical Linkage of Peptides onto Scaffolds (CLiPS)
technology has also been used successful to generate functional
antibodies to CXCR7.

The chemical conjugation of constrained antigens to virus-
like particles (VLPs) was described in 2009.°* Many viral struc-
tural proteins can self-assemble into virus-like particles (VLPs)
that resemble infectious virus, but lack a viral genome and are
therefore non-infectious. Heterologous antigens displayed in
a highly dense, multivalent format on the surface of the VLP
are extremely immunogenic and can induce high-titer antibody
responses at low doses even in the absence of exogenous adju-
vants.” VLP display can also be used to induce an antibody
response against self-antigens, essentially abrogating the mecha-
nisms of B-cell tolerance.’®

Thisapproach hasbeen used to target two domains (N-terminal
via a 21 amino acid peptide and a 12 amino acid domain of the
ECD2) of the HIV co-receptor CCR5 that are involved in HIV
binding. Anti-CCR5 antibodies that bind to native CCR5 and
inhibit SIV infection in vitro were induced in rats.”” The poly-
clonal sera were tested in ELISA assays with CCR5 transfected
HEK cells, but no other member of the CCR family was tested
against the polyclonal antibodies.

Despite the success in the generation of blocking antibodies
that target peptide GPCRs, antibodies useful for therapeutic
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purposes are rare and data for only a few have been published,
e.g., peptides corresponding to the extracellular regions or the
N-terminal domain of human GCGR were fused to an Fc
fragment and used to generate and identify human mAbs.®
Antibodies were identified that antagonized glucagon-induced
cyclic adenosine monophosphate (cAMP) production and effec-
tively prevented glucagon-induced GCGR endocytosis. A fully
human blocking IgG, antibody candidate with picomolar affin-
ity was isolated and demonstrated prolonged in vivo efficacy in
mice and cynomolgous monkeys. Furthermore, the antibody was
evaluated in a diabetic ob/ob mouse model for pharmacokinetic
and pharmacodynamic characteristics.”” The results indicate that
such an antibody could represent an effective new therapeutic for
the treatment of type 2 diabetes by reducing blood glucose levels
and inhibiting GCGR activity.

These examples clearly indicate the potential of anti-GPCR
antibodies as therapeutics in clinical applications, but the success
rate using synthetic peptides as antigens is low and thereby limits
a general approach towards therapeutically relevant antibodies
that target GPCRs.

Whole cell antigens. To obtain antibodies reactive to the
native extracellular structure of membrane proteins, immuni-
zation by injection of cultured cells expressing the antigen has
been used.®® But this approach has drawbacks, e.g., large num-
bers of cells are usually required, modifications may be necessary
to obtain higher titers, elimination of a high non-specific back-
ground is necessary.

Transfected cell lines expressing a high level of recep-
tors have been used successfully in generating mAbs against
GPCRs. Functional rat mAbs were isolated against the human
sphingosine-1 phosphate (S1P1) receptor expressed in rat hepa-
toma cells.® The antibody bound specifically to native receptor
in membranes, but not to solubilized and denatured protein.
Specificity over other SIP receptors was not determined.®

Anti-CXCR4 antibodies were raised following immunization
of Balb/c mice with recombinant NIH3T3-CXCR4 cells. One
antibody (Mab 414H5) was able to bind and induce conforma-
tional changes of both CXCR4 homodimers and CXCR4/CXCR2
heterodimers. Mab 414H5 has strong anti-tumor activities both
in mice xenograft and survival models. Such antibody proper-
ties should be of interest for cancer therapy application given the
important roles of these two chemokine receptors in cancer.

Whole cell antigen presentation approaches have also been
used for screening phage libraries. For example, a large library of
human phage antibodies was exposed to mammalian cells dis-
playing the GLP-1 receptor. Phage antibodies that triggered an
agonist response were internalized with the receptor while inert
phage antibodies were washed away. Positive antibodies were
screened for agonist or allosteric modulatory activity against cells
expressing the human GLP-1 receptor (US2006/0275288 Al).
Antibodies obtained from this approach were able to magnify the
cAMP response to GLP-1 by 75-100%, while other antibodies
showed equivalent binding determined by fluorescence-activated
cell sorting (FACS), but failed to show such an allosteric modula-
tion. Such antibodies may therefore have utility in the treatment
of metabolic disorders such as diabetes.
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Denderitic cells (DCs) are potent antigen presenting cells and
a detailed description of the cellular pathways involved in mecha-
nisms that lead to the immune response generated by DCs has
been published.®® Antibodies against the human prostate spe-
cific GPCR (PSGR) were raised after intravenous injection of
receptor-expressing mouse bone marrow derived dendritic cells
or direct injection into the spleen of the mice.®* Antibodies were
analyzed by flow cytometry, immunofluorescent staining and
western blotting, but no further characterization was performed.

DCs can also release exosomes, containing intact antigen,
which induce activation of the antigen-specific B-cell antibody
response.”” These dendritic-cell-derived exosomes have drawn

% and two

interest because of their immunological properties
Phase 1 clinical trials in autologous dexosome therapy have
been described.®*® Exosome vesicles (50-100 nm) are formed
in intracellular vesicular bodies of most cells and released in the
extracellular milieu.”” These particles are capable of containing
GPCRs from overexpressing cell lines, as described for CXCR4
and CCR7.”° Sequence modification of the receptors is not neces-
sary to target the protein towards the exosome particles; however,
subcellular distribution of unmodified membrane proteins can
be found in the plasma membrane of the host cell. This technol-
ogy was recently applied to the somatostatin receptor SSTR-2.”!
Antibodies raised in mice injected with SSTR-2 containing exo-
somes were identified by ELISA.

A common expression system for the generation of GPCR pro-
tein is the Baculovirus/Sf9 insect cell system. Good expression
levels can be achieved in the membranes of the insect cells for a
number of GPCRs. Recent investigations have also shown that
the recombinant, extracellular baculovirus itself also can contain
functional GPCR protein in a budded virus form.”* Such viruses
carrying functional active receptor protein might also be of use as
antigen carrier for immunization approaches.

Cell membranes. Approaches to use of GPCRs in membrane
fractions have been described.” This strategy is more likely to
provide correctly folded GPCR protein than using purified pro-
tein or peptides, but this also creates a high background of irrel-
evant epitopes. Cell membranes from stable cell lines expressing
the human glucagon receptor (GCGR) were used to generate
human mAbs to hGCGR from the transgenic XenoMouse. The
lead candidate mAb displayed potent antagonistic activity with a
single injection able to reduce the blood glucose levels in a mouse
model for several days.”® The single injection lowered dose-depen-
dent fasting blood glucose levels without inducing hypoglycemia,
improved glucose tolerance and might therefore be an effective
new therapeutic for the treatment of type 2 diabetes. This was
strengthened by evidence that the antibody effectively normal-
ized non-fasting blood glucose levels in a 5-week treatment of
diet-induced obese mice.” Similar treatment also reduced fasting
blood glucose without inducing hypoglycemia or other undesir-
able metabolic effects. Importantly, pancreatic $-cell function
was preserved, as demonstrated by improved glucose tolerance
throughout the 18-week treatment period. This study supports
the concept that long-term inhibition of GCGR signalling by
a mAb could be an effective approach for controlling diabetic
hyperglycemia.
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Purified protein. Purified functional protein provides one of
the best regents for generating antibodies, but there are prob-
lems: GPCRs are generally very unstable when purified from the
plasma membrane into detergent. Solubilization often results in
protein unfolding or aggregation. As a result, functionally rele-
vant epitopes are disordered and antibodies raised to such protein
are usually non-functional. For GPCRs that are more stable, such
as the chemokine receptors CXCR4 and CCR3, purification of
functional protein is possible, although even in these cases the
resultant protein will contain a mixture of folded and unfolded
receptor. For GPCRs with very large extracellular domains, such
as the family B receptors, it is possible to obtain purified soluble
N-termini that can be used to raise antibodies. In most cases,
these will be antagonistic, i.e., acting to sterically hinder pep-
tide binding. Secondly, GPCRs must be formulated in detergents
or similar reagents, and this can cause irritation when used for
in vivo approaches or high non-specific binding when used for
in vitro screening. In many cases, the use of long chain deter-
gents required for unstable GPCRs actually masks epitopes that
would normally be exposed in cells. Finally, the use of purified
protein can result in antibodies to intracellular epitopes, such as
the intracellular loops and C-terminus. Such antibodies would
not be suitable as therapeutic agents, but can be of interest for
immunohistochemistry or crystallography.

A few examples of functional antibodies raised to purified
GPCR protein have been reported. For example, a mAb was
described against the vasoactive intestinal peptide/pituitary
adenylyl cyclase-activating peptide (VPACI) receptor that spe-
cifically binds to an extracellular domain (extracellular loops
2/3) of the receptor.”” The IgGl mAb was raised against puri-
fied human VPACI receptor. The antibody was capable of
binding to the VPACI receptor, decreasing cAMP levels in cells
and enhanced the maturation of in vitro cultured immature
megakaryocyte cells. The inhibition of cAMP levels is prob-
ably not related to the prevention of ligand binding as PACAP
ligand binding was not affected by the presence of the antibody.
A patent has been filed for the treatment of thrombocytopenia
(W0O/2009/000894) and clinical trials are expected to com-
mence in 2011.

A new approach to generate stable GPCRs for structural
studies also has utility for raising functional antibodies. StaR®
GPCRs® have been engineered to include a small number of
point murtations that greatly increase their thermostability and
allows generation of a GPCR that is stable enough for large scale
purification and milligram-scale protein production of homog-
enous material. This approach has been used for a diverse set of
GPCRs, including the 8,-adrenergic receptor, the adenosine A,
receptor and the neurotensin peptide receptor NTS1.”77? Another
interesting aspect of this approach is that the thermostabilization
process drives the receptor into a specific chosen conformational
state, for example, agonist or antagonist. This may present the
immune system with conformationally specific epitopes, thereby
allowing the selection of antibodies that will selectivity bind to
and stabilize specific conformations. Such antibodies would be
expected to have functional agonist or antagonist activity as a
result.
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Conformational coupling between the extracellular domain
and orthosteric binding site has recently been demonstrated for
the wild-type B,-adrenergic receptor.”” Nuclear magnetic reso-
nance (NMR) spectroscopy was utilized to elucidate the role of
the extracellular domain and investigate ligand-specific confor-
mational changes of the receptor, specifically the salt bridge link-
ing extracellular loops 2 and 3 that is a key structural feature
of the extracellular domain of the [,-adrenergic receptor. This
finding implies that drugs targeting this diverse surface could
function as allosteric modulators with high subtype selectivity,
such as conformationally-sensitive antibodies. Antibodies have
also provided utility in crystallography studies, as exemplified
by the mAb generated to intracellular loop 3, where the role of
the antibody was to stabilize non-covalent interactions between
the transmembrane segments while providing a polar surface for
crystal lattice contacts.®

In an attempt to stabilize unstable GPCR proteins, a num-
ber of formulations have been developed that seek to mimic the
environment of the plasma membrane. These include liposomes
made up of mixtures of detergents and lipids. The human orphan
receptor RAI3, also known as GPRC5A and RAIG-1, was over-
expressed in bacteria and, after purification, reconstituted into
liposomes to raise mAbs using classical hybridoma techniques.®

Preparations of CXCR4-containing paramagnetic proteolipo-
somes have been used to screen a large, non-immune human anti-
body phage library.®? This approach produced a panel of mAbs
that exhibited unique structural and biochemical features and
the resulting mAbs were able to inhibit chemotaxis induced by
the CXCR4 ligand SDF-1a in Jurkat cells. Antibodies to CCR5
have also been raised using a similar approach.®

After purification, GPCRs have also been reconstituted into
phospholipid bilayers using a method based on partial vesicle sol-
ubilisation.®> The method generated vesicles that showed homo-
dimerization of the neurotensin 1 receptor and might therefore
provide a method to generate mixed antigens of receptor homo- or
heterodimers. This approach could allow the generation of dual
antibodies directed against two interacting GPCRs, which has been
described against CXCR4/CXCR2 (WO 2010/037831 Al).

The reconstitution of a purified GPCR into high density lipo-
protein (HDL) particles has been described for the 8, adrenergic
receptor.5
meric G protein allowed the investigation of a receptor/G-pro-

The reconstitution in combination with a hetero-tri-

tein complex.®” This provides an antigen source of GPCRs in an
agonist-like conformation in order to generate conformational-
sensitive mAbs. This so-called nanodisc approach has been suc-
cessfully used to raise antibodies against haemagglutinin® and
thereby proves that such a system can be used for in vivo immu-
nization experiments.

Several new developments in polymer chemistry have led to
compounds that could overcome the detergent issue of purified
GPCRs for immunization. Amphipols have been described to
stabilize GPCRs in a functional active form with only traces of
the Amphipol present in the buffer.¥ Commercially available
polymers like the Amphipol (A8-35) might be useful to pro-
tect GPCRs long enough after injection into an animal for the
required immune response.
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DNA. Unlike other antigen production methods, DNA
immunization has the unique advantage that the antigen is
produced in the natural environment of the host animal. This
maximizes the probability of the protein forming its true
native structure via intracellular synthesis with correct post-
translational modifications and three-dimensional folding.
One disadvantage has been that it may only produce low levels
of antibodies, which severely limits the success rate. One stan-
dard method of DNA delivery is the bombardment of skin with
DNA-coated microparticles, known as the Gene Gun approach.
The approach of DNA-immunization is now used commercially,
and has been successfully applied to the isolation of a blocking
antibody against FPRL-1.° Antibodies generated against the
receptor were screened for anti-FPRL-1 activity by FACS and
for receptor blocking activity using fluorometric imaging plate
reader (FLIPR) technology. Pre-incubation with the selected
antibody showed an 80-90% reduction in calcium mobilization
in a FPRL-1 expressing cell line after activation of the receptor
with the ligand sCKp8-1.

Plasmid DNA can also be injected via the intramuscular
route followed by in vivo electroporation. Strong IgG antibody
responses to the chemokine receptors CXCR4, CCR3 and CCR5
receptors were induced after repeated injections with plasmids
encoding the receptors into transgenic mice. Here, the GPCR of
interest was fused to the E. co/i chaperone GroEL at its C-terminus
or, alternatively, the co-transfection of plasmids encoding GPCR
and GroEL was performed. The antiserum containing human
polyclonal antibodies against native human CXCR4 was capable
of detecting endogenously expressed CXCR4, but no functional
activity of these antibodies has been reported yet. A similar
approach was successful after injection of plasmid DNA into
Lewis rats generating polyclonal antibodies against the viral
GPCRs pBILF1 and pR78.”% Again, no functional activity of
these antibodies has been described so far.

GPCR-Targeting Antibodies in Development

As yet, no GPCR-targeting antibody drugs have been approved,
whereas there are over 400 approved new chemical entity drugs that
target these receptors. There is growing interest from pharmaceuti-
cal and biotechnology companies in GPCR-targeting therapeutic
antibodies and a number of agents are now in clinical trials. MAb
therapeutics showing promise at an early stage of drug development
target receptors such as the chemo-attractant receptor C5aR and
the angiogenesis/tumor metastasis associated receptor CXCR4.
There is limited data from peer-reviewed articles on the progress
of GPCR-targeting mAbs in preclinical and clinical evaluations,”
therefore we also collected information from sources such as com-
pany web sites, press releases, investor-corporate presentations, pat-
ent databases and the clinicaltrials.gov web site. The most advanced
mADb therapeutics are in Phase 2 studies, including, PRO140, which
targets the chemokine receptor CCR5, and is currently studies of
HIV patients, MLN1201, which blocks CCR2 and is in studies
of rheumatoid arthritis patients and KW-0761/AMG761, which is
a depleting anti-CCR4 antibody that is in studies as a treatment
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Table 2. G protein-coupled receptor-targeted antibody candidates

Receptor target

Company

Disease indication

Status

C3aR Human Genome Sciences Asthma Early stage (patent)
C5aR G, Therapies/Novo Nordisk i inigeliel e ide, cpssinls s Phase 1
erythematosus
FPRL Yes Biotech (Anogen) Alzheimer disease Early stage
CXCR4 (MDX-1338) Medarex/Bristol-Myers Squibb Cancer (acute myeloid leukemia) Phase 1
(ALX-0651) Ablynx Cancer Preclinical
(AT009) Affitech Cancer Preclinical
CCR4 (KW-0761) Kyowa Hakko Kirin/Biowa Cancer. Aller Phase 1/2 (Amgen)
(ATO08) Affitech » Alergy Preclinical
CCR5 (PRO140) Progenics Human immunodeficiency virus (HIV) Phase 2
infection
(HGS 004) Human Genome HIV Phase 1
(HGS 101) Sciences HIV Preclinical
CCR2 (MLN1202) Millennium Inflammation Phase 2 (Takeda)
CCR9 (MLN3126) Millennium Inflammation (Crohn disease) Preclinical (Takeda)
CCR8 ICOS/Eli Lilly Inflammation Early stage (patent)
GCG-R (AMG477) Amgen Type 2 diabetes Phase 1
GLP-1R Abbott/Human Genome Sciences TypeTor2 d|abe.tes,. neurological/ Early stage
metabolic disease
VPAC-1 Thrombogenics Thrombocytopenia Preclinical
. Early stage (characterization
LGR5 Kyowa Hakko Kirin Cancer e e
CRTH2 Sosei/Abgenix Inflammation No development recently reported
CXCR3 (AT0010) Affitech Inflammation Discovery

Note: List is not comprehensive. Candidates were identified via examination of sources such as company web sites, press releases,
investor-corporate presentations, patent databases and the clinicaltrials.gov web site.

for cancer. Examples of mAbs at various stages of development are
summarized in Table 2.

Case Studies in GPCR-Targeting
Therapeutic Antibodies

Anti-complement C5aR. Complement C5aR is an inflamma-
tory chemo-attractant receptor implicated in the pathogenesis of
several disease indications, including rheumatoid arthritis, sepsis,
systemic lupus erythematosus, stroke, amyotrophic lateral sclero-
sis, Alzheimer disease and macular degeneration.” Consequently,
C5aR presents a highly competitive area in which there are several
small molecule, peptide and mAb candidates in development tar-
geting either the ligand or the receptor. For example, G, Therapies’
humanized anti-C5aR mAb antagonist, Neutrazumab” is in
Phase 1 studies for rheumatoid arthritis and lupus.

Anti-CXCR4. CXCR4-associated angiogenesis and tumor
metastasis has led to a number of antibody development pro-
grams, such as MDX-1338 (Medarex; WO2008060367) a fully
human anti-CXCR4 antibody currently in Phase 1 studies for
acute myelogenous leukemia (AML); NorthWest Biotherapeutics
have progressed an anti-CXCR4 antibody project to late-pre-
clinical development where the resulting antibody panel has
demonstrated efficacy. Subsequent development will include
humanization and toxicity studies in preparation for Phase 1
clinical trials.
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CXCR4 antibodies have also been described in early stage
studies for immunotherapy in breast cancer. Treatment of
CXCR4-expressing breast cancer cells with a neutralizing anti-
CXCR4 reduced metastasis to the lungs in an intravenous tail-
injections model and an orthotopic implantation disease model.”®
In addition, neutralization of CXCR4 with blocking antibodies
has also shown a delay in tumor formation by CXCR4-expressing
Colon38 tumor cells,”” as well as presenting a potential therapeu-
tic treatment for non-Hodgkin lymphoma.”®

In preclinical studies, MDX-1338 has been shown to effec-
tively block the binding of CXCR4 to CXCL12, thereby inhibit-
ing chemotaxis and migration responses. In addition, MDX-1338
also reduced tumor growth in acute myelogenous leukemia and
lymphoma xenograft models. MDX-1338 can block the growth
of selected human tumor cells. The Phase 1, dose-escalation
study planned for 2009 will assess MDX-1338 as a monotherapy
with chemotherapy and is expected to enroll up to 34 patients
with relapsed/refractory AML. Additionally, the trial will also
establish and evaluate the safety, tolerability and maximum toler-
ated dose, as well as preliminary pharmacodynamics and efficacy
of MDX-1338.

CXCR4 also presents a unique opportunity not only where
the CXCR4-CXCLI12 (SDEF-1) biological axis is implicated in
the latter stages of HIV infection, but also as a chemo-attrac-
tant receptor where antagonizing the receptor has been shown to
mobilize CD34* stem cells from the bone marrow. Precedence
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for employing this approach is exemplified and the target clini-
cally validated by plerixafor (Mozobil), which selectively blocks
CXCR4 signaling and mobilizes neutrophils and hematopoi-
etic progenitor cells to the peripheral blood.” This small mol-
ecule drug was approved by the United States Food and Drug
Administration at the end of 2008.'%°

Another example of this strategy for mobilization of stem cells
is provided in the emerging field of alternative antibody formats,
where ALX-0651 (Ablynx; W02010043650) is a biparatopic
nanobody antagonist in preclinical development with investiga-
tional new drug application filing scheduled for 2011. In vivo
studies have demonstrated a single, intravenous administration of
formatted Nanobody that resulted in rapid mobilization of stem
cells in an animal cancer model.

ALX-0651 comprises two humanized and sequence optimized
Nanobodies that bind to different epitopes on CXCR4. This
biparatopic Nanobody is a potent antagonist of the CXCR4/
CXCLI12 axis. The non-humanized and non-sequence optimized
form of ALX-0651 has been shown to potently inhibit the inter-
action of CXCR4 with CXCLI2 in a number of in vitro assays,
including ligand binding and cell migration. This parental mole-
cule has also been evaluated for its ability to mobilize stem cells in
vivo. In a non-human primate model, a single-dose of Nanobody
resulted in stem cell mobilization. Based on these results, ALX-
0651 has been selected for pre-clinical development initially for
the mobilization of stem cells prior to transplantation.

Anti-CCR2 MLNI1202. Monocyte chemo-attractant pro-
tein-1 (MCP-1, also known as CCL2) is a chemokine that attracts
monocytes, dendritic cells, memory T lymphocytes and natural
killer cells by virtue of binding to its receptor CCR2. In fact,
CCR2 ligands comprise CCL2, CCL7, -8 and -13 (MCP-1,
MCP-3, -2 and -4, respectively); however, CCL2 is somewhat
different in that it is one of only a few chemokines that binds
primarily to one receptor, i.e., CCR2.

Knock-out studies have demonstrated that loss of MCP-1 effec-
tor function is enough to impair monocyte trafficking in inflam-
mation.'” CCR2-deficient mice exhibit altered inflammatory
and physiological responses in some allergy/asthma models, but
the role of this receptor appears to vary between disease models.
CCR2 has been identified as a determinant in athlerosclerosis'®?
and expression of MCP-1/CCL2 has been found to be increased
in disease conditions characterized by chronic inflammation and
large number of infiltrating monocytes. Hence, inhibition of
MCP-1/CCR?2 interaction by a CCR2 antagonist is expected to
prevent recruitment of monocytes/macrophages into the tissues
where the disease manifests, thereby reducing or suppressing the
inflammatory response. This would be particularly advantageous
for the therapeutic treatment or management of chronic diseases,
particularly autoimmune disease.

Prostate cancer frequently metastasizes to bone resulting in
a mixture of osteolytic and osteoblastic lesions. Elevated levels
of CCL2 in prostate cancer patients with bone metastases com-
pared to those with localized tumors and CCL2 knockdown that
diminished tumor growth in bone have been observed in stud-
ies, which implicates the CCR2-CCL2 axis in prostate cancer
metastasis.'” Breast cancer also metastasizes to bone (and lung)
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facilitated by CCL2 interaction with the CCR2* stromal cells of
monocytic origin, including macrophages and pre-osteoclasts.'"

MLNI1202 is a humanized mAb specifically targeting CCR2
antagonism that has undergone evaluation or is currently being
studied in Phase 2 trials for atherosclerosis, multiple sclerosis,
ulcerative colitis and diabetes.!” Recruitment is ongoing for a
Phase 2 study in bone metastasis (Clinicaltrials.gov identifier
NCTO01015560) where the effect of MLN1202 on tumor cell
proliferation, monocytes/macrophage trafficking and osteoclast
maturation will be assessed. MLN1202 has also been reported
as in preclinical development for scleroderma/systemic sclerosis.
The Phase 2 trials for multiple sclerosis and atherosclerosis have
been successfully completed,'® but a recent publication noted
that further development by a commercial sponsor has been dis-
continued.'” MLN1202 failed to exhibit sufficient efficacy at
Phase 2 in a clinical trial for rheumatoid arthritis.'””

Antagonism by MLN1202 was associated with a reduction in
gadolinium (GD)-enhancing lesions on brain resonance scans in
a multi-centre Phase 2 study of 50 patients with relapsing-remit-
ting multiple sclerosis.”® One of the key issues for the progression
of CCR2 therapeutic antibodies is the low sequence homology of
the receptor and ligand between human and other species. This
makes preclinical evaluation of anti-human receptor antibodies
in animal models of the disease questionable. Therefore, it may
be necessary to evaluate CCR2 candidate antagonists in non-
human primates and humanized mice.

Anti-CCR4 KW0761 (AMG761)

CCR4, a GPCR for C-C chemokines such MIP-1, RANTES,
thymus and activation-regulated chemokine (TARC) and
MCP-1, is expressed mainly on Th2-type helper T cells and regu-
latory T cells. Platelet activation is induced by the ligands TARC
and macrophage-derived chemokine (MDC), mediated through
CCR4. CCR4* T cells are implicated in the pathology of asthma
and other inflammatory diseases and T-cell malignancies. CCR4,
also known as CD194, is overexpressed on adult T-cell lymphoma
(ATL) and peripheral T-cell lymphoma (PTCL) cells.

KW-0761 is a defucosylated humanized IgGl antagonist
targeting CCR4 that was derived from the POTELLIGENT®
technology platform (Kyowa Hakko Kirin) for the develop-
ment of antibody-dependent cell-mediated cytotoxicity (ADCC)
enhanced antibodies.'”® The enhanced ADCC is engineered via
defucosylation of the KM2760 anti-CCR4 chimeric human-
mouse antibody Fc region'” using the original murine anti-CCR4
antibody KM2160."° KW-0761 selectively binds to and blocks
the activity of CCR4, consequently inhibiting CCR4-mediated
signal transduction pathways and subsequent chemokine-medi-
ated cellular migration, proliferation of T cells and chemokine-
mediated angiogenesis.

Potent anti-tumor activity has been observed in vivo where
KW-0761 was shown to mediate ADCC activity in vitro against
primary adult T cell leukemia/lymphoma (ATLL) cells in an
autologous setting. The degree of ADCC observed was related
to the level of effector NK cells rather than the amount of target
molecule on the ATLL cell surface.'”

603



Several clinical trials have been completed or are ongoing
for this therapeutic candidate: Phase 1/2 studies in ATLL and
peripheral T cell lymphoma PTCL (Clinicaltrials.gov identifier
NCT00888927; NCT00355472)"! where K\W-0761 is the first
defucosylated therapeutic mAb used clinically in cancer patients;
and a Phase 2 study (NCT00920790) currently being conducted
for relapsed/refractory ATLL after in vitro and in vivo efficacy
demonstrated clinical application against ATLL.'"'2 A market-
ing application filing is planned in 2011 and approval is antici-
pated in 2012 in Japan.

CCR4 expression is also associated with T 17 cells (IL-17-
producing CD4* T cells) that present a distinct T helper cell lin-
eage involved in the pathogenesis of a number of autoimmune
diseases.'® Accordingly, KW-0761 is currently being studied in
allergic rhinitis and has completed Phase 1 studies of K'W-0761
in healthy volunteers and allergic rhinitis patients.

In 2008, Amgen acquired rights in all non-oncology indica-
tions and Kyowa Hakko Kirin will continue its own development
activities in oncology until the completion of Phase 2a. At that
time, Amgen may elect to reimburse Kyowa Hakko Kirin for its
oncology-related development costs, expand its license to include

oncology and assume the development and commercialization of
KW-0761 in oncology settings. At Amgen, AMG761 is under-
going Phase 1 studies for the management/treatment of asthma
where the mechanism of action is to deplete the build-up of Th2
cells responsible for the allergic immune response in conditions
such as asthma. Preliminary results have been reported as favor-
able where potent depletion at low doses has been observed in
the clinic; a long-lasting effect would mean dose administration
could be quite infrequent.

Conclusions

GPCRs have long been recognized as important therapeutic tar-
gets, but it is only recently that their potential as antibody targets
has been explored. There are many technical hurdles to overcome
in raising antibodies to membrane proteins such as GPCRs and ion
channels, but developments in stabilizing receptors using mutagen-
esis or additives, as well as methods to overexpress receptors in cell
systems, is enabling the identification of functional antibodies.
Such agents have great potential in the treatment of chronic dis-
eases such as rheumatoid arthritis, diabetes and cancer.
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