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The chemokine receptors CCR5 and CXCR4 are the fwo major coreceptors for
HIV entry. Numerous efforfs have besn made to develop a new class of anti-HIV
agenis that target these coreceptors as an additional or alfernative therapy to
sfandard HAART. Among the CCRS inhibitors developed so far, maraviroc s the
first drug that has been approved by the US FDA for treating patients with RS HIV-1.
Although many CXCR4 inhibitors, some of which are highly active and orally
biocavailable, have also been studied, they are still at preclinical stages or have
been suspended during development. importantly, the interaction between
CXCR4 and its ligand SDF-1 is Involved in various disease conditions, such as
cancer cell metastasls, leukemia cell proliferation, rheumatoid arthritis and
« bulmonary fibrosis, Therefore, CXCR4 inhibitors have potential as novel therapeutics

: for the treatment of these diseases as well as HIV infection.

Approximately 34 million people are currently
living with HIV, and 2 million people died
due to AIDS or AIDS-related diseases in 2008
(201]. Affcer the introduction of HAART in 1996,
which combines HIV-1 reverse transcriptase
and protease inhibitors, the morbidiry and mor-
tality associated with HIV-1 infection decreased
dramatically (1,2] due to sustained reductions in
HIV-1 plasma levels and significant increases
in the number of CD4* T cells 3-5]. However,
there are still several remaining problems asso-
ciated with HAART that need to be overcome,
such as the emergence of drug-resistant mutants
and drug-related side effects. One approach to
overcome these issues is to develop new reverse
transcriptase or protease inhibitors that are
effective against known drug-resistant muta-
tions. Indeed, a new protease inhibitor, daruna-
vir (TMC114), has been approved by the US
FDA for the treatment of HIV/AIDS patients
harboring multidrug-resistant HIV-1 variants
that do not respond to existing HAART regi-
mens [6]. In addition, etravirine (TMC125),
a second-generation non-nucleoside reverse
transcriptase inhibitor (NNRTI), has been
recently approved by the FDA for the trear-
ment of HIV infection in adults when other
antiretroviral drugs have failed. Mulciple muta-
tions are required for HIV-1 to become resistant
to etravirine in comparison to first-generation
NNRTIs 71, An alternartive approach is to dis-
cover new anti-HIV drugs that are directed
against a novel target and have a unique mech-
anism of action. In 2003, the FDA approved

enfuvirtide, previously known as T-20, which
targets HIV-1 gp4l. Enfuvirtide is classified
as a fusion inhibitor, which blocks fusion
between the HIV-1 envelope and the target
cell membrane. Although the drug must be
administered parenterally, it is also effective
against a multidrug-resistant HIV-1 strain (s,9].
In addition, the FDA approved the integrase
inhibitor raltegravir in 2007 for use in highly
treatment-experienced patients {10]. In addi-
tion, other anti-HIV-1 drug candidates have
been explored as well, such as the maturation
inhibitor bevirimat (PA-457) ).

After the chemokine receptors CCR5 and
CXCR4 were found to be the major HIV-1
coreceptors together with the primary recep-
tor CD4, numerous efforts were made to test
whether chemokines, chemokine derivatives,
or small-molecule inhibitors against chemokine
receptors had the potential to be a new class of
anti-HIV-1 agent. In particular, many receptor
antagonists against CCRS5 have been developed
as anti-HIV-1 drugs. Among them, maraviroc
was approved by the FDA in 2007 for the treat-
ment of R5 HIV-1 in treatment-experienced
adult patients and is used in combination with
other antiretroviral treatments. Several classes
of CXCR4 antagonists have also been devel-
oped, although all have yet to reach clinical
testing, However, other clinical applications
for CXCR4 inhibitors in addition to anti-HIV
therapy have been considered, as the interac-
tion between CXCR4 and its ligand SDF-1 is
also involved in several other diseases, such as
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cancer metastasis, rtheumnatoid archritis (RA)
and pulmonary fibrosis (12]. In addition, recent
research on bicyclam AMD3100, a well-known
CXCR4 antagonist, has revealed that it specifi-
cally increases CD34* hematopoietic stem cell
numbers in peripheral blood. A Phase 111 trial
for AMD3100 as a stem cell mobilizer has been
successfully completed [13]. In this review, we
will highlight the role of CXCR4 in HIV infec-
tion and introduce the history and present sta-
tus of various CXCR4 inhibitors. In addition,
we will also describe the potential of CXCR4
as a therapeutic target in diseases other than
HIV infection.

ildenﬁﬁcoﬁon of chemokine receptors as

i coreceptors for HIV-1 enfry
Soon after the discovery that HIV-1 caused
AIDS, CD4 was identified as the receptor for
HIV-1 entry into target cells, However, it was
recognized that a molecule was required in
addition to CD4 to fully enable virus entry.
One of the central observations that prompted
this theory was the fact that human CD4
acts as a receptor only when expressed in
human cells, It was then discovered that some
chemokines, such as MIP-lo,, MIP-1p and
RANTES, inhibit HIV-1 infection, suggesting
that the chemokines receptors may function
as a coreceptor for HIV-1 entry (14l Indeed,
B-chemokine receptor CCR5, a member of
the G protein-coupled receptor superfamily of
seven-transmembrane domain proteins, was
soon identified as the major coreceptor for
M-tropic HIV-1 isolates, which can efficiently
replicate in human macrophages and primary
CD4* T cells 15-18]. Shortly after the discovery
of CCRS, the a-chemokine receptor CXCR4,
was reported as the main coreceptor for T-tropic
HIV-1 isolates, which can efficiently replicate
in T-cell lines and primary CD4* T cells [9).
Although the current consensus is that both
CCR3 and CXCR4 are the major coreceptors
for HIV-1 infection 71 vivo, additional chemo-
kine receptors, including orphan receptors and
others (e.g., CCR2b, CCR3, CCR8, CCRY,
CXCR6 and CX,CR1 [20]), have been reported
to act as alternative coreceptors for CD4 when
they are overexpressed.

The present model for HIV-1 fusion/entry is
outlined in Frovre 1 and is as follows:

s Binding of the gp120 trimer to CD4 induces
conformational change(s) in gp120 that result
in the exposure of high-affinity coreceptor
binding sites;

s+ The interaction of gpl20 with coreceptors
then causes further conformational change(s)
in gpl20/gp41 thart lead to exposure of the
gp41 ectodomain;

= Extension of the gp41 fusion peptide causes a
membrane fusion reaction between the viral
membrane and the target cell membrane
through formation of a six-helix bundle.

i
3

iDe’terminanfs of HIV cell tropism

| & chemokine receptor usage

HIV-1 gpl20 consists of five variable regions
(V1-V5) and five constant regions (C1-C5).
Cumulative evidence dermonstrates that the
V3 loop is a primary determinant of virus cell
tropism [21-27] and coreceptor usage [16,28-31. In -
addition, the V1/V2 region is also thought to
regulate the efficiency of coreceptor-mediated
HIV-1 entry {30,327 Furthermore, conserved
gpl20/coreceptor binding sites have been pro-
posed to exist mainly based on the fact that
Env proteins from HIV-1, HIV-2 and SIV can
interact with the same chemokine receptors (i.e,

CXCR4 and CCR5).

Impact of nonfunctional chemokine

ireceptor alleles on HIV resistance

1& disease progression

CCRS 832 is a mutant allele of CCRS5 that is
prevalent in European populations 33). The gene
product is nonfunctionally truncated such that
the protein is unable to transport to the cell sur-
face. Homozygotes for the 832 allele exhibit a
strong resistance to HIV infection, whereas het-
erozygotes show delayed progression to AIDS.
Many other alleles are thought to affect the pri-
mary structure of CCRS or its promoter, and
some lead to nonfunctional receptors or otherwise
influence AIDS progression (34,35]. For example,
the CCRS5 promoter polymorphism CCRS
59029G may affect viral transmission and disease
progression due to its effect on the expression of
CCRS. A single-nucleotide polymorphism (SNP)
in the CCR2b gene has been identified as well.
The presence of either one or two copies of this
mutation, termed CCR-2b 641, has been associ-
ated with delayed progression to AIDS and death
in several cohorts (36). Genome/polymorphism
analysis of CXCR4 has so far failed to show a case
equivalent to that of the 332 allele. However, since
SDEF-1 interferes with X4-tropic HIV-1 infection,
SDE-1 could be a genetic trait that mighe affect
progression to AIDS. Indeed, 2 SNP in the 3’
untranslated region of SDF-1 was reported to
be epidemiologically protective against HIV

Future Microbiol. (2010) 5(7)

future science group ket



Role of CXCR4 in HIV infection & its potential as a therapeutic target Review

HIv-1
membrane

gp41

< HR2 domain
“ MR1 domain

Cell membrane

HIV-1 Env
A trimer’ G binding

Ch4 ® Coreceptor

C!) Six-helix bundle
binding

formation

3 Membrane fusion

Figure 1. Proposed mechanism of HIV entry. The HIV £nv protein is a homotrimeric protein that consists of surface gp120 and

transmembrane gp41 proteins (A). First, gp120 binds to the receptor CD4, and CD4 binding induces conformational changes in gp120
that lead to the exposure of a conserved gp120 domain and the gp41 ectodomain, which are important for coreceptor binding (E;). After
binding to CD4, gp120 binds to a coreceptor, such as CXCR4 or CCRS, which is a member of the G-protein-coupled receptor superfamily
of seven-transmembrane domain proteins {€). Coreceptor binding can be blocked by many inhibitors that have been developed against
CXCR4 and CCRS. Coreceptor binding causes further conformational changes in HIV Env that allow extension of the gp41 fusion peptide

and generation of a six-bundle formation (D) following membrane fusion between the viral and target cell membrane (E).

infection and progression {37). In contrast to
CCRS 332, this mutation is rather common in
all geographical regions of the world. It has been
suggested that this mutation may increase SDE-1
levels, thus competing with X4 HIV binding to
cells. Those who are homozygous for this muta-
tion demonstrate slow progression to AIDS with-
out exhibiting decreased susceptibility to HIV
infection (37, Mutations in the CXCR4 gene are
generally rare and have not been implicated in
HIV-1/AIDS pathogenesis.

fCorecepfor-forgeted anfi-HIV therapy

Along with CCR5, CXCR4 is a major corecep-
tor in HIV infection. R5 HIV-1 is isolated pre-
dominantly during the acute and asymptomatic
stages (3], whereas X4 HIV-1 strains emerge in
approximately 50% of infected individuals,
and their emergence is associated with rapid
CD4* T cell loss and disease progression (39,401

CXCRY4, therefore, is a novel and artractive tar-
get for the development of new anti-HIV drugs.
Significant efforts have been made to explore
and identify small-molecule compounds that
interfere with the interaction between gpl20
and CXCRA4. The structures of some of the well-
studied CXCR4 inhibitors discussed below are

shown in Tastz 1 & Fieurs 2.

AMD3100 & AMDO070

Bicyclam AMD3100 (Tusie 1 & Fiouez 2) is a small
molecule inhibitor that strongly restricts X4
HIV-1 infection [41]. The compound exhibits nio
antiviral activity against CCRS-utilizing HIV-1
strains. Correlation was observed between the
inhibitory activity of AMD3100 on X4 HIV-1
replication, CXCR4 mAb binding and SDF-1ai-
induced signal transduction. Thus, AMD3100 is
a specific antagonist of CXCR4, AMD3100 has

proven effective not only in a severe combined
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%Compound Company

CXCR4 inhibitors

LALX40-4C NPS Allelix

| AMD3100 AnorMED

| AMD3100 Genzyme

+ {plerixafor)

:AMDO070 Genzyme

fT14O Kyoto
University

{ KRH-3955 Kureha

| CCRS inhibitors

L TAK-652 Takeda/Tobira

‘(TBR-652)

. Aplaviroc Ono

Maraviroc pfizer

:PF-232798 pfizer

icriviroc Schering-

Plough/Merck

FINCB9471 incyte

Stage of Disease
development

Terminated (Phase I/11)  HIV
Terminated (Phase I71)  HIV

Approved by USFDA  Stem cell mobilizer

Suspended (Phase V1) HIV

Preciinical HIV, cancer
metastasis, leukemia,
rheumatoid arthritis

Preclinical HIV, cancer
metastasis

Phase Il HIV

Terminated (Phase JI/1I1) HIV

Approved by US FDA ~ HIV

Phase il HIV
Terminated (Phase lil).  HIV
Phase I HiV

« G-CSF: Granulocyte colony-stimulating factor.

No apparent effect was observed on viral load
Little effect was observed on viral load

Use in combination with G-CSF

A derivative of AMD3100 that can be orally

administered. Liver histology changes were observed
in long-term prediinical toxicity experiments.

A downsized analog of T22 peptide that specifically
inhibits CXCR4

A highly potent, orally bicavailable CXCR4 antagonist

A potent, orally bioavailable CCRS antagonist

Aplaviroc's development was stopped because of
hepatotoxicity
The first FDA-approved CCR5 antagonist

A second-generarion Pfizer oral CCR5 antagonist

Vicriviroc did not meet the primary efficacy endpoint

A new class of oral CCRS antagonist

Note

immunodeficiency (SCID) -hu/Thy/Liv mouse
model [42] but also in a proof-of-concept study on
a patient infected with X4 HIV-1. Development
of the compound as an anti-HIV drug was sus-
pended primarily due to its cardiotoxicity [43). An
effort to overcome the poor oral bioavailability
and side effects of AMD3100 led to the generation
of AMDO70 (Tasce 1 & Ficure 2), which has tetra-
hydroquinolineamine as its pharmacophore and
which is a potent and specific X4 HIV-1 inhibitor
with high oral bioavailability. Although AMDO70
also showed potential activity against X4 HIV-1in
a clinical Phase Ib/Ila proof-of-concept study, the
FDA halted development of this compound due
to liver histology changes in long-term preclinical
toxicity studies [44]. Further studies are needed
to determine in vivo toxicity of AMD3100 and
AMDO070, is due to blocking CXCR4 functions.

122, T134 & 1140

Self-defense peptides isolated from the hemocytes
of the Japanese and American horseshoe crab
tachyplesins and polyphemusins have antibacte-
rial and antiviral activities (45-47], Several years
prior to the discovery of the HIV-1 corecept-
ors, Yamamoto and colleagues were able to

show thar T22 ([Tyr5, 12, Lys7]-polyphemusin)
(Tasee 1 & Ficure ), a synthetic polyphemusin analog
with 18 amino acid residues and two disulfide
bonds, inhibits HIV-1 replication (4748}, The two
disulfide bonds form an antiparallel B-sheet struc-
ture, which is important for the antiviral activity
of the peptide. The peptide inhibits replication of
T-tropic but not M-tropic HIV-1. The determi-
nant of this specific antiviral activity was mapped
to the V3 region of the HIV-1 Env protein (49},
and the 50% effective concentration (EC,,) was
290 nM in an anti-HIV assay using MT-4 cells.
Subsequent to the discovery of the CXCR4 and
CCRS coreceptors, we demonstrated that the T22
peptide specifically blocks virus—cell and cell—cell
infection mediated through HIV-1 Env interac-
tion with CXCR4 and CD4 (50}, as also reported
in other CXCR4 inhibitors such as ALX40-4C
and AMD3100 {41,51). It was also found that T22
suppresses Ca?* mobilization induced by SDF-1at.
Thus, T22 is a small CXCR4 antagonist that
inhibits X4 HIV-1 infection via specific binding
to the CXCR4 molecule.

Through an effort to downsize T22 by struc-
ture—activity relationship studies, it was found
that T134 52) and T140 (53] (Iasie 1 & Fieure 2),
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14-mer peptides with a single disulfide bond, had
stronger anti-HIV-1 activity than T22. Although
T140 lacks four amino acids and one disulfide
bond, it maintains an antiparallel B-sheet struc-
ture. Through an Ala-substitution scanning
study, it was demonstrated that Arg2, Nal3, Tyr5
and Argl4 form the pharmacophore of T140,
which is useful information for the rational
design of peptide derivatives with higher ant-
HIV activity 541, Downsizing T140 resulted in
the development of a cyclic pentapeptide, FC131,
which has strong CXCR4-antagonistic activity
and could serve as a template for furcher modifi-
cation [53}]. Systemic toxicity of the T compounds
was evaluated with TIN14003, a derivative of
T140 (56). CB-17 SCID mice were injected with
TIN14003 at 100 ng/g body weight twice weekly
for 45 days. Although no damage in theliverand
kidney was observed by hematoxylin and eosin
staining, further careful iz vive study is required
for assessing the safety of the T compounds.

KRH-1636 & KRH-3955

In an attempt to discover a novel, small non-
peptide CXCR4 antagonist Yamamoto and col-
leagues screened more than 1000 compounds
from the Kureha Corporation (Tokyo, Japan)

H-Arg-Arg-Trp-Cys-Tyr-Arg-Lys-Cys-Tyrm
}

| l = N o
gy Q\J\s
Y i
H2N-Arg~0'ys-Lys~Arg-Tyr~C'/s~Tyr 7 3 f O
By

Ac-(o-Arg)-NH,

chemical library, This screen led to the identi-
fication of KRH-1636 (Tastz 1 & Ficure 2), which
strongly and specifically inhibits X4 HIV-1
replication, both i vitro and in vive 571, KRH-
1636 blocks the replication of various X4 HIV-1
strains in a nanomolar range and has low cyto-
toxicity (CC: 400 pM in MT-4 cells). KRH-
1636 also strongly inhibits both SDF-1at binding
to CXCR4 and CXCR4-mediated Ca** signaling
and blocks binding of monoclonal antibodies
to CXCR4 without down-modulating the core-
ceptor. Importantly, KRH-1636 also inhibits
X4 HIV-1 replication in a human peripheral
blood lymphocyte (PBL)/ SCID mouse model.
Furthermore, KRH-1636 was absorbed into the
blood after intraduodenal administration in rats.
KRH-1636 did not show severe toxicity in rats
that received the compound (1.5 mg/kg per day)
by intravenous administration for 4 days 57].
Vigorous efforts to search for more potent
and orally bioavailable CXCR4 antagonists were
undertaken through a combination of chemical
modification of KRH-1636 and biclogical assays,
leading to the identification of KRH-3955 (Taste 1
& Foene 2) {38]. KRH-3955 very potently inhibits
replication of X4 HIV-1 in activated peripheral
blood mononuclear cells (PBMCs) from different

Lys

2

-

ALX40-4C
/\' T22
l\/NH N] o
WM HN NH  HN H-Arg-Arg-Trp-Cys-Tyr-Arg-Lys._
‘\/ : R KRH-1636
s o )l/s
N H '
S Pro

AMD3100

/EN\\/\/\NHa

T Ny

AMDO070

Figure 2. CXCR4 inhibitors.
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donors and effectively restricts clinical HIV-1 iso-
lates. The EC,, of KRH-3955 is approximately 1
nM, and it also blocks replication of recombinant
X4 HIV-1 containing resistance mutations in
reverse transcriptase and protease, as well as iso-
lates with T-20-resistant mutations in the envelope
protein. KRH-3955 inhibits both SDF-1at bind-
ing to CXCR4 and Ca** signaling through the
coreceptor. Moreover, KRH-3955 does notinduce
CXCR4 internalization but inhibits the binding
of anti-CXCR4 monoclonal antibodies that rec-
ognize the second or third extracellular loops of
the receptor. The compound shows an oral bio-
availability of 26% in rats and oral administra-
tion blocks X4 HIV-1 replication in the human
PBL/SCID model. Thus, KRH-3955 is a strong
CXCR4 antagonist and seems to be 2 new prom-
ising therapeutic agent against HIV-1 infection
and AIDS although further studies are definitely

needed on in vive safety of the compound.

Other CXCR4 inhibitors

In addition to the compounds above, there are
several other CXCR4 inhibitors. These include:
AILX40-4C (Tasre 1 & Figure 2) [51,59) and Arg-
mimetic conjugates {60,611, POL3026 (B-hairpin
mimetic) 2,63 and CGP64222 [s4]. ALX40-4C,
apolypeptide of nine p-Arg residues stabilized by
terminal protection, inhibits X4 HIV-1 infection
as well as R5X4 (dual-tropic) HIV-1 infection in
the context of CXCR4 use [51]. The peptide also
blocks binding of SDF-1ot and the anti-CXCR4
monoclonal antibody 12G5 1o CXCR4. Although
no significant reduction in viral load was
observed, ALX40-4C was well tolerated by 39
out of 40 HIV-infected individuals for a I-month
treatment period in Phase I/I1 clinical trials (591,
The B-hairpin motif in the polyphemusin and
T22, which are described in the previous sec-
tion, was used to design a B-hairpin mimetic
POL3026. The cyclic peptide specifically inhibits
X4 HIV-1 infection {¢2]. Importantly, POL3026
showed excellent stability in human plasma and
favorable pharmacokinetics when administered
subcutaneously in dogs [63].

Molecular interactions between CXCR4
inhibitors & the CXCR4 receptor

The molecular interactions between CXCR4
inhibitors or antagonists with the CXCR4 recep-
tor have been examined primarily using three
methods. The first method involves examining
the effect of CXCR4 inhibitors on the binding
of several anti-CXCR4 monoclonal antibodies
that recognize various regions of the receptor. In
the second, the effect of mutations in CXCR4 on

the inhibitory activity of CXCR4 antagonists is
investigated together with binding of certain anti-
CXCR4 monoclonal antibodies, such as 12G5, or
the ligand SDF-1a to the recepror. Thirdly, radio
or photo-labeled inhibitors are used to identify
the binding sites of inhibitors directly.

Using various CXCR4 mutants, the deter-
minants of AMD3100 sensitivity were identi-
fied as four Asp residues ar positions 171, 182,
193 and 262, as well as Glu288, indicating
the importance of the second extracellular loop
(ECL)2 and ECL3 and their connected trans-
membrane domains (Fourz 3) (65-68]. Reduced
binding of radiolabeled T140 was observed
when CXCR4 was mutated at Aspl71, Argl88,
Tyrl90, Gly207 and Asp262, again suggesting
the contribution of ECL2 to inhibitor binding
169). Furthermore, T140 photolabeling recently
revealed that the peptide actually interacts
with the fourth transmembrane domain of
CXCR4 1701, To determine the binding site(s)
of KRH-3955, its effect on the binding of four
different anti-CXCR4 monoclonal antibodies
was examined, and the data obtained suggested
that KRH-3955 binds a region composed
of all three CXCR4 ECLs. Further studies
were performed using various CXCR4 point
mutants to narrow down the binding site(s) of
KRH-3955. While AMID3100 lost its activity
when Aspl71, Asp262 or Glu288/Leu290 was
mutated, unexpectedly, His281 was the only
residue whose mutation affected the inhibitory
activity of KRH-3955 (ieure 2) (58], Together,
these data indicate that several acidic amino
acid residues in CXCR4, such as Aspl71 and
Asp262, are crucial for the binding of most of
the CXCR4 inhibitors.

CCR5-targeted anti-HIV therapy

Initially, natural CCR3 ligands, such as MIP-1a
and RANTES, or their protein (or peptide)-
based inhibitors, were studied as potential
CCRS5 inhibitors. However, these molecules
were not developed further as HIV therapeu-
tics due to their poor pharmacokinetics and
bioavailability. Several small molecule CCR5
antagonists have been reported to date (Tasz 1:
TAK-779 711}, TAK-652 (TBR-652) (721 and
TAK-220 (73} (Takeda; Osaka, Japan), AKGO2
(presently termed aplaviroc; Ono; Osaka,
Japan) (741, SCH-C 75) and SCH-D (renamed
vicriviroc) (76) (Schering-Plough/Merck),
UK-427,857 (presently termed maraviroc) [77],
PF-232798 [78) (Pfzer; Sandwich, UK) and
INCB9471 (Incyte, DE, USA) (79}. Among
them, the FDA approved maraviroc in 2007, for
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Figure 3. Serpentine diagram of the CXCR4 receptor. White letters in blue circles and black
letters in red circles represent amino acid residue substitutions that severely reduce the inhibitory

activities of AMD3100 and KRH-3955, respectively.

ECL: Extracellular loop.

treatment-experienced adult patients, in combi-
nation with other antiretroviral drugs. Vicriviroc
is being terminated in Phase III clinical trials.

Resistance to coreceptor inhibitors

Theoretically, HIV-1 acquires resistance to
coreceptor inhibitors, including coreceptor
ligands or anti-coreceptor antibodies, either
by changing the way it uses coreceptors or
switching coreceptor usage, such as shifting
from CCR5 to CXCR4. Experiments to select
viruses resistant to coreceptor inhibitors have
been mainly performed in two ways. In one
approach, a selection experiment is performed
using cell lines that express only CXCR4 or
CCRS5 180-84]. In this case, resistant viruses
did not show coreceptor switching, but rather
started to use the same coreceptor in a drug-
bound form. Many mutations in resistant HIV-1
were found in the gp120 region of HIV-1 Env,
especially in the V2 and V3 regions. It is gener-
ally considered that it is much more difficult for
the virus to gain resistance to coreceptor inhib-
itors than to HIV-1 inhibitors that target viral
proteins such as reverse transcriptase. Indeed,
145 passages over 1.5 years were required to
obtain T134-resistant NL4~3, which shows
modest resistance to the T134 peptide (15-
fold increase) g4, The T134-resistant HIV-1
is also resistant to AMD3100 as well (15-fold
increase). Interestingly, effective concentration

of T134 against AMD3100-resistant HIV-1 is
almost the same as that against the wild-type
strain. In the second resistant virus generation
strategy, selection experiments are performed
using a cell that expresses both CXCR4 and
CCRS, such as human PBMC or PBL [35-95!.
Sequence analysis of resistant variants revealed
different patterns of amino acid changes in the
envelope regions. In some cases, resistant muta-

tions were mainly located in the V3 region of

the HIV-1 envelope. Amino acid changes also
occurred throughout gpl60 in the absence
of changes in the V3 loop (891, Furthermore,
detailed analysis revealed that three physically
proximal mutations in the gp4l fusion pep-
tide region are responsible for viral resistance
to vicriviroc [93]. It is of note that most HIV-1
variants with resistance to CCRS inhibitors
remain CCRS5-tropic, although emergence of
CXCR4-using variants from SF162 was also
reported in cell culture passage in the presence
of maraviroc [94]. .

Another important issue in viral drug resis-
tance {s whether resistance mutations affect virus
fitness and/or sensitivity to neutralizing anti-
bodies. Reduced fitness was reported for HIV-1
isolates resistant to CXCR4 inhibitors such as
AMD3100 (96]. On the other hand, resistance
to the CCRS5 inhibitor AD101 (SCH-30851, a
precursor of vicriviroc) is not associated with
a fitness loss (87). Escape mutants from two
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different CCR5 inhibitors, AD101 and vicri-
viroc, were examined for their sensitivity to
well-known neutralizing monoclonal antibod-
ies, such as b12, 2G12, 2F5 and 4E10, as well
as to sera from HIV-1-infected individuals {92].
The rationale for this study is that at least some
of the escape mutants against CCR5 inhibitors
change amino acids in their envelope region(s),
which can be targets for neutralizing antibod-
fes. Interestingly, the escape mutants were mare
sensitive than the parental isolates to a subset of
the neutralizing antibodies and some sera from
HIV-1-infected individuals, indicating thar the
humoral immune response could exert selection
pressure in vivo. Further studies will be required
to more completely examine how drug resistance
alters virus ficness and/or susceptibility to the
immune system.

Several studies have been reported on clini-
cal resistance to CCRS inhibitors. Coreceptor
tropism was examined of 64 HIV-l-infected
patients who were given short-term monotherapy
of maraviroc. Phylogenic analysis of CXCR4-
using variants selected only in two patients
revealed that those variants were most likely
derived from a CXCR4-using reservoir {971,
Clinical resistance to vicriviroc was examined
using both subtype C and subtype D of HIV-1.
In the case of an HIV-1 subtype C-infected
subject, amino acid changes within the V3 loop
were sufficient to confer vicriviroc resistance
@3], On the other hand, amino acid changes in
the V3 loop as well as the C4 domain are fully
responsible for vicrivitoe resistance in HIV-1
subtype D 1991

| other applications of CXCR4 inhibitors
Anticancer

CXCR4 is expressed constitutively in a wide
variety of normal tissues, including lymphoid
tissues, thymus, brain, spleen, stomach and the
small intestine (100]. The SDF-1/ CXCR4 interac-
tion is critical for normal lymphocyte rafficking
and homing and retention of hernatopoietic stemn
cells within the bone marrow, and is essential in
fetal hematopoiesis {101]. Tnteraction of SDE-1
with CXCR4 activates effector molecules that
regulate cell survival, proliferation, chemotaxis,
migration and adhesion. Growing evidence
suggests thar a number of chemokine receptors,
most notably CXCR4, are also deeply involved
in cancer pathogenesis, such as cancer growth,
metastasis and anglogenesis (102]. Abundant
CXCR4 expression is reported in tumor cellsin
more than 23 various types of human cancers
of epithelial, mesenchymal and hematopoietic

origin {103]. This includes tumors such as breast
cancer, ovarian cancer, hepatocellular carcinoma
and hematologic malignancies, as well as a num-
ber of other malignancies, including lung, brain
and prostate cancer.

Cancer metastasis is the result of several
sequential steps and represents a highly orga-
nized, nonrandom and organ-selective process
(104]. Activation of CXCR4 not only results
in cytoskeletal changes leading to cell migra-
tion, but also induces the production of matrix
metalloproteinases at the primary tumor site
(o5, This is important for detachment of
the tumor cells and their migration through
the extracellular matrix into the circulation.
Cancers can also have diverse metastatic pat-
terns involving the regional lymph nodes, bone
marrow, lung and liver, Mouller e 2/, were the
first to show that CXCR4 is highly expressed
in human breast cancer cells, malignant breast
cumors and metastatic tumors, and that in
mice CXCRé4-expressing breast cancer cells
aggressively metastasized to secondary organs
where SDE-1 expression is significantly higher
(106]. Blocking SDF-1/ CXCR4 interaction with
a neutralizing antibody significantly inhibited
the metastasis of breast cancer cells to distant
organs (106]. Other studies have shown that
2 CXCR4 antagonist peptide (CTCE-9908)
reduces metastasis consistently in many dif-
ferent murine cancer models {107.108]. Similar
in vive observations have been made with
CXCR4 blocking small molecules, such as
AMD3100 {ovarian carcinoma) 109, peptides
(melanoma) {10}, TN14003 (head and neck
cancer) (111, antibodies (prostate cancer) (137)
and a siRNA (breast cancer) [113]. Indeed,
AMD3100 (Genzyme Corporatioh; MA, USA)
is currently being tested for hematologic malig-
nancies in a Phase I/II trial in combination
with other treatments such as chemotherapy.
To define the spontaneous metastasis of breast
cancer cells, we also conducted histological
examinations using various organs of NOD/
SCID/y(null) (NOG) mice inoculated with
CXCR4-low-expressing MCE-7 and CXCR4-
high-expressing MDA-231 cell lines [02].
Results from this study showed that NOG
mice inoculated with CXCR4-low-expressing
MCE-7 cells barely exhibited organ metastasis,
whereas spontaneous metastasis of tumor cells
was found in the lungs of NOG mice inocu-
lated with CXCR4-high-expressing MDA-231
cells. These results suggest that CXCR4-high-
expressing tumor cells could spontaneously
metastasize to secondary organs.
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We also examined the effect of KRH-1636
and its derivatives on SDF-la-mediated che-
motaxis of cancer cells to address whether these
molecules could be applied to abrogate cancer
metastasis {114}, We found that two derivarives,
KRH-2731 and KRH-3955, potently antagonize
SDF-la-mediated chemotaxis, exhibiting an
EC,, of less than 10 nM, which was more than
a 1000-fold improvement in efficacy over the
prototype KRH-1636. As far as we analyzed the
KRH compounds tested, there was a correlation
of inhibition among SDE-1at binding, SDF-1a-
mediated chemotaxis and HIV-1 infection
(s8,114]. Therefore, the KRH-1636 derivatives
KRH-2731 and KRH-3955 may be promising
as novel anticancer metastasis drugs in addition
to potential HIV-1 therapeutics.

Although less well studied compared with
metastasis, the effects of CXCR4 on survival, pro-
liferation, angiogenesis and vasculogenesis of can-
cer cells are also important. SDF-1 produced by
stromal cells may induce a survival or antiapop-
totic signal in tumors that reduces their suscepti-
bility to current treatments, such as chemotherapy
1108}, It has been reported that in ovarian, glioma,
small-cell lung, renal and thyroid cancers, SDF-1
can stimulate the proliferation and/or survival
of CXCR4-expressing cancer cells when they
are grown under suboptimal conditions, such as
low serum concentrations (102,115}, To define the
role of SDF-1/CXCR4 interaction in breast can-
cer cell proliferation and apoptosis, we cultured
the breast cancer cell line MDA-321 in serum-
depleted media. MDA-321 cells depend on serum
for maximal growth in culture, A total of 24 h
after serum withdrawal, MDA-321 cells exhib-
ited a significant decrease in cell number and
underwent apoptosis. However, when serum was
withdrawn in the presence of SDF-1, there was
almost no decline of cell number and no apoptotic
cells were observed. Two breast cancer cell lines
(CXCR4-low-expressing MCFE-7 and CXCR4-
high-expressing MDA-231 cells) were inoculated
subcutaneously in the postauricular region of
NOG (NOD/SCID/ge null) mice. CXCR4-
low-expressing MCE-7 cells formed a small
turnor at the inoculation site in NOG mice after
8-9 weeks. By contrast, CXCR4-high-expressing
MDA-231 cells produced a large tumor within
2-3 weeks in NOG mice DEwANET AL, UNPUBLISHED
Daral. These data suggest that SDF-1/CXCR4
interaction might play an important role in breast
cancer cell proliferation and prevention of apop-
tosis and in primary tumor growth in SCID mice
at the inoculation sive. The effects of CXCR4 on
cancer growth can be modulated, as inhibition of

CXCR4 with the CXCR4 antagonist AMD3100
reduced proliferation and increased apoptosis of
human brain cancer cells [116). In this study, sys-
temic administration of AMD3100 inhibited the
growth of intracranial glioblastoma and medul-
loblastoma xenografts and increased tumor cell
apoptosis within 24 h (11¢]. Thus, CXCR4 signal-
ing may promote cancer through a wide range of
mechanisms, including proliferation and survival
of cancer cells, angiogenesis and chemoinvasion
of cells at primary and metastasis sites.

Antiarthritis & allergy

In addition to HIV infection, cancer cell meras-
tasis and leukemia cell proliferation, the SDF-1—
CXCR4 system has been implicated in several
other pathological conditions, such as RA, allergy
and pulmonary fibrosis. AMD3100 significantly
improves the symptoms of these diseases 1343),
and the 14-mer peptide T140 and its analogs, ini-
tially characterized as potent anti-HIV inhibitors,
were also found to be anti-RA agents (117].

Hematopoletic stem cell mobilization

Xiao et al. tested whether stem cell number and
function were related to CXCRS gene variation.
Stern cell number was inversely associated with
SDE-la levels, and an SDF-I gene variation
(£s2297630) influenced SDF-1c. levels and cir-
culating stem cell number. Moreover, the plasma
SDEF-1ct level is a predictor of stem cell number
t118}. Transplantation of stem cells harvested
from peripheral blood is an important treatment
option for hematological malignancies. Though
the cytokine granulocyte colony-stimulating fac-
tor (G-CSE) has frequently been used to mobilize
stem cells, it is not sufficient alone for effective
autologous transplantation. Preclinical studies
have demonstrated that AMD3100 (now known
clinically as plerixafor; Genzyme Corporation)
can rapidly and reversibly mobilize hematopoi-
etic stem cells into peripheral circulation in syn-
ergy with G-CSF 13,119), These data suggest that
plerixafor could potentially be useful in treating
hematological disease. At the end of 2008, the
EDA approved a plerixafor solution for subcutane-
ous injection (Mozobil™) for use in combination
with G-CSF to mobilize hematopoietic stem cells
to the peripheral blood for collection and subse-
quent autologous transplantation in patients with
non-Hodgkin lymphoma and multiple myeloma.

|Conclusion
The discovery of HIV coreceprors, such as CCR3
and CXCR4, has prompted a search for inhibitors

against these receptors as an alternative therapy
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to HAART, Although new anti-HIV drugs that
target HIV gp41 and integrase have recently been
approved, inhibitors against CCR5 and CXCR4
represent the first anti-HIV agents that target host
proteins rather than viral enzymes or proteins.
The FDA approved the CCRS inhibitor mara-
viroc in 2007 in combination with other anti-
retroviral drugs for use in treatment-experienced
adulc patients with RS HIV-L. Several types of
CXCR4 inhibitors have also been developed,
such as the bicyclam AMD3100, peptide T140
and nonpeptide small molecules such as KRH-
3955, and these molecules have been extensively
studied. Some of these CXCR4 inhibitors are not
only highly active against HIV but are also orally
bioavailable; however, they are still in preclini-
cal stages or have been suspended during devel-
opment because of unforeseen side effects. The
interaction berween CXCR4 and its ligand SDF-1
also plays important roles in the migration of pro-
genicor cells during embryonic development of
various systems, such as the hematopoietic system.
Indeed, AMD3100 has been shown to induce the
rapid and reversible mobilization of hematopoietic
stem cells into peripheral circulation in synergy
with G-CSE. Purthermore, the SDF-1-CXCR4
axis has been found to play critical roles in various
disease conditions, such as cancer cell metastasis
and growth, RA, allergy and pulmonary fibro-
sis. These results indicate that CXCR4 inhibitors
could be used to treat not only HIV infection,
but also various diseases associated with CXCR4.

'Future perspective

There are at least two important issues that
will need to-be addressed when coreceptor
inhibitors are used as clinical drugs. First, it is
necessary to determine which combination of
entry inhibitors should be used once CXCR4
inhibitors are available for clinical use. In this
scenario, it is reasonable to use CCRS3 inhibi-
tors, such as maraviroc, in combination with
CXCR4 inhibitors because:

= Ttis not neccessary to assess the amount of RS,
R5X4 and X4 HIV in the patients before ini-

tiating treacment with coreceptor inhibitors;

« Combination of a CCRS inhibitor with
CXCR4 inhibitors shows more potent syner-
gism compared with the synergy obtained
with other anti-HIV drugs, although the pre-
cise mechanism for this synergy will need to
be clarified (120].

In addition, this combination could limit

evolution and switching of coreceptor usage
in both R5 and X4 HIV strains. Alternatively,

coreceptor inhibitors could be used with fusion
inhibitors such as enfuvirtide. In fact, synergistic
inhibition has been reported when enfuvirtide
and CCRS inhibitors are combined {121,122].

The other important issue is the long-term
safety of CXCR4 inhibitors. As mentioned
above, the interaction between CXCR4 and
its ligand SDE-1 plays important roles in the
migration of progenitor cells during embryonic
development of the cardiovascular, central ner-
vous and hematopoietic systems. In addition,
the SDE-1-CXCR4 axis has been found to be
involved in various disease conditions such as
cancer cell metastasis and RA. At the same
time, however, inhibiting SDF-1a-CXCR4
interactions may evoke severe adverse effects.
It has been reported that knocking out either
the SDF-Io. or the CXCR4 gene in mice causes
marked defects, such as abnormal hematopoi-
esis and cardiogenesis in addition to vascular-
ization of the gastrointestinal tract [123-125).
Thus, an important point to be considered is
whether blocking CXCR4 functions can affect
animals at postdevelopmental stages, although
approval of plerixafor (AMD3100) as a stem
cell mobilizer indicates that at least short-term
blockade of SDF-1/CXCR4 is safe in humans.
Purther careful studies for long-term use of
CXCR4 inhibitors will certainly be required
to properly address this question.
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Role of CXCR4 in HIV infection & its potential as a therapeutic target  Review

‘Identification of chemokine receptors as coreceptors for HIV-1 entry ;
= CXCR4 and CCRS are the two major coreceptors for HIV-1 infection. l
‘s Coreceptors are responsible for a crudial step between Env binding to the receptor CD4 and membrane fusion mediated by the gp41 :
fusion peptide.

: Determinants of HIV cell tropism & chemokine receptor usage

s The V3 loop of HIV-1 gp120 is a primary determinant of cell tropism and chemokine recép‘xor usage, whereas the V1/V2 regior is
involved in effective entry of the virus.

Impact of nonfunctional chemokine receptor alleles on HIV resistance & disease progression {
= Homozygotes and heterozygotes for CCRS 832, which are prevalent in European populations, exhibit a strong resistance to HIV
infection and delayed progression to AIDS, respectively.
‘= A single-nucleotide polymorphism in CCR2b, one of the minor coreceptors for HIV, is associated with defayed progression to AIDS in
either homozygote or heterozygote individuals.
Coreceptor-targeted anti-HIV therapy
= CXCR4 inhibitors:
- The bicyclam AMD3100 is a well-known small molecule CXCR4 antagonist that strongly and specifically inhibits X4 HIV-1 infection.
Tetrahydroquinoline-based AMDO70 is a potent and specific X4 HIV-1 inhibitor with high oral bicavailability;
- T22, an 18-mer anti-X4 HIV peptide, was designed from self-defense peptides isolated from horseshoe crabs. T140, 2 downsized
analog of T22, has stronger anti-HIV activity than T22;
- KRH-1636, which strongly and specifically inhibits X4 HIV-1 infection, is a novel small nonpeptide CXCR4 antagonist, KRH-3955, a
derivative of KRH-1636, is much more potent than KRH-1636 and is orally bioavailable.
= CCRS inhibitors:
- Among the CCRS5 inhibitors that have been developed, maraviroc is the only one that has been approved for use in
treatment-experienced adult patients with RS HIV-1 infection in combination with other antiretroviral drugs.
Resistance to coreceptor inhibitors
= Generation of HIV-1 strains resistant to coreceptor inhibitors in vitro seems difficult and time-consuming compared with generation of
strains resistant to antiretrovirals that target vira! proteins such as reverse transcriptase,
= Experiments using cells that expresses both CXCR4 and CCRS, such as human peripheral blood mononuciear cells, rarely result in the
selection of drug-resistant viruses that change coreceptor usage.
Other applications of CXCR4 inhibitors
= Anticancer:
- Many CXCR4 inhibitors have been shown to significantly reduce metastasis of various cancers such as ovarian carcinoma, melanoma
prostate cancer and breast cancer;
- The CXCR4 inhibitors KRH-1636 and KRH-3955 are highly potent in antagonizing SDF-1a-mediated chemotaxis of cancer cells.

o
i

« Antiarthritis & allergy:
- CXCR4 inhibitors AMD3100 and T140 are effective in mitigating rheumatoid arthritis and/or pulmonary fibrosis in animal models for
these diseases.

« Hematopoletic stem cell mobilization:
- AMD3100 (now known dlinically as plerixafor) induces the repid and reversible mobilization of hematopoietic stem cells from bene
marrow into the circulating blood in synergy with granulocyte colony-stimulating factor.
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