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Abstract

Entry inhibitors constitute a new class of drugs to treat infection by human immunodeficiency virus type 1 (HIV-1). The first member of this
class, enfuvirtide, previously known as T-20 and targeting gp41, has now been licensed for therapeutic use. Several other entry inhibitors are in
various stages of pre-clinical or clinical development. In this review we focus on the chemokine receptor inhibitors targeting CCRS and CXCR4

that are the main HIV co-receptors for viral entry.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

A decade ago now, the chemokine receptors CCRS and
CXCR4 were identified as the major co-receptors for HIV-1
entry, besides the cellular CD4 receptor (Cocchi et al., 1995;
Bleuletal., 1996; Fengetal., 1996; Oberlinetal., 1996; Wuetal.,
1996; Doranz et al., 1997a,b; Berson et al., 1996; Alkhatib et al.,
1996; Dragic et al., 1996; Deng et al., 1996; Trkola et al., 1996).
Chemokine receptors are members of the rthodopsin or serpen-
tine receptor superfamily. These are G protein-coupled seven
transmembrane (7TM) receptors (GPCR), containing an acidic
extracellular N-terminal domain, 7TM regions and an intracel-
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lular cytoplasmatic tail. The N-terminal domain is believed to be
essential for ligand binding, whereas the C-terminus is impor-
tant in G protein activation. The migration and activation of
leukocytes during normal and inflammatory processes is con-
trolled by the natural ligands of these receptors, the chemotactic
cytokines or chemokines (Baggiolini, 1998). To date, 6 CXC-
(CXCRI1-6), and 10 CC-chemokine receptors (CCR1-10), 1
XC- and 1 CX3C-chemokine receptor are identified (Murphy,
2002).

Ever since, CCR5 and CXCR4 are discovered as co-receptors
for HIV-1 entry, these receptors were subject of many studies
showing their importance in the transmission and pathogene-
sis of HIV. The observation that the natural ligands of these
receptors (RANTES, MIP-13, LD78(3, MIP-1a and SDF-1) and
also some specific monoclonal antibodies against certain epi-
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topes of these receptors possess anti-HIV-1 activity, made these
chemokine receptors attractive novel targets for future anti-HIV
therapy (Cocchi et al., 1996). This idea was further supported
by the fact that people with a homozygeous 32 basepair deletion
in the CCRS5 gene (CCRS delta32/delta32), that is decoded in
a premature receptor protein that remains intracellular, show a
complete normal phenotype and are relatively resistant against
HIV-1 infection (Samson et al., 1996; Liu et al., 1996; Dean et
al., 1996). However, HIV-1 infection in CCR5 —/— individuals,
although rare, has been documented and the viral quasispecies
from these individual throughout disease is exclusively using
CXCR4 (Michael et al., 1998; Naif et al., 2002).

The appearance of X4 viruses is associated with acceler-
ated CD4* T-cell decline and clinical progression towards AIDS
(Connor et al., 1997; Penn et al., 1999; Schramm et al., 2000;
Jekle etal., 2002, 2003). It is hypothesized that certain mutations
in the V3 loop of the viral envelope glycoprotein are strongly
associated with the shift from RS viruses to X4 viruses. In par-
ticular, basic amino acids at the V3 loop positions 11 and 25
very frequently distinguish X4 from RS viruses (Fouchier et
al., 1992; Cocchi et al., 1996). The actual mutational pathway
is as yet unexplored. In addition, it is known that dual-tropic
R5/X4 viruses also emerge around the time of RS to X4 tran-
sition, but also their evolutionary role is not certain (Connor et
al., 1997; Scarlatti et al., 1997). Some groups demonstrated that
progression from RS to X4 occurred via an intermediate that
has dual-tropic (R5/X4) or even multi-tropic co-receptor usage
such as CCRS, CCR3, CCR2b and CXCR4 (Hu et al., 2000). Itis
believed that cellular and humoral components of the immune
system cause selective pressure that results in diversification
in gp120 and alterations in co-receptor usage, but this remains
largely unexplored.

Initially, it was investigated using chemokines as antiretro-
viral therapeutics, but this was restrained because of their short
half-life (<10 min) and potential inflammatory side effects of
the chemokines. Thereby, chemokines do not invariably act as
HIV-suppressive agents. For instance, SDF-1 has been demon-
strated to increase the infectivity of CCR5-using (R5) strains at
the transcriptional level, while blocking the infection of CXCR-
4 (X4) strains at the entry level (Marechal et al., 1999). In
addition, it has also been observed that CC-chemokines can
enhance HIV-1 infection in vitro in some systems, probably due
to chemokine-induced cell activation (Gordon et al., 1999; Kelly
et al., 1998; Marozsan et al., 2001). Moreover, CC-chemokines
might drive the evolution of less pathogenic R5 viruses to the
more pathogenic X4 viruses (Mosier et al., 1999; Trkola et al.,
1999).

2. Modified chemokines

To overcome these limitations, new chemokine inhibitors
have been designed, derived from the natural CCRS5 and CXCR4
ligands. These modified chemokines should interact with the
receptor and prevent HIV-1 infection by blocking relevant epi-
topes and/or inducing receptor internalisation without inducing
signaling. RANTES(3-68) is such a processed form of RANTES
that lacks two N-terminal residues (Schols et al., 1998a). By this

truncation the chemokine loses its agonistic actvity, but shows
the ability to potently block RS viruses in an antagonistic manner
(Schols et al., 1998a; Proost et al., 1998). A synthetic truncated
form of RANTES, i.e. RANTES(9-68), lacking eight amino
acids at its N-terminus, also was antagonistic but less potently
inhibited R5 HIV-1 strains than RANTES(3-68) (Schols et al.,
1998a; Proost et al., 1998; Arenzana-Seisdedos et al., 1996).
Several derivatives of RANTES that bind to CCRS5 and inhibit
infection of lymphocytes and cells of the macrophage lineage
with RS viruses have been identified. Aminooxypentane (AOP)-
RANTES was created by chemical modification of the aminoter-
minus. This derivative has been found to decrease HI'V-1 infec-
tivity in many cell types and showed reduced capacity to induce
chemotaxis. In addition, like intact RANTES it induced down-
modulation of surface CCRS5 to early endosomes. However,
AOP-RANTES also prevented the recycling of CCRS to the cell
surface resulting in a long-lasting depletion of CCRS5 (Mack et
al., 1998). Comparable results were obtained with the N-nanoyl
(NNY)-RANTES derivative that also reduced proinflammatory
signaling through its interaction with CCRS (Simmons et al.,
1997). Extension of human RANTES by a single residue at the
amino terminus also proved sufficient to produce a potent and
selective antagonist. Methionylated RANTES (Met-RANTES)
was fully folded but completely inactive in calcium mobilisation
and chemotaxis assays with the monocytic cell line THP-1 and
antagonized the RANTES-and MIP-1a-induced chemotaxis in
these cells and in primary T-cells. Its antagonistic effect was
selective since Met-RANTES had no effect on IL-8-or MCP-
I-induced responses in these cells (Proudfoot et al., 1996).
Another RANTES analog, by changing the first three aminoter-
minal amino acids of the native protein with a nonanoyl, thio-
proline and clyclohexylglycine, called PSC-RANTES, showed
potent anti-HIV activity against R5 viruses in vitro and was
also capable of preventing vaginal SHIV transmission in rhe-
sus macaques (Lederman et al., 2004). As LD78(3 is the most
active natural CCRS agonist and the most potent chemokine
to suppress R5 HIV-1 infection (Menten et al., 1999; Aquaro
et al., 2001), the aminooxypentane-linked variant of LD78(3,
termed AOP-LD78p is about 10-fold more active than AOP-
RANTES at inhibiting HIV infection, making it the most effec-
tive chemokine-based HIV inhibitor described to date (Townson
et al., 2000).

However, because these derivatives, like the chemokines they
are derived of, also are predicted to have inflammatory side
effects when used therapeutically, new classes of antagonistic
compounds were designed to effectively block HIV-1 infec-
tion, i.e. small-molecule compounds, peptides and monoclonal
antibodies. The primary mechanism of co-receptor antagonist
function does not rely on receptor down-modulation, but on
receptor occupancy. Such inhibitors are unable to induce sig-
naling and therefore implausible to indirectly augment virus
replication or to induce inflammation.

3. CCRS antagonists

The first low molecular weight CCRS antagonist with antivi-
ral activity that was described was TAK-779 (N,N-dimethyl-N-
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[4-[ [ [2-(4-methylphenyl )-6,7-dihydro-5H-benzocyclohepten- ing or down regulating CCRS. The compound did not inhibit the
8-yl Jcarbonyl Jamino ]benzyl Jtetrahydro-2H - pyran - 4-ammo- binding of RANTES, eotaxin, TARC or SDF-1 to, respectively,
nium chloride) (Takeda Chemicals) (Fig. 1; Baba et al., 1999). CCR1-, CCR3-, CCR4-or CXCR4-transfected cells. However,
It was shown to inhibit RS, but not X4, virus replication with TAK-779 inhibited the binding of MCP-1 to CCR2b-transfected
laboratory-adapted strains and clinical isolates without activat- cells. It was further demonstrated that the binding of TAK-779
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Fig. 1. Chemical structures of several small molecule CCR5 antagonists: TAK-779, TAK-652, TAK-220 (all from Takeda Chemicals), SCH-C (SCH-351125)
(Schering-Plough), SCH-D (vicriviroc, SCH-417690) (Schering-Plough), UK-427,857 (maraviroc, Pfizer Inc) and GW873140 (aplaviroc, Ono Pharmaceutical/Glaxo
Smith Kline).
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and interaction with CCRS can be assigned to a cavity formed
between transmembrane helices 1-3 and 7 near the extracellular
surface of the receptor (Dragic et al., 2000). TAK-779 could
not be developed as an anti-HIV-1 drug because of its variable
anti-HIV-1 activity and of its poor oral bioavailability. Recently,
two novel CCRS5 antagonists from Takeda Chemicals were
described, namely TAK-220 and TAK-652 (Takashima et al.,
2005; Baba et al., 2005). TAK-220 ECsq values ranged from 0.5
to 1.7 nM against R5 isolates in PBMCs and from 2.9 to 34 nM
against various RS HIV-1 clades (Takashima et al., 2005). At
a dose of 5 mg/kg, TAK-220 showed oral availabilities of 9.5
and 28.9% in rats and monkeys, respectively. In contrast to
TAK-779, TAK-220 did not inhibit the binding of MIP-1f3 to
CCRS5-transfected cells and had no effect on MIP-13-induced
chemotaxis (Takashima et al., 2005). The other CCRS5 antago-
nist, TAK-652 was active against all RS isolates (clades A-G)
(ECs0 values ranging from 0.5 to 2.4nM) evaluated so far,
but as TAK-779 it inhibited the binding of MCP-1 to CCR2b-
expressing cells. These three CCRS5 antagonists were not active
against the dual-tropic (R5/X4) HIV-1 strain HE, when eval-
uated in PBMCs. The authors reported a significant variability
among the oral absorption levels of TAK-652 in animals, but no
details were provided. However, an exploratory phase I trial was
attempted to evaluate the safety, tolerability and pharmacokinet-
ics in humans. A single oral dose of TAK-652 up to 100 mg was
safe and well tolerated in humans. The compound displayed
favorable pharmacokinetics and its plasma concentration was
9.1nM even 24h after the administration of 25 mg. Further
trials are ongoing to determine safety and pharmacokinetics
during consecutive administration of TAK-652.

Two years after the publication of the TAK-779 paper, a novel
compound called SCH-C (Schering-Plough) was described as a
potent CCRS antagonist (Strizki et al., 2001). The compound,
also designated SCH-351125, is an oxime-piperidine compound
with potent activity against RS HIV-1 strains in U87.CD4 cells
transfected with CCRS5, but not against X4 strains in CXCR4-
expressing cells (Fig. 1). As shown by multiple receptor binding
and signal transduction assays, SCH-C is a highly specific CCR5
antagonist with no interaction with other known chemokine
receptors (Strizki et al., 2001). In addition, SCH-C was demon-
strated to have broad and potent antiviral activity against primary
RS5 isolates in vitro and showed a favorable pharmacokinetic
profile in rodents and primates. Later, SCH-C has shown in
vivo antiviral efficacy in clinical studies by reducing the plasma
viremia in RS HIV-1-infected persons (Reynes et al., 2002a,b).
SCH-Creduced plasma viral RNA titers in HIV-infected patients
by 1.5 logs when dosed orally at 100 mg twice daily for 10 days,
thus validating CCRS as a target for intervention against HIV
infection. However, this compound caused a modest, but dose-
dependent prolongation of the cardiac QT interval (Reynes et
al., 2002a,b).

Then a derivative of SCH-C, SCH-D or SCH-417690 was
presented as a novel CCRS inhibitor (Fig. 1; Schurmann et al.,
2004). This compound is about 2- to 40-fold more potent against
a panel of primary RS isolates compared with SCH-C, and is
viral genotype independent (Strizki et al., 2005). SCH-D was
also highly active against a clade G Russian isolate (RU570)

(ECsp: 1.2nM), which previously was shown to be insensitive
to SCH-C (ECyg > 1 nM). Recently, in vitro generated resistant
viruses against SCH-D were described (Marozsan et al., 2005).
Again these viruses retained the RS phenotype and could not
replicate in PBMCs derived from donors homozygous for the
CCRS5 delta32 allele. However, one of the resistant viruses was
capable of replication in U87.CD4.CXCR4 cells and was sensi-
tive to AMD3100. Thus, perhaps some X4 variants were present
in this escape mutant swarm which were not detected in the orig-
inal virus isolate. SCH-D, now named vicriviroc, has improved
antiviral potency and better pharmacology properties compared
to its predecessor SCH-C (Strizki et al., 2005), and is in clinical
development and undergoing phase 3 clinical trials (Dunkle et
al., 2005).

Two other recently described CCRS antagonists are
GW873140, a spiroketopiperazine based agent (Ono Pharma-
ceutical/Glaxo Smith Kline) (Maeda et al., 2001, 2003) and
UK-427,857 (Pfizer) (Fig. 1; Napier et al., 2003). Both com-
pounds exerted potent antiviral activity against a wide spectrum
of R5 laboratory strains and primary isolates and revealed favor-
able oral bioavailability.

GW873140 was named aplaviroc and demonstrated antiviral
activity and acceptable safety in a short-term study of HIV-
infected subjects. However, in four patients in two phase 2b
studies with aplaviroc developed clinical changes in liver func-
tion tests and studies have been terminated in treatment-negative
individuals due to the concern of the hepatic safety signals
(Nichols et al., 2005).

The UK-427,857 compound is now named maraviroc and
studies in healthy volunteers demonstrated that it is well tol-
erated at doses up to and including 300 mg BID (Dorr et al.,
2005). Short-term monotherapy studies were conducted in HIV-
infected persons to evaluate the effect on viral load, and the
relationship between viral load reduction and PK/PD parame-
ters. In total of 79 patients with >5000 copies/ml CCR5-using
HIV, and with CD4 counts >250 cells/mm? received maraviroc
or placebo for 10 days and were followed up until day 40. All
patients receiving maraviroc at doses of 200 mg daily had a viral
load reduction of >1.0—>1.5log¢. (Fatkenheuer et al., 2005; van
der Ryst et al., 2005). Plasma concentrations of maraviroc were
similar to those seen in healthy volunteers and reduction in viral
load at day 11 correlated with systemic exposure. The com-
pound was tolerated at all doses and was not associated with
any changes in liver function tests (van der Ryst et al., 2005).
Emergence of dual/mixed-tropic virus was seen in two patients
which was a transient emergence on day 11 in one patient, while
in the second patient the dual/mixed-tropic virus persisted. Mar-
aviroc is currently in phase 2b/3 clinical trails for the treatment
of HIV infection at doses equivalent to 300 mg BID.

Anti-CCRS co-receptor mAb that inhibit HIV-1 entry repre-
sent another class of blocking HIV agents that are reported. PRO
140 (Progenics Pharmaceuticals, NY) is a specific anti-CCR5
mAb that potently inhibits HIV-1 entry at a concentration that
does not affect CCRS5 chemokine receptor activity and showed to
be genetic-subtype-independent (Olson et al., 1999; Trkolaetal.,
2001). Another study also showed that PRO 140 was able to con-
trol HIV-1-infection in the in the human peripheral blood lym-
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phocytes/severe combined immunodeficiency (hu-PBL-SCID)
mouse model (Franti et al., 2004). Recently, PRO 140 was eval-
uated in a clinical phase I study by intravenous infusion to
healthy male subjects to examine the safety, pharmacokinetics,
and pharmacodynamic effects of single dosing (Olson et al.,
2006). Individuals were treated with 0.1, 0.5, 2.0 and 5.0 mg/kg
PRO 140 in sequential dose-rising cohorts of five subjects each
and evaluated for 60 days post-treatment. No infusion-related
toxicities, no drug-related site-effects and no changes in elec-
trocardiograms were observed. The CCRS lymphocytes were
coated for >60 days with a dose of 5 mg/kg of PRO 140 and no
changes were observed in plasma RANTES. According to the
authors these finding support further development of PRO 140
as a novel and long acting therapy of HIV infection (Olson et
al., 2000).

4. CXCR4 antagonists
4.1. The bicyclams

In the search for new anti-HIV agents with better character-
istics than the existing drugs (reverse transcriptase inhibitors at
that time), a class of compounds was discovered with potent and
selective anti-HIV activity, namely the bicyclams (De Clercq
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et al., 1992). The prototype compound used for the develop-
ment of these new agents was the monocyclam AMD1498
(1,4,8,11-tetraazacyclotetradecane), which itself was active at
concentrations up to 400 uM, with a selectivity index of >5
(Fig. 2). AMD1498 was part of a project aimed at making new
anti-HIV compounds that would gain anti-HIV activity by the
formation of metal complexes using organic molecules, pos-
sible by the presence of four nitrogens in the centre of the
cyclam ring. The bicyclams exist of two such macrocyclic rings,
containing 12-14 members each, linked in various ways (De
Clercq et al., 1992). Two compounds, designated AMD1657
and AMD?2763, were found active against HIV-1 and HIV-2
at a concentration of 0.14-1.4 uM, with a selectivity index of
>1000-10000. In AMD1657 the cyclam moieties were linked
with a direct carbon—carbon bridge creating two chiral centres,
in AMD2763 via an aliphatic (propylene) bridge (Fig. 2). Fur-
ther studies pointed out that bicyclam derivatives in which the
two monocylam rings are connected by an aromatic linker, in
stead of an aliphatic linker, inhibit HIV replication at concen-
trations of 1-10nM, which is about 100-fold lower than the
concentration required for AMD2763 (De Clercq et al., 1994).
The most potent bicyclam of the series and also the prototype
is AMD3100, AMD in which the two cyclam moieties are teth-
ered by a 1,4-phenylenebis(methylene)-bridge (Fig. 2) (Bridger
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Fig. 2. Chemical structures of several small molecule CXCR4 antagonists: AMD1498, AMD2763, AMD1657 and AMD3100 (AnorMED) and KRH-1636 (Kureha

Chemical Industry).
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et al., 1995,1999; De Clercq et al., 1994; Joao et al., 1995).
AMD?3100 inhibited HIV-1 and HIV-2 replication with an EC5
of 1-10nM and provided complete protection of monocytes
and lymphocytes at 10-30 nM. Studies with AMD3100-resistant
viruses pointed to gp120 as the possible target molecule for the
bicyclams because a number of mutations accumulated in the
V3-V4 region of gp120 (De Vreese et al., 1996).

When the M-tropic (R5) and T-tropic (X4) strains were found
to interact respectively with the chemokine receptors CCRS and
CXCR4, as main co-receptor (Alkhatib et al., 1996; Berson et
al., 1996; Choe et al., 1996; Dragic et al., 1996; Feng et al.,
1996), it was immediately shown thereafter by our group that the
bicyclam derivatives exhibit their strong and selective antiviral
efficacy through their specific interaction with CXCR4 (Schols
et al., 1997a,b). Indeed, AMD3100 showed activity against a
wide variety of X4 and also R5/X4 HIV strains in PBMCs but
not against RS strains (Schols et al., 1997b; Donzella et al.,
1998; Glushakova et al., 1999; Schramm et al., 2000). CXCR4
antagonists such as AMD3100 have a potent antiviral activity
against R5/X4 viruses in PBMCs, and this in contrast with RS
inhibitors which are not able to inhibit R5/X4 viruses in these
cells. Thus, we can simple state that R5/X4 viruses behave like
X4 viruses in PBMCs. Further studies showed that AMD3100
potently inhibits the intracellular calcium signaling induced by
SDF-1, the natural ligand of CXCR4, in many cell types and
also the SDF-1-induced chemotaxis and internalisation could be
dose-dependently blocked by AMD3100 (Schols et al., 1997a,b;
Hatse et al., 2002). Additionally, the chemokine receptor inhi-
bition by AMD3100 is strictly confined to its interaction with
CXCR4 and not with any other chemokine receptor (Hatse et
al., 2001, 2002). An another interesting observation was that
X4 viruses made resistant to SDF-1 or AMD3100 were able to
overcome the inhibitory effects through multiple mutations in
gp120, but these resistant viruses still needed CXCR4 (and did
not switch to CCRS or another chemokine receptor) to enter the
cells (Schols et al., 1998b). Later on, this observation is also
made for CCRS inhibitor resistant viruses in that these resis-
tant viruses (generated in vitro) do not switch to use CXCR4
(or another chemokine receptor) but still use CCRS to enter the
cells (Trkola et al., 2002; Baba et al., 2005; Dorr et al., 2005;
Marozsan et al., 2005). Thus, although gp120 is described as
very variable and flexible, the gp120 is very faithful towards its
co receptor use.

In two separate studies, pharmacokinetics and antiviral activ-
ity of AMD3100 was evaluated in humans (Hendrix et al., 2000,
2004; Schols et al., 2002). AMD3100 was administered for
10 days by continuous intravenous infusion in an open-label,
dose escalation study from 2.5 pg/kg/h up to 160 wg/kg/h in 40
HIV-infected patients. At the time of the clinical study, NSI/SI
phenotype was determined in an MT-2 cell assay. The HIV phe-
notype was SI (30%), NSI (45%), or not tested (25%). One
patient (5 pg/kg/h) had serious and possibly drug-related throm-
bocytopenia. Two patients (40 and 160 pg/kg/h) had unexpected,
though not serious, premature ventricular contractions. Most
patients in the 80 and 160 pg/kg/h cohorts had paresthesias.
Only one patient, the patient whose virus was SI and confirmed
to use purely CXCR4, and who received the highest dose studied

(160 pg/kg/h) had a significant 0.9 logo copies/mL HIV RNA
drop at day 11. In conclusion, AMD3100 was the first CXCR4
antagonist to demonstrate a clinical anti-HIV effect and war-
rants the development of orally bioavailable CXCR4 antagonists
for HIV treatment. So although some concerns were raised with
regard to the clinical use for long-term treatment of HI'V-1 infec-
tions, this study proved that blocking the SDF-1/CXCR4 axis is
safe and feasible and inhibiting HIV entry would certainly be a
very valuable approach.

5. Other CXCR4 antagonists

Several other molecules have been described as anti-HIV
agents owing their antiviral activity to their specific interaction
with CXCR4. For example, some peptidic agents are described
with potent antiretroviral activity. A disadvantage of such pep-
tidic compounds is their complex synthesis, which will con-
tribute considerably to a high cost of therapy. Moreover, no
orally bioavailable peptidic agents have been described to date
so if they were to move into the clinic they must be administered
by injection.

For example, T22, {Tyr>!?, Lys’}-polyphemusin, is a
cationic 18-amino acid peptide, derived from horseshoe crab
blood cells that inhibited replication of HIV-1 by specific bind-
ing to the N-terminus and two extracellular loops of CXCR4
(Murakami et al., 1997). Studies with a derivative of T22, called
T134, demonstrated that this compound efficiently inhibits the
replication of an AMD3100-resistant virus strain, suggesting
that the binding sites for AMD3100 and T22 only partially over-
lap (Arakaki etal., 1999), although they both block the binding of
the CXCR4-specific mAb 12G5 and the natural ligand SDF-1 to
CXCR4. Tamamura et al. (1998) also reported on a second ana-
log of T22, the 14-residue peptide called T140, which showed
stronger inhibitory activity against HIV-1 entry.

ALX40-4C (N-a-acetyl-nona-D-arginine (Arg) amide) is a
(poly)peptide of nine Arg residues stabilized by terminal pro-
tection and inclusion of b-amino acids (Doranz et al., 1997a,b).
Initially it was characterized as an inhibitor of the HIV-1 Tat-
trans-activation response element (TAR) interaction (Sumner-
Smith et al., 1995). ALX40-4C inhibits HIV-1 NL4-3 in the
nanomolar range (ICsg of 3nM) in the HUT-78 T-cell line and
in PBMCs. In addition, it was demonstrated that ALX40-4C
inhibited entry of X4, but not RS HIV-1 strains. ALX40-4C
also inhibited primary R5/X4 virus isolates, but only when cells
expressed CXCR4 alone, while infection of CCR5*/CXCR4*
double positive cells by R5/X4 virus strains was not inhibited by
ALX40-4C. Moreover, addition of ALX40-4C to cells express-
ing CXCR4 prevented SDF-1-induced changes in intracellular
calcium and prevented binding of an anti-CXCR4 mAb, clone
12G5. In addition, Doranz et al. (2001) described that ALX40-
4C was well tolerated in phase I/II clinical trials in humans, but
no significant reductions in viral load were noted. Furthermore,
ALX40-4C was shown to be an antagonist to APJ, a GPCR that
could serve as an alternative co-receptor for HIV-1 in the central
nervous system (Zhou et al., 2003).

CGP64222 is a basic peptoid oligomer of nine residues that
inhibits the replication of a wide range of laboratory strains of



222 D. Schols / Antiviral Research 71 (2006) 216-226

HIV-1 and HIV-2 in MT-4 cells (Daelemans et al., 2000). Besides
its activity against Tat/TAR binding (Hamy et al., 1997), the
compound was also shown to inhibit HIV infection through a
selective interaction with the CXCR4 receptor. This was demon-
strated by the fact that CGP64222 proved inactive in MT-4 cells
against HIV-1 strains that are resistant to the bicyclams, was
inactive against the RS HIV-1 strain Bal. and the compound
inhibited SDF-1-induced calcium signaling (Daelemans et al.,
2000).

KRH-1636 (Kureha Chemical Industries) is a small-molecule
CXCR4 antagonist that has a potent anti-HIV activity both in
vivo and in vitro (Fig. 2). The compound selectively inhibited
infection of X4 virus strains including several clinical isolates
without affecting R5 HIV-1. It also inhibited binding of the CXC
chemokine, SDF-1, to CXCR4 specifically and subsequent sig-
nal transduction. KRH-1636 prevented monoclonal antibodies
from binding to CXCR4 without down-modulation of the co-
receptor. Moreover, KRH-1636 showed potent antiviral activity
in the hu-PBL-SCID mouse model. Furthermore, this compound
was absorbed into the blood after intraduodenal administration
as judged by anti-HIV-1 activity and liquid chromatography in
the plasma of rats (Ichiyama et al., 2003).

AMDO070 (AnorMED) is a novel and recently reported
orally bioavailable CXCR4 antagonist that potently inhibited X4
viruses at ECsq values varying between 1-15nM in T cell lines,
CXCR4-transfected cell lines and PBMCs (Schols et al., 2003).
The compound has no interaction with any other chemokine
receptor examined so far. In healthy volunteers oral dosing of
AMDO070 (50, 100, 200 and 400 mg) was well tolerated, well
absorbed and demonstrated dose-proportional pharmacokinet-
ics (Stone et al., 2005). The AMDO070 concentrations at 12h
following one 400 mg oral dose stayed well above the in vitro
ECo in all 9 subjects. A phase Ib/Ila trial to evaluate the poten-
tial of AMDO070 as an anti-HIV drug in HIV-infected patients is
currently ongoing.

6. CCR5/CXCR4 antagonist

Recently our group presented a CCR5/CXCR4 antagonist,
called AMD3451, as the first low-molecular-weight anti-HIV
agent with selective CCRS5 and CXCR4 receptor, interaction.
AMD3451 is an N-pyridinylmethyl cyclam analog (Fig. 3)
which shows antiviral activity against a wide variety of RS,
R5/X4 and X4 strains of HIV-1 and HIV-2 (ECs( ranging
from 1.2 to 26.5 pM) in various T-cell lines, CCR5-or CXCR4-
transfected cells, PBMCs and monocytes/macrophages (Princen

Cl
NH N | =
NH HN
Cl

Fig. 3. Chemical structure of the dual CCR5/CXCR4 antagonist AMD3451
(AnorMED).

etal., 2004). AMD3451 also inhibited RS, R5/X4 and X4 HIV-1
primary clinical isolates in PBMCs (ICsp: 1.8-7.3 uM). A PCR-
based viral entry assay revealed that AMD3451 blocks RS and
X4 HIV-1 infection at the virus entry stage. AMD3451 dose-
dependently inhibited the intracellular Ca>* signaling induced
by the CXCR4 ligand SDF-1 in CXCR4-transfected cells, as
well as the RANTES-induced Ca* flux CCR5-transfected cells.
The compound did not interfere with any other chemokine
receptor and did not induce by itself intracellular Ca%* signal-
ing. AMD3451 also inhibited the SDF-1-and MIP-1p-induced
chemotaxis in a dose-dependent manner and was able to block
the SDF-1-and LD78 B-induced endocytosis in CXCR4-and
CCR5-transfected cells. Moreover, studies showed that the com-
pound interacts in a different manner with CXCR4 then the
specific CXCR4 antagonist AMD3100 since AMD3451 did not
inhibit but enhanced the binding of anti-CXCR4 mAbs (such
as clone 12G5) at the cell surface (Princen et al., 2004). The
precise interaction sites of AMD3451 with CCRS and CXCR4
is still under investigation, but it demonstrates that it is possible
to develop compounds that interact with both HIV co-receptors.
Because of their dual interaction with both CXCR4 and CCR5
and, consequently, their potential to block cellular infection of
RS, R5/X4 and X4 viruses, this class of compounds can be
important for the development of an effective anti-HIV micro-
bicide, to slow down viral transmission if these compounds can
be used in a gel or in a vaginal ring system.

7. Conclusions

New and diverse classes of compounds interfering with the
HIV entry process into target cells are approaching clinical appli-
cation. The antiviral efficacy of the gp41 fusion inhibitor, T-20 or
enfuvirtide, especially when given to HI V-infected subjects har-
boring drug-resistant viruses and currently having limited thera-
peutic options, is clearly shown (Chen et al., 2002). In addition,
recent clinical studies with a small number of HIV-infected sub-
jects provided proof-of-principle for the antiviral effectiveness
of CCR5 and CXCR4 antagonists. As very often mixed popula-
tions of viruses may be present in the same patient, CCR5 and
CXCR4 antagonists very likely have to be administered in com-
bination to show clinical efficacy. Furthermore, several groups
demonstrated synergy not only between viral entry inhibitors
and RT or protease inhibitors, but also between different classes
of virus entry inhibitors. These promising results will boost the
design and development of agents capable of inhibiting HIV
binding and subsequent viral entry. Despite the many challenges
of safety and clinical application, which are related to the devel-
opment of such inhibitors, the possible use of these compounds
to block HIV infection at a different step in the viral replication
cycle will give us new hope to combat viral transmission and
AIDS.
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