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Infection with HIV leads, in the vast majority of cases, to pro-
gressive disease and ultimately death. By 2004, just 23 years
after AIDS was first recognised, the Joint United Nations Pro-
gramme on HIV/AIDS estimated that 42 million people world-
wide were infected with HIV, with more than 20 million dead
since the beginning of the epidemic. Furthermore, rates of in-
fection are once again on the increase in the developed
world.[1] Despite the undoubted achievements of highly active
antiretroviral therapy (HAART) using cocktails of reverse tran-
scriptase and protease inhibitors, there is still a high unmet
medical need for better tolerated, conveniently administered
agents to treat HIV and AIDS. New mechanisms of action are
particularly attractive to avoid issues of viral resistance.

HIV enters the host cell by fusing the lipid membrane of the
virus with the host cell membrane. This fusion is triggered by
the interaction of proteins on the surface of the HIV envelope
with specific cell surface receptors. One of these is CD4, the
main receptor for HIV-1 that binds to gp120, a surface protein
on the virus particle. However, CD4 alone is not sufficient to
permit HIV fusion and cell entry, an additional coreceptor from
the chemokine family of G-protein coupled receptors (GPCRs)
is required.[2] The chemokine receptor CCR5 has been demon-
strated to be the major coreceptor for the fusion and entry of
macrophage tropic (R5-tropic) HIV-1 into cells. R5-tropic strains
are prevalent in the early asymptomatic stages of infection.
Indeed, the CCR5 monoclonal antibody PRO140 has been dem-
onstrated to potently inhibit a broad range of HIV-1 strains
from infecting their target cells.[3] Shifts in tropism do occur
during progression, mainly to X4 viruses that use CXCR4 as
coreceptor, however, approximately 50% of individuals are in-
fected with strains that maintain their requirement for CCR5.
Currently the cause of the switch in tropism in late stage dis-
ease is unknown. There is evidence that homozygotes possess-
ing a 32 base pair deletion in the CCR5 coding region are re-
sistant to infection with R5-tropic HIV-1. These homozygotes
do not express functional CCR5 receptors on the cell surface.
Individuals who are heterozygous for the 32 base pair deletion
display significantly longer progression times to the sympto-
matic stages of infection and evidence is emerging that they
respond better to HAART.[4] Moreover, CCR5 deficient individu-

als are apparently fully immunocompetent, indicating that ab-
sence of CCR5 function may not be detrimental and that a
CCR5 antagonist should be well tolerated. Currently, some clin-
ical trials involving CCR5 ligands are being halted increasing
the focus on this promising mechanism for the treatment of
HIV.[5] In particular, aplaviroc was halted due to liver toxicity de-
veloped in a Phase IIb clinical trial that was also observed in a
subsequent Phase III trial.

Herein, the discovery of hits, design and synthesis, struc-
ture–activity relationships (SAR), and biological evaluation of
UK-374,503 (1) and related compounds are described.

For the GPCR superfamily, high-throughput screening (HTS)
is often considered to be the best route for generating novel,
proprietary lead matter for new targets. Using this method
many ligands have been identified that act as antagonists or
agonists at their target receptors. Frequently these contain
structural elements that have been termed “privileged struc-
tures” due to the frequency with which they are observed.[6] As
yet the origin of this effect remains undetermined, although it
has been hypothesised that it may reflect the existence of
complementary binding sites within the proteins; may be due
to the effective display of functional groups that these tem-
plates inherently have due to conformational restriction; or
may simply be an artifact of the composition of the compound
screening collections that historically have been biased to-
wards compounds from old discovery programmes.[7] Takeda,[8]

Merck,[9] and Schering[10] isolated hits from their HTS efforts
with known GPCR pharmacophores that have subsequently
been developed into potent small molecule CCR5 antagonists.
Our CCR5 receptor antagonist programme began independ-
ently from, but similar to the approach of the Merck group.
HTS was run using inhibition of MIP-1b binding to the human
CCR5 receptor which was stably expressed in HEK-293 cells.[11]

It was a risk within the project to use the readily available en-
dogenous human ligand MIP-1b as a surrogate for the viral
fusion protein, however, the desire to generate lead matter
dictated that this risk was acceptable.

This delivered a number of hits from other GPCR pro-
grammes such as 2 and 3 (Figure 1). These hits were not con-
sidered ideal because of high molecular weight and lipophilici-
ty, polypharmacology, weak binding affinity, and no measura-
ble antiviral activity. Drug discovery programmes have a ten-
dency to increase molecular weight and lipophilicity on the
path from lead to development candidate. Thus, the starting
point would have to be improved to have any chance of deliv-
ering a high quality compound with a good probability of sur-
viving through preclincal and clinical studies.[12] The goal of the
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initial hit-to-lead studies was to optimise hits 2 and 3 by com-
bining their most attractive features to produce novel, selec-
tive ligands with enhanced ligand efficiency.[13]

The first goal was the replacement of the imidazopyridine
moiety in 2. Imidazopyridines are frequently found to be pro-
found type II cytochrome P450 2D6 inhibitors, as was the case
here (CYP 2D6 IC50 40 nm).[14] The inhibition of this enzyme can
cause variable drug levels and serious safety concerns when
used in combination with other agents, as is routinely the case
in HIV treatment regimes. The 3D model of the complex of 2
with cytochrome P450 2D6 indicated that the pyridine nitro-
gen in 2 was probably ligating directly to the haeme iron of
the enzyme, Figure 2.[15] This results in a large increase in the
redox potential of P450 and high occupancy of the substrate
binding site,[16] leading to a dramatic reduction in turnover
rates for the enzyme. This suggested that the carbon analogue
4 would be preferable. The resultant benzimidazole 4
(Figure 3) was a potent inhibitor of MIP-1b binding, albeit with-
out measurable antiviral activity, and a much weaker type I in-
hibitor of the 2D6 enzyme (CYP 2D6 IC50 710 nm). This was still
an issue that required resolution but first an antivirally active
analogue had to be found.

The high lipophilicity of 4 was addressed by introducing the
amide that featured in hit 3, to increase the polarity of the
template whilst keeping the molecular weight low according
to the rule of five.[17] We reasoned that one of the phenyl rings
of the diphenylmethyl group restricts the conformational
space of the other, an effect known as hydrophobic collapse,
and that the introduction of a more polar linker should not in-
terfere with potency.[18] Indeed, the phenyl amide 5 inhibited
chemokine binding, albeit slightly more weakly than 4. Most
encouragingly though, moderate levels of antiviral activity
could be measured, see Table 1. Subsequently, structure 5
became the focus of the SAR investigations.

Initially, the SAR of different amide substituents was investi-
gated. The compounds were evaluated for their inhibitory
effect on MIP-1b binding to CCR5-expressing HEK 293 cells,
and for their antiviral activity (AV) against HIVBaL in PM-1

cells.[11] The data for a small number of these are summarised
in Table 1.

Amongst this set of analogues the benzamide 5, isopropyla-
mide 9, and cyclobutyl amide 11 were identified as the most
active analogues. Compounds with additional polarity (7 and
10) showed a sharp decrease in activity suggesting that the
amide substituent interacts with a predominantly lipophilic
binding site on the CCR5 receptor. More bulky ligands, such as

Figure 1. Structures of 2 and 3. Their inhibitory effect on MIP-1b binding to
CCR5-expressing cells was IC50 0.4mm and 1.1mm, respectively.

Figure 2. Modelling of the binding mode of 2 to cytochrome P450 2D6
demonstrating potential coordination of the imidazopyridine to the iron.

Figure 3. Structures of 4 and 5. Their inhibitory effect on MIP-1b binding to
CCR5-expressing cells was IC50 4nm and 45nm, respectively.
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the phenacetyl 6, had decreased potency. The smallest ligand,
acetamide 8, appeared to be less efficient for binding to CCR5.

Intriguingly, the data for the inhibition of the endogenous
chemokine ligand MIP-1b were not predictive of the level of
antiviral activity, varying between 5- and more than 100-fold.
This discrepancy is not unique to this series and has also been
reported by other investigators.[19] More recent work suggests
that the binding domains of HIV gp120 and MIP-1a are distinct
and separate, although MIP-1a can act as an allosteric inhibitor
of gp120 binding.[20,21]

A homochiral synthesis of the two enantiomers unambigu-
ously established that the activity resided with the S enantiom-
er of the benzamide 5 (Figure 4), and the S enantiomer of the
cyclobutyl amide 1. Compound 1 was a potent inhibitor of
MIP-1b binding, with somewhat improved antiviral activity
(Figure 4). This compound had reduced potential as an inhibi-
tor of P450 2D6 (CYP 2D6 IC50 5 mm), however, a clear goal for
the project in moving forward was removal of any potential in-
hibition of metabolising enzymes. Also, when screened for off
target pharmacology 1 displayed no significant affinity for
other GPCRs at 1 mm. Not surprisingly the most significant off
target pharmacology displayed by this series was affinity for
the HERG channel. Generation of high selectivity through the
use of a high throughput binding assay for the HERG channel
will be described in following publications.[22] The R enantiomer

of the benzamide 5 had much reduced affinity and no measur-
able antiviral activity.

At this stage of the project, 1 was not screened against fur-
ther HIV isolates as the profile of 1 was still suboptimal with
regard to an overall druglike profile. Clearly, as this series de-
veloped towards the eventual discovery of maraviroc under-
standing the potency against a range of HIV isolates was a key
part of the screening strategy.

This report describes the discovery of a high quality lead 1
from the HTS hit 2. Major challenges were introducing antiviral
activity while removing Type II P450 interactions, both key
goals for generating quality lead matter that eventually lead to
the discovery of an orally bioavailable CCR5 antagonist.
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