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Abstract

Highly active anti-retroviral therapy (HAART) has been very effective in reducing viral loads in human immunodeficiency virus (HIV)-1
patients. However, current therapies carry detrimental side effects, require complex drug regimes and are threatened by the emergence
drug-resistant variants. There is an urgent need for new anti-HIV drugs that target different stages of the replication cycle. Several syntheti
small organic molecules that inhibit HIV infection by binding to the CCR5 coreceptor without causing cell activation have already been
reported. Here, we have exploited a series of CCR5 antagonists to investigate their effects on diverse HIV and the simian counterpart (SIV
isolates for infection of a variety of cell types via different concentrations of cell surface CCR5. These inhibitors show no cross-reactivity
against alternative HIV coreceptors including CCR3, CCR8, GPR1, APJ, CXCR4 and CXCR6. They are able to inhibit a diverse range of R5
and R5X4 HIV-1 isolates as well as HIV-2 and SIV strains. Inhibition was observed in cell lines as well as primary PBMCs and macrophages.
The extent of inhibition was dependent on cell type and on cell surface CCR5 concentration. Our results underscore the potential of CCR!
inhibitors for clinical development.
© 2005 Elsevier B.V. All rights reserved.

Keywords: HIV coreceptors; HAART; CCRS5; Coreceptor inhibitor

1. Introduction SIV coreceptors are members of the seven-transmembrane
G-protein coupled receptor family, and although many mem-
Human immunodeficiency virus (HIV), and the simian bers of this family, as well as related ‘orphan’ receptors, can
counterpart (SIV) enter cells by inducing fusion of viral and support infection by various HIV and SIV strains in vitro,
cellular membranes and releasing the viral core into the cell the chemokine receptors CCR5 and CXCR4 remain the two
cytoplasm. Initially, the surface subunit of the trimeric enve- major coreceptors implicated in vivéd\khatib et al., 1996;
lope glycoprotein, gp120, interacts with the primary receptor Berger et al., 1999; Clapham and McKnight, 2002; Deng et
CD4 (Dalgleish et al., 1984; Klatzmann et al., 198%his al., 1996; Dimitrov et al., 1998; Doranz et al., 1997; Dragic
induces conformational changes that result in the formation, et al., 1996; Willey et al., 2003
or exposure, of a coreceptor binding site, allowing bindingto  Of the two major HIV coreceptors, CCR5 plays an essen-
the coreceptor and subsequent membrane fusion. All HIV andtial role in HIV transmission and pathogenesis. The majority
of transmitted viruses exclusively use CCR5 as a coreceptor,
* Corresponding author. Tel.: +1 508 856 6281; fax: +1 508 856 4283.  and these R5 isolates remain present throughout the dura-
E-mail address: paul.clapham@umassmed.edu (P.R. Clapham). tion of infection. Variants able to exploit CXCR4 usually
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only emerge during the later stages of disease in up to 50%including cells expressing varying cell surface concentra-

infected individualsde Roda Husman et al., 1999; Tersmette
et al., 1988; van Rij et al., 2002In addition, the natural
CCR5ligands RANTES, MIP-d.and MIP-18, and modified

analogues such as AOP-RANTES, are effective at inhibiting

CCR5-mediated infection in vitraJocchi et al., 1995; Deng

et al., 1996; Dragic et al., 1996; Oravecz et al., 1996; Sim-

mons et al., 1997 Moreover, individuals homozygous for a
32-base pair deletion in CCRS5 (rendering it non-functional)
are largely resistant to infection whilst remaining in good
health Dean et al., 1996; Huang et al., 1996; Liu et al., 1996;
Samson et al., 1996All these factors make CCR5 an ideal
candidate for novel therapeutic strategies.

Current anti-retroviral therapy (HAART) exploits varying

tions of CD4 and/or CCR5, as well as primary PBMCs and
macrophages, the major cellular targets of HIV-1 in vivo, is
described.

2. Materials and methods
2.1. Viruses

SF162 is a non-syncytium-inducing (NSI) molecular
clone of HIV-1, which primarily uses CCR5 as a coreceptor

(Cheng-Mayer et al., 1989The HIV-1 strain C3 is a molec-
ular cloned variant of JR-CSF able to infect T-cell lines via

combinations of nucleoside reverse transcriptase inhibitors, very low levels of CCR5Boyd et al., 1993; Dejucq et al.,
non-nucleoside reverse transcriptase inhibitors, proteasel999. The HIV-1 isolates E80 (R5), 2044 (X4), and 2076

inhibitors (all oral), and a (less widely available) injectable
fusion inhibitor Cohen et al., 2002; Yeni et al., 200These
regimens are highly effective at reducing viral loads, allowing

and 2028 (R5X4), are primary isolates described previously
(Simmons et al., 1996 The HIV-1 isolate RU570 was from
Dr. A. Bobkov and Dr. Jonathan Weber, and obtained through

some recovery of the immune system and increasing the lifethe AIDS Research and Reference Reagent Program, Divi-

span of infected individual€ulick et al., 1997; Hammer et
al., 1997; Kaufmann et al., 2000; Palella et al., 198%8w-

sion of AIDS, NIAID, NIH (Bobkov et al., 1994 The HIV-1
strain 89.6 is an R5X4 molecular clone of HIV-Qd¢liman et

ever, the complex drug administration regime, detrimental al., 1993, as is the isolate HAN-2Sauermann et al., 1990

side effects and increasing evolution of resistant viral vari-

All isolates of HIV-1 used in this study are clade B, with the

ants reflect the urgent need for new drugs targeting alternativeexception of RU570, which is clade G. The HIV-2 isolates

stages in the viral replication cycl®ienner et al., 2002;
De Clercq, 2002 Small molecule inhibitors of HIV entry
would provide a significant advance on current HAART treat-

used in this study are primary isolates from individuals in
Portugal of West African descent. ALI was derived from a
patient with AIDS-related complex, and TER from a patient

ments. Several such molecules have been described includingvith AIDS (Clapham et al., 1999; McKnight et al., 1998

TAK-779 (an anilide derivative) and the piperidine SCH-C,
which both target the coreceptor CCR5, while the bicyclam
molecule AMD3100 targets CXCR4Baba et al., 1999; De

Clercq et al., 1994; Donzella et al., 1998; Strizki et al.,

SIVman4 is a T-cell line adapted variant of SIVsmB670
(Murphey-Corb et al., 1986 SIVmac239 is a molecular
clone derived from a rhesus macaque isolate in 19&Hiel

et al., 198%. All virus stocks were propagated in PBMCs

2001). Such organic molecules are advantageous over nat-purified from whole blood by density gradient centrifugation,
ural chemokine ligands as HIV inhibitors, since they reduce stimulated for 2 days in phytohemagglutinin (PHAw.g/ml)

the risk of potential inflammatory responses, are cheaper toand 2 days in human recombinant IL-2 (10 units/ml, Roche,
produce than small proteins, and can be administered orally adnc.).

opposed to intravenously. These coreceptor inhibitors (TAK-

779, SCH-C, AMD3100) have proven to be effective HIV

inhibitors in vitro, and have been superseded by superior
compounds that hold great promise, with several currently

in clinical trials Barber, 2004; Hendrix et al., 2000; Maeda
et al., 2004; Seto et al., 2005; Tagat et al., 2004
In this study, we have exploited a series of six related

2.2. Cell lines

Human glioma-derived cell lines (U87 and NP2) sta-
bly expressing CD4 and different chemokine receptors or
orphan receptors were as follows: U87/CD4 expressing
CCR5 @jorndal et al.,, 1997; Deng et al.,, 1997; Wil-

small molecule compounds to investigate their effects on lett et al., 199%, and NP2/CD4 expressing CCR3, CCR5,

CCR5-mediated infection by diverse HIV-1 and HIV-2 iso-

CCR8 and GPR19oda et al., 1999 These cells were cul-

lates. These compounds were made as part of the campaigtured in DMEM supplemented with 10% FCS, gentamycin

towards the discovery of maraviroc (MVC, UK-427,857),
which retains high potency as a CCR5 inhibitor for broad
cross-clade reactivity against HIV-1, has oral bioavailabil-
ity, and is currently undergoing phase 2b/3 clinical trials
(Abel et al., 2003; Dorr et al., 2003; Napier et al., 2003; Poz-
niac et al., 2008 The two most potent and the least potent
compound(s) were extensively analysed for their ability to
inhibit a range of R5 and R5X4 isolates of HIV-1, HIV-2
and SIV. Their effect on infection of different cell types,

(20pg/ml, Gibco Invitrogen Corporation) and puromycin
at 1pg/ml. NP2/CD4/Apj cells were made by transfect-
ing parental NP2/CD4 cells with a pBabe (puro)-Apj con-
struct and selecting for stable transfectants in puromycin-
containing selection medium. The T-cell line MOLT4 clone
8 was obtained from the NIH AIDS Research and Reference
Reagent Program and was maintained in RPMI B9
(Gibco Invitrogen Corporation) medium containing gen-
tamycin (10wg/ml, Gibco Invitrogen Corporation) and 10%
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FCS. GHOST/CXCRS6 cells were cultured in DMEM con- 0
taining 10% FCS and gentamyci@écilia et al., 1998; Daniel

et al., 1988; Kikukawa et al., 1986HeLa cells expressing

low (1 x 10* molecules/cell) or high (4 10° molecules/cell) N

levels of CD4, and three levels (low, medium and high, cor- 0 >§1\'
responding to X 103, 10* and 16 molecules/cell, respec- NQN
tively) of CCR5 were maintained in DMEM supplemented
with 4% FCS Platt et al., 1998 Immunostaining and FACS
analysis confirmed that these different clones expressed low
and high CD4, and low, medium and high levels of CCR5 on
their cell surfacesHlatt et al., 1998

UK-396, 794

Fig. 1. The structure of UK-396,794.

2.3. Preparation of PBMCs and macrophages . . o ) )
incubated for 1 h with 7nl of inhibitor (i.e. chemokines,

Lymphocytes were purified from whole blood derived small _molecule inhibitors) §t>2final concentration_beforg
from volunteer donors (University of Massachusetts IRB €XP0sing for 3h to approximately 100 focus-forming units
approved protocol) or buffy coats (Hospital Transfusion Ser- (FFU) of virus in 75ul, a titer determined by infection of
vices, Brentwood, UK) by density gradient centrifugation on NP2/CD4/CCRS or U87/CD4/CCRS coreceptor-expressing
Ficoll-paque, as previously describ&iimons et al., 1997 !nd!c_ator cells. Cells were washed once in medium before
PBMCs were stimulated with PHA and IL-2, as described inhibitor was replaced atx concentration and cells left

above, before infecting. Macrophages were prepared fromat 37°C for 72h. PBMCs vzl)gre seeded in 1@Din v-
white blood cells by adherence, as previously described Potiom 96-well plates at & 10° cells/ml before centrifug-

(Simmons et al., 199r by elutriation Kalter et al., 199} ing for 5min at 1000rpm and resuspending in800f
After culture for 5-7 days, macrophages were treated with growth medium containing twice the final concentration of

versene (Gibco Invitrogen Corporation) and removed with a 'Nhibitor. Following incubation for 1h at 37T, S0ul of
cell scraper before seeding for infection. virus at titers at & 10* FFU/ml or higher was added, mixed

and cells were incubated at 3 for 3 h. After incubation,
cells were washed three times by centrifuging for 5min
at 1000 rpm in medium and resuspended in Lb@rowth

The chemokine RANTES was purchased from PeproTech, meQium containing the appropriate final inhibitor concen-
Inc., Rocky Hill, NJ. The chemokines 1309 and eotaxin, tration. Cells were left at 37C and cell-free sup.ernatgnt
and the human herpesvirus 8 (HHV8)-encoded chemokine Was harvested on days 3, 6, 9, 12, 15 and 18 of infection to
VMIP-I were purchased from R&D Systems, Inc. The small monitor virus production. Inhibitor was replenished at each
molecule inhibitor, TAK-779, was obtained through the Narvest.

AIDS Research and Reference Reagent Program, NIAID,

NIH (Baba et al., 1999 The Apj ligand, Apelin-36, was  2.6. Measurement of virus infectivity

from Peptide Institute, Inc., Osaka, Japan. The CXCR4 antag-

onist AMD3100 was provided by AnorMED, Inc., Lang- HIV infection of PBMCs was determined by measuring
ley, Canada. CCR5 small molecule inhibitors (UK-396,794, RT activity in cell supernatants by RT-ELISA (CavidiTech,
UK-383,990, UK-387,323, UK-387,323, UK-400,343, UK- Uppsala, Sweden). Infected adherent cells were detected by
403,341) made as part of the synthesis campaign towardsmmunostaining for intracellular p24 as previously described
the discovery and development of maraviroc (MVC, UK- (Clapham et al., 1992; McKnight et al., 1994 brief, cells
427,857) were provided by Pfizer GRD, Sandwich, Kent, UK. were rinsed in PBS before fixing in a cold-40°C) 1:1
The structure of UK-396,794 is showniig. 1. The CCR5 methanol:acetone mix for 5-10 min, rinsing once in PBS and
monoclonal antibody (mab) 2D7 was from the NIH AIDS once in PBS/1% FCS. For HIV-1, cells were stained using
Research and Reference Reagent Program, and the CCR& 1:1 mix of anti-HIV-1 gag monoclonal antibodies 38:96 K

2.4. Inhibitors and antibodies

mab MAB182 was from R&D Systems, Inc. and EF7 (MRC AIDS Reagent Program, Potters Bar, Eng-
land) diluted 1:40, whilst HIV-2 infected cells were stained
2.5. Inhibition assays using a mix of 6 HIV-Z serum samples (WHO panel C;

MRC ARP) diluted 1:4000. Infected cells were detected by
Adherent cells were seeded the day before infection a 1:400 dilution of a goat anti-mouse or goat anti-hurfan
in 48-well plates at X 10*cells/ml (NP2/CD4, GHOST  galactosidase conjugate for HIV-1 and HIV-2, respectively
coreceptor-expressing cell lines)x210* cells/ml (U87/CD4 (Southern Biotechnology Associates, Inc.) and revealed with
coreceptor expressing cell lines) or &P cells/ml an X-Gal substrate (PBS with 3 mM potassium ferricyanide,
(macrophages) in 500 of the appropriate medium. On 3 mM potassium ferrocyanide, 1 mM magnesium chloride
the day of infection, medium was removed and cells were and 0.5 mg/ml X-gal).
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2.7. Down-modulation of CCRS

1 x 10° purified and activated PBMC were pelleted and
resuspended in 500 medium, UK-396,794 or RANTES
at 0 and 100nM. Samples were incubated af@7for

99

the most potent inhibitors, blocking infection almost com-
pletely at 50 nM Fig. 2). Compounds UK-383,990 and UK-
403,341 were the least effective, inhibiting SF162 infection
by 75-94%, and E80 by 50 and 60% at 500 nM. Compounds
UK-387,323 and UK-387,323 were intermediate in their

0 or 90min and cooled to 4C on ice. Inhibitors were  capacity as HIV-1 inhibitors. Since the order of efficiency

removed by washing with cold PBS/1% FCS/0.1% azide of inhibition by the six compounds was consistent against
before cells were stained on ice with an anti-CCR5 mab both virus isolates (UK-396,794 and UK-400,343 > UK-

(MAB182) or isotype control (Iggs, Dako) at Sug/ml. 387,323 and UK-387,323 > UK-383,990, UK-403,341), fur-

Cells were washed twice with cold PBS/1% FCS/0.1% azide ther experiments on these inhibitors were carried out only
before resuspending in goat anti-mouse FITC-conjugatedwith the two most effective (UK-396,794, UK-400,343) and

antibody (Dako) diluted 1 in 40. Cells were washed once one of the least effective (UK-403,341) inhibitors in this

with cold PBS/1% FCS/0.1% azide and twice with cold series.

PBS/0.1% azide before resuspending in p0@% formol
saline and detecting bound antibody by flow cytome-
try (FACScan, BD Biosciences) using the CellQuest soft-

ware package. The relative cell surface expression of

CCR5 was calculated as: 160mean channel fluorescence
[chemokine +«-CCR5 Mab]- mean channel fluorescence
[isotype control])/(mean channel fluorescence [medium
alone +a-CCR5 Mab]— mean channel fluorescence [isotype
control]).

3. Results

3.1. Small molecule antagonists of CCRS inhibit
infection by HIV

The capacity of the six CCR5-specific small molecule
inhibitors to block infection of the CD4CR5" NP2 glioma

3.2. Specificity of inhibition by CCR5 inhibitors

The cross-reactivity of UK-400,343 against other HIV
coreceptors was assessed. Indicator cell lines stably express-
ing CD4 and a range of coreceptors were pre-treated
with UK-400,343 or an appropriate coreceptor-specific nat-
ural chemokine ligand/small molecule inhibitoFig. 3).
Treated and untreated cells were then infected with an
HIV or SIV isolate, depending upon coreceptor usage.
The HIV-2 strain TER was used for infection via CCR5,
CCR8 and GPR1; HIV-1 strain 2044 for CXCR4; HIV-1
HAN-2 for CCR3; HIV-1 89.6 for APJ and SIVman4 for
CXCRE6.

In CCR5-expressing cells, compound UK-400,343 was
a more potent inhibitor than the CCR5 ligand RANTES,
reducing infection by 80% at 50 nM, in comparison to 25%
reduction with RANTES Fig. 3). Thus, UK-400,343 had

cell line was evaluated. Each of the six compounds blocked no significant effect on infection via the coreceptors CCR3,

infection by both SF162 and E80, two R5-tropic HIV-

CCR8, CXCR4, CXCR6, GPR1, or APJ in comparison to

1 strains. Compounds UK-396,794 and UK-400,343 were their specific inhibitors.

SF162 E80

120 120
100 100

§ % 80

9

S e 60

=

B 40 40
20 20
0 0l

(A) o1 1 10 100 1000 (B) 0.1 1 10 100 1000

Compound concentration nM

—4- UK-396,794
—— UK-399.371

—M- UK-383.990
—0— UK-400343

—A— UK-387323
—%—  UK-403,341

Fig. 2. Small molecule antagonists of CCRS5 inhibit infection by HIV-1. U87/CD4/CCR5 cells were pre-treated with 0, 10, 100 and 1000 nM of the CCR5
inhibitors for 1 h before infecting with the R5 HIV-1 isolates SF162 (A) and E80 (B). Infected cells were detected by immunostaining for viral 4608éns
infection was calculated for each virus independently and represents the mean number of infected foci in the absence of inhibitors. All sangplesrwere d
duplicate, and error bars represent the standard deviation of the mean. Data is representative of at least three independent assays.
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NP2/CD4/CCRS5 NP2/CD4/CXCR4 NP2/CD4/CCR3 NP2/CD4/CCRS
120 | 120 120 1201
100 1004 100 100 4
&0 80 0 80
60 60 60 60
40 40 40 40
20 A 20 20 20
0 0 0 0
01 1 10 1000000 01 1 10 100 1000 01 1 10 100 1000 01 1 10 100 1000
5
g NP2/CD4/GPRI1 NP2/CD4/AP] GHOST/CXCR6
=
153
120 120 120
100® 1004 loo@
@ 0 80
&0 60 60
40 40 40
20 20 20
0 0 0
01 1 10 100 1000 01 1 10 100 1000 01 1 10 100 1000

Inhibitor concentration nM

—— UK-400343 —A— AMD3100 —O— Eotaxin —8— yMIPI

—— RANTES = 1309 —\— Apelin-36

Fig. 3. UK-400,343 specifically inhibits CCR5-mediated infection by HIV. Indicator cell lines stably expressing CD4 and a range of coreceptoes were p
incubated with UK-400,343 or the natural ligand/synthetic inhibitor for each coreceptor tested before infection with HIV or SIV. The value ofdd@ in

was calculated for each coreceptor cell line independently, and represents an average of the number of foci in the absence of inhibitors. This tfedue wa
range of 75-250 focus-forming units (FFU) for each assay. The percent infectivity in the presence of inhibitors was calculated from the relevaloe100%
All samples were done in duplicate, and the error bars represent the standard error of the mean. Graphs are representative of at least twossdgpendent a

3.3. CCRS5-specific small molecule inhibitors of HIV do
not inhibit infection via receptor down-modulation 120 l

100 '@,

80

Chemokines and chemokine analogues, such as RANTES
and AOP-RANTES, inhibit CCR5-mediated HIV infec-
tion by inducing receptor down-modulatioMéck et al.,
1998. Thus, the effect of the two most potent CCR5-
specific small molecules on cell surface expression of CCR5
was determined. CCR5 expression levels were identical 20
in samples incubated in the presence of either RANTES,
the small molecule inhibitors or no inhibitor, indicating e
that none of these inhibitors prevented the binding of the Inhibitor concentration nM
CCR5-specific monoclonal antibody 2D7 (data not shown).
PBMCs were incubated with UK-396,794, UK-400,343 (the —aA— RANTES —4p— UK-396.794
f[wo mos'; pptent C_CRS !nh|p|tors) or RANTES. F_ollow- u UK-400343
ing 90 min incubation with increasing concentrations of
RANTES, CCRS5 expression was successively reduced to
30% of levels in the absence of the chemokifég( 4), Fig.4. I‘nhik_)itionofHIV_infectio_ndqesnotoccurby_ligand-ir)duced_receptor

. . . internalization. CCR5 internalization was determined by incubating PHA,
Slmllarly to preVIOUSIy pUbIIShe_d reportsl\/léck et al, IL-2 activated PBMCs with increasing concentrations of inhibitor for 90 min.
1998. At the same concentration, the two most potent cell surface expression levels of CCR5 were analysed by quantitative flow
CCRS5 inhibitors had no effect on the surface expression of cytometry, and relative % expression was calculated by the formula as stated

CCRS. in Section2.

60

% cell surface
CCRS5 expression

40
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3.4. R5X4-tropic isolates of HIV-1 are inhibited more 50 nM, and by compound UK-396,794 at 500 nMd. 5A).
efficiently than R5-tropic isolates Again, compound UK-403,341 was the least efficient, reduc-
ing RU570, E80 and C3 infection by no more than 60%.

Previous studies have indicated that virus isolates able tolnfection of CCR5-expressing cells by the four R5X4 isolates
use CXCR4 in addition to CCRS5 for entry are more sus- (2076, 2028, 89.6, HAN-2) was more sensitive to inhibition
ceptible to inhibition by CCRS5 inhibitors as tested in cell by all three compounds. UK-396,794 and UK-403,341 were
systems that do not express CXCRdegdal et al., 199Y. 10-fold more potent against the R5X4 strains, which were all
The capacity of these small molecule inhibitors to block inhibited at 5nM Fig. 5B). In contrast to inhibition of R5
infection by a panel of R5 and R5X4 isolates of HIV-1 was viruses, infection by three of the R5X4 isolates (2076, 2028,
therefore examined. All four R5 strains (SF162, RU570, E80, 89.6) was completely inhibited by compound UK-403,341 at
C3) were completely inhibited by compound UK-400,343 at 500 nM.

HIV-1 RS viruses

SF162 RU570 E80
120 120 120 120
100 B 100 100 100 ¢
80 <0 80 80
60 60 60 60
40 40 40 40
20 20 20 20
0 . O 0! 0 — 0
01 1 10 100 1000 01 1 10 100 1000 0.1 110 100 1000
HIV-1 R5X4 viruses
2076 2028 HAN-2 89.6
120 ] 120 120 120
- 100 100 100 100 (9
~§ 80 80 80 \\v
= 60 60 60
- 40 40 40
20 20 20
0 O 0 O 0 [ —=3
01 1 10 100 1000 01 1 10 100 1000 01 1 10 100 1000 01 1 10 100 1000
HIV-2 SIV
ALI (R5) TER (R5 +) SIVmand SIVmac239
120 120 ] 120 ]
100 100 M- 100 8K;
80 80 80
60 60 60
40 40 40
20 20 .0% 20
—— 0 '—m A—
01 1 10 100 1000 O1 1 10 100 1000 01 1 10 100 1000 01 1 10 100 1000

Inhibitor concentration nM

—4— UK-396,794 —l— UK-400343
—&— UK-403341

Fig. 5. Inhibition of HIV-1 R5 and R5X4, HIV-2 and SIV virus isolates. U87/CD4/CCR5 cells were pre-incubated with 0, 10, 100 or 1000 nM of UK-
396,794, UK-400,343 or UK-403,341 for 1h, before infecting with a range of (A) R5 (SF162, RU570, E80, C3), (B) R5X4 (2076, 2028, HAN-2, 89.6)
HIV-1 isolates, (C) HIV-2 (ALI, TER) and (D) SIV (man4, mac239). 100% infection represents the average number of foci for each virus independently

in the absence of inhibitor, and was used to calculate the % infection in the presence of inhibitor. 100% infection was in the range of 50-250 FFU. Error
bars represent the standard error of the mean of at least three independent assays. Note that R5X4 HIV-1 isolates are inhibited more efficiently than R5
isolates.
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3.5. Small molecule inhibitors are able to block isolates) and 500 nM or less (R5 isolatdsiy( 6). Like UK-
infection of HIV-2 and SIV isolates including 396,794, RANTES was more effective against R5X4-tropic
SIVmac239, which preferentially uses CCR5 E2 isolates of HIV-1, with most strains being completely blocked

at 50 nM. As previously observed, RANTES was very ineffi-

Fig. 5also shows that the small molecule inhibitors were cient at inhibiting R5 strains of HIV on the CCR5-expressing
effective against two HIV-2 isolates and two SIV strains. cellline used. Like UK-396,794 and RANTES, TAK-779was
Overall, the HIV-2 strains were slightly less sensitive than the more effective against R5X4 isolates than R5. Both R5X4
HIV-1 strains to these inhibitors, but the order of efficiency of isolates tested were completely inhibited at 50 nM, one R5
the three compounds remained the same (UK-400,343 > UK-strain (SF162) was completely inhibited at 500 nM and one
396,794 > UK-403,341)Kig. 5C). SIVman4, a T-cell line  reduced to 30% at the same concentration (RU570).
adapted SIV strain that uses CXCR4 in addition to CCR5
albeit inefficiently, was also inhibitedr{g. 5D). The T-tropic
SIVmac239 was blocked more efficiently than the other HIV-
2 and SIV strainsKig. 5D), indicating that the preferential
use of CCR5 E2 (rather than the N-terminus) reported for this
virus (Edinger et al., 199Adid not adversely affect sensitivity
to CCR5 inhibitors.

3.7. The antiviral potency of small molecule inhibitors is
dependent upon cell type and cell surface concentration
of CCR5

The cell lines U87/CD4/CCR5 and NP2/CD4/CCRS5 are
both astroglioma-derived, yet they conferred different sensi-
tivities to CCR5 inhibitors. Thus, infection of the NP2 cell
3.6. UK-396,794 is a more potent inhibitor of HIV-1 line with both R5 and R5X4 isolates of HIV-1 was more resis-
infection than RANTES or TAK-779 tant to inhibition by all three compounds, with up to a 10-fold

higher concentration of inhibitor being needed to completely

HIV infection can be inhibited by coreceptor-specific block NP2 infection in comparison to U87 infection (data
molecules, such as the CCR5-binding chemokine RANTES, not shown). The relative expression level of CD4 on the two
and small molecules targeted to this chemokine receptor,cell types (measured by flow cytometry) was not significantly
such as TAK-779. The relative efficiency of UK-396,794 as different. However, CCR5 expression levels were far greater
a CCRS5 inhibitor in comparison to RANTES and TAK-779 in the NP2/CD4/CCRS5 cells (data not shown).
was therefore determined. UK-396,794 was consistently the In order to determine if the differences in sensitivity to
better inhibitor, giving 100% inhibition at 5nM (all R5X4 these CCRS5 inhibitors were due to the higher cell surface

RS viruses

UK-396,794 RANTES TAK-779
IZUJ 120 120
s 100 Wy 100 10()
= 80 A
g 80 3 80
g ® . 60 60
= 40 40 v 40
20 20 20
(A) 0 04 0
01 1 10 100 1000 01 1 10 100 1000 0.1 1 10 100 1000
R5X4 viruses
=
.c
3]
=
=
0
01 1 10 100 1000 01 1 10 1001000 01 1 10 100 1000
(B) Inhibitor concentration nM
R5 Isolates —4— SF162 —— ES0 —&— RU570 —X%— (3
R5X4 Isolates —¥- 2076 —(O- 2028 -4~ 896 -0~ HAN2

Fig. 6. Novel CCRS5 inhibitors are more efficient than RANTES and TAK-779. U87/CD4/CCRS5 cells were pre-incubated with 0, 10, 100 or 1000 nM of
UK-396,794, RANTES or TAK-779 before infecting with HIV-1 R5 (A) or R5X4 (B) isolates. TAK779 inhibition was tested for just two isolates from each

category (R5 strains SF162 and RU570, and R5X4 strains 2028 and HAN-2). 100% infection represents the average number of foci for each virudyndependen
in the absence of inhibitor, and was used to calculate the percent infectivity in the presence of inhibitor. 100% infection was in the range of 30-250 FF

depending on the assay. Error bars represent the standard error of the mean of at least two independent assays.
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100 7 In contrast to the results observed in cell lines, yet in accor-
dance with data reported for other CCR5 inhibitors, infection

801
of PBMCs by the R5 clade G isolate RU570 was relatively

§ 601 resistant to inhibition by all three small molecule inhibitors
E 401 (Figs.8A and5A) (Strizki et al., 2001 All three compounds
= (UK-396,794, UK-400,343, UK-403,341) could only reduce

] infection by this virus between 40 and 50% at a concentration

0 T y of 500 nM.
ol b S 1000 As PBMCs express both CCR5 and CXCR4, inhibition of
Inhibitor concentration nM the R5X4 isolates 2076 and 2028 was inefficient and reduced
~0- CDAWCCRSM —8- CD4MCCRS™ by no more than 60% (2076) or 25% (2028). However, in
-0~ CD4"CCR5®  —A- CD4RCCRSY an excess of the CXCR4 inhibitor AMD3100, these iso-

lates were potently inhibited. Thus, PBMC infection by these
Fig. 7. The antiviral potency of small molecule inhibitors is dependent upon R5X4 HIV-1 isolates was substantially more sensitive to inhi-
cell surface concentration of CCR5. HeLa cells expressing different lev- bition than R5 isolatesH{g. 8A), as was true in cell lines
els of CD4;{‘d CCR5 (CBUCCRS", CD4"CCRS", CD4"CCRS° and (Fig. 5B). Both 2076 and 2028 were completely inhibited by
CO o e e resbatd o 11 i 062,126 250,500 1000 RANTES, UK-396,794 ad UK-400,343 a SOTIM o 655
’ cell lines and PBMCs (Fig&B and8A). UK-403,341, how-
ever, was extremely inefficient against these R5X4 strains on
PBMCs, reducing infection by only 30% (2028) or not at all
(2076). The order of efficiency of the compounds has thus
remained consistent, irrespective of virus tropism and cell

type.

levels of CCR5, or due to other cell-specific factors, we
tested the capacity of UK-400,343 to inhibit SF162 infec-
tion of HelLa cells expressing varying cell surface concen-
trations of both CD4 and CCR%(att et al., 1998 The
amount of cell surface CCR5 had a major influence on
efficiency of inhibition for the CCR5 inhibitorsF{g. 7).
While infection of CCR® HelLa cells was efficiently inhib-
ited, much weaker inhibition was observed if high levels of Early studies demonstrated that macrophage infection via

CCRS were present. This weak inhibition of CdRSeIIs CCR5 varied in sensitivity to inhibition bg-chemokines
was unaffected by a decrease in CD4 concentration. These(RANTES MIP-Iy, MIP-18). However, the modified

observations likely explain the different sensitivities of inhi- chemokine AOP-RANTES was a consistent inhibitor of HIV-
bition observed on NP2/CD4/CCR5 and U87/CD4/CCR5 4 i faction of macrophages via CCR®/¢riuchi et al.

3.9. Inhibition of macrophage infection by novel CCR5
inhibitors

cells. 1996; Simmons et al., 1997The ability of small molecule
antagonists of CCR5 to inhibit HIV-1 replication in pri-
3.8. Novel CCR5 inhibitors block infection of primary mary macrophages was therefore investigated. These com-
PBMCs and macrophages by both R5 and R5X4 isolates pounds completely inhibited infection by the R5 isolate
of HIV-1 SF162, with 100% inhibition being observed at 500 nM of

inhibitor (Fig. 8B). In accordance with previous observa-

To gain a more physiologically relevant evaluation of tions, the chemokine RANTES was not as effective as the
this series of CCR5 inhibitors, their capacity to block a small molecule inhibitors, achieving only 65% inhibition
range of R5 and R5X4 HIV-1 isolates in primary untrans- at 500 nM. The second R5 isolate, RU570 was also com-
formed human PBMCs and macrophages was tested. Previpletely inhibited by both UK-396,794 and UK-400,343 at
ous reports have demonstrated that PBMC infection by R5 5nM (Fig. 8B). UK-403,341 was less effective, only giving
strains of HIV-1 is inhibited more efficiently by chemokines 80% inhibition at 500 nM. RANTES gave similar inhibi-
or chemokine derivatives than cell line infecti@®ifhmons et tion profiles to that observed with SF162, reducing infec-
al., 1997. Indeed, PBMC infection by two R5 strains (SF162 tion by 90 and 65%, respectively. Thus, RU570 infection of
and RU570) was more efficiently inhibited by RANTES, macrophages is sensitive to inhibition by CCR5 inhibitors,
with approximately 90% inhibition being observed at 50 nM, contrasting with the relative resistance of this isolate for
in comparison to only 20% inhibition on the cell line PBMC infection.
U87/CD4/CCR?5 at the same concentration (F8fsand5A,
respectively). Unlike inhibition observed with chemokines,
these small molecules were slightly less effective in PBMCs 4. Discussion
thanin cell lines, although they were still potent. Infection by
SF162 was almost completely reduced by compounds UK- In this study, we have characterised antiviral properties
396,794 and UK-400,343 at 500 nM, whereas itwas relatively of six representatives of a novel series of small molecule
resistant to inhibition by compound UK-403,34Hiq. 8A). inhibitors of CCR5. These compounds were derived from
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Fig. 8. Inhibition of PBMC and macrophage infection by CCR5 inhibitors. (A) PBMCs were pre-incubated for 1 h with 0, 10, 100 or 1000 nM of UK-396,794,
UK-400,343, UK-403,341 or RANTES alone, or in combination with AMD3100 at 1000 nM before infecting with two R5 (SF162 and RU570) and two R5X4
(2076 and 2028) HIV-1 isolates. 100% infection for each virus represents RT activity in cell supernatant in the absence of inhibitors on daydhphiagect

in the range of 500-2500 ng/ml, and was used to calculate all other values. All samples were done in triplicate, and error bars represent theostaindard er
the mean. Data is representative of at least two independent experiments. (B) Macrophages were pre-incubated with UK-396,794, UK-400,3434t UK-403
or RANTES at 0, 10, 100 or 1000 nM before infecting with R5 (SF162 and RU570) HIV-1 isolates. Cells were stained for viral antigens on day 15 of infection.
100% infection represents the number of infected cells in the absence of inhibitor (80—200 FFU/ml). All samples were done in duplicate, ancbpnesdogrs

the standard error of the mean of two independent experiments.

the UK-427,857 discovery programme, which is being pro- inhibitors against PBMC infection was observed with the
gressed through advanced stage clinical trials for HIV infec- clade G HIV-1 isolate RU570. Infection of PBMCs by this
tion by Pfizer GRD. We have demonstrated potent inhibition isolate was sensitive to inhibition by RANTES, yet rela-
of CCR5-dependent infection by diverse HIV and SIV strains tively insensitive to inhibition with all three inhibitors of
and for varied cell types. this series, despite being well inhibited on cell lines and pri-
The efficient inhibition by the UK CCR5 antagonists mary macrophages. RU570 has been reported to be resistant
applied to a range of HIV-1, HIV-2 and SIV strains with to SCH-C in PBMC culture, yet susceptible to UK-427,857
diverse coreceptor requirements, including the isolate SIV- (Dorr et al., 2003; Strizki et al., 2001The basis of these
mac239, which preferentially utilises the second extracellu- differences in susceptibility remains unclear, although this
lar domain of CCR5 (CCR5 E2) for infectioredinger et may be due to subtle differences in the binding site occu-
al., 1997. Thus, HIV variants that naturally escape CCR5 pancy as reported for various CCR5 antagonists. For example,
inhibitors were not readily apparent even among very diverse Westby et al. (2005)eported structurally related HIV core-
viruses. An intriguing exception to the efficiency of these ceptor antagonists bound to similar regions of CCR5 but
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had differential activities against maraviroc (UK-427,857)- 1 isolates than a range of R5 isolates. Thus, when the HIV
resistant primary isolates. The cause of the relative resistancecoreceptor binding site evolves to exploit CXCR4 in addi-
of RU570 to inhibition on PBMCs compared to macrophages tion to CCR5 for entry, the affinity for and the strength of
and cell lines tested here remains unexplained. Moreover,envelope interaction with CCR5, may be compromised. A
we found no evidence to suspect the use of an alternativeprecedent was reported Beeves et al. (2004yvho showed
coreceptor on PBMCs. Thus, RU570 infection of PBMCs that mutations introduced into the coreceptor binding regions
was blocked by RANTES, while significant replication of of gp120 conferred decreased CCRS5 affinity but an increase
RU570in PBMCs that lack CCR5 was not detected (data not in sensitivity to coreceptor inhibitordReeves et al., 2004
shown). Itis possible that continued CCR5-use is required to support
Clearly, the potency of these CCR5 inhibitors is heavily the evolution of R5X4 variants as they adapt to and efficiently
influenced by the target cell used for infection. For instance, exploit CXCR4. If this is the case, then CCR5 inhibitors
the cell line UB7/CD4/CCR5 was consistently more sensi- could act to efficiently repress the emergence of such
tive to inhibition by the azabicycloalkane molecules than the variants.
similar astroglioma-derived NP2/CD4/CCRS5 cell line. Flow Aconcernforthe use of coreceptor-specific HIV inhibitors
cytometric analysis of these cell lines showed similar expres- as therapy is the potential evolution of viral escape mutants.
sion levels of CD4, but significantly higher levels of CCR5 Such mutants could escape inhibition by adapting to
on the NP2 cell line. CCR5 concentration was previously exploit CXCR4, as seen with the chemokine analogues
shown to influence the efficiency of CCR5 inhibitoR4tt AOP-RANTES andN“-nonanoyl-RANTES[2-68] (NNY-
et al., 2005; Reeves et al., 2002n this study, the effect = RANTES), a process which could potentially induce a faster
of CCR5 concentration on inhibition was remarkable when progression to AIDSKjorndal et al., 1997; Mosier et al.,
tested on Hela cells expressing different amounts of CD4 1999. In vitro experiments have indicated that HIV resis-
and CCRS5 Platt et al., 1998 The results show an inverse tance to CCR5 antagonists is relatively difficult to achieve,
correlation between CCR5 concentration and efficiency of requires extensive passaging in the presence of antagonist,
inhibition and likely explain the different sensitivities to inhi-  and generates resistant isolates that still gain entry via CCR5
bition observed on U87/CD4/CCR5 and NP2/CD4/CCR5 despite the presence of a CCR5-specific inhibitor. This sit-

cells. uation was described for AD101 (a derivative of the potent
It has been demonstrated that PBMC infection by R5 CCRS5 antagonist SCH-C) and UK-427,85ItKola et al.,
isolates of HIV-1 is more sensitive to inhibition bg- 2002; Westby et al., 2004Nevertheless, a subsequent study

chemokines, such as RANTES and MIRAR, than cell line demonstrated that escape from the CCR5 inhibitor AD101
infection Simmons et al., 1997Although PBMC infection was mainly conferred by just four changes within the third
was slightly less sensitive to the inhibitors than cell lines, they hypervariable loop within gp120, which did not correspond to
were still very potent against both R5 and R5X4 isolates of a decrease in receptor affiniigihmann et al., 2004 Thus,
HIV-1. This data agrees with that reported by Strizki et al., the concernremains that variants that escape CCRS5 inhibitors
who showed similar 16 figures for inhibition of single-cycle  will eventually emerge in vivo. We previously described a
replication of HIV pseudotypes in U87/CD4/CCR5 cells, and variant of the HIV-1 JR-CSF strain that was able to infect
replication of a range of diverse HIV isolates in PBMCs cells via low CCR5 levelsiiejucq et al., 1999and recently
(Strizki et al., 2001 The capacity of3-chemokines to sup-  reported the presence of highly macrophage-tropic envelopes
press CCR5-mediated infection of primary macrophagesin the brain of patients with neuropathologyeters et al.,
(unlike PBMCs) has been reported to be varialideagic 2009. These envelopes were able to exploit low levels of
et al., 1996; Ketas et al., 2003; Moriuchi et al., 1996; Sim- CD4 for infection but were also able to infect cells express-
mons et al., 1997 Few studies have examined the sensitivity ingtrace levels of CCR5. Such variants may survive, replicate
of macrophage infection to small molecule CCRS5 inhibitors. and eventually evolve to escape, if CCRS5 inhibitors are only
Thus,Ketas et al. (20033howed that SCH-C is a more effec- partially effective. This possibility will be severely limited by
tive inhibitor of PBMC than macrophage infection. Here, all the use of CCRS5 inhibitors in combination with drugs, that
compounds in this series of inhibitor were more effective target other events in the HIV replication cycle, but remains
against RU570 and SF162 infection of macrophages than ofa risk at sites in vivo where drugs may penetrate inefficiently,
PBMCs. e.g. the brain.

Although the effects of the inhibitors TAK-779 and SCH- In conclusion, we have characterised several small
C on HIV-1 R5isolates have been extensively reporBabg molecule CCR5 antagonists that are extremely effective at
et al., 1999; Dragic et al., 2000; Ketas et al., 2003; Strizki et inhibiting infection by a very diverse set of HIV and SIV
al., 2001; Trkola et al., 20Q2their effect on R5X4 isolatesis  isolates. Inhibition of infection was demonstrated for a range
less well understood. CCR5 agonists, e.g. RANTES, inhibit of cell lines and primary cell cultures, including T-cells and
R5X4 infection of CCR5 cell lines more effectively than  macrophages that represent the main cell types targeted and
R5 virusesKledal et al., 199Y. All three compounds inves-  infected by HIV in vivo. Several coreceptor antagonists are
tigated here (UK-396,794, UK-400,343, UK-403,341) were currently in clinical trials and hold much promise as HIV
also consistently more effective against arange of R5X4 HIV- therapeutic agents.



106 S. Willey et al. / Antiviral Research 68 (2005) 96-108

Acknowledgements Clapham, P.R., Reeves, J.D., Simmons, G., Dejucg, N., Hibbitts, S.,
McKnight, A., 1999. HIV coreceptors, cell tropism and inhibition
We thank David Kabat (Oregon Health & Science Uni- by chemokine receptor ligands. Mol. Membr. Biol. 16, 49-55.

. . . . Cocchi, F., DeVico, A.L., Garzino-Demo, A., Arya, S.K., Gallo, R.C.,
versity) and Navid Madani (Dana-Farber Cancer Institute) ™. "5 "1995  |dentification of RANTES, MIP-1 alpha, and MIP-1

for providing the HelLa cell clones. S.W. was supported by @ peta as the major HIV-suppressive factors produced by CD8+ T cells.

Pfizer studentship. P.J.P. and P.R.C. are supported by grants Science 270, 1811-1815.

from the NIH (RO1MH64408 and Al062514). W.M.S and Cohen, C.J., Dusek, A., Green, J., Johns, E.L., Nelson, E., Recny, M.A.,

P.R.C. are Supported by the Elizabeth Glaser Pediatric AIDS 2002. Long-term treatment with subcutaneous T-20, a fusion inhibitor,
. . . . in HIV-infected patients: patient satisfaction and impact on activities

Eoundatlon. P.R.C. is an Elizabeth Glaser Research Scien- . daily living. AIDS Patient Care STDS 16, 327-335.

tist. We thank the NIH AIDS AIDS Research and Reference coliman, R., Balliet, J.W., Gregory, S.A., Friedman, H., Kolson, D.L.,

Reagent Program and the Central Facility of AIDS Reagents,  Nathanson, N., Srinivasan, A., 1992. An infectious molecular clone of

UK for supply of many reagents used in this study. an unusual macrophage-tropic and highly cytopathic strain of human
immunodeficiency virus type 1. J. Virol. 66, 7517-7521.

Dalgleish, A.G., Beverley, P.C., Clapham, P.R., Crawford, D.H., Greaves,

M.F., Weiss, R.A., 1984. The CD4 (T4) antigen is an essential com-

ponent of the receptor for the AIDS retrovirus. Nature 312, 763-767.

References Daniel, M.D., Letvin, N.L., King, N.W., Kannagi, M., Sehgal, P.K., Hunt,
R.D., Kanki, P.J., Essex, M., Desrosiers, R.C., 1985. Isolation of
Abel, S., Van der Ryst, E., Muirhead, M., Rosario, M., Edgington, A., T-cell tropic HTLV-llI-like retrovirus from macaques. Science 228,

Weissberger, G., 2003. Pharmacokinetics of single and multiple oral 1201-1204.
doses of UK-427,857—a novel CCR5 antagonist in healthy volunteers. Daniel, M.D., Li, Y., Naidu, Y.M., Durda, P.J., Schmidt, D.K., Troup,
In: 10th Conference on Retroviruses and Opportunistic Infections, C.D., Silva, D.P., MacKey, J.J., Kestler 3rd, H.W., Sehgal, P.K,

Boston, MA, USA, 10-14 February (abstracts, no. 547). King, N.W., Ohta, Y., Hayami, M., Desrosiers, R.C., 1988. Simian

Alkhatib, G., Combadiere, C., Broder, C.C., Feng, Y., Kennedy, P.E., immunodeficiency virus from African green monkeys. J. Virol. 62,
Murphy, P.M., Berger, E.A., 1996. CC CKR5: a RANTES, MIP- 4123-4128.
lalpha, MIP-1beta receptor as a fusion cofactor for macrophage-tropic De Clercq, E., 2002. New developments in anti-HIV chemotherapy.
HIV-1. Science 272, 1955-1958. Biochim. Biophys. Acta 1587, 258-275.

Baba, M., Nishimura, O., Kanzaki, N., Okamoto, M., Sawada, H., lizawa, De Clercq, E., Yamamoto, N., Pauwels, R., Balzarini, J., Witvrouw, M.,
Y., Shiraishi, M., Aramaki, Y., Okonogi, K., Ogawa, Y., Meguro, K., De Vreese, K., Debyser, Z., Rosenwirth, B., Peichl, P., Datema, R.,
Fujino, M., 1999. A small-molecule, nonpeptide CCR5 antagonist Thornton, D., Skerlj, R., Gaul, F., Padmanabhan, S., Bridger, D., Hen-
with highly potent and selective anti-HIV-1 activity. Proc. Natl. Acad. son, G., Abrams, M., 1994. Highly potent and selective inhibition of
Sci. U.S.A. 96, 5698-5703. human immunodeficiency virus by the bicyclam derivative JM3100.

Barber, C.G., 2004. CCR5 antagonists for the treatment of HIV. Curr. Antimicrob. Agents Chemother. 38, 668—674.

Opin. Investig. Drugs 5, 851-861. de Roda Husman, A.M., van Rij, R.P.,, Blaak, H., Broersen, S.,

Berger, E.A., Murphy, P.M., Farber, J.M., 1999. Chemokine receptors as Schuitemaker, H., 1999. Adaptation to promiscuous usage of
HIV-1 coreceptors: roles in viral entry, tropism, and disease. Annu. chemokine receptors is not a prerequisite for human immunodefi-
Rev. Immunol. 17, 657-700. ciency virus type 1 disease progression. J. Infect Dis. 180, 1106-1115.

Bjorndal, A., Deng, H., Jansson, M., Fiore, J.R., Colognesi, C., Karlsson, Dean, M., Carrington, M., Winkler, C., Huttley, G.A., Smith, M.W., Allik-
A., Albert, J., Scarlatti, G., Littman, D.R., Fenyo, E.M., 1997. Core- mets, R., Goedert, J.J., Buchbinder, S.P., Vittinghoff, E., Gomperts, E.,
ceptor usage of primary human immunodeficiency virus type 1 isolates Donfield, S., Vlahov, D., Kaslow, R., Saah, A., Rinaldo, C., Detels,
varies according to biological phenotype. J. Virol. 71, 7478-7487. R., O'Brien, S.J., 1996. Genetic restriction of HIV-1 infection and

Bobkov, A., Cheingsong-Popov, R., Garaev, M., Rzhaninova, A., Kaleebu, progression to AIDS by a deletion allele of the CKR5 structural
P., Beddows, S., Bachmann, M.H., Mullins, J.l., Louwagie, J., gene. Hemophilia Growth and Development Study, Multicenter AIDS

Janssens, W., van der Groen, G., McCutchan, F., Weber, J., 1994.  Cohort Study, Multicenter Hemophilia Cohort Study, San Francisco
Identification of an env G subtype and heterogeneity of HIV-1 strains City Cohort, ALIVE Study. Science 273, 1856-1862.

in the Russian Federation and Belarus. AIDS 8, 1649-1655. Dejucg, N., Simmons, G., Clapham, P.R., 1999. Expanded tropism of
Boyd, M.T., Simpson, G.R., Cann, A.J., Johnson, M.A., Weiss, R.A., primary human immunodeficiency virus type 1 R5 strains to CD4(+)

1993. A single amino acid substitution in the V1 loop of human T-cell lines determined by the capacity to exploit low concentrations

immunodeficiency virus type 1 gp120 alters cellular tropism. J. Virol. of CCR5. J. Virol. 73, 7842—7847.

67, 3649-3652. Deng, H., Liu, R., Ellimeier, W., Choe, S., Unutmaz, D., Burkhart, M., Di
Brenner, B.G., Turner, D., Wainberg, M.A., 2002. HIV-1 drug resistance: Marzio, P., Marmon, S., Sutton, R.E., Hill, C.M., Davis, C.B., Peiper,

can we overcome? Expert. Opin. Biol. Ther. 2, 751-761. S.C., Schall, T.J., Littman, D.R., Landau, N.R., 1996. Identification
Cecilia, D., KewalRamani, V.N., O’Leary, J., Volsky, B., Nyambi, P., of a major co-receptor for primary isolates of HIV-1. Nature 381,

Burda, S., Xu, S., Littman, D.R., Zolla-Pazner, S., 1998. Neutraliza- 661-666.
tion profiles of primary human immunodeficiency virus type 1 isolates Deng, H.K., Unutmaz, D., KewalRamani, V.N., Littman, D.R., 1997.
in the context of coreceptor usage. J. Virol. 72, 6988-6996. Expression cloning of new receptors used by simian and human
Cheng-Mayer, C., Weiss, C., Seto, D., Levy, J.A., 1989. Isolates of human immunodeficiency viruses. Nature 388, 296-300.
immunodeficiency virus type 1 from the brain may constitute a special Dimitrov, D.S., Xiao, X., Chabot, D.J., Broder, C.C., 1998. HIV corecep-
group of the AIDS virus. Proc. Natl. Acad. Sci. U.S.A. 86, 8575-8579. tors. J. Membr. Biol. 166, 75-90.
Clapham, P.R., McKnight, A., 2002. Cell surface receptors, virus entry Donzella, G.A., Schols, D., Lin, S.W., Este, J.A., Nagashima, K.A., Mad-

and tropism of primate lentiviruses. J. Gen. Virol. 83, 1809-1829. don, P.J., Allaway, G.P., Sakmar, T.P., Henson, G., De Clercq, E.,
Clapham, P.R., McKnight, A., Weiss, R.A., 1992. Human immunode- Moore, J.P., 1998. AMD3100, a small molecule inhibitor of HIV-1
ficiency virus type 2 infection and fusion of CD4-negative human entry via the CXCR4 co-receptor. Nat. Med. 4, 72-77.

cell lines: induction and enhancement by soluble CD4. J. Virol. 66, Doranz, B.J., Lu, Z.H., Rucker, J., Zhang, T.Y., Sharron, M., Cen, Y.H.,
3531-3537. Wang, Z.X., Guo, H.H., Du, J.G., Accavitti, M.A.,, Doms, R.W.,



S. Willey et al. / Antiviral Research 68 (2005) 96-108

Peiper, S.C., 1997. Two distinct CCR5 domains can mediate core-
ceptor usage by human immunodeficiency virus type 1. J. Virol. 71,
6305-6314.

Dorr, P., Macartney, G., Rickett, G., Smith-Burchnell, C., Dobbs, S.,
Mori, J., Griffin, P., Lok, J., Irvine, R., Westby, M., Hitchcock, C.,
Stammen, B., Price, D., Armour, D., Wood, A., Perros, M., 2003.
UK-427,857, a novel small molecule HIV entry inhibitor is a specific
antagonist of the chemokine receptor CCR5. In: 10th Conference on
Retroviruses and Opportunistic Infections, Boston, MA, USA, 10-14
February (abstracts, no. 12).

Dragic, T., Litwin, V., Allaway, G.P., Martin, S.R., Huang, Y., Nagashima,
K.A., Cayanan, C., Maddon, P.J., Koup, R.A., Moore, J.P., Pax-
ton, W.A,, 1996. HIV-1 entry into CD4+ cells is mediated by the
chemokine receptor CC-CKR-5. Nature 381, 667-673.

Dragic, T., Trkola, A., Thompson, D.A., Cormier, E.G., Kajumo, F.A.,
Maxwell, E., Lin, S.W., Ying, W., Smith, S.O., Sakmar, T.P., Moore,
J.P., 2000. A binding pocket for a small molecule inhibitor of HIV-1
entry within the transmembrane helices of CCR5. Proc. Natl. Acad.
Sci. U.S.A. 97, 5639-5644.

Edinger, A.L., Amedee, A., Miller, K., Doranz, B.J., Endres, M., Shar-
ron, M., Samson, M., Lu, Z.H., Clements, J.E., Murphey-Corb, M.,
Peiper, S.C., Parmentier, M., Broder, C.C., Doms, R.W., 1997. Dif-
ferential utilization of CCR5 by macrophage and T cell tropic simian
immunodeficiency virus strains. Proc. Natl. Acad. Sci. U.S.A. 94,
4005-4010.

Gulick, R.M., Mellors, J.W., Havlir, D., Eron, J.J., Gonzalez, C., McMa-
hon, D., Richman, D.D., Valentine, F.T., Jonas, L., Meibohm, A.,
Emini, E.A., Chodakewitz, J.A., 1997. Treatment with indinavir,
zidovudine, and lamivudine in adults with human immunodeficiency
virus infection and prior antiretroviral therapy. N. Engl. J. Med. 337,
734-739.

Hammer, S.M., Squires, K.E., Hughes, M.D., Grimes, J.M., Demeter,
L.M., Currier, J.S., Eron Jr., J.J., Feinberg, J.E., Balfour Jr., H.H.,
Deyton, L.R., Chodakewitz, J.A., Fischl, M.A., AIDS Clinical Trials
Group 320 Study Team, 1997. A controlled trial of two nucleoside
analogues plus indinavir in persons with human immunodeficiency
virus infection and CD4 cell counts of 200 per cubic millimeter or
less. N. Engl. J. Med. 337, 725-733.

Hendrix, C.W., Flexner, C., MacFarland, R.T., Giandomenico, C., Fuchs,
E.J., Redpath, E., Bridger, G., Henson, G.W., 2000. Pharmacoki-
netics and safety of AMD-3100, a novel antagonist of the CXCR-
4 chemokine receptor, in human volunteers. Antimicrob. Agents
Chemother. 44, 1667-1673.

Huang, Y., Paxton, W.A., Wolinsky, S.M., Neumann, A.U., Zhang, L.,
He, T., Kang, S., Ceradini, D., Jin, Z., Yazdanbakhsh, K., Kunstman,
K., Erickson, D., Dragon, E., Landau, N.R., Phair, J., Ho, D.D., Koup,
R.A., 1996. The role of a mutant CCR5 allele in HIV-1 transmission
and disease progression. Nat. Med. 2, 1240-1243.

Kalter, D.C., Nakamura, M., Turpin, J.A., Baca, L.M., Hoover, D.L.,
Dieffenbach, C., Ralph, P., Gendelman, H.E., Meltzer, M.S., 1991.
Enhanced HIV replication in macrophage colony-stimulating factor-
treated monocytes. J. Immunol. 146, 298-306.

Kaufmann, G.R., Bloch, M., Zaunders, J.J., Smith, D., Cooper, D.A,,
2000. Long-term immunological response in HIV-1-infected subjects
receiving potent antiretroviral therapy. AIDS 14, 959-9609.

Ketas, T.J., Klasse, P.J., Spenlehauer, C., Nesin, M., Frank, I., Pope, M.,
Strizki, J.M., Reyes, G.R., Baroudy, B.M., Moore, J.P., 2003. Entry
inhibitors SCH-C, RANTES, and T-20 block HIV type 1 replication
in multiple cell types. AIDS Res. Hum. Retroviruses 19, 177-186.

Kikukawa, R., Koyanagi, Y., Harada, S., Kobayashi, N., Hatanaka,
M., Yamamoto, N., 1986. Differential susceptibility to the acquired
immunodeficiency syndrome retrovirus in cloned cells of human
leukemic T-cell line Molt-4. J. Virol. 57, 1159-1162.

Klatzmann, D., Champagne, E., Chamaret, S., Gruest, J., Guetard, D.,
Hercend, T., Gluckman, J.C., Montagnier, L., 1984. T-lymphocyte T4
molecule behaves as the receptor for human retrovirus LAV. Nature
312, 767-768.

107

Kledal, T.N., Rosenkilde, M.M., Coulin, F., Simmons, G., Johnsen, A.H.,
Alouani, S., Power, C.A., Luttichau, H.R., Gerstoft, J., Clapham,
P.R., Clark-Lewis, I., Wells, T.N.C., Schwartz, T.W., 1997. A
broad-spectrum chemokine antagonist encoded by Kaposi's sarcoma-
associated herpesvirus. Science 277, 1656-1659.

Kuhmann, S.E., Pugach, P., Kunstman, K.J., Taylor, J., Stanfield,
R.L., Snyder, A., Strizki, J.M., Riley, J., Baroudy, B.M., Wil-
son, I.A., Korber, B.T., Wolinsky, S.M., Moore, J.P., 2004. Genetic
and phenotypic analyses of human immunodeficiency virus type 1
escape from a small-molecule CCR5 inhibitor. J. Virol. 78, 2790—
2807.

Liu, R., Paxton, W.A., Choe, S., Ceradini, D., Martin, S.R., Horuk,
R., MacDonald, M.E., Stuhlmann, H., Koup, R.A., Landau, N.R.,
1996. Homozygous defect in HIV-1 coreceptor accounts for resis-
tance of some multiply exposed individuals to HIV-1 infection. Cell
86, 367-377.

Mack, M., Luckow, B., Nelson, P.J., Cihak, J., Simmons, G., Clapham,
P.R., Signoret, N., Marsh, M., Stangassinger, M., Borlat, F., Wells,
T.N., Schlondorff, D., Proudfoot, A.E., 1998. Aminooxypentane-
RANTES induces CCR5 internalization but inhibits recycling: a
novel inhibitory mechanism of HIV infectivity. J. Exp. Med. 187,
1215-1224.

Maeda, K., Nakata, H., Ogata, H., Koh, Y., Miyakawa, T., Mitsuya, H.,
2004. The current status of, and challenges in, the development of
CCRS5 inhibitors as therapeutics for HIV-1 infection. Curr. Opin. Phar-
macol. 4, 447-452,

McKnight, A., Clapham, P.R., Weiss, R.A., 1994. HIV-2 and SIV infec-
tion of nonprimate cell lines expressing human CD4: restrictions to
replication at distinct stages. Virology 201, 8-18.

McKnight, A., Dittmar, M.T., Moniz-Periera, J., Ariyoshi, K., Reeves,
J.D., Hibbitts, S., Whitby, D., Aarons, E., Proudfoot, A.E., Whittle,
H., Clapham, P.R., 1998. A broad range of chemokine receptors are
used by primary isolates of human immunodeficiency virus type 2 as
coreceptors with CD4. J. Virol. 72, 4065-4071.

Moriuchi, H., Moriuchi, M., Combadiere, C., Murphy, P.M., Fauci, A.S.,
1996. CD8+ T-cell-derived soluble factor(s), but not beta-chemokines
RANTES, MIP-1 alpha, and MIP-1 beta, suppress HIV-1 replica-
tion in monocyte/macrophages. Proc. Natl. Acad. Sci. U.S.A. 93,
15341-15345.

Mosier, D.E., Picchio, G.R., Gulizia, R.J., Sabbe, R., Poignard, P., Picard,
L., Offord, R.E., Thompson, D.A., Wilken, J., 1999. Highly potent
RANTES analogues either prevent CCR5-using human immunodefi-
ciency virus type 1 infection in vivo or rapidly select for CXCR4-
using variants. J. Virol. 73, 3544-3550.

Murphey-Corb, M., Martin, L.N., Rangan, S.R., Baskin, G.B., Gormus,
B.J., Wolf, R.H., Andes, W.A., West, M., Montelaro, R.C., 1986.
Isolation of an HTLV-llI-related retrovirus from macaques with simian
AIDS and its possible origin in asymptomatic mangabeys. Nature 321,
435-437.

Napier, C., Dorr, P., Gladue, R., Halliday, R., Leishman, D., Machin,
I., Mitchel, R., Nedderman, A., Perros, M., Roffey, D., Walker, D.,
Webster, R., 2003. The preclinical pharmacokinetics and safety phar-
macology of the anti-HIV CCR5 antagonist, UK-427,857. In: 10th
Conference on Retroviruses and Opportunistic Infections, Boston,
MA, USA, 10-14 February (abstracts, no. 546a).

Oravecz, T., Pall, M., Norcross, M.A., 1996. Beta-chemokine inhibition
of monocytotropic HIV-1 infection. Interference with a postbinding
fusion step. J. Immunol. 157, 1329-1332.

Palella Jr., F.J., Delaney, K.M., Moorman, A.C., Loveless, M.O., Fuhrer,
J., Satten, G.A., Aschman, D.J., Holmberg, S.D., 1998. Declining
morbidity and mortality among patients with advanced human immun-
odeficiency virus infection. N. Engl. J. Med. 338, 853-860.

Peters, P.J., Bhattacharya, J., Hibbitts, S., Dittmar, M.T., Simmons, G.,
Bell, J., Simmonds, P., Clapham, P.R., 2004. Biological analysis of
human immunodeficiency virus type 1 R5 envelopes amplified from
brain and lymph node tissues of AIDS patients with neuropathol-
ogy reveals two distinct tropism phenotypes and identifies envelopes



108

in the brain that confer an enhanced tropism and fusigenicity for
macrophages. J. Virol. 78, 6915-6926.

Platt, E.J., Wehrly, K., Kuhmann, S.E., Chesebro, B., Kabat, D., 1998.

Effects of CCR5 and CD4 cell surface concentrations on infections
by macrophage tropic isolates of human immunodeficiency virus type
1. J. Virol. 72, 2855-2864.

Platt, E.J., Durnin, J.P., Kabat, D., 2005. Kinetic factors control efficien-

cies of cell entry, efficacies of entry inhibitors, and mechanisms of
adaptation of human immunodeficiency virus. J. Virol. 79, 4347-4356.

Pozniac, A.L., latkenheuer, G., Johnson, M.A., Hoepelman, I.M., Rock-

stroh, J.K., Goebel, F., Abel, S., James, |., Rosario, M., Medhurst, C.,
Sullivan, J.L., Youle, M., Van Der Ryst, E., 2003. Effect of short-term
monotherapy with UK-427,857 on viral load in HIV-infected patients.
In: 43rd Annual Interscience Conference on Antimicrobial Agents and
Chemotherapy, Chicago, IL, 14-17 September (abstracts, no. H-443).

Reeves, J.D., Gallo, S.A., Ahmad, N., Miamidian, J.L., Harvey, P.E.,

Sharron, M., Pohlmann, S., Sfakianos, J.N., Derdeyn, C.A., Blumen-
thal, R., Hunter, E., Doms, R.W., 2002. Sensitivity of HIV-1 to entry

S. Willey et al. / Antiviral Research 68 (2005) 96-108

351125), an orally bioavailable, small molecule antagonist of the
chemokine receptor CCRS5, is a potent inhibitor of HIV-1 infec-
tion in vitro and in vivo. Proc. Natl. Acad. Sci. U.S.A. 98, 12718-
12723.

Tagat, J.R., McCombie, S.W., Nazareno, D., Labroli, M.A., Xiao, V.,

Steensma, R.W., Strizki, J.M., Baroudy, B.M., Cox, K., Lachowicz, J.,
Varty, G., Watkins, R., 2004. Piperazine-based CCR5 antagonists as
HIV-1 inhibitors. IV. Discovery of 1-[(4,6-dimethyl-5-pyrimidinyl)-
carbonyl]-4-[4-[2-methoxy- IK)-4-(trifluoromethyl)phenyl]-ethyl-
3(S)-methyl-1-piperazinyl]-4-methylpiperidine (Sch-417690/Sch-D), a
potent, highly selective, and orally bioavailable CCR5 antagonist. J.
Med. Chem. 47, 2405-2408.

Tersmette, M., de Goede, R.E., Al, B.J., Winkel, I.N., Gruters, R.A.,

Cuypers, H.T., Huisman, H.G., Miedema, F., 1988. Differential
syncytium-inducing capacity of human immunodeficiency virus iso-
lates: frequent detection of syncytium-inducing isolates in patients
with acquired immunodeficiency syndrome (AIDS) and AIDS-related
complex. J. Virol. 62, 2026-2032.

inhibitors correlates with envelope/coreceptor affinity, receptor density, Trkola, A., Kuhmann, S.E., Strizki, J.M., Maxwell, E., Ketas, T., Morgan,

and fusion kinetics. Proc. Natl. Acad. Sci. U.S.A. 99, 16249-16254.

Reeves, J.D., Miamidian, J.L., Biscone, M.J., Lee, F.H., Ahmad, N., Pier-

son, T.C., Doms, R.W., 2004. Impact of mutations in the coreceptor
binding site on human immunodeficiency virus type 1 fusion, infec-
tion, and entry inhibitor sensitivity. J. Virol. 78, 5476-5485.

C.M., Saragosti, S., Lapoumeroulie, C., Cognaux, J., Forceille, C.,
Muyldermans, G., Verhofstede, C., Burtonboy, G., Georges, M., Imai,
T., Rana, S., Vi, Y., Smyth, R.J., Collman, R.G., Doms, R.W., Vassart,

T., Pugach, P., Xu, S., Wojcik, L., Tagat, J., Palani, A., Shapiro, S.,
Clader, J.W., McCombie, S., Reyes, G.R., Baroudy, B.M., Moore,
J.P., 2002. HIV-1 escape from a small molecule, CCR5-specific entry
inhibitor does not involve CXCR4 use. Proc. Natl. Acad. Sci. U.S.A.

99, 395-400.

Samson, M., Libert, F., Doranz, B.J., Rucker, J., Liesnard, C., Farber, van Rij, R.P., Visser, J.A., van Praag, R.M., Rientsma, R., Prins, J.M.,

Lange, J.M., Schuitemaker, H., 2002. Both R5 and X4 human immun-
odeficiency virus type 1 variants persist during prolonged therapy with
five antiretroviral drugs. J. Virol. 76, 3054—3058.

G., Parmentier, M., 1996. Resistance to HIV-1 infection in caucasian Westby, M., Smith-Burchnell, C., Mori, J., Lewis, M.G., Mansfield, R.,

individuals bearing mutant alleles of the CCR-5 chemokine receptor
gene. Nature 382, 722—725.

Sauermann, U., Schneider, J., Mous, J., Brunckhorst, U., Schedel, I.,

Jentsch, K.D., Hunsmann, G., 1990. Molecular cloning and charac-
terization of a German HIV-1 isolate. AIDS Res. Hum. Retroviruses
6, 813-823.

Seto, M., Miyamoto, N., Aikawa, K., Aramaki, Y., Kanzaki, N., lizawa,

Y., Baba, M., Shiraishi, M., 2005. Orally active CCR5 antagonists
as anti-HIV-1 agents. Part 3. Synthesis and biological activities of 1-
benzazepine derivatives containing a sulfoxide moiety. Bioorg. Med.
Chem. 13, 363-386.

Simmons, G., Clapham, P.R., Picard, L., Offord, R.E., Rosenkilde, M.M.,

Schwartz, T.W., Buser, R., Wells, T.N.C., Proudfoot, A.E., 1997.
Potent inhibition of HIV-1 infectivity in macrophages and lympho-
cytes by a novel CCR5 antagonist. Science 276, 276-279.

Simmons, G., Wilkinson, D., Reeves, J.D., Dittmar, M.T., Beddows, S.,

Whitcomb, J., Petropoulos, C., Perros, M., 2004. In vitro escape of R5
primary isolates from the CCR5 antagonist, UK-427,857, is difficult
and involves continued use of the CCR5 receptor. In: Xl Inter-
national HIV Drug Resistance Workshop, Tenerife, Canary Islands,
Spain, 8-12 June (Antiviral Therapy, abstracts, no. 6).

Westby, M., Smith-Burchnell, C., Hamilton, D., Mori, J., Macartney,

M., Robas, N., Irvine, B., Fidock, M., Perruccio, F., Mills, J.,
Burt, C., Barber, C.G., Stephenson, P., Dorr, P., Perros, M., 2005.
Structurally related HIV co-receptor antagonists bind to similar
regions of CCR5 but have differential activities against maraviroc
(UK427,857)-resistant primary isolates. In: 12th Conference on Retro-
viruses and Opportunistic Infections, Boston, MA, USA, 22—-25 Febru-
ary (abstracts, no. 96).

Willett, B.J., Picard, L., Hosie, M.J., Turner, J.D., Adema, K., Clapham,

P.R., 1997. Shared usage of the chemokine receptor CXCR4 by the
feline and human immunodeficiency viruses. J. Virol. 71, 6407—6415.

Weber, J., Carnegie, G., Desselberger, U., Gray, P.W., Weiss, R.A., Willey, S.J., Reeves, J.D., Hudson, R., Miyake, K., Dejucq, N., Schols,

Clapham, P.R., 1996. Primary, syncytium-inducing human immunod-
eficiency virus type 1 isolates are dual-tropic and most can use either
Lestr or CCR5 as coreceptors for virus entry. J. Virol. 70, 8355-8360.

Soda, Y., Shimizu, N., Jinno, A., Liu, H.Y., Kanbe, K., Kitamura, T.,

Hoshino, H., 1999. Establishment of a new system for determination

D., De Clercq, E., Bell, J., McKnight, A., Clapham, P.R., 2003. Identi-
fication of a subset of human immunodeficiency virus type 1 (HIV-1),
HIV-2, and simian immunodeficiency virus strains able to exploit an
alternative coreceptor on untransformed human brain and lymphoid
cells. J. Virol. 77, 6138-6152.

of coreceptor usages of HIV based on the human glioma NP-2 cell Yeni, P.G., Hammer, S.M., Carpenter, C.C., Cooper, D.A., Fischl, M.A.,

line. Biochem. Biophys. Res. Commun. 258, 313-321.

Strizki, J.M., Xu, S., Wagner, N.E., Wojcik, L., Liu, J., Hou, Y., Endres,

M., Palani, A., Shapiro, S., Clader, J.W., Greenlee, W.J., Tagat,
J.R., McCombie, S., Cox, K., Fawzi, A.B., Chou, C.C., Pugliese-
Sivo, C., Davies, L., Moreno, M.E., Ho, D.D., Trkola, A., Stoddart,

C.A., Moore, J.P., Reyes, G.R., Baroudy, B.M., 2001. SCH-C (SCH

Gatell, J.M., Gazzard, B.G., Hirsch, M.S., Jacobsen, D.M., Katzen-
stein, D.A., Montaner, J.S., Richman, D.D., Saag, M.S., Schechter, M.,
Schooley, R.T., Thompson, M.A., Vella, S., Volberding, P.A., 2002.
Antiretroviral treatment for adult HIV infection in 2002: updated rec-
ommendations of the International AIDS Society, USA Panel. JAMA
288, 222-235.



	Inhibition of CCR5-mediated infection by diverse R5 and R5X4 HIV and SIV isolates using novel small molecule inhibitors of CCR5: Effects of viral diversity, target cell and receptor density
	Introduction
	Materials and methods
	Viruses
	Cell lines
	Preparation of PBMCs and macrophages
	Inhibitors and antibodies
	Inhibition assays
	Measurement of virus infectivity
	Down-modulation of CCR5

	Results
	Small molecule antagonists of CCR5 inhibit infection by HIV
	Specificity of inhibition by CCR5 inhibitors
	CCR5-specific small molecule inhibitors of HIV do not inhibit infection via receptor down-modulation
	R5X4-tropic isolates of HIV-1 are inhibited more efficiently than R5-tropic isolates
	Small molecule inhibitors are able to block infection of HIV-2 and SIV isolates including SIVmac239, which preferentially uses CCR5 E2
	UK-396,794 is a more potent inhibitor of HIV-1 infection than RANTES or TAK-779
	The antiviral potency of small molecule inhibitors is dependent upon cell type and cell surface concentration of CCR5
	Novel CCR5 inhibitors block infection of primary PBMCs and macrophages by both R5 and R5X4 isolates of HIV-1
	Inhibition of macrophage infection by novel CCR5 inhibitors

	Discussion
	Acknowledgements
	References


