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a b s t r a c t

Antagonists of the chemokine receptor, CCR5, may provide important new drugs for the

treatment of HIV-1. In this study we have examined the mechanism of action of two

functional antagonists of the chemokine receptor CCR5 (UK-396,794, UK-438,235) in signal-

ling and internalisation assays using CHO cells expressing CCR5. Both compounds were

potent inverse agonists versus agonist-independent [35S]GTPgS binding to membranes of

CHO cells expressing CCR5. Both compounds also acted as allosteric inhibitors of CCL5

(RANTES) and CCL8 (MCP-2)-stimulated [35S]GTPgS binding to CHO-CCR5 membranes,

reducing the potency and maximal effects of the two chemokines. The data are consistent

with effects of the allosteric inhibitors on both the binding and signalling of the chemokines.

Both compounds inhibited CCR5 internalisation triggered by chemokines. When CHO-CCR5

cells were treated with either of the two compounds for prolonged periods of time (24 h) an

increase (�15%) in cell surface CCR5 was detected.
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1. Introduction

The G protein-coupled chemokine receptor, CCR5, was

originally characterised as a receptor responding functionally

to the CC-chemokines CCL3 (MIP-1a), CCL4 (MIP-1b) and CCL5

(RANTES) [1]. CCR5 was subsequently described as the primary

co-receptor for macrophage tropic human immunodeficiency

virus type 1 (HIV-1) [2–5].

Chemokine interaction with CCR5 initiates several events.

Activated receptor associates with G proteins, leading to

activation of signalling processes, e.g. changes in Ca2+

followed by receptor phosphorylation by G protein coupled

receptor kinases (GRKs) [6]. This results in association of b-

arrestin with the receptor [7] and desensitisation via uncou-
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pling of receptor and G protein. A number of CC chemokines

(CCL3, CCL4, CCL5, CCL8, CCL13 and CCL7) bind to CCR5 with

different affinities and abilities to activate the receptor [8].

These chemokines can be divided in two subgroups based on

amino acid sequence identity [9,10]. CCL3, CCL4 and CCL5 form

one subgroup and are full agonists, whereas CCL7, CCL8 and

CCL13 form a second subgroup, which share�60% amino acid

identity within the group and �30% identity with CCL3, CCL4

and CCL5. The two groups of chemokine exhibit differential

abilities to activate signalling systems. For example, whereas

CCL5 and CCL8 can both stimulate [35S]GTPgS binding, CCL5

will cause internalisation of CCR5 but CCL8 is unable to do so

[7,11], suggesting that the two groups of chemokines may

stabilise different conformations of CCR5.
al calf serum; FITC, fluorescein isothiocyanate; GPCR, G protein
immunodeficiency virus; MCP, monocyte chemoattractant protein;
ne; RANTES, regulated on activation, normal T cell expressed and

.
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Fig. 1 – Structures of UK-396,794 and UK-438,235.
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The role of CCR5 as a co-receptor for the entry of HIV-1 into

cells has prompted the development of small molecule

antagonists of CCR5 as a potential therapy for preventing

infection by HIV-1 [12]. Several such compounds have been

described including 873140 (aplaviroc) [13], UK 427,857

(maraviroc) [14], SCH 351125 (vicriviroc) [15] and TAK 779

[16] and some biochemical studies on these compounds have

been reported. The emerging data suggest that the compounds

may act as allosteric inhibitors of chemokine binding and

function at CCR5 and some differential effects of compounds

on the actions of chemokines have been reported. For

example, 873140 inhibited CCL3 and CCL5-induced Ca2+

responses via CCR5 but did not inhibit CCL5 binding to

CCR5 [13]. These small molecule antagonists may also stabilise

different conformations of CCR5 accounting for the differ-

ential antiviral spectrum of different antagonists [14] and the

lack of cross-resistance seen for these different antagonists

[17].

In order to probe this further we have analysed the

interaction of two small molecule antagonists directed at

CCR5 (UK-396,794, UK-438,235, Fig. 1) for their effects on the

actions of two chemokines (CCL5 and CCL8) which have

previously been shown to interact with CCR5 in a different

manner [7,11]. We have examined the interactions between

the small molecule drugs and chemokines at CCR5 by

determining effects on chemokine-stimulated [35S]GTPgS

binding to membranes of CHO cells expressing CCR5 (CHO-

CCR5 cells) and by determining effects on chemokine-induced

internalisation of CCR5 in CHO-CCR5 cells.
2. Materials and methods

2.1. Cells and materials

CHO cells stably expressing CCR5 (CHO�CCR5) were grown as

described previously [7,11]. [35S]GTPgS (�37 TBq mmol�1) was

from Amersham Biosciences (Buckinghamshire, UK). CCL5

and CCL8 were purchased from PeproTech (Rocky Hill, NJ).

Secondary antibodies were obtained from Sigma (Poole, UK),

anti-CCR5 antibodies HEK/1/85a/7a have been described

previously [7,11] and all other chemicals were from Sigma

(Poole, UK).

2.2. Membrane preparation

Membranes were prepared from confluent cells. Cells were

harvested in ice-cold HEPES buffer (20 mM HEPES, 6 mM MgCl2,

1 mM EDTA and 1 mM EGTA, pH 7.4) and homogenized with an

ultra-turrax (4� 4 s). The cell debris was collected by

centrifugation for 10 min at 1700 � g, the resulting super-

natant was centrifuged for 1 h at 48,000 � g at 4 8C and the

pellet resuspended in HEPES buffer, aliquoted and stored at

�70 8C. Protein levels were determined using the method of

[18] with bovine serum albumin as a standard.

2.3. [35S]GTPgS-binding assays

The [35S]GTPgS-binding assays were carried out essentially as

described [11]. Cell membranes (5 mg) were incubated in
triplicate in [35S]GTPgS-binding buffer containing 20 mM

HEPES, 100 mM NaCl, 10 mM MgCl2 and 0.1% BSA, pH 7.4

and GDP (1 mM for agonist/antagonist assays, 0.1 mM for

inverse agonist assays) in a final volume of 180 ml in the

absence or presence of a chemokine (at the concentration

stated) to measure the basal and stimulated nucleotide

exchange, respectively. Antagonist was also present in this

incubation where stated. The reaction was initiated by the

addition of cell membranes and the tubes were incubated at

30 8C for 30 or 240 min where stated. After this pre-incubation

20 ml of [35S]GTPgS was added to give a final concentration of

100 pM. The assay was incubated for a further 30 min before

termination by rapid filtration through GF/C filters with four

washes of 1 ml of ice-cold PBS using a Brandel cell harvester

(Gaithersburg, MD). The filters were soaked for at least 6 h in

2 ml of Ultima Gold XR scintillation fluid (Perkin Elmer,

Beaconsfield, UK) after which bound radioactivity was

determined by liquid scintillation counting.

2.4. Internalisation assay and flow cytometry analysis

CHO�CCR5 cells were incubated with serum-free medium for

2 h at 37 8C, harvested with 2 mM EDTA/PBS and then

resuspended in medium without serum at 5 � 106 cells/ml.

Cells were then incubated with CCL5 (50 nM) for different

times in the absence or presence of 100 nM antagonist at 37 8C,

and washed in ice cold PBS containing 1% FCS and 1% NaN3 for

flow cytometry analysis. Cell surface expressed CCR5 was

detected by flow cytometry using anti-CCR5 antibody HEK/1/

85a/7a and fluorescein isothiocyanate (FITC) conjugated anti-

rat IgG. Cells were incubated for 1 h at room temperature with



Fig. 2 – Inhibition of agonist-independent [35S]GTPgS

binding by UK-438,235 and UK-396,794. Agonist-

independent [35S]GTPgS binding to membranes of CHO-

CCR5 cells was determined in the presence of increasing

concentrations of antagonists as described in Section 2.

Data are given as mean W S.E.M. and are from a

representative experiment replicated as in the text.
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HEK/1/85a/7a (saturating amounts of hybridoma supernatant),

washed three times with PBS buffer containing 1% FCS and 1%

NaN3 and incubated for 1 h with FITC labelled anti-rat IgG.

Samples were quantified on a FACScan and data analysed with

CellQuest software version 3.1 (Becton Dickinson, San Jose,

CA). For each experiment, for example, when examining the

effects of a chemokine on cell surface CCR5, the relative CCR5

surface expression (%) was calculated as 100 � [mean channel

of fluorescence (chemokine treated cells) �mean channel of

fluorescence (negative control cells)]/[mean channel of fluor-

escence (cells treated with medium without serum) �mean

channel of fluorescence (negative control cells)]. CHO cells not

expressing CCR5, as well as irrelevant monoclonal antibodies

were used for negative controls with similar results.

In another set of experiments, CHO-CCR5 cells were

cultured for 24 h in the absence or presence of antagonist

(100 nM) and cell surface CCR5 was determined using flow

cytometry as described above.

2.5. Data analysis

Data were analysed using GraphPad Prism (GraphPad Soft-

ware, San Diego, CA). Concentration/response curves for CCL5

and CCL8 in [35S]GTPgS binding assays were fitted well by

models assuming a Hill coefficient of 1. The maximal effects of

CCL5 or CCL8 in the absence or presence of antagonists were

determined from these analyses. The reduction in the

maximal response to the chemokines was calculated as

[maximal response in the absence of antagonist �maximal

response with highest concentration of antagonist]/[maximal

response in the absence of antagonist].

Statistical analyses were performed using Student’s t-test

with P < 0.05 or using one-way ANOVA with Bonferroni’s

multiple comparison as a post-test. Data represent the

mean � S.E.M. of at least three independent experiments.
Fig. 3 – Effects of UK-438,235 on chemokine stimulation of

[35S]GTPgS binding to membranes of CHO-CCR5 cells. The

effects of CCL5 (panel A) and CCL8 (panel B) to stimulate

[35S]GTPgS binding were determined in the presence of

increasing concentrations of UK-438,235 as described in

Section 2. Chemokine and UK-438,235 were pre-incubated

with CHO-CCR5 membranes for 30 min. Data are

expressed as a percentage of the maximum [35S]GTPgS

binding stimulated by CCL5 or CCL8 and are given as

mean W S.E.M. from a representative experiment repeated

at least three times with similar results.
3. Results

3.1. Effects of UK-396,794 and UK-438,235 on agonist-
independent [35S]GTPgS binding

Fig. 2 shows the effects of UK-396,794 and UK-438,235 on

[35S]GTPgS binding to membranes of CHO cells expressing CCR5

(CHO-CCR5 cells). Thetwocompounds were bothpotent inverse

agonists (pIC50� S.E.M. UK-438,235 8.71� 0.05, UK-396,794

8.93� 0.09) with UK-396,794 giving a slightly larger inhibition

of agonist-independent [35S]GTPgS binding in this preparation

(UK-438,235 �27.9� 0.6%, UK-396,794 �30.4� 1.5%, P < 0.05).

3.2. Effects of UK-396,794 and UK-438,235 on CCL5- and
CCL8-stimulated [35S]GTPgS binding

Next we analysed the effects of different concentrations of the

compounds on the stimulation of [35S]GTPgS binding by CCL5

and CCL8. In the first set of experiments, the chemokines and

UK-396,794 or UK-438,235 were pre-incubated together with

membranes of CHO-CCR5 cells for 30 min before adding

[35S]GTPgS to initiate the binding reaction. Fig. 3 shows the

effect of UK-438,235 on CCL5 stimulation of [35S]GTPgS
binding. Increasing concentrations of UK-438,235 caused a

shift in the CCL5 concentration/response curve to lower

potency, up to 10-fold. UK-438,235 also reduced basal

[35S]GTPgS binding by about 25% at the highest concentration



Table 1 – Effects of antagonists on chemokine signalling at CCR5 expressed in CHO-CCR5 cell membranes

Incubation time (min) CCL5 CCL8

Reduction in maximum
response (%)

Log dose
ratio

Reduction in maximum
response (%)

Log dose
ratio

UK-438,235 30 14.0 � 4.3 1.00 � 0.07 15.1 � 3.0 0.81 � 0.07

UK-396,794 30 26.9 � 0.9 1.27 � 0.08 23.8 � 2.4 0.94 � 0.05

UK-438,235 240 28.8 � 1.8 0.63 � 0.02 – –

UK-396,794 240 44.0 � 4.1 1.36 � 0.13 – –

The effects of CCL5 and CCL8 to stimulate [35S]GTPgS binding were determined in the presence of increasing concentrations of UK-438,235 or

UK-396,794 as described in Figs. 3 and 4. Concentration/response curves for the two chemokines were obtained in the presence of different

concentrations of either antagonist. The % reduction in maximal chemokine response is given for 15 nM antagonist calculated as described in

Section 2. The potency (EC50) for the chemokine was determined and data are given for the log dose ratio for 15 nM antagonist. The log dose

ratio is defined as (pEC50 (control) � pEC50 (with antagonist)). Data are shown where chemokine and antagonist were pre-incubated with CHO-

CCR5 membranes for 30 or 240 min. Values are given as mean � S.E.M. for three or more experiments.
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of drug used and there was also a reduction in the maximum

effect of CCL5 (�15%), although this was somewhat variable.

Similar data are seen with CCL8 and for this chemokine there

is a clear reduction in the maximum effect in all experiments

at the higher concentrations of UK-438,235. Taken together,

these data provide evidence that UK-438,235 is acting in a non-

competitive manner to reduce both the potency and efficacy of

the chemokines. Effects were similar for both chemokines. A

summary of the effects of the antagonists on the potency of

chemokines and their maximal responses is given in Table 1.

UK-396,794 behaved in a similar manner versus CCL5 and

CCL8 in that it reduced both the potency and maximal effects

of the chemokines to stimulate [35S]GTPgS binding (Fig. 4,

Table 1). It also reduced the basal [35S]GTPgS binding. There

was a tendency for the effect on maximal [35S]GTPgS binding
Fig. 4 – Effects of UK-396,794 on chemokine stimulation of [35S]G

of CCL5 and CCL8 to stimulate [35S]GTPgS binding were determ

396,794 as described in Section 2. Chemokine and UK-396,794 w

Data are expressed as a percentage of the maximum [35S]GTPg

mean W S.E.M. from a representative experiment repeated at le
to be greater (�25%) as compared to the effects of UK-438,235.

As for UK-438,235 these experiments provide evidence for

non-competitive effects between UK-396,794 and CCL5 and

CCL8.

We were concerned that equilibrium might not have been

reached between the chemokines and the UK compounds. All

CCR5 functional antagonists tested to date show prolonged

functional occupancy of CCR5 in vitro [17]. More specifically

with respect to the compounds used in this study, maraviroc

has been reported to dissociate slowly from CCR5 (t1/2 = 16 h

[19]), highlighting the difficulty in establishing equilibrium

conditions. Slow kinetics of reversal of CCR5 blockade have

also been reported in [13] for maraviroc and other CCR5

antagonists. Preliminary studies have also shown that UK-

396,794 and UK-438,235 dissociate slowly from CCR5 under the
TPgS binding to membranes of CHO-CCR5 cells. The effects

ined in the presence of increasing concentrations of UK-

ere pre-incubated with CHO-CCR5 membranes for 30 min.

S binding stimulated by CCL5 or CCL8 and are given as

ast three times with similar results.



Fig. 5 – Effect of antagonists on CCL5-induced internalisation of CCR5 in CHO-CCR5 cells. Cell surface CCR5 was determined

using flow cytometry and an anti-CCR5 antibody as described in Section 2. Cells were treated with 50 nM CCL5 alone and in

the presence of 100 nM UK-438,235 or UK-396,794.
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same conditions as reported for maraviroc, with t1/2 values of

10 and 1 h, respectively (P. Dorr unpublished, see also [17,20]).

Further experiments were, therefore, performed with a

240 min pre-incubation time for the chemokine, UK-396,794

or UK-438,235 and receptor before addition of the [35S]GTPgS.

For UK-438,235 its effects are very similar to those seen after a

30 min pre-incubation, although the inhibition of maximal

[35S]GTPgS binding was clearer (�30%) (Table 1). For UK-

396,794, however, effects on the potency of chemokines were

similar after the longer incubation but the reductions in the

maximal effects of CCL5 to stimulate [35S]GTPgS binding were

greater (�44%) (Table 1). Experiments conducted with longer

pre-incubation times than 240 min gave similar data (data not

shown).

3.3. Effects of UK-396,794 and UK-438,235 and
chemokines on cell surface levels of CCR5 in CHO-CCR5 cells

CCL5-induced internalisation of CCR5 in CHO-CCR5 cells was

assayed using flow cytometry. Whereas treatment of CHO-

CCR5 cells with CCL5 (50 nM) lead to about 35% internalisation

of CCR5 after 2 h, this effect was blocked completely in the

presence of 100 nM of either UK-396,794 or UK-438,235 (Fig. 5).

The level of CCR5 in the presence of 100 nM UK-396,794 or UK-

438,235 was similar to control levels after 2 h but when cells

were treated for 24 h with the compounds there was an

elevation of cell surface CCR5 when compared to parallel

controls (15.7 � 3.1% (UK-396,794), 18.7 � 6.8% (UK-438,235),

mean � S.E.M., six experiments). The effects of both drugs

were significant (P < 0.05, paired t-test)
4. Discussion

In this study we have examined the effects of two small

molecule inhibitors of the chemokine receptor CCR5. Both

compounds were potent inverse agonists, inhibiting agonist-

independent activation of CCR5 by about 30% in this

preparation as assessed by [35S]GTPgS binding. This shows

that CCR5 is constitutively active in this preparation assessed

using this assay system. We examined this apparent con-

stitutive activity further by carrying out chronic treatment of

CHO-CCR5 cells with the two inhibitors. A 24 h treatment with

either compound lead to an up-regulation of cell surface CCR5
in the cells. There was no up-regulation upon short-term

treatment. It has been suggested that such up-regulation is a

property inherent to inverse agonists [21] and our data are

consistent with this idea. Indeed for other receptors, com-

pounds exhibiting inverse agonism cause up regulation of

their cognate receptor [21]. This is likely to be a widespread

phenomenon given that inverse agonism has been widely

described for compounds previously labelled as antagonists

[22]. For other CCR5 antagonists, data have been published

showing inverse agonism [23–25], suggesting that this is a

general property of such compounds directed at CCR5 which

may have implications for their therapeutic use.

Both compounds also inhibited effects of chemokines at

CCR5, e.g. chemokine-induced internalisation of CCR5 and

chemokine-stimulated [35S]GTPgS binding to membranes of

CHO-CCR5 cells. Chemokine (CCL5, CCL8) concentration/

response curves for stimulation of [35S]GTPgS binding were

obtained in the presence of increasing concentrations of

antagonist. Concentration/response curves were progres-

sively shifted to higher concentrations by the antagonists

and there was a suppression of the lower and upper

asymptotes of the curves. Suppression of the lower asymptote

is a reflection of the inverse agonism of the compounds,

whereas suppression of the upper asymptote suggests non-

competitive effects of the drugs. Indeed the shift in the EC50 of

the chemokine together with the suppression of the upper

asymptote are consistent with non-competitive effects of the

drugs with the drug affecting both the maximal functional

effect of the chemokine and its binding affinity [26]. When the

effects of the antagonists on the two chemokines (CCL5 and

CCL8) were compared no differences were seen. Therefore,

although these two chemokines have different abilities to

influence signalling systems [11] this is not seen in the effects

of the antagonists on the responses to these two agonists. In

control experiments, high concentrations of antagonist

inhibited chemokine-stimulated [35S]GTPgS binding comple-

tely and to the same level irrespective of the chemokine

concentration (data not shown). This shows that even though

the antagonists are acting allosterically there is no ceiling to

their effects when acting against a chemokine agonist and

complete inhibition of chemokine signalling is achieved at

high concentrations of antagonist.

The data obtained in the present study are consistent with

non-competitive effects of these antagonists on chemokine
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binding and signalling via CCR5 as has been described for

other CCR5 antagonists. The suppression of the maximal

chemokine effect in [35S]GTPgS binding assays could also be

accounted for if the actions of the antagonists were slowly

reversible and indeed it has been shown that some of these

antagonists do dissociate very slowly from the receptor. This

would result in prolonged occupancy of receptors by antago-

nist during chemokine stimulation. This has been referred to

as a hemi-equilibrium and could lead to apparent suppression

of the maximal response [27]. In such a situation, however,

extended incubation times should lead to a reduction in the

effect of the antagonist. When such extended incubation

times were tested in the present study, the effects of one of the

compounds (UK-396,794) were accentuated. It seems, there-

fore, that in the present study the suppression of the maximal

chemokine effect is not due to slowly reversible antagonism

and there may be complex effects of the chemokine on the

kinetics of antagonist effects.

We also estimated the dissociation constant for the two

antagonists using the Gaddum equation and double reciprocal

plots of equi-effective concentrations of agonist in the

presence and absence of the antagonist [27]. The use of this

approach here is complicated by the suppression of the basal

response but estimates were obtained using the effects of 5 nM

of each antagonist where suppression of basal is usually

incomplete. Based on the data shown in Figs. 3 and 4 the KB for

UK-396,794 and UK-438,235 were �0.25 and �0.8 nM, respec-

tively.

The actions of these antagonists may, therefore, be

summarised by the model shown in Fig. 6. In this model,

chemokine signalling occurs via the agonist/receptor (AR)

complex. When the allosteric inhibitor (I) binds, the resultant

complex (ARI) is inactive accounting for the progressive

reduction in the maximal effects of agonists. The decrease

in potency of the agonists results from a combination of

effects on signalling and on agonist affinity in the ARI

complex.

It is important to understand the implications of the data

described in this report. The CCR5 antagonists studied here are

in fact inverse agonists that can allosterically inhibit the

effects of chemokines acting at CCR5. In acute assays the

compounds will inhibit the effects of chemokines at this

receptor. In assays based on the chronic treatment of

recombinant cells expressing CCR5 with compounds such

as UK-396,794 or UK-438,235, the inverse agonist nature of the

compounds is usually associated with receptor up-regulation.

This is a form of tolerance and, if it occurs in vivo, could lead to

CCR5 over-stimulation upon withdrawal of the CCR5 inverse
Fig. 6 – Model for actions of CCR5 antagonists. The model

shows the agonist (A) and the antagonist (I) interacting

with the receptor (R) as described in the text.
agonist drugs. Increased expression of CCR5 has indeed been

reported following vicriviroc treatment in native cell cultures

(peripheral blood lymphocytes [28]), albeit to a low extent, and

likely to be influenced by compound-mediated reduction in

internalisation. Evidence from administration to humans in

clinical development programmes for maraviroc has indicated

no compound effects on CCR5 expression levels [29] or

downstream immune effects associated with enhanced

CCR5 signalling following withdrawal of any dosing regime

undertaken to date.
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