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ABSTRACT
A panel of four CCR5 monoclonal antibodies (mAbs) recogniz-
ing different epitopes on CCR5 was examined in CCR5-medi-
ated cell-cell fusion assay, alone or in combination with a
variety of small molecule CCR5 antagonists. Although no an-
tagonism was observed between any of the CCR5 inhibitors,
surprisingly potent synergy was observed between CCR5
mAbs and antagonists, and the synergistic activity was con-
firmed in other antiviral assays. Strong synergy was also ob-
served between CCR5 inhibitors and the human immunodefi-
ciency virus (HIV) fusion inhibitor enfuvirtide. There was no
synergy observed between small molecule CCR5 inhibitors;
however, potent synergy was observed between mAbs recog-
nizing different parts of CCR5. In all synergistic combinations,

greater synergy was achieved at higher percent inhibition lev-
els. A negative correlation was found between the degree of
synergy between the two classes of CCR5 inhibitors and the
ability to compete each other for binding to the receptor. For
example, the greatest synergy, observed between the mAb
ROAb13 and the small molecule inhibitor maraviroc, did not
interfere with binding to CCR5 for either inhibitor, whereas no
synergy was found between mAb 45523 and maraviroc, which
do compete for binding to CCR5. In addition, in contrast to a
recent report, the CCR5 inhibitors tested here were found to
inhibit the same stage of HIV entry. Based on the data pre-
sented here, we hypothesize that CCR5 inhibitors exert syner-
gistic antiviral actions through a cobinding mechanism.

Highly active antiretroviral therapy using three or more
anti-human immunodeficiency virus (HIV) agents from dif-
ferent classes in combination has become the standard treat-
ment regime for patients infected with HIV. This treatment
strategy has greatly improved the effectiveness of HIV infec-
tion control and the survival of patients with acquired im-
munodeficiency syndrome patients (Barbaro et al., 2005).
However, the emergence of drug resistance and drug-related
side effects encourages the development of new classes of
anti-HIV drugs. One of the most promising steps in the viral
life cycle for intervention is the viral entry process. HIV
enters host cells through virus-cell membrane fusion. The
first step of viral entry is the high-affinity attachment of the
HIV envelope protein gp120 to CD4, followed by specific
interaction with a chemokine receptor, CCR5 or CXCR4. The

CC-chemokine receptor CCR5 is the major coreceptor for HIV
and plays a pivotal role in HIV transmission and pathogen-
esis (Deng et al., 1996; Dragic et al., 1996). Persons who are
CCR5-deficient (�32) are essentially protected against infec-
tion by HIV-1 in high-risk populations. Persons heterozygous
for �32 are not protected against HIV-1 infection but are
often long-term nonprogressors (Liu et al., 1996; Eugen-Ol-
sen et al., 1997). Because it is the predominant coreceptor for
the majority of the clinical HIV populations yet seems dis-
pensable for human health, CCR5 has become a very attrac-
tive target for anti-HIV therapy.

In recent years, many CCR5-targeting small molecules and
monoclonal antibodies (mAbs) have been identified that have
shown potent antiviral effect both in vitro and in vivo (Palani
et al., 2002; Maeda et al., 2004; Watson et al., 2005; Wood
and Armour, 2005). We also have identified several novel
CCR5 mAbs and small-molecule antagonists with potent an-
tiviral activities (Ji et al., 2006a). All known small molecule
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CCR5 inhibitors are CCR5 antagonists, which bind in the
hydrophobic pocket formed by the seven-transmembrane he-
lices. These CCR5 antagonists compete for binding to the
same pocket, although they may interact with different res-
idues in the helices (Dragic et al., 2000; Seibert et al., 2006).
Because CCR5 antagonists sit deep in the pocket, it is be-
lieved that the small molecule CCR5 antagonists inhibit HIV
entry via allosteric mechanism (Watson et al., 2005). Mara-
viroc is clinically the most advanced CCR5 inhibitor (filed for
new drug application in 2007) for HIV therapy, followed by
vicriviroc, which is in phase 2b/3 trials.

Because highly active antiretroviral therapy has proven to
be much more effective than monotherapy, it is important to
assess all new anti-HIV agents in development for potential
interactions with other antiretroviral drugs. Although in
vitro drug-drug interactions do not necessarily reproduce in
vivo, often complicated by pharmacokinetics, it is still neces-
sary to ensure that the new drugs in development do not
exert antagonistic interactions with other classes of drugs in
vitro. Because CCR5 antibodies and small molecule antago-
nists both target CCR5, it is particularly important to deter-
mine whether they exhibit any antagonistic interactions in
antiviral activities. On the other hand, it would be beneficial
if the mAbs and antagonists show synergistic interactions.

When performing drug-drug interaction studies, variable
conclusions might be inferred depending on the way data are
analyzed. Many models and approaches have been described
for the assessment of in vitro drug interactions (Prichard and
Shipman, 1990; Suhnel, 1990; Chou, 2006). The assumption
of no interaction has a central position in these debates,
because synergy and antagonism are defined as departures
from this. Therefore, when the observed effect is more or less
than the effect predicted from the no-interaction theory, syn-
ergy or antagonism, respectively, is claimed. Among the var-
ious “no-interaction” theories, the Loewe additivity (LA) and
Bliss independence (BI) theories are the mostly referenced
models (Greco et al., 1995). The LA theory (Loewe, 1953) is
based on the assumption that a drug cannot interact with
itself, whereas the BI theory (SAS Institute, 1999) is based
on the assumption that two drugs act independently with the
probabilistic sense of independence. Based on these concepts,
various models have been described based on both paramet-
ric and nonparametric approaches of these two reference
theories. In this study, both the LA-based Greco’s model
(Greco et al., 1990) and BI-based Prichard’s model (Prichard
and Shipman, 1990) were used for the analysis of full-range
drug-drug interactions between HIV entry inhibitors.

Despite the large numbers of drug combination studies in
antiviral assays, there is still heterogeneity regarding the
choice of proper assays and data analysis methods. CCR5-
mediated cell-cell fusion (CCF) assay is a validated surrogate
antiviral assay that yields highly consistent data mainly
attributable to the stable effector and target cell lines used in
the assay (Ji et al., 2006b). Unlike HIV replication or single-
cycle antiviral assays in which the luciferase production
takes 2 or more days to peak, the CCF assay needs only
overnight incubation (coculture) for cell fusion and sufficient
luciferase production to be completed. In the current study,
several representative CCR5 mAbs and antagonists were
tested in the CCF assay, alone and in combination. Strong
synergy was observed between the two novel CCR5 mAbs
and CCR5 antagonists. Potent synergistic antiviral effects

were also observed between the two novel CCR5 mAbs. In
addition, both CCR5 mAbs and antagonists have shown syn-
ergistic interactions with the fusion inhibitor enfuvirtide
(ENF).

Materials and Methods
Reagents. All cell culture media and supplements and fetal bo-

vine sera were purchased from Invitrogen (Carlsbad, CA). Human
CCR5 mAb 2D7 and phycoerythrin-conjugated goat anti-mouse an-
tibodies were purchased from BD PharMingen (San Diego, CA).
CCR5 mAb 45523 was obtained from R&D Systems (Minneapolis,
MN). CCR5 antagonists SCH-C (Palani et al., 2002), vicriviroc (VVC;
SCH-D) (Strizki et al., 2005), maraviroc (MVC, UK427,857) (Wood
and Armour, 2005), 3H-labeled MVC, aplaviroc (APL; GW873140,
AK602) (Watson et al., 2005), and Roche CCR5 mAbs ROAb13 and
ROAb14 (Ji et al., 2006a) and antagonists ROAT-01, ROAT-02, and
ROAT-03 were produced in-house. Fusion inhibitor enfuvirtide
(ENF, Fuzeon, T20) was obtained from the batches synthesized at
Roche for clinical use.

Fluorescence-Activated Cell Sorting Analysis. CHO-CCR5
cells were harvested and washed twice in phosphate-buffered saline
(PBS) containing 0.5% fetal bovine serum (FACS buffer), then resus-
pended in FACS buffer at 4 � 106 cells/ml. For each reaction, 25 �l
of cells (1 � 105) was transferred to a 5-ml tube, 1 �g/ml various
primary antibodies and isotype controls were added, and the cells
were incubated on ice for 30 to 45 min. Cells were washed three times
in FACS buffer and incubated with PE-labeled anti-mouse secondary
antibodies for 30 min on ice. At the end of incubation, cells were
washed three times and resuspended in 300 �l of FACS buffer and
the stained cells were analyzed with a FACSCalibur flow cytometer
(BD Biosciences, San Jose, CA)

CCR5-Mediated CCF Assay. CCF assay was performed as de-
scribed previously (Ji et al., 2006b).

Single-Cycle Antiviral Assay. Pseudotyped NL-Bal viruses
were produced by cotransfecting human embryonic kidney 293T cells
with VN1 (HIV pNL4–3 genomic construct with its env gene substi-
tuted by a luciferase reporter gene) and pcDNA3.1/NL-BAL env
[pcDNA3.1 plasmid containing NL-Bal env gene (obtained from
Roche Welwyn)]. The supernatant containing pseudotyped viruses
was stored at �80°C in aliquots. Reporter cell MAGI-R5 cells were
generated by transfecting U373-MAGI-CXCR4CEM cells (National
Institutes of Health AIDS Research and Reference Reagent Pro-
gram, Germantown, MD) with pcDNA3.1Zeo(�) (Invitrogen) con-
struct expressing human CCR5 (Ji et al., 2006a). FuGene 6 (Roche
Applied Science) was used for the transfection according to manu-
facturer’s instructions. Stable expression population of CCR5 was
enriched by three rounds of FACS by using phycoerythrin-labeled
2D7. For the single-cycle HIV entry assay, test antibodies or com-
pounds were serially diluted in 96-well plates. The equivalent of
1.5 � 105 RLU of viruses and 2.5 � 104 MAGI-R5 cells were added to
each well. After 3-day incubation at 37°C, 50 �l of Steady-Glo lucif-
erase assay system (Promega, Rockford, IL) was added, and the
assay plates were read on a luminometer (Luminoskan; Thermo
Electron Corporation, Waltham, MA). Percentage inhibition curves
were generated using the sigmoidal dose-response model with vari-
able slope in Prism software (GraphPad Software, San Diego, CA).
For the time course study, MAGI-R5 cells (6 � 104 /well) were seeded
in 24-well plates overnight. HIV-1 pseudotype viruses were chilled at
4°C for 20 min and added into prechilled MAGI-R5 cells. Spinocula-
tion (spin injection) was performed by spinning at 2000 rpm at 4°C
for 1 h. The cells were washed once with ice-cold PBS and then
followed by 450 �l of medium at 37°C. At different time points, CCR5
inhibitors at IC90 to IC95 concentrations were added to the cells, in 50
�l of medium containing 0.5% fetal bovine serum. Luciferase activity
was measured 48 h after infection, and percentage virus entry for
each time point was calculated as (RLU with inhibitor)/(RLU with-
out inhibitor) � 100.
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Radioligand Binding Assay. Adherent CHO-CCR5 cells at
�90% confluence were detached in freshly made PBS containing 1
mM EDTA. Cells were washed twice in PBS without Ca2� and Mg2�,
and resuspended in ice-cold binding buffer (phenol red-free Ham’s
F12 medium, pH 7.24, supplemented with freshly made 0.1% bovine
serum albumin and 0.1% NaN3). Cells were then plated in 96-well
culture plates at 1.5 � 105 cells/well. Serially diluted CCR5 mAbs
were added to the cells, followed by addition of 26 nM [3H]MVC.
After 2 h of incubation at room temperature with gentle shaking,
cells were harvested onto UniFilter GF/C plates (PerkinElmer Life
and Analytical Sciences, Boston, MA) using a cell harvester. UniFil-
ter plates were pretreated with PBS containing 0.3% polyethyleni-
mine and 0.2% bovine serum albumin for 30 min before harvest.
Filter plates were washed five times with 25 mM HEPES buffer, pH
7.1, containing 500 mM NaCl, 1 mM CaCl2, and 5 mM MgCl2. Plates
were dried in 70°C oven for 20 min, 40 �l of scintillation fluid was
added, and radioactivity was measured using TopCount NXT
(PerkinElmer Life and Analytical Sciences). In all experiments, each
data point was assayed in duplicate. Curve-fitting and subsequent
data analysis were carried out using Prism software.

Drug Interaction Analyses. In the cell-cell fusion assay, the
possibility of either enhanced or reduced efficacy of one entry inhib-
itor in combination with another entry inhibitor was analyzed using
two different models. These two models followed two different addi-
tive drug interaction theories: the LA theory and the BI theory.

LA-based model. For the drug interaction models based on the LA
theory, the concentrations of the drugs in combination are compared
with the concentrations of the drugs alone that produce the same
effect. The relationship is described by eq. 1:

dA/DA � dB/DB (1)

where dA and dB are the concentrations of drugs A and B in combi-
nation that elicit a certain effect (e.g., 50% inhibition). DA and DB are
the isoeffective concentrations (e.g., IC50) for each drug alone. The
concentration response surface approach described by Greco et al.
(1990) was used to analyze the data. The fundamental concept from
Loewe (1953) underpins this approach. A seven-parameter nonlinear
model was fit to all experimental data including percentage inhibi-
tions calculated from replicates for all concentrations of the two
drugs alone and in combination from two 384-well plates. The cal-
culation was based on eq. 2:

1 �
DA

IC50A� E
Emax � E�

1/mA �
DB

IC50B� E
Emax � E�

1/mB

� a
DA � DB

IC50A IC50B � E
Emax � E�

0.5 (1/mA�1/mB)

(2)

where Emax is the maximal response, over background, at 0 drug
concentration; IC50A and IC50B are the median inhibitory concentra-
tions of drugs A and B, respectively, that produce 50% of the Emax;
mA and mB are the slopes of concentration response curves for the
drugs A and B, respectively; DA and DB are the drug concentrations
for drugs A and B, respectively, as inputs in the above equation; E is
the measured response at the drug concentrations DA and DB, as the
output; and � is the drug interaction parameter. The above equation
was fit to the complete data set from experiment with unweighted
lease squares nonlinear regression using SAS (SAS Institute, 1999).
The estimates of all seven parameters and their associated asymp-
totic standard errors and 95% confidence intervals were generated to
interpret the results. In addition, the R2, correlation and covariance
matrices, and residual plots were checked for goodness of fit for the
model.

To interpret the drug interaction from the model fitting, synergy is
indicated when the parameter � was positive and its 95% confidence

interval did not include 0. Antagonism is indicated when � was
negative and its 95% confidence interval did not include 0. Loewe
additivity or no interaction is indicated when the 95% confidence
interval of � includes 0. Furthermore, the predicted additivity of the
drugs combined was calculated by using all estimated parameters of
the Greco model, except � that is fixed at 0. The deviance between
the predicted response surface and the predicted additive surface is
interpreted as percentage synergy (positive percentages, if the re-
sponse surface is above the additive surface), or percentage antago-
nism (negative percentages, if the response surface is under the
additive surface). A three-dimensional graph and a contour plot were
generated to examine the magnitude of synergism as well as to
determine the range of drug concentrations that produce synergism.

BI-based model. For the drug interaction models based on the BI
theory (Bliss, 1939), the estimates of effect of the drugs combined
based on the effect of the drugs alone are compared with the observed
data from experiment. Its relationship is described by eq. 3:

Icomb � IA � IB � IA � IB (3)

where Icomb is the predicted percentage inhibition of the drugs A and
B in combination that have no interaction. IA and IB are the ob-
served percentage inhibition of each drug alone. A three-dimensional
approach developed by Prichard and Shipman (1990) was used to
access the drug interactions. Theoretical additive interactions were
calculated from the dose-response curves of the individual drugs
based on the Bliss independence equation. For each combination of
the two drugs in each plate, the observed percentage inhibitions were
subtracted from the theoretical additive percentage inhibition to
reveal greater than expected activities. The resulting surface would
appear as a horizontal plane at 0% inhibition above the predicted
additive surface if the interactions were merely additive. Any peaks
above this plane would be indicative of synergy. Likewise, any de-
pression in the plane would indicate antagonism. The 95% confi-
dence intervals around the experimental dose response surface were
used to evaluate the data statistically. The total sum of differences
between the observed percentage inhibitions and the upper bound of
95% confidence interval of predicted additive percentages is calcu-
lated as a statistically significant synergy volume �Syn. The total
sum of differences between the observed percentage inhibitions and
the lower bound of 95% confidence interval of predicted additive
percentages is calculated as a statistically significant antagonism
volume �Ant. In general, the drug interaction is considered weak
when the interaction volume is less than 100%. The interaction is
considered moderate when the interaction volume is between 100%
and 200%. And, the interaction is considered strong when the inter-
action volume is more than 200%.

For the analysis of drug-drug interaction in the single-cycle as-
says, percentage inhibition data from three independent experi-
ments were averaged and analyzed for mode of interactions by using
the combination index (CI) method as described by Chou and Talalay
(1984). CI analysis is a commonly used tool for characterizing drug-
drug-interactions. It provides qualitative information on the nature
of drug interaction and the extent of drug interaction. CI was calcu-
lated according to eq. 4:

CI � �CA,x /ICx,A� � �CB,x /ICx,B� (4)

where CA,x and CB,x are the concentrations of drug A and drug B used
in combination to achieve x% drug effect. ICx,A and ICx,B, are the
concentrations for single agents to achieve the same effect. CI � 1
indicates synergy; CI 	 1 indicates additive effects; and CI 
 1
indicates antagonism.

Results
Novel CCR5 mAbs and Small Molecule Antagonists

with Potent Antiviral Activities. Two of the mouse anti-
human CCR5 mAbs ROAb13 and ROAb14 that have been
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described previously (Ji et al., 2006a) were tested in the
CCR5-mediated CCF assay, along with two other CCR5
mAbs, 2D7 and 45523. Three representative CCR5 antago-
nists discovered at Roche, and three known antagonists were
also tested in the CCF assay for IC50 determinations. As
shown in Table 1, both novel CCR5 mAbs, ROAb13 and
ROAb14, showed strong inhibitory effects in the CCF assay,
with IC50 values of 14 and 1.3 nM, respectively. MAb 2D7
also showed potent antiviral activity (IC50 	 4.3 nM), and
mAb 45523 exhibited weaker inhibitory effects on cell-cell
fusion (IC50 	 23 nM). In contrast, all CCR5 antagonists
exhibited low nanomolar or subnanomolar IC50 values (0.4–5
nM) in the CCF assay system.

Strong Synergy between CCR5 mAb ROAb14 and
Antagonist MVC. CCR5 mAbs and CCR5 antagonists were
tested in the CCR5-mediated CCF assay in various combina-
tions for the evaluation of potential interactions. CCF assay
was chosen as the primary drug-drug interaction tool be-
cause it is easy and quick and has been well validated as an
effective surrogate antiviral assay for the evaluation of HIV
entry inhibitors, especially CCR5 inhibitors (Ji et al., 2006b).
In addition, similar drug-drug interaction results were re-
ported in antiviral and CCF assays (Murga et al., 2006). As
shown in Fig. 1A, seven-point, half-log dilutions of mAb

ROAb14 and 10-point, half-log dilutions of antagonist MVC
were tested in the CCF assay, alone or in various dose com-
binations. The inhibitory effects at each dose point were
calculated and indicated as percentage inhibition. A statisti-
cally significant synergy exists where the percentage inhibi-
tion at a fixed concentration of the drugs is greater than the
upper bound of 95% confidence interval of the predicted ad-
ditive percentage inhibitions of the drugs at the same con-
centrations dosed alone. This difference, percentage synergy,
is defined as a synergy indicator based on Bliss independence
theory. Strong synergy is evident between ROAb14 and MVC
on cell-cell fusion. For example, when MVC and ROAb14
were added alone, both at 0.27 nM, 13% and 12% of inhibition
was obtained, respectively. However, when these two drugs
were added together at the same concentration, 42% inhibi-
tion was observed. This is 19% greater than the predicted
additive 23% inhibition (based on the Bliss independence
equation). Furthermore, 16% synergy with 95% confidence
was calculated under this dosing combination. Likewise, the
percentage synergy with 95% confidence was calculated for
all checkerboard dosing points, and a three-dimensional
graph was generated that suggested a significant synergy at
wide dose ranges for both drugs ROAb14 and MVC (Fig. 1B).
A contour plot was also generated with each section of 10%
increment shown in different colors (Fig. 1C). The various
dose ranges for ROAb14 and MVC to achieve certain percent-
age synergy were identified from this contour plot and sum-
marized in Fig. 1D. To achieve 20% or greater synergy, the
dose ranges for ROAb14 and MVC are 0.09 to 9 nM and 0.06
to 3.1 nM, respectively. The IC50 values for ROAb14 and
MVC alone were measured as 1.3 and 0.6 nM, respectively,
well within their synergistic dose ranges. The interaction
parameter � of the fully parametric Greco’s model was posi-
tive (24.8 � 2.8), and the 95% confidence interval did not
overlap 0, indicating a statistically significant synergy (Table
2). When the interaction was determined based on Bliss
independence theory using the Prichard model, a strong syn-

Fig. 1. Synergistic interactions be-
tween ROAb14 and MVC in inhibiting
cell-cell fusion. A, CCR5 antagonist
MVC and mAb ROAb14 were serially
diluted starting from 200 and 65 nM,
respectively. Various doses of both in-
hibitors were added to the CCR5-me-
diated CCF assay either alone or in
combination, and percentage inhibi-
tion of CCF was calculated for various
doses of inhibitors. Cells with a value
of less than 50% inhibition are shaded
for easier identification of synergy. B,
three-dimensional dose-response sur-
face graph. The doses of both inhibi-
tors were plotted against percentage
synergy calculated from percentage
inhibition data shown in A by using
Greco model. Percentage synergy at
each 10% increment is shown in dif-
ferent colors. C, all percentage syn-
ergy levels identified in the three-di-
mensional graph are plotted in the
two-dimensional contour graph, and
their corresponding dose ranges for
CCR5 mAb and antagonists are listed
in the table (D). Data are from a rep-
resentative experiment.

TABLE 1
Potency of CCR5 inhibitors in CCF assay
Values are given as mean � S.D. Data were from three independent experiments.

Inhibitor Class IC50

nM

ROAT-01 Antagonist 2.1 � 0.5
ROAT-02 Antagonist 4.2 � 1.2
ROAT-03 Antagonist 0.4 � 0.2
VVC Antagonist 2.5 � 1.3
MVC Antagonist 0.6 � 0.4
APL Antagonist 0.5 � 0.3
2D7 mAb 4.3 � 1.6
45523 mAb 23.0 � 6.7
ROAb13 mAb 14.0 � 3.7
ROAb14 mAb 1.3 � 0.4

Synergy between CCR5 Antagonists and Antibodies 21
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ergy was also suggested (Table 2), with a 385% synergy
volume (95% �Syn). No antagonistic effects were observed.

It can be inferred from Fig. 1A that lower doses of the
antibody and antagonist in combination were required than
they were when added alone to achieve the same percentage
inhibition. For instance, to reach 95% inhibition, 65 and 22.2
nM ROAb14 and MVC, respectively, were required; however,
if the drugs were added together, only 0.8 nM ROAb14 and
2.47 nM MVC were required to achieve 96% inhibition. A
reduction of 81-fold in ROAb14 dose or 9.8-fold in MVC dose
was observed in this case. To obtain information on the dose

effects of ROAb14 and MVC in combination at given inhibi-
tion levels, isobolograms were generated at 50%, 75%, 90%,
and 95% inhibition levels (Fig. 2). A diagonal straight line is
expected if only additive effect is observed; an inward curve
toward the low doses indicates synergism, and an outward
curve indicates antagonism. Significant synergism was ob-
served for ROAb14 and MVC at various inhibition levels.
Reduction of 3.3-, 5-, 10-, and 15-fold in the doses normalized
by the respective level of potency for the two drugs was obtained
at 50, 75, 95, and 95% inhibition levels, respectively.

Strong Synergy between CCR5 mAb ROAb13 and
Antagonist MVC. To examine whether the synergy between
CCR5 mAb ROAb14 and CCR5 antagonists applies to all
CCR5 antibodies, a few other CCR5 mAbs with different
recognition sites were then tested in combination with CCR5
antagonists. ROAb13, which binds to the N-terminal end of
CCR5 (Zhang et al., 2007), exhibited much greater synergy
than ROAb14 when combined with the same CCR5 antago-
nist MVC (Fig. 3). The 3D graphs generated by using the
Greco (Fig. 3A) and Prichard (Fig. 3B) models showed very
similar synergy surface, demonstrating that 60% or greater
synergy could be obtained by dosing ROAb13 with MVC. The
� parameter for the ROAb13-MVC combination was calcu-
lated using the Greco’s model as 662 � 99 (Table 2), which is
much greater than that for the ROAb14-MVC combination
(24.8 � 2.8).

Interaction between Other CCR5 mAbs and Antago-
nists. Murine CCR5 mAb 2D7, which is known to bind to the
N-terminal half of extracellular loop 2 (ECL2) of CCR5, ex-
hibited weak to moderate synergy in combination with CCR5
antagonist MVC and APL. The � parameters for 2D7-MVC
and 2D7-APL combinations were determined as 13.2 and 2.1,
respectively, using Greco’s model. These values were much
smaller than those for the ROAb13-MVC or ROAb14-MVC
combinations (Table 2). Another commercially available anti-
CCR5 mAb 45523 that was previously shown to bind multiple
exodomains of CCR5 was also investigated for its interac-

Fig. 2. Isobolograms of ROAb14-MVC combination. Isobo-
lograms were created as described under Materials and
Methods at 50% (A), 75% (B), 90% (C), and 95% (D) inhi-
bition levels. The x- and y-axes are fractions of 1 unit of
percentage inhibition concentrations (IC) for ROAb14 and
MVC, respectively. Diagonal straight line indicates theo-
retical additive interactions, and the curve under it or
above it indicates synergistic or antagonistic interactions
between the two drugs (shown in A). Fold synergy is indi-
cated in parenthesis for each percentage inhibition level.

TABLE 2
Interaction between CCR5 mAbs and antagonists

Drug 1 & Drug 2 Greco Model
� � S.E.

Prichard Model

�SYN �ANT

ROAb14
APL 126.9 � 58.8 769 �2
MVC 24.8 � 2.8 385 �17
VVC 20.6 � 1.7 308 �11
ROAT-01 20.7 � 2.6 398 �17
ROAT-02 16.7 � 3.1 286 �7
ROAT-03 9.8 � 1.8 165 �5
Median 36.6 385.2 �9.8

ROAb13
APL 3296.3 � 1113.2 1612 0
MVC 662.3 � 99.5 1314 �1
VVC 555.2 � 87.0 1164 �3
ROAT-01 183.6 � 24.6 995 �8
ROAT-02 2214.2 � 568.9 2034 �5
ROAT-03 215.3 � 61.6 1144 0
Median 1187.8 1377.2 �3

2D7
MVC 13.2 � 1.5 298 �1
APL 2.1 � 0.6 113 �1
ROAT-03 0.3 � 0.2 45 �36
Median 5.2 152 �16.7

45523
MVC �0.03 � 0.008 3 �102
APL �0.03 � 0.007 2 �114
Median �0.03 2.5 �108

Data were from two or more independent experiments
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tions with CCR5 antagonists. As shown in Table 2, the �
parameter and �Syn for 45523-MVC combination were
�0.03 and 3, respectively, suggesting no synergism between
45523 and MVC. It has been demonstrated that the CCR5
antagonist APL completely blocked the binding of mAb 45523
(Maeda et al., 2004). In the current study, interactions be-
tween mAb 45523 and various CCR5 antagonists, including
APL, were performed. The result revealed that antagonists
APL, MVC, and VVC strongly inhibited 45523 binding by 75
to 85% (Fig. 6A). These data suggest that the lack of synergy
between mAb 45523 and CCR5 antagonists is probably due to
the inhibition of 45523 binding by CCR5 antagonists.

Several other CCR5 antagonists, including VVC, APL, and
novel antagonists ROAT-01, ROAT-02, and ROAT-03, were
also tested for their interactions with various antibodies in
the CCF assay system. These antagonists are structurally

distinct but all exhibited potent antiviral activities. Both the
Greco model and the Prichard model were used to analyze
the drug interactions for these different combinations, and
the results were summarized in Table 2. Among all the CCR5
antagonists, APL exhibited the greatest synergy when in
combination with ROAb14 or ROAb13; however, it showed
weakest synergy with 2D7.

Interaction between CCR5 mAbs. As mentioned above,
CCR5 mAbs with different binding epitopes showed different
modes of interaction with CCR5 antagonists. Therefore, it is
possible that antibodies recognizing different parts of CCR5
may interact with each other differently. In the current
study, several CCR5 mAbs were tested for their combina-
tional effects on cell-cell fusion. As shown in Fig. 4A, strong
synergy was observed when ROAb14 (binds to ECL2) (Zhang
et al., 2007) was combined with the N-terminal binding mAb
ROAb13. However, no synergy was observed when ROAb14
was combined with 2D7 (Fig. 4B). Because CCR5 ECL2 is
important for both ROAb14 and 2D7 binding, these two an-
tibodies are likely to compete for binding to CCR5. This was
confirmed by FACS analysis (Fig. 6B). Preincubation of
CHO-CCR5 cells with 2D7 completely blocked the binding of
ROAb14 to cell surface CCR5 receptor, whereas preincuba-
tion with ROAb13 had no effect on ROAb14 binding.

No Synergy between Small Molecule CCR5 Antago-
nists. Published literature suggests that all known CCR5
antagonists bind into the same cleft formed by the trans-
membrane domains of CCR5; as a result, these antagonists
bind to CCR5 in a competitive manner (Watson et al., 2005).
Therefore, no synergy was expected for the antagonist–an-

Fig. 3. Three-dimensional drug re-
sponse surface for the ROAb13-MVC
combinations. Percentage synergy ob-
tained from each combination dose
was plotted against ROAb13 and
MVC doses, based on Greco’s (A) and
Prichard’s (B) mathematics models.

Fig. 4. In vitro drug interactions between CCR5 mAbs or antagonists.
Three-dimensional drug-response surface graphs for ROAb14-ROAb13
(A), ROAb14–2D7 (B), ROAT-01-ROAT-02 (C), and ROAT-02-APL (D)
combinations were created based on Greco’s model.

TABLE 3
Interaction between ENF and CCR5 inhibitors
Data were from two or more independent experiments.

Drug 1 Drug 2 Greco Model
� � S.E.

Prichard Model

�SYN �ANT

ENF ROAb14 32.3 � 5.4 529 �7
ENF ROAb13 15.8 � 2.5 573 �8
ENF 2D7 17.0 � 5.0 246 0
ENF MVC 5.8 � 2.4 96 �9
ENF ROAT-01 13.7 � 2.1 192.6 �1.5
ENF ROAT-02 12.3 � 3.2 204 �1
ENF ROAT-03 11.3 � 1.6 147.5 �1.3
Median 15.5 284 �4.0
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tagonist combinations. To prove this hypothesis, three CCR5
antagonists from different structure classes were tested in
two-drug combinations in the CCF assay system. As shown in
Fig. 4C, no significant synergism or antagonism was ob-
served between antagonists ROAT-01 and ROAT-02 (� 	
�0.023 � 0.01). The same result was also observed between
antagonist ROAT-02 and APL (� 	 0.11 � 0.06; three-dimen-
sional graph not shown). This observation is consistent with
previously published results (Murga et al., 2006).

Strong Synergy between Fusion Inhibitor ENF and
CCR5 Inhibitors. It has been hypothesized that inhibitors
targeting at different steps of HIV entry/fusion process may
exert synergistic interactions (Tremblay, 2004). And this has
been proven to be true for some HIV entry inhibitors, includ-
ing fusion inhibitor ENF, CCR5 antagonists, CD4 inhibitors,
and gp120 inhibitors (Nagashima et al., 2001; Tremblay,
2004; Tremblay et al., 2005). In the current study, we tested
interactions between HIV fusion inhibitor ENF and CCR5
mAbs or CCR5 antagonists in the CCR5-mediated CCF assay
system. As shown in Table 3, potent synergistic interactions
were found between ENF and mAbs or antagonists (Table 3).

CCR5 mAbs and Antagonists Inhibit the Same Stage
of Viral Entry. Multiple stages may exist between the bind-
ing of gp120 to CCR5 and the initiation of gp41 conforma-
tional changes. Published data suggest that CCR5 mAb PA14
and small-molecule antagonists may inhibit different stages
of HIV entry, and this was used to explain the synergy
between the two CCR5 inhibitors (Safarian et al., 2006). We
also sought to determine whether this was the case for the
mAbs and antagonists used in the current study. For this
purpose, the single-cycle antiviral assay was used. First, we
verified the synergy between CCR5 mAb ROAb14 and antag-
onist MVC in the single-cycle assay (Fig. 5A). Because of low
throughput of the assay, only the fixed 1:1 ratio combination
was performed, and CI was used to evaluate synergy. At the
90% inhibition level, the CI index for ROAb14 and MVC was
0.146; at the 50% inhibition level, the CI index was 0.116.
This result indicates strong synergy between the two CCR5
inhibitors (CI � 1 indicates synergy). To determine whether
the CCR5 mAbs and antagonists inhibit different stages of
HIV entry, time course experiments were performed. NL-
BalHIV viruses were spinoculated onto MAGI-R5 cells at
4°C, and free viruses were washed away. Synchronized HIV
infection was triggered by adding medium or inhibitors at
37°C. Inhibitors were then added at different time points
afterward. As shown in Fig. 5B, similar time course curves
for mAbs ROAb14 and 2D7 and small-molecule antagonist
MVC were observed, suggesting that they inhibit the same
stage of HIV entry. The time required for half-maximal in-

hibition (t1/2) of viral entry for ROAb14, 2D7, and MVC are 6,
8, and 10 min, respectively. The control fusion inhibitor ENF,
which inhibits HIV entry at a later stage, showed a much
lagged inhibition time course curve (t1/2 	 48 min). Published
data suggested that mAb PA14 (the murine form of PRO 140)
inhibits later stages than CCR5 antagonists, but our data
indicate that mAb 2D7 and ROAb14 inhibit the same stage
as antagonists. This discrepancy could be due to the fact that
2D7 and ROAb14 recognize different epitopes from PA14.

CCR5 mAbs and CCR5 Antagonists Can Cobind to
the Receptor. To understand the mechanism of the synergy
between CCR5 mAbs and CCR5 antagonists, several exper-
iments were performed to investigate the interactions be-
tween CCR5 mAbs and CCR5 antagonists at the receptor
binding level. When CHO-CCR5 cells were pre-exposed to
excess CCR5 antagonist ROAT-02 for 2 h and then to satu-
rating doses of various fluor-labeled CCR5 mAbs ROAb13 or
ROAb14, the total binding of these mAbs was found to be the

Fig. 5. CCR5 mAb and antagonist MVC inhibit the
same entry stage. A, serially diluted ROAb14 and MVC
were added to the single-cycle antiviral assays, alone or
in combination at 1:1 ratio. Percentage inhibition
curves were generated using data from three indepen-
dent experiments. B, NL-Bal pseudoviruses were spun
onto MAGI-R5 cells at 4°C. After washing, cells were
warmed to 37°C, and inhibitors were added at different
time points. Percentage virus entry time course curves
were plotted, and t1/2 values were calculated using one-
phase exponential association curve fitting. Data are
means of three independent experiments.

Fig. 6. Effects of CCR5 mAb or antagonists on CCR5 mAb binding. A,
CHO-CCR5 cells were preincubated with 50 nM APL, MVC, VVC, or
vehicle at room temperature for 1 h, then incubated with fluor-labeled
45523 on ice for 30 min, followed by FACS analysis. Mean fluorescence
intensity (MFI) for each treatment was obtained and converted to percent
binding by setting vehicle control MFI as 100%. B, CHO-CCR5 cells were
preincubated with 10 �g/ml 2D7 or ROAb13 on ice for 1 h, then incubated
with fluor-labeled ROAb14 for 30 min, followed by FACS analysis. MFI
for each treatment was obtained and converted to percentage binding by
setting vehicle control MFI as 100%. Bars with standard errors for A and
B are percentage mAb binding data from two or more experiments. C,
CHO-CCR5 cells were preincubated with 5 �M ROAT-02 or vehicle at
room temperature for 1 h, then with 1 �g/ml fluor-labeled ROAb14 or
ROAb13 on ice for 30 min in the presence of ROAT-02, followed by FACS
analysis. Bars with S.E. are MFI from two independent experiments.
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identical to the no-antagonist control samples (Fig. 6C). Con-
sidering the long off-rate of ROAT-02 (t1/2off � 9 h, our un-
published data), the short mAb incubation time (30 min), and
the presence of excess antagonists during mAb incubation,
this result suggests that the mAbs can bind to the antago-
nist-bound CCR5 as efficiently as to the antagonist-free
CCR5. These data thus suggest that CCR5 mAbs and CCR5
antagonists can cobind to CCR5.

Effects of CCR5 Antagonists on CCR5 mAb Affinity
and On-Rate. The dose responses and on-rates of the CCR5
mAbs were then evaluated in the presence and absence of
various antagonists. Based on the time course study data
shown in Fig. 7, the on-rate and total binding of ROAb13 and
ROAb14 were not affected at all by preincubation with and
continued presence of CCR5 antagonist MVC, APL, or VVC.
However, the total binding of mAb 2D7 was weakly inhibited
by preincubation of CHO-CCR5 cells with antagonist APL,

MVC, and VVC. The on-rate of 2D7 was also slightly slowed
down by these antagonists (Fig. 7C). The total binding of 45523
was almost completely blocked by the three antagonists men-
tioned above, with its on-rate significantly reduced (Fig. 7D).
The binding of mAb 45523 and 2D7 in the presence of CCR5
antagonists were also tested at multiple concentrations. As
shown in Fig. 7E, MVC, APL, and VVC strongly inhibited mAb
45523 binding at all doses. And mAb 2D7 binding was weakly
inhibited by the three antagonists at most doses (Fig. 7F). In
both cases, APL seems to have exhibited stronger inhibition
than VVC and MVC on 2D7 binding. This supports the obser-
vation that APL exhibited the weakest synergy with mAb 2D7
among all the antagonists tested (Table 2). In addition, the
EC50 of 2D7 was not significantly affected by CCR5 antago-
nists, suggesting a noncompetition allosteric inhibition.

Effects of CCR5 mAbs on CCR5 Antagonist Binding.
To determine whether the binding kinetics of CCR5 antago-

Fig. 7. Effects of CCR5 antagonists on
CCR5 mAb binding. A–D, time course.
CHO-CCR5 cells were preincubated
with 50 nM APL, MVC, VVC, or vehi-
cle at room temperature for 1 h, then
incubated with fluor-labeled CCR5
mAb ROAb14 (A), ROAb13 (B), 2D7
(C), or 45523 (D) on ice for various
time points, followed by cell fixation
in 2% paraformaldehyde and FACS
analysis; or incubated with various
doses of fluorescence-labeled CCR5
mAb 45523 (E) or 2D7 (F) on ice for 30
min, followed by FACS analysis. The
time-course and dose-response curves
for each mAb in the presence of vari-
ous antagonists were created based on
their MFI values.
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nists were influenced by the synergistic CCR5 antibodies, the
binding of 3H-labeled MVC to CHO cell surface CCR5 was
measured at various time points by preincubating cells with
saturating amount (30 �g/ml) of CCR5 mAb 2D7, ROAb13, or
ROAb14. Averaged values from three independent experi-
ments were shown in Fig. 8. The binding of MVC was not
affected by preincubation of CHO-CCR5 cells with ROAb13
at all time points, suggesting that ROAb13 did not change
the on-rate or affinity of MVC to CCR5. However, approxi-
mately 38% and 67% inhibition of MVC binding was observed
when CHO-CCR5 cells were preincubated with ROAb14 or
2D7, respectively.

Discussion
In the current study, strong synergy was observed between

CCR5 mAb ROAb14 or ROAb13 and a CCR5 antagonist. It is
noteworthy that the synergy between ROAb13 and antago-
nists (mean � parameter 	 1187.8) was much greater than
that between ROAb14 and antagonists (mean � parameter 	
36.6) (Table 2). Our previously published data indicate that
ROAb13 binds to the N terminus of CCR5, whereas ROAb14
primarily binds to ECL2 (Zhang et al., 2007). CCR5 mAb
PRO 140 has also been found to act synergistically with
CCR5 antagonists in inhibiting cell-cell or virus-cell fusion
(Murga et al., 2006; Safarian et al., 2006). PRO 140 binds to
multiple exodomains of CCR5 with epitopes different from
ROAb13, ROAb14, and 2D7 (Trkola et al., 2001). However,
CCR5 mAb 2D7 showed only weak synergy with antagonists,
and mAb 45523 showed no synergy at all with antagonists.
Therefore, it seems that not all CCR5 mAbs act synergisti-
cally with small-molecule antagonists. The reason for the
lack of synergy between 45523 and CCR5 antagonists could
be the strong inhibition of 45523 binding by CCR5 antago-
nists (Fig. 6A).

Because antibodies and antagonists targeting the same
receptor showed strong synergistic interactions in inhibiting
viral entry, it would be interesting to find out whether anti-
bodies binding to different epitopes can also exert synergistic
antiviral actions. Strong synergy was observed between

ROAb14 and ROAb13; however, no synergy was observed
between ROAb14 and 2D7. Competition binding data indi-
cate that ROAb13 does not compete with ROAb14 for bind-
ing, whereas 2D7 strongly competes with ROAb14 (Fig. 6B).
These results suggest that antibodies that do not compete for
binding to CCR5 may exhibit synergistic interactions, and
antibodies that compete for binding may exert additive or
antagonistic interactions. This is in agreement with previous
findings of synergistic HIV neutralization by mAbs binding
to different epitopes on envelope proteins (Laal et al., 1994;
Vijh-Warrier et al., 1996), yet additive HIV neutralization by
mAbs binding to similar epitopes on gp41 (Zwick et al., 2005).
Likewise, CCR5 antagonists also failed to show any synergy
in two-drug combinations, possibly because of their competi-
tion for the same binding sites on the receptor. In conclusion,
it seems that CCR5 inhibitors that do not interfere with each
other’s binding may exert synergistic antiviral effects. We
demonstrated that the observed strong synergy between
ROAb14 or ROAb13 and the antagonists is not through en-
hanced binding of either molecule to the receptor; rather, it is
likely to be through synergistic interactions after binding to
the receptor. We also showed that greater synergy was ob-
tained at higher CCF inhibition levels (Fig. 2), and the syn-
ergy between CCR5 mAb and antagonist negatively corre-
lates with binding inhibition of the inhibitor by its partner
(Table 4). Based on these observations, we hypothesize that
the synergy between CCR5 inhibitors such as an antibody
and a small-molecule antagonist requires the cobinding of
both inhibitors to the receptor. Greater synergy is expected
when a higher percentage of CCR5 receptors is occupied by
both inhibitors. As shown in Fig. 9, the small-molecule an-
tagonists bind to the pocket, whereas the antibodies bind to
the surface of CCR5, allowing the cobinding of a CCR5 mAb
and a CCR5 small molecule antagonist. Likewise, because
the two CCR5 mAbs ROAb13 and ROAb14 bind to different
surface areas of CCR5, they do not interfere with each other’s
binding to CCR5. Under these circumstances, because two
different CCR5 inhibitors can bind to CCR5 simultaneously,
synergistic antiviral effects were observed. In contrast, be-
cause ROAb14 and 2D7 share epitope Lys171/Glu172, they
compete for binding to CCR5, and no synergy was observed
between these two mAbs.

It is not yet fully understood what conformational changes
in HIV envelope proteins and chemokine receptors are re-
quired for the fusion to occur and how CCR5 antibodies and
antagonists inhibit HIV entry. It is hypothesized that CCR5
may exist in multiple conformational states; therefore, mul-
tiple conformational changes may also occur when CCR5 is
bound by antibodies or antagonists (Blanpain et al., 2002).

Fig. 8. Effects of CCR5 mAbs on MVC binding. CHO-CCR5 cells (2 �
105/100 �l) were preincubated with 30 �g/ml various CCR5 mAbs or PBS
at room temperature for 1 h, then incubated with 26 nM [3H]MVC. At the
end of various time points, cells were washed and the membrane-bound
[3H]MVC was measured as described under Materials and Methods. The
maximal counts from the control samples were set as 100% binding, and
the relative binding for all other samples were calculated and the time
course curves were generated based on these relative binding at each
time point.

TABLE 4
Relationship between synergy and binding

Combination Synergy
� Parameter

Inhibitiona

MVC
Binding

Ab
Binding

%

ROAb13 � MVC 662.3 � 99.5 0 0
ROAb14 � MVC 25 � 2.8 38 0
2D7 � MVC 13.2 � 1.5 67 18
45523 � MVC 0 UD 80

UD, undetermined.
a Percentage inhibition of the binding of one inhibitor by the partner.
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Thus, the ultimate inhibitory potency of a CCR5 inhibitor is
probably dependent on the combined conformational effects.
Two different inhibitors, such as a mAb and an antagonist,
could compensate each other on weak inhibitory conforma-
tions to result in synergistic inhibition.

ENF, a 36-amino acid peptide mimetic of gp41 heptad
repeat 2 and its downstream region, is the only HIV entry
inhibitor on the market (Lazzarin, 2005). ENF is a potent
fusion inhibitor that exerts antiviral activities by binding to
the HR1 trimeric coiled-coil prehairpin intermediate. Inter-
action of gp120 with coreceptor triggers a series of conforma-
tional changes and energy transfers. Factors impeding this
energy transfer cascade can slow down the fusion kinetics
and thus increase the exposure time of the prehairpin struc-
tures to fusion inhibitors. Platt et al. (2005) demonstrated
that low numbers of surface CCR5 or the presence of CCR5
antagonist TAK-779 greatly reduced HIV fusion kinetics.
This may help explain the strong synergy between ENF and
CCR5 inhibitors described in this article.

Synergistic interactions have been found for a variety of
drugs, especially antimicrobial, antiviral, and antitumor
drugs. Most of these synergistic drugs target different mole-
cules that belong to the same pathway or different pathway
but leading to the same biological outcome. However, synergy
between drugs that target the same protein molecule has
been demonstrated for only a few drugs. One well studied
example is the synergy between HIV-1 non-nucleotide re-
verse transcriptase inhibitors and nucleotide reverse tran-
scriptase inhibitor 3
-azido-2
,3
-dideoxythymidine (AZT)
(Cruchaga et al., 2005). Synergy between antibodies that
target the same proteins were also reported but very rare.
Friedman reported that two ErbB-2 antibodies that bind to
different epitopes exhibited synergy in inducing receptor in-
ternalization (Friedman et al., 2005). Synergy has also been
detected for neutralization mAbs recognizing different gp120
or gp41 exodomain epitopes. However, the results were con-
troversial, and the synergistic effects were moderate (Laal et
al., 1994; Vijh-Warrier et al., 1996). Synergistic neutraliza-
tion has been demonstrated most extensively between mAbs
binding to the V3 loop or CD4 binding domain of gp120 (Laal
et al., 1994; Vijh-Warrier et al., 1996). The mechanism of the
synergy between HIV neutralizing antibodies remains un-

clear. Synergistic antiviral effects between two mAbs, PA12
and 2D7, that bind to the same molecule, CCR5, were also
reported (Olson et al., 1999). Here, we reported highly potent
synergy between two CCR5 mAbs, ROAb13 and ROAb14; we
also reported potent synergy between CCR5 mAb ROAb13 or
ROAb14 and CCR5 antagonists.

In vitro drug-drug interactions have been examined for a
variety of HIV entry inhibitors, and synergy was found in all
combinations between these inhibitors. These inhibitors tar-
get viral and host proteins that are involved in the attach-
ment/fusion process, including gp120 inhibitor PRO542, gp41
inhibitor ENF, CD4 inhibitor cyclotriazadisulfonamide,
CCR5 mAbs, and antagonists. Synergistic interactions be-
tween CCR5 inhibitors and HIV reverse transcriptase or
protease inhibitors have also been reported (Tremblay, 2004;
Tremblay et al., 2005). Combination antiviral therapy, in-
cluding a CCR5 mAb, would be highly favorable because
antibodies use different administration, uptake, and metab-
olism routes. Combinations between two CCR5 mAbs that do
not compete for binding may also be beneficial; however,
combinations between two CCR5 antagonists may be unfa-
vorable. Markedly boosted antiviral effects and potential
dose reduction may be achieved if a CCR5 mAb and a CCR5
antagonist are coadministered. Because the synergistic
CCR5 mAb and antagonist can cobind to CCR5, another
potential benefit of coadministering CCR5 mAbs and antag-
onists is the raised hurdle for the emergence of HIV-1 mu-
tants resistant to both inhibitors. In addition, because HIV-1
mutants resistant to one of the CCR5 inhibitors are still
susceptible to the other class of CCR5 inhibitors (Trkola et
al., 2002), coadministration of both classes of CCR5 inhibi-
tors may greatly facilitate the clearance of existing single
drug-resistant HIV variants.
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Fig. 9. Diagram of CCR5 structure. CCR5 is a seven-
transmembrane protein that contains four extracellular
domains: the N-terminal end (black), extracellular loop
(ECL) 1, 2, and 3 (green); seven transmembrane helices
(pink); and four intracellular domains: the C-terminal end
and intracellular loop (ICL) 1, 2, and 3 (purple). The
epitopes for CCR5 mAbs 2D7, ROAb13, and ROAb14
(Zhang et al., 2007) are shown. The epitope for 2D7 is
Lys172/Glu172 (red) in ECL2, the epitope for ROAb14 is
Lys171/Glu172 (red) and Trp190 (brown) in ECL2, and the
epitope for ROAb13 is the N-terminal eight amino acid
residues (blue). The structure of CCR5 antagonist maravi-
roc (Wood and Armour, 2005) is also shown. Maraviroc
binds to the hydrophobic pocket formed by the transmem-
brane helices.
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