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bstract

To identify monoclonal antibodies (mAbs) with high potency and novel recognition sites, more than 25,000 of mouse hybridomas were screened
nd 4 novel anti-human CCR5 mAbs ROAb12, ROAb13, ROAb14, and ROAb18 showing potent activity in cell–cell fusion (CCF) assay were
dentified. These mAbs demonstrated potent antiviral activities in both single-cycle HIV infection (IC50 range: 0.16–4.3 �g/ml) and PBMC viral
eplication (IC50 range: 0.02–0.04 �g/ml) assays. These potent antiviral effects were donor-independent. All 4 mAbs were also highly potent in
he PhenoSense assay against 29 HIV isolates covering clade A through G. In all antiviral assays, these mAbs showed potency superior to the
reviously reported mAb 2D7 in side-by-side comparison studies. All 4 mAbs were also fully active against viruses resistant to HIV fusion inhibitor

nfuvirtide and CCR5 antagonist maraviroc. Although ROAb12, ROAb14, and ROAb18 inhibited RANTES, MIP1� and MIP1� binding and cell
ctivation, the other novel mAb ROAb13 was inactive in inhibiting cell activation by these three ligands. Furthermore, highly synergistic antiviral
ffects were found between mAb ROAb13 and 2D7 or ROAb12. In addition, none of these mAbs showed agonist activity or caused internalization
f the CCR5 receptor.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Human immunodeficiency virus (HIV) enters the host cell
ia the interaction of the viral envelope (Env) protein gp160
nd host cell membrane proteins. Synthesized as a single
olypeptide precursor, Env is subsequently cleaved by a cellu-
ar protease to generate two non-covalently associated subunits,
p120 and gp41. Gp120 binds to the cell surface, whereas the
embrane-spanning gp41 subunit mediates membrane fusion.

he primary receptor for HIV-1 is CD4, however, a second recep-

or termed coreceptor is required for efficient viral entry into
ost cells (James et al., 1996; Lapham et al., 1996; Trkola et
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l., 1996). Binding of gp120 to CD4 results in multiple con-
ormational changes in gp120, mediating the interaction with
he co-receptor. Binding of gp120 to coreceptor triggers struc-
ural changes in gp41, leading to virus-host cell fusion. HIV
p41 can be partitioned into extracellular, transmembrane, and
ytoplasmic domains. The extracellular portion of gp41 con-
ains an amino-terminal hydrophobic fusion peptide and two
eptad repeats (HR). Upon coreceptor triggering, the fusion pep-
ide of gp41 is exposed and inserted into the cell membrane to
orm a bridge between the virus and the cell. The C-terminal
R (HR2) domains then pack into the hydrophobic grooves
etween the 3 N-terminal HR (HR1) domains on the triple-
tranded coiled-coil, thus forming a six-helix bundle (Chan et

l., 1997; Weissenhorn et al., 1997). This helical condensation
oves the viral membrane in close proximity to the cell mem-

rane and results in the formation of a fusion pore and entry of
he viral core to the host cytoplasm.

mailto:Changhua.ji@roche.com
dx.doi.org/10.1016/j.antiviral.2006.11.003
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Highly active anti-retroviral therapy (HAART) using gen-
rally three or more anti-HIV agents from different classes
n combination have become the standard treatment regimen
or HIV-infected patients. This treatment strategy has greatly
mproved the effectiveness of infection control and the survival
f AIDS patients (Barbaro et al., 2005). However, the emer-
ence of drug resistance has resulted in the failure of treatments
n large numbers of infected patients, it thus necessitates the
evelopment of new classes of anti-HIV drugs. One of the most
romising steps in the viral life cycle for therapeutic interven-
ion is the viral entry process (Barbaro et al., 2005; Borkow and
apidot, 2005; Lazzarin, 2005; Pierson et al., 2004). Host and
iral molecules involved in various stages of HIV entry have
een explored as novel targets for the discovery of anti-HIV
gents. Enfuvirtide (ENF) is the first FDA-approved HIV entry
nhibitor in the market. ENF is a HR2-derived peptide inhibitor
hat targets at the trimeric coiled-coil formed by HR1s, whereby
reventing the formation of six-helix bundle (Lazzarin, 2005).

Recently, the HIV coreceptor CCR5 has been intensively
tudied as a novel drug target (Lalezari et al., 2005; Maeda et
l., 2004; Watson et al., 2005; Wood and Armour, 2005). The
C-chemokine receptor CCR5 is the major coreceptor for HIV
nd plays a pivotal role in HIV transmission and pathogenesis.
iral tropism is defined by the choice of coreceptor used during

he entry process. The majority of primary HIV-1 strains use
CR5 as coreceptor (termed R5 virus), whereas some viruses
re able to use another chemokine receptor, CXCR4, as core-
eptor (termed X4 virus) or use both CCR5 and CXCR4 as
oreceptors (termed R5X4 virus) (Coakley et al., 2005; Eckert
nd Kim, 2001). Almost all primary infections are caused by
5 viruses. Although R5/X4 and/or X4 HIV viruses appear at

ater stages of viral infection in many patients, often accompa-
ying dramatic decline of CD4+ cells and rapid progression of
IDS; the R5 viruses still persist in these patients. A signifi-

ant contribution to the understanding of the important role of
CR5 in HIV infection is the observation that genetically CCR5-
eficient (�32) individuals are essentially protected against
nfection by HIV-1 in high risk populations (Liu et al., 1996;
amson et al., 1996); and heterozygous �32 individuals are not
rotected against HIV-1 infection but are often long-term non-
rogressors (Eugen-Olsen et al., 1997). Because of its role as
he predominant coreceptor of the clinical HIV populations, and
he normal physiology within the human genetic knockout pop-
lation, CCR5 has become a very attractive target for anti-HIV
herapy. A number of small-molecule CCR5 antagonists have
een identified that demonstrated potent antiviral effects both in
ell culture and in clinical trials (Lalezari et al., 2005; Maeda
t al., 2004; Strizki et al., 2005; Watson et al., 2005; Wood and
rmour, 2005). Several anti-human CCR5 monoclonal antibod-

es (mAbs) have also been discovered for therapeutic use and
re in preclinical or clinical trials (Trkola et al., 2001).

CCR5 belongs to the family A of G protein-coupled recep-
ors (GPCR) with characteristic seven-transmembrane (7-TM)

omains (Alkhatib et al., 1996; Deng et al., 1996; Dragic et al.,
996). CCR5 has an N-terminal exodomain and three extracellu-
ar loops. Therefore, it can offer multiple epitopes for recognition
y mAbs. The binding properties, including recognition sites,
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ffinity, and on- or off-rate, may determine the antiviral potency
nd resistant profiles of the mAbs. To identify mAbs with high
otency and novel recognition sites, we screened more than
5,000 mouse hybridomas. Here we describe 4 novel CCR5
Abs with potent antiviral activities.

. Materials and methods

.1. Reagents

All cell culture media and supplements and fetal bovine sera
ere purchased from Invitrogen (Carlsbad, CA). Human CCR5
onoclonal antibody 2D7 and PE- and FITC-conjugated goat

nti-mouse antibodies were purchased from BD Pharmingen
San Diego, CA). CCR5 antagonist maraviroc (MVC), non-
ucleoside reverse transcriptase inhibitor (NNRTI) efavirenz,
nd the HIV fusion inhibitor enfuvirtide (ENF) were synthesized
n house.

.2. Cell lines

For the generation of CCR5-expressing stable cell lines,
uman CCR5 cDNA was cloned by using polymerase chain
eaction (PCR) from OriGene’s TrueClone (Cat. No. TC110858,
riGene Technologies, Rockville, MD). The following primers
ere used in the PCR reaction: 5′-primer, 5′-ATATATTAATCT-
GAACCATGGATTATCAAGTGTCAAGTC-3′; 3′-primer, 5′

ATATATTCTAGAGCGGATCCTCACAAGCCCACAGATAT-
TC-3′. The 1.1 kb PCR product was digested with XbaI
nd BamHI and cloned into mammalian expression vector
cDNA3.1 (−) (Invitrogen, Carlsbad, CA). The resulting
lone pcDNA3.1-hCCR5 was sequence verified to be identical
o the published human CCR5 coding sequence (Accession
o. NM 000579). CCR5-expressing stable cell lines based
n CHO-G16� and the pre-B lymphoma cell line L1.2 cells
both obtained from ATCC, Manassas, VA) were generated by
ransfection with pcDNA3.1-hCCR5 FuGene 6 (Roche Applied
cience, Indianapolis, IN) transfection reagent was used for

ransfecting CHO-G16� cells and the CCR5-positive stable
ell population (CHO-CCR5) was obtained by several rounds
f FACS sorting using CCR5 mAb 2D7-PE. CHO-CCR5 cells
ere maintained in F12 media supplemented with 10% FBS,
0 �g/ml penicillin/streptomycin, and 0.4 mg/ml hygromycin
nd 0.4 mg/ml of G418. L1.2 cells were transfected with
inearized pcDNA3.1-hCCR5 by electroporation. The Positive
lone (L1.2-CCR5) was obtained by FACS sorting using 2D7-
E, and it was maintained in RPMI 1640 medium supplemented
ith 10% fetal calf serum, 0.8 mg/ml G418, 2 mM l-glutamine,
mM sodium pyruvate, 50 �g/ml penicillin/streptomycin,
nd 50 �M �-mercaptoethanol. One day before the use for
mmunization, L1.2-hCCR5 cells were treated with 1 mM of
odium butyrate to boost the expression of CCR5.
.2.1. Other cell lines
Packaging cell line 293FT (Invitrogen, Calsbad, CA) was

aintained in Dulbecco’s modified Eagle Medium (DMEM)
upplemented with 10% FBS, 0.5 mg/ml G418, 1× Pen-Strep,
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nd 2 mM l-glutamine. Indicator cell line JC53-BL (TZM-
l, NIH AIDS Research and Reference Reagent Program)
as maintained in DMEM supplemented with 10% FBS,
× Pen-Strep, and 2 mM l-glutamine). Cells constitutively
xpressing various chemokine receptors HEK293-hCCR1,
HO-G16�-hCCR2b, L1.2-hCCR3, CHO-G16�-hCCR4, and
HO-G16�-hCCR6 were obtained from in-house. Their expres-

ion has been verified by FACS analysis using appropriate
ntibodies. These cells were used in the binding assays.
87.CD4.CCR5 cell line that expresses human CD4 and CCR5
as obtained from the NIH AIDS Reagents Program (No. 4035).

.3. Generation of mouse anti-human CCR5 mAbs

Female Balb/c mice were given a primary intraperitoneal
mmunization with 107 CCR5-expressing cells (CHO-CCR5
r L1.2-CCR5) with complete Freund’s adjuvant. The second
mmunization was done 4–6 weeks later similarly except incom-
lete Freund’s adjuvant was used with the cells. The mice were
hen boosted at 4–6 week intervals with 107 CHO-CCR5 or L1.2-
CR5 cells in phosphate-buffered saline (PBS) with no adjuvant.
he last immunization was carried out intraperitoneally with 107

CR5-expressing cells or intravenously with 2 × 106 CCR5-
xpressing cells on the third day before fusion. The spleen
ells of the immunized mice were fused with myeloma cells
ccording to Galfre and Milstein (1981). Ten days after fusion,
he supernatants were tested for specific antibody production by
ell-based ELISA. Hybridomas that produced the most potent
upernatants in the CCR5-dependent cell–cell fusion (CCF)
ssay were then cloned by limiting dilution or FACS sorting.
he mAbs were individually purified to >95% homogeneity
y protein A chromatography. All mAbs were stored at 4 ◦C
n PBS.

.4. FACS analysis

CHO-CCR5 cells were washed twice in phosphate-buffered
aline (PBS) containing 0.5% FBS (FACS buffer), then resus-
ended in FACS buffer at 4 × 106 cells/ml. For each reaction,
5 �l of cells (1 × 105) were incubated with 1 �g/ml of primary
ntibodies and isotype controls on ice for 30–45 min. Cells were
ashed three times in FACS buffer and incubated with labeled

nti-mouse secondary antibodies for 30 min on ice. After three
ashes, the stained cells were analyzed with a FACScan flow

ytometer (Becton Dickinson, San Jose, CA).

.5. Radioligand binding assays

125I-RANTES (regulated on activation normal T cell exp-
essed and secreted), 125I-MIP-1� (macrophage inflammatory
rotein-1�), 125I-MIP-1�, 125I-MIP-3�, 125I-MCP-1 (mono-
yte chemotactic protein), 125I-eotaxin, 125I-TARC (thymus
nd activation-regulated chemokine), and 125I-SDF-1 (stromal

ell-derived factor-1) were purchased from PerkinElmer Life
ciences Inc. (Shelton, CT). Binding assays were performed on
hole cells expressing various chemokine receptors with 125I-

abeled corresponding ligands: RANTES, MIP-1�, and MIP-1�

w
(
e
c
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or CCR5; SDF-1 for CXCR4; MIP1� for CCR1; MCP-1 for
CR2b, eotaxin for CCR3; TARC for CCR4; MIP-3� for CCR6.
ells were plated in 96-well culture plates at 1.5 × 105 cells/well

n ice cold binding buffer (phenol red-free F12 medium supple-
ented with freshly made 0.1% BSA and 0.1% NaN3). Serially

iluted CCR5 mAbs were added to the cells, followed by addi-
ion of 100 pM of the corresponding 125I-labeled ligands. After
h of incubation at room temperature with gentle shaking, cells
ere harvested onto GF/C UniFilter plates (PerkinElmer Life
ciences Inc.) using cell harvester. UniFilter plates were pre-

reated with 0.3% PEI/0.2% BSA for 30 min prior to harvest.
ilter plates were washed five times with 25 mM pH 7.1 HEPES
uffer containing 500 mM NaCl, 1 mM CaCl2 and 5 mM MgCl2.
lates were dried in 70 ◦C oven for 20 min and 40 �l scintil-

ation fluid was added and radioactivity was measured using
opCount NXT (PerkinElmer). In all experiments, each data
oint was assayed in duplicate. Data are presented as the per-
entage of counts obtained in absence of cold competing ligand.
urve fitting and subsequent data analysis were carried out using
raphPad PRIZM software (Intuitive Software for Science, San
iego, CA) and IC50 values were calculated using non-linear

egression analysis.

.6. CCR5-mediated intracellular Ca2+ flux

Assessment of antibody function on CCR5 receptors was
ccomplished using a fluorometric imaging plate reader assay
FLIPR). Briefly, 24 h prior to the assay, CHO-CCR5 cells were
lated in clear bottom, black-walled 96-well plates (Becton-
ickinson, Franklin Lakes, NJ, USA) at a density of 5 × 104

ells per well. On the day of screening, the cells were incu-
ated in a buffer consisting of Hank’s Balanced Salt Solution
HBSS) containing 20 mM HEPES, pH 7.4, 1.5 mM CaCl2,
.5 mM probenecid, followed by the addition of 4 �M of the
alcium sensitive fluorescent dye Fluo4-AM (Invitrogen, Carls-
ad, CA). After 1 h incubation at 37 ◦C, the cells were washed
hree times with the above buffer, then immediately placed in
LIPR (Molecular Devices, Sunnyvale, CA) to monitor changes

n fluorescent signal at λEX of 488 nm and λEM of 540 nm, upon
ddition of 30 nM RANTES, MIP1�, or MIP1� (R&D Sys-
ems, Minneapolis, MN) and/or serially diluted CCR5 mAbs.
ive micromolar of ionophore inomycin was used for each
xperiment to control for maximal Ca2+ release. After addi-
ion of compounds, change in fluorescence was monitored for a
eriod of 5 min and maximal increase in fluorescent signal was
ecorded. Calculation of EC50 and IC50 values were determined
sing GraphPad Prism v3.02 (GraphPad Software, Inc.).

.7. Antiviral assays

Cell-based surrogate antiviral assay CCF assays were per-
ormed as described before (Ji et al., 2006). Single-cycle antiviral
ssays were performed as follows. Pseudotyped NL-Bal viruses

ere produced by cotransfecting 293FT cells with pNL4-3�env

HIV pNL4-3 genomic construct with a deletion within the
nv gene) and pcDNA3.1/NL-BAL env [pcDNA3.1 plasmid
ontaining NL-Bal env gene (obtained from Roche Welwyn)].
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he supernatants containing pseudotyped viruses were stored
t −80 ◦C in aliquots. Test antibodies were serially diluted in
6-well plates. The equivalent of 1.5 × 105 RLU of viruses and
.5 × 104 JC53-BL cells were added to each well. After 3 day
ncubation at 37 ◦C, 50 �l of Steady-Glo Luciferase Assay Sys-
em was added and the assay plates were read on a Luminometer
Luminsokan, Thermo Electron Corporation, Waltham, MA).

The PhenoSense assay was performed by Monogram Bio-
ciences (formerly Virologic) (Petropoulos et al., 2000). The
henoSense assay is performed similar to the single-cycle assay
xcept multiple pseudotyped viruses that carries envelope pro-
eins from various HIV isolates were used. U87.CD4.CCR5 cells
as used as the reporter cell. For antiviral assays in periph-

ral blood mononuclear cells (PBMC), human PBMC were
solated from buffy-coats (obtained from the Stanford Blood
enter) by a Ficoll-Paque centrifugation. PBMC were treated
ith 2 �g/ml Phytohemagglutinin (Invitrogen, Carlsbad, CA)

or 24 h at 37 ◦C, then with 5 Units/ml human IL-2 (Roche
pplied Sciences, Indianapolis, IN) for a minimum of 48 h prior

o the assay. In a 96 well round bottom plate, 1 × 105 PBMC
ere infected with the HIV-1 JR-CSF (kindly provided by Dr.

rvin Chen, UCLA) in the presence of serially diluted CCR5
ntibody. Plates were incubated for 6 days at 37 ◦C. Virus pro-
uction was measured at the end of infection by using p24 ELISA
PerkinElmer) according to the manufacturer’s instruction. For
ll antiviral assays, IC50 was determined using the sigmoidal
ose–response model with one binding site in Microsoft XLFit.

.8. In vitro drug interaction analysis

CCR5 mAbs were serially diluted and added to the cell–cell
usion system alone or in combinations at fixed ratio of 2:1.
ercent inhibition data from 3 independent experiments were
veraged and analyzed for mode of interactions by using the
ombination index (CI) method as described by Chou and
alalay (1984). CI analysis is a commonly used tool for
haracterizing drug–drug interactions, it provides qualitative
nformation on the nature of drug interaction and the extent
f drug interaction. CI was calculated according to the follow-
ng equation: CI = (CA,x/ICx,A) + (CB,x/ICx,B), CA,x and CB,x are
he concentrations of drug A and drug B used in combination
o achieve x% drug effect. ICx,A and ICx,B, are the concentra-
ions for single agents to achieve the same effect. CI < 1 indicate
ynergy, CI = 1 indicate additive effects, and CI > 1 indicate
ntagonism.

. Results

.1. Identification of mouse anti-human CCR5 monoclonal
ntibodies

About 26,400 hybridoma lines were screened for CCR5-
pecific monoclonal antibody production by using cell-based

LISA and more than 300 positive lines were identified.
mong which, several mAbs showed potent inhibitory effects

n CCF assays. Four mAbs, ROAb13 (IgG2a), ROAb18 (IgG2a),
OAb12 (IgG2b), and ROAb14 (IgG2b) with the highest potency

C
f
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a
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ere selected for further characterization. The specific binding
f these mAbs to CCR5 were confirmed by FACS analysis. As
hown in Fig. 1, no binding of mAbs to the parental CHO cells
ere observed by comparing to the isotype control (green). All

our mAbs ROAb12, ROAb13, ROAb14, and ROAb18 showed
otent binding to the CHO-CCR5 cells (red). These data indicate
hat the binding of these mAbs were specific to CCR5.

To further demonstrate the specificity of these CCR5
Abs, the mAbs were examined in both CCR5-mediated and
XCR4-mediated CCF assays. All CCR5 mAbs, including

he control antibody 2D7, inhibited CCR5-dependent cell–cell
usion (Fig. 2). ROAb12, ROAb14, and ROAb18, exhib-
ted higher potency (IC50 range: 0.2–0.51 �g/ml) than 2D7
IC50 = 0.73 �g/ml) in the CCR5-dependent CCF assays. While
OAb13 (IC50 = 2.1 �g/ml) exhibited weaker potency than 2D7

n this assay (Table 1). None of these CCR5 mAbs showed
ny inhibitory effects in the CXCR4-dependent CCF assays
Fig. 2B). CCR5 is one of the CC chemokine receptors that
unction as chemotactic signaling molecules in response to
hemokines. There are significant sequence similarities among
C chemokine receptor CCR1, CCR2, CCR3, CCR4, CCR5,
nd CCR6. CCR5 shares the highest amino acid sequence iden-
ity with CCR2 (63.1%). To investigate if these CCR5 mAbs
ind to other CC chemokine receptors, a selectivity study was
arried out. CXC chemokine receptor CXCR4, although low
n identity to CCR5 (28%), is the other main coreceptor for
IV, therefore was also included in the selectivity study for

he CCR5 mAbs. As shown in Fig. 2C and D, CCR5 mAb
OAb13 and ROAb14 inhibited the binding of RANTES to
CR5; however, they did not inhibit the binding of the corre-

ponding ligands to other chemokine receptors. It is noteworthy
hat the inhibition by ROAb13 only reached ∼80% while the
nhibition by ROAb14 reached ∼97%. CCR5 mAbs ROAb12,
OAb18, and 2D7 showed similar results to ROAb14 (data not
hown). In addition, MAb ROAb14 was also screened for bind-
ng to 74 receptors/ion channels included in a high-throughput
harmacology panel (CEREP, Celle L’Evescault, France) and
o significant binding of the novel mAbs to any tested recep-
ors/channels was found at 10 �g/ml concentrations (data not
hown). These data demonstrated that the 4 novel CCR5 mAbs
re highly CCR5 specific.

.2. Potent antiviral activities of CCR5 mAbs

The 4 CCR5 mAbs that showed potent inhibitory effects
n CCR5-dependent CCF assays were tested in single-cycle
ntiviral assays using pseudotyped HIV viruses (Table 1).
OAb12, ROAb14, and ROAb18 potently inhibited HIV NL-
al infection with an IC50 range of 0.16–0.18 �g/ml and IC90

ange of 1.8–2.73 �g/ml, about 10-fold more potent than mAb
D7 (IC50 = 1.7 �g/ml). ROAb13 showed about 3-fold lower
otency than 2D7 in the antiviral assay (IC50 = 4.33 �g/ml). The
C90/IC50 ratios for these mAbs are in the range of 8–10.5 in the

CF assay and 7.3–16 in the antiviral assay, with an exception

or ROAb13 whose 90% inhibition level could not be achieved
t the highest concentration tested (20 �g/ml). In general, the
ntiviral potency for all tested CCR5 mAbs determined in the
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Fig. 1. Specific binding of CCR5 mAbs by FACS analysis. Histograms for each cell and primary mAb are shown. The fluorescence curves for the isotype control,
CCR5 mAbs, and the isotype-subtracted CCR5 mAbs are shown in green, red, and black, respectively.

Fig. 2. CCR5-dependent antiviral effects of CCR5 antibodies. The inhibitory effects of CCR5 antibodies were determined in the CCR5-dependent (A) and CXCR4-
dependent (B) CCF assays. The inhibitory effects of ROAb14 (C) and ROAb13 (D) on chemokine binding to CCR1 through CCR6 and CXCR4 were examined in
125I-labeled chemokine ligand binding assays as described in Section 2. RANTES was used in the CCR5 binding assay.



130 C. Ji et al. / Antiviral Research 74 (2007) 125–137

Table 1
Potent anti-HIV entry activities of the CCR5 mAbs

CCR5 mAb CCF assay Single-cycle antiviral PBMC antiviral

IC50 IC90 IC90/IC50 IC50 IC90 IC90/IC50 IC50 IC90 IC90/IC50

Maraviroc 0.96 ± 0.24 8.82 ± 1.62 9.2 1.12 ± 0.23 10.43 ± 2.68 9.3 0.18 ± 0.07 1.71 ± 0.57 9.5
2D7 0.73 ± 0.18 5.87 ± 0.93 8.0 1.70 ± 0.57 12.40 ± 4.95 7.3 0.34 ± 0.075 19.40 ± 13.4 56.7
ROAb13 2.10 ± 0.37 28.7 13.7 4.33 ± 1.7 >20 – 0.03 ± 0.032 3.16 ± 1.7 96.0
ROAb18 0.33 ± 0.13 3.12 ± 0.89 9.45 0.17 ± 0.03 2.73 ± 0.74 16.1 0.02 ± 0.009 1.21 ± 0.74 60.5
ROAb14 0.20 ± 0.07 2.11 ± 0.46 10.5 0.16 ± 0.04 1.80 ± 0.36 11.3 0.03 ± 0.017 1.15 ± 0.35 44.2
R
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isolates, with a median IC90 of 3.4, 1.4, and 1.3 �g/ml, respec-
tively. MAb ROAb13 showed about 5-fold less potent antiviral
activities (median IC90 = 9.7 �g/ml) than the other 3 mAbs. In
addition, some variations in IC50 and IC90 values for the mAbs

Table 2
Antiviral effects of mAbs in PBMCs from multiple donors

PBMC source Maraviroc ROAb13 ROAb14 CCR5+

IC50 IC90 IC50 IC90 IC50 IC90 MFI

Donor P499 0.37 4.63 0.013 0.831 0.014 1.011 44.5
Donor P500 0.49 5.11 0.026 2.796 0.038 1.065 36.6
Donor P503 0.52 5.66 0.012 1.182 0.011 0.869 31.5
Donor Y974 0.43 4.49 0.018 3.532 0.009 0.674 16.7
Donor Y975 0.67 6.95 0.104 4.004 0.052 1.746 26.3
Donor Y976 0.54 5.82 0.034 5.159 0.021 1.372 60.9
OAb12 0.51 ± 0.14 4.66 ± 1.12 9.1 0.18 ± 0.04

ata are from 3 or more independent experiments; IC50 and IC90 units are �g/m

CF assays are similar to those determined in the antiviral assays
Table 1). These CCR5 mAbs were also tested in antiviral assays
sing PBMC cultures and the HIV-1 isolate JR-CSF. Much more
otent antiviral activities were observed in the PBMC antiviral
ssays than in the CCF or single-cycle assays. All 4 CCR5 mAbs
dentified in this study markedly inhibited JR-CSF replication
n PBMC with an IC50 range of 0.02–0.04 �g/ml and an IC90
ange of 1.15–3.16 �g/ml. The IC50 and IC90 for the control
Ab 2D7 (0.34 and 19.4 �g/ml, respectively) were again about

0-fold higher than these novel CCR5 mAbs. Interestingly, mAb
OAb13 showed similar antiviral potency to the other 3 novel
CR5 mAbs in the PBMC antiviral assays.

Although the IC50 values for these mAbs determined in the
BMC antiviral assays were about 5–7-fold lower than that
etermined in CCF or single-cycle assays, the IC90s were sim-
lar among all assays, except for ROAb13 (Table 1). A CCR5
ntagonist, maraviroc, was used as control in these assays, and
imilar potency was observed for maraviroc among these three
ssays. In addition, none of these CCR5 mAbs showed any cyto-
oxicity at concentrations up to 20 �g/ml to the cells used in the
CF, single-cycle, and PBMC assays (data not shown).

.3. Donor-independent antiviral activities of CCR5 mAb
OAb14

HIV infection and replication efficiency within an infected
ndividual is dependent on many factors, including but not lim-
ted to the virus fitness, tropism, virulence, host cell populations
nd immune response. Accordingly, responses of HIV-infected
ndividuals to CCR5 inhibitors also may vary from person to
erson. PBMCs are the primary host cells for HIV in circu-
ation. In order to determine if the CCR5 mAbs are effective
gainst HIV infection in different patients, inhibitory effects
f mAb ROAb13 and ROAb14 were determined in antiviral
ssays using PBMCs from 6 different donors. As shown in
able 2, potent antiviral activities of ROAb13 and ROAb14 were
bserved in antiviral assays using PBMCs from any of the 6
onors, with small variation in IC50s and IC90s among these
BMC sources. The small-molecule antagonist control maravi-
oc also showed tight IC50 and IC90 ranges (Table 2). The mean

C50 and IC90 from the 6 PBMC sources were very similar to the
veraged IC50 and IC90 values generated from pooled PBMCs
Table 1). Again, ROAb13 showed similar potency to ROAb14
n all PBMC antiviral assays. Because CCR5 expression level

G
S

J
�

2.10 ± 0.47 11.7 0.04 ± 0.031 1.92 ± 1.5 43.6

the antibodies and are nM for maraviroc.

ay affect the antiviral responses of PBMCs, CCR5 expression
n PBMCs from each donor was measured by FACS analy-
is using antibody 2D7. There was small variation in CCR5
xpression levels among these activated PBMC samples from
he 6 donors (MFI range: 16.7–60.9). Furthermore, no corre-
ation between CCR5 expression and susceptibility to CCR5

Ab inhibition was found. These results suggest that CCR5
Ab ROAb13 and ROAb14 are highly potent in inhibiting HIV

eplication in PBMCs derived from multiple donors.

.4. Broad-spectrum antiviral activities of CCR5 mAbs

As described above, potent antiviral activities were observed
or the novel CCR5 mAbs in 3 different assays against 3 different
ubtype B R5 HIV-1 strains: 92US715 (used in CCF assay), NL-
al (single-cycle antiviral assay), and JR-CSF (viral replication

n PBMCs). To determine whether these mAbs are active against
ther common HIV-1 subtypes (clades), a panel of 30 HIV-
isolates representing all common subtypes was tested in the

henoSense assays for the antiviral activities of the mAbs. Two
f the isolates were clade B dual-tropic (R5/X4) viruses, and the
est are R5 viruses. As shown in Table 3, all 4 CCR5 mAbs were
ctive against all HIV isolates. Antibody ROAb12, ROAb14, and
OAb18 showed the most potent antiviral activities against all
eoMean 0.49 5.38 0.025 2.42 0.020 1.07 33.3
.D. 0.10 0.9 0.035 1.7 0.017 0.38 15.4

R-CSF virus was used in the PBMC antiviral assays; IC50 and IC90 units are
g/ml for antibodies and are nM for maraviroc.
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Table 3
Broad and potent antiviral activities of CCR5 mAbs

HIV virus IC50 (�g/ml) IC90 �g/ml)

Subtype No. ROAb12 ROAb13 ROAb14 ROAb18 ROAb12 ROAb13 ROAb14 ROAb18

R5/X4 2 0.036 0.063 0.042 0.039 0.241 0.521 0.272 0.232
Subtype A 3 0.055 0.080 0.074 0.065 0.458 1.386 0.467 0.407
Subtype AE 3 0.065 0.144 0.060 0.072 0.762 0.660 0.630 0.589
Subtype B 5 0.200 2.922 0.175 0.163 7.496 >30 2.938 2.549
Subtype C 3 0.076 0.251 0.080 0.068 0.895 8.3 0.555 0.543
Subtype D 3 0.122 0.723 0.113 0.101 3.090 25.9 1.545 1.374
Subtype F 3 0.151 0.942 0.152 0.128 5.277 18.8 2.432 2.283
Subtype G 3 0.239 0.271 0.159 0.141 8.738 12.3 2.589 2.462

Median (range) 0.118 (0.04–0.24) 0.674 (0.06–2.92) 0.107 (0.04–0.18) 0.097 (0.04–0.17) 3.37 (0.24–8.8) 9.69 (0.52–>30) 1.43 (0.27–2.9) 1.31 (0.23–2.55)
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ata were generated in the PhenoSense assay using an indicator cell line that ex
Abs on the two dual tropic (R5/X4) viruses.

mong different HIV subtypes were also observed. Due to small
umber of isolates from each subtype (5 for subtype B and 3
or other subtypes), the differences may not be significant. Fur-
hermore, all mAbs are active against the 2 R5/X4 subtype B
iruses. This is because the reporter cell used in the PhenoSense
ssays expresses coreceptor CCR5 but not CXCR4, so that the
nfection of these R5/X4 viruses is CCR5-dependent.

.5. Effects of CCR5 mAbs on chemokine binding and
unction

These mAbs were also tested for their ability to inhibit the
inding of the three natural ligands RANTES, MIP1�, and
IP1� to CCR5. As shown in Table 4, all 4 novel mAbs inhib-

ted the ligand binding with an IC50 range of 0.6–4 �g/ml.
imilar levels of binding inhibition were observed for the 3 lig-
nds, although the potency of ROAb12 was about 2-fold higher
han the other 3 mAbs. The commercial mAb 2D7 showed
reater inhibition than the 4 novel mAbs, with an IC50 range
f 0.16–0.57 �g/ml. Although ROAb13 inhibited ligand bind-
ng to CCR5, the inhibition only reach 77–82%. In contrast,
Ab ROAb14 inhibited ligand binding by 95–100%. All other
Abs also showed greater than 95% inhibition of ligand binding

data not shown). Similarly, the effects of these CCR5 mAbs on
igand-triggered calcium flux (FLIPR assay) were also exam-

ned. Dose responses of the 3 ligands were performed (Fig. 3A),
nd 100 ng/ml concentrations of each of the ligands was used
n all FLIPR assays. MAbs ROAb12, ROAb14, ROAb18, and
D7 showed similar level of inhibition on calcium flux triggered

e
C
t
n

able 4
Ab effects on CCR5 ligand binding and function

ssays CCR5 mAb IC50 (�g/ml)

ROAb13 ROAb18

ANTES binding 2.6 ± 0.12 1.6 ± 0.1
IP1� binding 2.4 ± 0.16 1.5 ± 0.15
IP1� binding 4 ± 0.13 1.9 ± 0.13
ANTES FLIPR Partial inhibition 2.1 ± 0.22
IP1� FLIPR Inactive 2.6 ± 0.31
IP1� FLIPR Inactive 1.5 ± 0.14
s CCR5 but not CXCR4. This explains the full inhibitory activity of the CCR5

y the three ligands. MAb ROAb13 only exhibited partial inhi-
ition (∼40% inhibition at the highest tested concentration of
0 �g/ml) in RANTES FLIPR, and it was inactive in MIP1�,
nd MIP1� FLIPR assays (Table 4 and Fig. 3B–D).

.6. The CCR5 mAbs are fully active against viruses
esistant to other HIV entry inhibitors

In the PhenoSense assays, CCR5 mAbs were also tested
gainst 4 ENF-resistant subtype B isolates showing an average
f 140-fold resistance to the fusion inhibitor ENF. The CCR5
Abs ROAb12, ROAb13, ROAb14, and ROAb18 were very

otent on these ENF-resistant viruses, with an average IC50
f 0.1, 0.46, 0.12, and 0.1 �g/ml, respectively (Table 5). These
alues are identical to the mean IC50s (0.12, 0.67, 0.11, and
.1 �g/ml, respectively) of these mAbs against all wild-type
iruses tested in the PhenoSense assays (Table 3). These CCR5
Abs were also assayed for their potency in inhibiting a virus

esistant to CCR5 antagonist Maraviroc (MVC, formerly named
K427,857). This virus (CC1/85 MVCres) was obtained by
assaging the CC1/85 virus in PBMCs in the presence of
ncreasing concentrations of MVC. Sequence analysis revealed
hat CC1/85-MVCres carries the two mutations A316T or I323V
numbering from HxB2) in V3 loop that had been reported to be
esponsible for the resistance of CC1/85 virus to MVC (Mosley

t al., Abstract #598, 13th CROI, February 5–8, Denver, CO).
C1/85-MVCres was no longer responsive to MVC at up

o 20 �M concentrations, whereas the parental virus or the
o-drug control passaging CC1/85 virus CC1/85 NDC was

ROAb14 ROAb12 2D7

1.4 ± 0.11 0.7 ± 0.08 0.57 ± 0.13
1.2 ± 0.17 0.6 ± 0.09 0.16 ± 0.06
1.9 ± 0.12 0.9 ± 0.12 0.2 ± 0.14
2.4 ± 0.42 1.8 ± 0.33 2.5 ± 0.31
4.5 ± 0.47 2.2 ± 0.38 2.9 ± 0.37
1.7 ± 0.28 1.1 ± 0.13 1.6 ± 0.2
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Fig. 3. Effects of CCR5 mAbs on binding and cell activation by CCR5 natural ligands. (A) Inhibition of RANTES, MIP1�, and MIP1� binding to CHO-CCR5 cells
by mAbs ROAb13 and ROAb14. (B–D) CHO-CCR5 cells were incubated with 30 nM of RANTES (B), MIP1� (C), and MIP1� (D), and various doses of mAb
ROAb13 and ROAb14, calcium flux was measures by FLIPR.

Table 5
Novel mAbs are fully active against fusion inhibitor-resistant viruses

Virus ENF IC50 (�M) Resistance (fold) IC50 (�g/ml) for CCR5 mAbs

ROAb12 ROAb13 ROAb14 ROAb18

04-153817 19.2 165 0.079 0.276 0.083 0.077
04-153818 2.2 28 0.094 0.316 0.107 0.112
04-153820 27.7 305 0.099 0.295 0.114 0.079
04-153822 5.5 61 0.133 0.964 0.163 0.141
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effects of each of the 4 novel mAbs with 2D7 were tested
in the CCF assays at a ratio of 2:1. As shown in Fig. 4B,
markedly increased potency of 2D7-ROAb13 combination in

Table 6
CCR5 mAbs are active against MVC-resistant virus

Inhibitor CC1/85 NDC CC1/85 MVCres

IC50 (�g/ml) IC90 (�g/ml) IC50 (�g/ml) IC90 (�g/ml)

Efavirenz 0.07 nM 0.75 nM 0.13 nM 1.18 nM
Maraviroc 0.5 nM 4.3 nM >20 �M >20 �M
ROAb13 0.09 2.65 0.28 1.75
ROAb14 0.33 2.66 0.31 1.82
2D7 7.83 >20 3.47 >10

HIV virus CC1/85 was passaged in PBMCs in the absence or presence of increas-
ing concentrations of CCR5 antagonist Maraviroc (MVC). The no drug control
ean 140

he IC50 values for all mAbs were from 2 or more independent PhenoSense as

ensitive to MVC at concentrations less than 1 nM, suggesting a
esistance of greater than 20,000-fold. However, the two repre-
entative novel mAbs ROAb13 and ROAb14 showed identical
ntiviral potency against CC1/85 MVCres and CC1/85 NDC
t both 50% and 90% inhibition levels. Furthermore, ROAb13
howed identical potency to ROAb14 against both control
nd MVC-resistant CC1/85 viruses. NNRTI efavirenz was
sed as a control, and it was almost equally potent against
C1/85 NDC and CC1/85 MVCres viruses. CC1/85 has been
sed for resistance studies for many CCR5 inhibitors because
t is one of the lease sensitive viruses to CCR5 inhibitors. By
omparing the PBMC antiviral IC50 data from Table 6 and
able 1, ROAb13, ROAb14, and 2D7 are all relatively less
otent against CC1/85, with an IC50 shift of 3×, 11×, and 23×,
espectively.
.7. Combinational antiviral effects of CCR5 mAbs

The four extracellular domains of CCR5 may provide mul-
iple epitopes. MAbs recognizing different sites on CCR5 may

v
1
R
I
i

0.101 0.463 0.117 0.102

NF-resistant viruses are listed as Monogram Biosciences accession numbers.

ct synergistically in inhibiting viral entry. The combinational
irus CC1/85 NDC and the MVR-resistant virus CC1/85 MVRres at passage
4 were tested for their responses to efavirenz, MVC, and CCR5 mAbs 2D7,
OAb13, and ROAb14 in PBMC antiviral assays as described in Section 2. The

C50 and IC90 values from 2 or more independent experiments were summarized
n the table.
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Fig. 4. Inhibition of cell–cell fusion by CCR5 mAbs in combination. (A) Binding competition of novel CCR5 mAbs with 2D7. CHO-CCR5 cells were pre-incubated
with 10 �g/ml of 2D7, ROAb12, ROAb13, ROAb14, ROAb18 or mouse IgG isotype control on ice for 45 min, followed by the addition of 5 �g/ml of labeled 2D7.
After further incubation for 30 min, cells were subject to FACS analysis. Mean fluorescence intensity (MFI) for each treatment was normalized against isotype control
group (set as 100%) and shown as bars. (B) and (C) are dose response curves of CCR5 mAbs in combination or alone in CCF assays. All mAbs are dosed from 2 ng/ml
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o 5.4 �g/ml. Results are mean values from 3 independent experiments. The r
OAb18:2D7, and ROAb13:ROAb12). The combination indexes (CI) for all co

omparison with 2D7 and ROAb13 alone at every dose points
as observed (dose–response curve shift). However, when 2D7

nd ROAb14 were combined, no significant dose response
urve shift was found (Fig. 4C). The combination index (CI) for
D7-ROAb13 at 50 and 90% inhibition levels were calculated
s 0.11 and 0.07, respectively; and the CI for 2D7-ROAb14
t 50 and 90% inhibition levels were calculated as 0.94 and
.06, respectively. A CI smaller than 1 indicates synergism;
CI equals 1 indicates additive effect; and a CI greater than
indicates antagonism. Therefore, a very strong synergy was

ound between 2D7 and ROAb13, but only additive effect
as observed between 2D7 and ROAb14. Similarly, ROAb12

nd ROAb18 also showed additive effects in combination
ith 2D7. However, when ROAb13 and ROAb12 were dosed

ogether, a strong synergistic effect was also found (Fig. 4D).
n order to understand the mechanism of these interactions, a
inding competition experiment was performed. As shown in
ig. 4A, ROAb12, ROAb14, ROAb18, and 2D7 itself competed
qually well with labeled 2D7 for binding to CCR5. In contrast,
OAb13 did not compete with 2D7 for CCR5 binding. These

esults suggest that ROAb13 binds to different epitopes from
he other mAbs, and the other 3 novel mAbs and 2D7 may
ecognize similar regions of CCR5. This explains why ROAb13

s synergistic with 2D7 but not the other 3 mAbs. This was also
onfirmed by the finding that ROAb13 was also highly synergis-
ic with ROAb12 in inhibiting CCR5-mediated cell–cell fusion
Fig. 4D).

t
t
d
c

or all mAb combinations is 2:1 (ROAb12:2D7, ROAb13:2D7, ROAb14:2D7,
ations are shown in (D).

.8. CCR5 mAbs do not possess agonist activity

Anti-CCR5 mAbs are large molecules that bind to large
urface areas of CCR5 with their binding regions overlapping
ith the binding sites of the natural ligands. It has been shown

hat CCR5 mAb MC-6 induces signaling without promoting
eceptor internalization (Blanpain et al., 2002). Therefore, it is
ecessary to determine if these mAbs possess agonist activ-
ty. CHO-CCR5 cells that express G16� protein for efficient
ignal pathway coupling were incubated with various amounts
f CCR5 mAbs or MIP1� and calcium flux was measured by
LIPR. Calcium ionophore ionomycin was used as the maxi-
um calcium flux control. As shown in Fig. 5A, MIP1� induced

alcium flux almost to the level of that by ionomycin in a
ose-dependent manner. None of the CCR5 mAbs induced cal-
ium influx in CHO-CCR5 cells, suggesting these mAbs do not
ctivate CCR5. Since activation of CCR5 also results in the acti-
ation of a variety of signal pathways including MAP kinases
Ottonello et al., 2005; Rodriguez-Frade et al., 1999; Wong and
ish, 1998), to verify the above finding the MAb-treated cells
ere also analyzed for CCR5-mediated MAP kinase activation.
lthough both RANTES and MIP1� were shown to be able

o activate MAP kinases in CCR5-expressing cells, it appears

hat they use different routes. MIP1� activates MAP kinases
hrough CCR5, but RANTES activates MAP kinases indepen-
ent of CCR5, through interaction with proteoglycans on the
ell surface (Chang et al., 2002; Roscic-Mrkic et al., 2003).
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Fig. 5. CCR5 antibodies exhibited no agonist activity. (A) FLIPR assay using CHO-CCR5 cells treated with 100 nM MIP1�, or 20 �g/ml CCR5 mAbs. (B) CHO-
CCR5 cells were treated with vehicle, CCR5 mAbs (20 �g/ml), or MIP1� (100 nM). Whole cell extracts were subject to PAGE and the unphosphorylated and
p estern blots were scanned and the densities of the phosphorylated p42 (P-p42) from
v changes in P-p42 upon treatment. In both Fig. 3B and C, lanes 1–3 represent ROAb14
t tment for 7, 15, and 30 min, respectively. Lanes 7–9 represent MIP1� treatment for
7 .
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Fig. 6. CCR5 antibodies do not trigger CCR5 internalization. CHO-CCR5 cells
were pre-incubated with PE-labeled CCR5 antibodies or 100 nM RANTES at
37 ◦C for 2 h, then PE-labeled 2D7 was added to RANTES-treated cells and all
cells were further incubated on ice for another 30 min before FACS analysis.
The mean fluorescence intensity (MFI) values from the standard FACS group
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hosphorylated MAP kinases p42 and p44 were detected by western blots. (C) W
arious treatment were divided by the density from vehicle control to reflect fold
reatment for 7, 15, and 30 min, respectively. Lanes 4–6 represent ROAb12 trea
, 15, and 30 min, respectively. Lane 10 represents vehicle treatment for 30 min

herefore, MIP1� instead of RANTES was used as the positive
ontrol in the MAP kinase activation studies. The results showed
hat MIP1� induced MAP kinase p42 and p44 activation. The
hosphorylated p42 increased 1.6-fold at 7 min post-exposure
o MIP1�, and peaked at 15 min (2-fold). However, no increase
n phosphorylated p42 or p44 kinases was observed when CHO-
CR5 cells were exposed to CCR5 mAbs ROAb14 or ROAb12

or various time periods (Fig. 5B and C). These results further
onfirmed that these mAbs do not possess CCR5 agonist activity.

.9. CCR5 mAbs do not internalize the receptor

CCR5 is activated by chemokine ligands RANTES, MIP1�,
nd MIP1�, and the activated receptor can undergo internaliza-
ion. It has been reported that the mouse anti-hCCR5 mAbs were
ble to down-regulate cell surface CCR5 (Barassi et al., 2005;
lanpain et al., 2002). To assess whether these novel CCR5
Abs trigger internalization of the receptor, various CCR5
Abs were incubated with CHO-CCR5 cells and cell surface

eceptors were monitored by FACS. CCR5 ligand RANTES was
sed in this study as a positive control. As shown in Fig. 6, about
0% of cell surface CCR5 was internalized after 2 h incuba-
ion of the cells with 100 nM of RANTES at 37 ◦C. However,
nder the same condition, none of the CCR5 mAbs internal-
zed the receptors at concentrations as high as 10 �g/ml. The
eason for the incomplete internalization of CCR5 by saturating
mount of RANTES is unclear. It may be explained by the lack
f sufficient cell proteins or machinery to internalize high levels
f cell surface CCR5. Because the down-regulation of CCR5
y certain antibodies occurred only at 48 h post-exposure to
nti-CCR5 antibodies (Barassi et al., 2005), the effect of CCR5
Abs on cell surface CCR5 was monitored up to 48 h. No down-

egulation of CCR5 after incubation of CHO-CCR5 cells with
arious CCR5 mAbs for 1, 24, or 48 h (data not shown) could be
bserved, suggesting that none of the novel CCR5 mAbs trigger
he internalization of CCR5 even after extended exposure.
. Discussion

Because CCR5 exists in multiple conformation states and
ts exodomains are highly flexible, mAbs recognizing many

s
I
c
o

ere divided by those from the 37 ◦C pre-incubated groups and the results were
epresented as percent of CCR5 receptors remained on the surface.

ifferent conformational epitopes can be generated. Published
vidence suggests that mAbs binding to different epitopes
howed differential inhibitory effects on ligands binding and
iral infection (Atchison et al., 1996; Olson et al., 1999).
lthough many anti-human CCR5 mAbs have been reported,
ery few of them exhibited potent antiviral activities. Two
f the most potent antibodies, PRO 140 and mAb004, are in
hase I clinical trial. Another potent CCR5 mAb 2D7 is in
reclinical development. In the present study, we described
novel mouse anti-human CCR5 mAbs that showed broad

nd potent antiviral activities. By comparison to PRO 140
nd mAb004, the novel mAb ROAb14 exhibited equivalent
r better antiviral activities and clade coverage. ROAb14

howed a very small IC90 range of 0.27–2.94 �g/ml (median
C90 = 1.4 �g/ml) against 29 HIV isolates from all common
lades. This spectrum of activity is superior to the IC90 ranges
f mAb004 (0.11–189 �g/ml) (Roschke et al., Abstract #H-213,
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4th ICAAC, October 30–November 2, Washington, DC) and
RO 140 (0.54–16 �g/ml) (Trkola et al., 2001).

CCR5 is the receptor for chemokines RANTES, MIP1�, and
IP1�, it constitutes one of the important components of the

omplex immune response network against invading pathogens.
lthough homozygous CCR5�32 individuals appear physi-
logically normal, studies using CCR5-knockout (KO) mice
uggested that CCR5 deficiency exacerbates host infection by a
ariety of pathogens, including influenza A virus, herpes sim-
lex virus type 2, bacterium Chlamydia trachomatis, West Nile,
nd non-cytolytic lymphocytic choriomeningitis virus (Ank et
l., 2005; Barr et al., 2005; Dawson et al., 2000; de Lemos
t al., 2005; Glass et al., 2005). The impaired activation and
rafficking of natural killer cells and CD8+ cells to the sites of
nfection in these CCR5-KO mice may be responsible for the
educed immune response against these pathogens. Recently, a
ink between CCR5 deficiency and increased West Nile virus
nfection was also found (Glass et al., 2006). Therefore, CCR5
nhibitors with differential antiviral and anti-cell activation activ-
ties may be preferable as new anti-HIV drugs. MAb ROAb13
nly partially inhibited (40% maximal) RANTES-triggered cal-
ium flux, and it was inactive against cell activation by MIP1�
nd MIP1� (Fig. 3). Moreover, our unpublished data suggest
hat ROAb13 is inactive against chemotaxis mediated by all
hree CCR5 ligands at concentrations up to 10 �g/ml. Although
OAb13 is weak or inactive in inhibiting ligand functions, it does

nhibit ligand binding to CCR5. The reason for this discrepancy
s not completely clear. One possible explanation is the incom-
lete inhibition of ligand binding by ROAb13 (Fig. 2D). It may
nly need a few ligand–receptor interactions per cell to trigger
ell signaling and activation. ROAb13 inhibited ligand binding
nly up to 82% at the highest tested concentrations, while all
ther tested mAbs demonstrated greater than 95% inhibition.

It was observed that all 5 CCR5 mAbs are 5–14-fold more
otent (IC50) in inhibiting viral replication in PMBCs than
n inhibiting single-cycle HIV-cell fusion or gp160/CCR5-

ediated cell–cell fusion, although similar activities were
bserved for all mAbs in the CCF assay and single-cycle assay
Table 1). The reason for this is not completely clear. One pos-
ible explanation is that the PBMCs express very low levels of
CR5 and the indicator cells used in the CCF or single-cycle
ssays are engineered to overexpress CCR5. Although enriched
istribution of CCR5 and CD4 molecules in the lipid rafts on
ell surface may facilitate fusion event, very low expression
f surface CCR5 is believed to slow down virus-cell fusion
inetics (Platt et al., 2005). It has been shown that HIV-cell
usion kinetics is associated with the expression level of cell
urface CCR5 (Platt et al., 2005; Reeves et al., 2002). More-
ver, HIV infection in cells expressing CCR5 at basal level is
ore susceptible to entry inhibitors TAK-779 and ENF (Platt

t al., 2005). This observation could help explain the low IC50
alues of CCR5 mAbs in the PBMC antiviral assays. The other
ifference between the PBMC antiviral assay and single-cycle

ntiviral assay or CCF assay is that multiple rounds of HIV infec-
ion occur in the PBMC antiviral assay while a single round of
nfection/fusion happens in the other assays. It is likely that fur-
her reduction of viral production happens after each additional

d
a
i
f

ch 74 (2007) 125–137 135

ound of infection cycle in the presence of CCR5 inhibitors.
he virus–cell ratios used in the single-cycle and PBMC antivi-

al assays may not be the same, this could also be an potential
ause of the IC50 differences in these assays. Since PBMCs are
solated from human donors, the antiviral data obtained from
BMC assay system is likely a better indicator of the true in
ivo drug potency than the assays utilizing engineered indicator
ells.

Drug resistance is common to all known antiviral agents, and
t is one of the main attributes to the failure of drug response
n treated patients. Combination of 3 or more antiviral drugs
ith different mechanism of actions may partly overcome this
roblem. HIV viruses resistant to one class of drugs may still be
ensitive to other classes of drugs. Drug resistance has been seen
or the first HIV entry inhibitor ENF, and all small-molecule
CR5 antagonists in clinical trials. In the current study, we
emonstrated that all novel CCR5 mAbs are not only fully active
gainst viruses resistant to the fusion inhibitor ENF but also
ully active against HIV viruses resistant to the CCR5 antago-
ist MVC. Resistance to ENF is mainly caused by mutations in
p41 especially HR1 region that interacts with ENF. Because it
s the surface envelope protein gp120 that interact with CCR5,
his explains the full susceptibility of ENF-resistant viruses to
CR5 mAbs. MVC resistance is most likely due to mutations in
p120 primarily the V3 loop that directly makes contact with the
oreceptor CCR5. Since CCR5 mAbs bind to large areas on the
urface of CCR5 and they may induce conformational changes
ifferent from those induced by the deeply bound CCR5 antag-
nists, MVC-resistant viruses may be unable to use mAb-bound
CR5 although they can still use MVC-bound CCR5 efficiently.
hese results suggest that CCR5 mAbs are potentially effective

n HIV-infected patients pre-exposed to other anti-HIV drugs
ncluding entry inhibitors and small-molecule CCR5 inhibitors.

Although mAbs have several disadvantages as drugs, such
s inconvenience of i.v. administration, potential allergic reac-
ions and the development of neutralizing anti-antibodies, they
o offer several advantages over other types of drugs. MAbs
re highly target-specific, thus minimizing non-target associated
ide effects or toxicity; mAbs have very long plasma half-lives,
llowing for biweekly or even monthly dosing; mAbs use dif-
erent route of administration, metabolism, and clearance, thus
re unlikely to interfere with the small-molecule drugs. In addi-
ion, almost all small molecule CCR5 antagonists showed potent
nhibitory effects on CCR5 natural ligand binding and functions,
hile it is possible to identify CCR5 mAbs with differential

ntiviral and anti-chemotaxis activities. Furthermore, because
ll antagonists compete for binding to the same pocket, no
avorable combinations between two antagonists are expected.
owever, mAbs recognizing different epitopes on CCR5 may
ot interfere with each other’s binding thus may exert synergis-
ic antiviral activities as demonstrated in the current study and
s reported before (Lee et al., 1999).

In summary, 4 novel mouse anti-human CCR5 mAbs are

escribed. All of them demonstrated potent antiviral activities
gainst lab-adapted HIV-1 strains and clinical isolates represent-
ng all common clades. These mAbs are highly potent in PBMCs
rom multiple donors. All mAbs are active against viruses resis-
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ant to other entry inhibitors including small-molecule CCR5
ntagonists. Furthermore, strong synergistic antiviral effects
ere observed between some of the mAbs.

cknowledgements

The authors would like to acknowledge Dr. Chris J. Petropou-
os and Monogram Biosciences for providing the PhenoSense
ntiviral data used in this article. We also would like to thank Drs.
ohn C. Kappes and Xiaoyun Wu and Tranzyme Inc. for provid-
ng JC53-BL cells through the NIH AIDS Research Reagents
nd Reference Program, and Dr. Irvin Chen for providing the
R-CSF virus.

eferences

lkhatib, G., Combadiere, C., Broder, C.C., Feng, Y., Kennedy, P.E., Murphy,
P.M., Berger, E.A., 1996. CC CKR5: a RANTES, MIP-1alpha, MIP-1beta
receptor as a fusion cofactor for macrophage-tropic HIV-1. Science 272,
1955–1958.

nk, N., Petersen, K., Malmgaard, L., Mogensen, S.C., Paludan, S.R., 2005.
Age-dependent role for CCR5 in antiviral host defense against herpes sim-
plex virus type 2. J. Virol. 79, 9831–9841.

tchison, R.E., Gosling, J., Monteclaro, F.S., Franci, C., Digilio, L., Charo, I.F.,
Goldsmith, M.A., 1996. Multiple extracellular elements of CCR5 and HIV-1
entry: dissociation from response to chemokines. Science 274, 1924–1926.

arassi, C., Soprana, E., Pastori, C., Longhi, R., Buratti, E., Lillo, F., Marenzi, C.,
Lazzarin, A., Siccardi, A.G., Lopalco, L., 2005. Induction of murine mucosal
CCR5-reactive antibodies as an anti-human immunodeficiency virus strat-
egy. J. Virol. 79, 6848–6858.

arbaro, G., Scozzafava, A., Mastrolorenzo, A., Supuran, C.T., 2005. Highly
active antiretroviral therapy: current state of the art, new agents and their
pharmacological interactions useful for improving therapeutic outcome.
Curr. Pharm. Des. 11, 1805–1843.

arr, E.L., Ouburg, S., Igietseme, J.U., Morre, S.A., Okwandu, E., Eko, F.O.,
Ifere, G., Belay, T., He, Q., Lyn, D., Nwankwo, G., Lillard, J., Black, C.M.,
Ananaba, G.A., 2005. Host inflammatory response and development of com-
plications of Chlamydia trachomatis genital infection in CCR5-deficient
mice and subfertile women with the CCR5delta32 gene deletion. J. Micro-
biol. Immunol. Infect. 38, 244–254.

lanpain, C., Vanderwinden, J.M., Cihak, J., Wittamer, V., Le Poul, E., Issafras,
H., Stangassinger, M., Vassart, G., Marullo, S., Schlndorff, D., Parmentier,
M., Mack, M., 2002. Multiple active states and oligomerization of CCR5
revealed by functional properties of monoclonal antibodies. Mol. Biol. Cell
13, 723–737.

orkow, G., Lapidot, A., 2005. Multi-targeting the entrance door to block HIV-1.
Curr. Drug Targets Infect. Disord. 5, 3–15.

han, D.C., Fass, D., Berger, J.M., Kim, P.S., 1997. Core structure of gp41 from
the HIV envelope glycoprotein. Cell 89, 263–273.

hang, T.L., Gordon, C.J., Roscic-Mrkic, B., Power, C., Proudfoot, A.E., Moore,
J.P., Trkola, A., 2002. Interaction of the CC-chemokine RANTES with
glycosaminoglycans activates a p44/p42 mitogen-activated protein kinase-
dependent signaling pathway and enhances human immunodeficiency virus
type 1 infectivity. J. Virol. 76, 2245–2254.

hou, T.C., Talalay, P., 1984. Quantitative analysis of dose-effect relationships:
the combined effects of multiple drugs or enzyme inhibitors. Adv. Enzyme
Regul. 22, 27–55.

oakley, E., Petropoulos, C.J., Whitcomb, J.M., 2005. Assessing chemokine
co-receptor usage in HIV. Curr. Opin. Infect. Dis. 18, 9–15.

awson, T.C., Beck, M.A., Kuziel, W.A., Henderson, F., Maeda, N., 2000.

Contrasting effects of CCR5 and CCR2 deficiency in the pulmonary
inflammatory response to influenza A virus. Am. J. Pathol. 156, 1951–
1959.

e Lemos, C., Christensen, J.E., Nansen, A., Moos, T., Lu, B., Gerard, C., Chris-
tensen, J.P., Thomsen, A.R., 2005. Opposing effects of CXCR3 and CCR5

P

ch 74 (2007) 125–137

deficiency on CD8+ T cell-mediated inflammation in the central nervous
system of virus-infected mice. J. Immunol. 175, 1767–1775.

eng, H., Liu, R., Ellmeier, W., Choe, S., Unutmaz, D., Burkhart, M., Di Marzio,
P., Marmon, S., Sutton, R.E., Hill, C.M., Davis, C.B., Peiper, S.C., Schall,
T.J., Littman, D.R., Landau, N.R., 1996. Identification of a major co-receptor
for primary isolates of HIV-1. Nature 381, 661–666.

ragic, 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., Paxton, W.A., 1996.
HIV-1 entry into CD4+ cells is mediated by the chemokine receptor CC-
CKR-5. Nature 381, 667–673.

ckert, D.M., Kim, P.S., 2001. Mechanisms of viral membrane fusion and its
inhibition. Annu. Rev. Biochem. 70, 777–810.

ugen-Olsen, J., Iversen, A.K., Garred, P., Koppelhus, U., Pedersen, C., Ben-
field, T.L., Sorensen, A.M., Katzenstein, T., Dickmeiss, E., Gerstoft, J.,
Skinhoj, P., Svejgaard, A., Nielsen, J.O., Hofmann, B., 1997. Heterozygosity
for a deletion in the CKR-5 gene leads to prolonged AIDS-free survival and
slower CD4 T-cell decline in a cohort of HIV-seropositive individuals. Aids
11, 305–310.

alfre, G., Milstein, C., 1981. Preparation of monoclonal antibodies: strategies
and procedures. Methods Enzymol. 73, 3–46.

lass, W.G., Lim, J.K., Cholera, R., Pletnev, A.G., Gao, J.L., Murphy, P.M.,
2005. Chemokine receptor CCR5 promotes leukocyte trafficking to the brain
and survival in West Nile virus infection. J. Exp. Med. 202, 1087–1098.

lass, W.G., McDermott, D.H., Lim, J.K., Lekhong, S., Yu, S.F., Frank, W.A.,
Pape, J., Cheshier, R.C., Murphy, P.M., 2006. CCR5 deficiency increases
risk of symptomatic West Nile virus infection. J. Exp. Med. 203, 35–40.

ames, W., Weiss, R.A., Simon, J.H., 1996. The receptor for HIV: dissection
of CD4 and studies on putative accessory factors. Curr. Top. Microbiol.
Immunol. 205, 137–158.

i, C., Zhang, J., Cammack, N., Sankuratri, S., 2006. Development of a novel
dual CCR5-dependent and CXCR4-dependent cell-cell fusion assay system
with inducible gp160 expression. J. Biomol. Screen 11, 65–74.

alezari, J., Thompson, M., Kumar, P., Piliero, P., Davey, R., Patterson, K.,
Shachoy-Clark, A., Adkison, K., Demarest, J., Lou, Y., Berrey, M., Piscitelli,
S., 2005. Antiviral activity and safety of 873140, a novel CCR5 antagonist,
during short-term monotherapy in HIV-infected adults. Aids 19, 1443–1448.

apham, C.K., Ouyang, J., Chandrasekhar, B., Nguyen, N.Y., Dimitrov, D.S.,
Golding, H., 1996. Evidence for cell-surface association between fusin and
the CD4-gp120 complex in human cell lines. Science 274, 602–605.

azzarin, A., 2005. Enfuvirtide: the first HIV fusion inhibitor. Expert Opin.
Pharmacother. 6, 453–464.

ee, B., Sharron, M., Blanpain, C., Doranz, B.J., Vakili, J., Setoh, P., Berg, E.,
Liu, G., Guy, H.R., Durell, S.R., Parmentier, M., Chang, C.N., Price, K.,
Tsang, M., Doms, R.W., 1999. Epitope mapping of CCR5 reveals multiple
conformational states and distinct but overlapping structures involved in
chemokine and coreceptor function. J. Biol. Chem. 274, 9617–9626.

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

aeda, K., Nakata, H., Koh, Y., Miyakawa, T., Ogata, H., Takaoka, Y.,
Shibayama, S., Sagawa, K., Fukushima, D., Moravek, J., Koyanagi, Y.,
Mitsuya, H., 2004. Spirodiketopiperazine-based CCR5 inhibitor which pre-
serves CC-chemokine/CCR5 interactions and exerts potent activity against
R5 human immunodeficiency virus type 1 in vitro. J. Virol. 78, 8654–8662.

lson, W.C., Rabut, G.E., Nagashima, K.A., Tran, D.N., Anselma, D.J., Monard,
S.P., Segal, J.P., Thompson, D.A., Kajumo, F., Guo, Y., Moore, J.P., Maddon,
P.J., Dragic, T., 1999. Differential inhibition of human immunodeficiency
virus type 1 fusion, gp120 binding, and CC-chemokine activity by mono-
clonal antibodies to CCR5. J. Virol. 73, 4145–4155.

ttonello, L., Montecucco, F., Bertolotto, M., Arduino, N., Mancini, M., Cor-
cione, A., Pistoia, V., Dallegri, F., 2005. CCL3 (MIP-1alpha) induces in
vitro migration of GM-CSF-primed human neutrophils via CCR5-dependent

activation of ERK 1/2. Cell Signal. 17, 355–363.

etropoulos, C.J., Parkin, N.T., Limoli, K.L., Lie, Y.S., Wrin, T., Huang, W.,
Tian, H., Smith, D., Winslow, G.A., Capon, D.J., Whitcomb, J.M., 2000.
A novel phenotypic drug susceptibility assay for human immunodeficiency
virus type 1. Antimicrob. Agents Chemother. 44, 920–928.



esear

P

P

R

R

R

S

S

T

T

W

W

C. Ji et al. / Antiviral R

ierson, T.C., Doms, R.W., Pohlmann, S., 2004. Prospects of HIV-1 entry
inhibitors as novel therapeutics. Rev. Med. Virol. 14, 255–270.

latt, E.J., Durnin, J.P., Kabat, D., 2005. Kinetic factors control efficiencies of
cell entry, efficacies of entry inhibitors, and mechanisms of adaptation of
human immunodeficiency virus. J. Virol. 79, 4347–4356.

eeves, J.D., Gallo, S.A., Ahmad, N., Miamidian, J.L., Harvey, P.E., Sharron,
M., Pohlmann, S., Sfakianos, J.N., Derdeyn, C.A., Blumenthal, R., Hunter,
E., Doms, R.W., 2002. Sensitivity of HIV-1 to entry inhibitors correlates with
envelope/coreceptor affinity, receptor density, and fusion kinetics. Proc. Natl.
Acad. Sci. U.S.A. 99, 16249–16254.

odriguez-Frade, J.M., Vila-Coro, A.J., Martin, A., Nieto, M., Sanchez-Madrid,
F., Proudfoot, A.E., Wells, T.N., Martinez, A.C., Mellado, M., 1999. Similar-
ities and differences in RANTES- and (AOP)-RANTES-triggered signals:
implications for chemotaxis. J. Cell Biol. 144, 755–765.

oscic-Mrkic, B., Fischer, M., Leemann, C., Manrique, A., Gordon, C.J., Moore,
J.P., Proudfoot, A.E., Trkola, A., 2003. RANTES (CCL5) uses the proteo-
glycan CD44 as an auxiliary receptor to mediate cellular activation signals
and HIV-1 enhancement. Blood 102, 1169–1177.

amson, M., Libert, F., Doranz, B.J., Rucker, J., Liesnard, C., Farber, C.M.,

Saragosti, S., Lapoumeroulie, C., Cognaux, J., Forceille, C., Muyldermans,
G., Verhofstede, C., Burtonboy, G., Georges, M., Imai, T., Rana, S., Yi, Y.,
Smyth, R.J., Collman, R.G., Doms, R.W., Vassart, G., Parmentier, M., 1996.
Resistance to HIV-1 infection in caucasian individuals bearing mutant alleles
of the CCR-5 chemokine receptor gene. Nature 382, 722–725.

W

W

ch 74 (2007) 125–137 137

trizki, J.M., Tremblay, C., Xu, S., Wojcik, L., Wagner, N., Gonsiorek, W.,
Hipkin, R.W., Chou, C.C., Pugliese-Sivo, C., Xiao, Y., Tagat, J.R., Cox, K.,
Priestley, T., Sorota, S., Huang, W., Hirsch, M., Reyes, G.R., Baroudy, B.M.,
2005. Discovery and characterization of vicriviroc (SCH 417690), a CCR5
antagonist with potent activity against human immunodeficiency virus type
1. Antimicrob. Agents Chemother. 49, 4911–4919.

rkola, A., Dragic, T., Arthos, J., Binley, J.M., Olson, W.C., Allaway,
G.P., Cheng-Mayer, C., Robinson, J., Maddon, P.J., Moore, J.P., 1996.
CD4-dependent, antibody-sensitive interactions between HIV-1 and its co-
receptor CCR-5. Nature 384, 184–187.

rkola, A., Ketas, T.J., Nagashima, K.A., Zhao, L., Cilliers, T., Morris, L.,
Moore, J.P., Maddon, P.J., Olson, W.C., 2001. Potent, broad-spectrum inhi-
bition of human immunodeficiency virus type 1 by the CCR5 monoclonal
antibody PRO 140. J. Virol. 75, 579–588.

atson, C., Jenkinson, S., Kazmierski, W., Kenakin, T., 2005. The CCR5
receptor-based mechanism of action of 873140, a potent allosteric noncom-
petitive HIV entry inhibitor. Mol. Pharmacol. 67, 1268–1282.

eissenhorn, W., Dessen, A., Harrison, S.C., Skehel, J.J., Wiley, D.C., 1997.
Atomic structure of the ectodomain from HIV-1 gp41. Nature 387, 426–430.
ong, M., Fish, E.N., 1998. RANTES and MIP-1alpha activate stats in T cells.
J. Biol. Chem. 273, 309–314.

ood, A., Armour, D., 2005. The discovery of the CCR5 receptor antagonist,
UK-427,857, a new agent for the treatment of HIV infection and AIDS. Prog.
Med. Chem. 43, 239–271.


	Novel CCR5 monoclonal antibodies with potent and broad-spectrum anti-HIV activities
	Introduction
	Materials and methods
	Reagents
	Cell lines
	Other cell lines

	Generation of mouse anti-human CCR5 mAbs
	FACS analysis
	Radioligand binding assays
	CCR5-mediated intracellular Ca2+ flux
	Antiviral assays
	In vitro drug interaction analysis

	Results
	Identification of mouse anti-human CCR5 monoclonal antibodies
	Potent antiviral activities of CCR5 mAbs
	Donor-independent antiviral activities of CCR5 mAb ROAb14
	Broad-spectrum antiviral activities of CCR5 mAbs
	Effects of CCR5 mAbs on chemokine binding and function
	The CCR5 mAbs are fully active against viruses resistant to other HIV entry inhibitors
	Combinational antiviral effects of CCR5 mAbs
	CCR5 mAbs do not possess agonist activity
	CCR5 mAbs do not internalize the receptor

	Discussion
	Acknowledgements
	References


