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Broadly neutralizing antibodies PG9 and PG16 effectively neutralize 70 to 80% of circulating HIV-1 isolates. In this study, the
neutralization abilities of PG9 and PG16 were further enhanced by bioconjugation with aplaviroc, a small-molecule inhibitor of
virus entry into host cells. A novel air-stable diazonium hexafluorophosphate reagent that allows for rapid, tyrosine-selective
functionalization of proteins and antibodies under mild conditions was used to prepare a series of aplaviroc-conjugated anti-
bodies, including b12, 2G12, PG9, PG16, and CD4-IgG. The conjugated antibodies blocked HIV-1 entry through two mecha-
nisms: by binding to the virus itself and by blocking the CCR5 receptor on host cells. Chemical modification did not significantly
alter the potency of the parent antibodies against nonresistant HIV-1 strains. Conjugation did not alter the pharmacokinetics of
a model IgG in blood. The PG9-aplaviroc conjugate was tested against a panel of 117 HIV-1 strains and was found to neutralize
100% of the viruses. PG9-aplaviroc conjugate IC50s were lower than those of PG9 in neutralization studies of 36 of the 117 HIV-1
strains. These results support this new approach to bispecific antibodies and offer a potential new strategy for combining HIV-1
therapies.

Innovative new approaches to HIV-1 prophylaxis and therapy
are desperately needed. Despite the successes of highly active

antiretroviral therapy (HAART), more than 2 million people die
each year and more than 33 million individuals are infected
worldwide (http://aids.gov/hiv-aids-basics/hiv-aids-101/global
-statistics/). Although HAART is typically effective, it is not with-
out problems, including complicated drug-drug interactions, ad-
herence issues, and a myriad of side effects. The development of
potent and broadly acting biologic drugs might offer a solution to
some of these problems and complement traditional HAART.

Broadly neutralizing monoclonal antibodies (BNmAbs) that
recognize features conserved across clades of HIV are promising
starting points for the development of immunotherapeutic agents
against HIV-1 (1–8). Several studies have shown that the transfer
of sufficient quantities of broadly neutralizing antibodies can
achieve sterilizing immunity against intravenous, vaginal, or rec-
tal challenge in macaque models (9, 10). The delivery of broadly
neutralizing antibodies using gene-based approaches has also
been shown to be effective in animal models (11, 12). Indeed, soon
after our discovery of BNmAb b12, we developed protein engi-
neering methods to increase the potency and breadth of neutral-
ization by b12 with the original aim of developing evolved b12
variants for HIV-1 therapy (13, 14). Collectively, these studies
suggest that BNmAbs could be effective HIV-1 prophylactic and
therapeutic agents. Unfortunately, even the most broadly neutral-
izing antibody is vulnerable to viral escape, because a single amino
acid change on the target protein can alter the binding epitope. If
a BNmAb could be modified to inhibit HIV in multiple ways, the
evolutionary hurdle for escape would be significantly elevated.
Furthermore, by combining multiple inhibitory functions in a
single molecule, the regulatory and cost issues for a biologic com-
plement to combinatorial drug therapy might be minimized.

Recently, we developed a new class of therapeutic molecules by

demonstrating that catalytic monoclonal antibodies covalently
linked to designed ligands possess potent biological activities in a
variety of animal models of disease (15–19). Several of these are
now in clinical development (20). These studies revealed the many
advantages of coupling active small molecules and peptides with
antibodies. In contrast to bispecific-antibody approaches based
on protein engineering, such as the dual-variable-domain
(DVD)-Ig (21) or single-chain variable fragment (scFv)-Ig (22)
fusion approaches, among others, laborious protein engineering
is not required to endow a second specificity when the desired
ligand is chemically coupled to the antibody. Furthermore, ex-
pression issues are bypassed, since development of a new cell line
is not required.

A promising additional blockade to HIV-1 infection that
should complement the targeting of viral proteins is the targeting
of host proteins required for viral entry and replication. Unlike
viral proteins, host proteins are not under selective pressure to
evolve to evade the therapeutic agent. A number of small-mole-
cule inhibitors of the HIV-1 coreceptors CCR5 and CXCR4 have
been developed (23, 24), and one CCR5-targeting drug has been
approved (25–28). Here we covalently linked a CCR5-targeting
small molecule, aplaviroc, to BNmAbs and CD4-IgG. This ap-
proach provided rapid access to bispecific proteins with excep-
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tional breadth in their abilities to neutralize diverse isolates of
HIV-1.

MATERIALS AND METHODS
Antibodies. Antibodies b12, 2G12, and DEN3 were provided by Dennis
R. Burton (Scripps Research Institute); antibodies PG9 and PG16 were
provided by the IAVI; the CD4-IgG2 immunoadhesion protein was ob-
tained from Progenics (PRO542). Antibodies were stored at 4°C. Thera-
peutic-grade trastuzumab (Genentech) was used without additional pu-
rification.

Synthesis of labeling reagents. The synthesis and characterization of
aplaviroc with a linker have been described previously (29).

Antibody labeling procedure. In a 1.5-ml tube, an antibody solution
(99 �l; 1.5 mg/ml in 0.1 M Na2HPO4 [pH 8.0]) and 10 equivalents of
4-formylbenzene diazonium hexafluorophosphate (FBDP; 1 �l; 10 mM
solution in CH3CN) were combined (30). The solution was mixed gently
and was allowed to react for 30 min at room temperature with intermit-
tent mixing. The solution turned yellow upon completion of the reaction.
After 30 min, excess FBDP was removed using a Zeba Spin desalting
column (molecular weight cutoff [MWCO], 7,000 [7K]; Pierce), and buf-
fer was exchanged with 0.1 M Na2HPO4 (pH 6.0). Aplaviroc-oxyamine
(20 equivalents; 2 �l; 10 mM solution in CH3CN) was added, and the
solution was incubated overnight at 4°C. Excess aplaviroc-oxyamine was
removed using a Zeba Spin desalting column (MWCO, 7K), and free
aplaviroc was removed by using a protein A spin column (GE Healthcare)
according to the manufacturer’s instructions.

Tryptic digestion and quadrupole time of flight tandem mass spec-
trometry (Q-TOF MS-MS) characterization of antibody conjugates.
Purified antibody samples (100 �l; 1 mg/ml) were exchanged into 6 M
guanidine, 0.1 M Tris (pH 8.0) by using 0.5-ml Zeba Spin desalting col-
umns (MWCO, 7K) according to the manufacturer’s instructions. To
each sample, 1 M dithiothreitol (DTT) (Fisher) was added to a final con-
centration of 20 mM. The samples were incubated for 1 h at 37°C with
gentle shaking, and a 1 M solution of iodoacetamide (Fisher) was added to
each sample to a final concentration of 40 mM. Samples were incubated at
room temperature in the dark for 40 min. The alkylation reactions were
quenched by adding 1 M DTT to a 40 mM final concentration. Sample
buffer was then exchanged for trypsin digestion buffer (50 mM Tris [pH
7.5], 5 mM CaCl2) using 0.5-ml Zeba Spin desalting columns (MWCO,
7K). Trypsin Gold (0.5 mg/ml; Pierce) was dissolved in 50 mM acetic acid.
The trypsin solution was added to each sample at an enzyme-to-protein
ratio of 1:20 (wt/wt), and samples were incubated at 37°C with shaking at
600 rpm for approximately 18 h. Digestion was stopped by the addition of
trifluoroacetic acid (TFA) to approximately 0.1%.

Samples (with 20 �g protein injected) were analyzed using an Agilent
6510 Q-TOF mass spectrometer equipped with a Zorbax SB C18 column
(narrow bore; inner diameter, 2.1 mm; length, 150 mm; particle size, 3.5
�m) (Agilent). High-performance liquid chromatography (HPLC) pa-
rameters were as follows: flow rate, 0.2 ml/min; a gradient from 0 to 40%
mobile phase B over 80 min, followed by a gradient to 0% B from 80 to 90
min. Mobile phase A was 0.05% TFA (vol/vol) in HPLC-grade H2O, 2%
acetonitrile (vol/vol), and mobile phase B was 0.04% TFA (vol/vol) in
90% acetonitrile (vol/vol). MS data were collected for 200 to 2,500 m/z
and 100 to 2,000 m/z, positive polarity, a gas temperature of 325°C, a
nebulizer pressure of 30 lb/in2, and a capillary voltage of 3,500 V. Data
were analyzed using MassHunter software (Agilent) and GPMAW soft-
ware (version 8.20; ChemSW).

Flow cytometry. Flow cytometry experiments were performed as de-
scribed previously (29). The cell lines used were A431 cells, which do not
express CCR5, and TZM-bl cells, which do express CCR5. In brief, a
single-cell suspension was prepared, and cells were washed twice with cold
stain buffer (BD Pharmingen) and were pelleted by centrifugation (300 �
g). The cell pellet was resuspended in cold stain buffer to a final concen-
tration of 2 � 107 cells/ml. Aliquots of 50 �l were distributed to V-bottom
wells of microwell plates (Corning). Primary antibodies were added to a

final concentration of 20 �g/ml; each sample was tested in triplicate. The
cells were incubated on ice for 1 h, washed twice with stain buffer, and
resuspended in 100 �l of stain buffer. A fluorescence-labeled secondary
antibody was added at a concentration recommended by manufacturer.
The plate was incubated on ice, protected from light, for 1 h. The cells were
washed twice with the stain buffer, resuspended in 200 �l of stain buffer,
and transferred to filter-top fluorescence-activated cell sorter (FACS)
tubes (BD Biosciences) containing 300 �l of buffer (2% fetal bovine se-
rum [FBS] in phosphate-buffered saline [PBS]). Cell counting was per-
formed using a digital LSR II cytometer. Data were analyzed with FlowJo
software, version 8.7.1.

Pharmacokinetic study. The pharmacokinetic experiment was car-
ried out as described previously (19). In brief, all animal experiments were
performed according to Division of Animal Resources (TSRI) guidelines
following approved protocols. Female athymic nude mice (8 weeks of age)
were injected subcutaneously with 100 �g trastuzumab or trastuzumab-
aplaviroc in 100 �l sterile PBS (4 animals per group). Blood was collected
from tail veins after 5 min, 2 h, 4 h, 8 h, 24 h, 48 h, 72 h, 96 h, 168 h, and
336 h. In order to minimize blood loss, only 10 �l of blood was withdrawn
per bleed; blood was diluted 1/5 in PBS containing 1% bovine serum
albumin (BSA). Samples were allowed to chill on ice for 20 min. Insoluble
components were removed by centrifugation, and samples were stored at
�20°C until analysis.

The binding and wash buffer for enzyme-linked immunosorbent as-
says (ELISA) was PBS containing 1% BSA. Half-area ELISA plates (Corn-
ing) were coated with anti-human IgG Fc (Pierce) at 750 ng/well over-
night at 4°C. After wells were blocked with 3% BSA, serum samples
diluted in binding buffer were added, and samples were incubated for 1 h
at 37°C. Trastuzumab and trastuzumab-aplaviroc were detected by incu-
bation with donkey anti-human IgG conjugated with horseradish perox-
idase (HRPO) (Jackson ImmunoResearch). To determine the serum di-
lution at which 80% saturation was reached, the 5-min samples were
serially diluted and analyzed; 80% saturation of the ELISA signal at time
zero was reached at a dilution of 1/500 for the anti-human IgG. In all
subsequent experiments, the optical density (OD) at time zero was set as
100%, and the absorption at all later time points was displayed as a per-
centage of that at time zero. The resulting curves were fitted using Graph-
Pad Prism one-phase exponential decay.

Virus neutralization assay. Neutralization assays with single-round
infectious pseudovirus were performed as described elsewhere (10) by
using U87.CD4.CCR5 target cells obtained from the NIH AIDS Research
and Reference Reagent Program (contributed by HongKui Deng and Dan
Littman). Briefly, 1 � 104 target cells in a volume of 100 �l were seeded
into wells of 96-well plates (Corning) and were incubated overnight at
37°C under 5% CO2. After overnight incubation, the medium was re-
moved, and 50 �l of fresh medium was added to each well. Serially diluted
samples (50 �l) were transferred to plated target cells and were incubated
for 1 h at 37°C. An equal volume of virus previously determined to yield
2 � 105 relative light units (RLU) was added (100 �l), and plates were
incubated for an additional 72 h. To measure luciferase activity, the me-
dium was removed, the wells were washed once with Ca2�- and Mg2�-
free phosphate-buffered saline, and 50 �l of an appropriately diluted lu-
ciferase cell culture lysis reagent (Promega) was added and mixed by
pipetting vigorously up and down. Aliquots (20 �l) were transferred to
opaque 96-well assay plates (Corning), and luciferase activity was mea-
sured on a luminometer (EG&G Berthold LB96V; Perkin-Elmer) using a
luciferase assay substrate (Promega). The percentage of virus neutraliza-
tion at a given antibody concentration was determined by calculating the
reduction in luciferase activity in the presence of an antibody (relative to
that in virus-only wells).

High-throughput virus neutralization assay. High-throughput
screening of the PG9-aplaviroc conjugate was performed in the laboratory
of Michael Seaman, Harvard Medical School. The highest concentration
of PG9-aplaviroc tested was 50 �g/ml; seven 5-fold dilutions were also
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tested in duplicate wells. The highest concentration of aplaviroc tested was
100 nM.

RESULTS
Model trastuzumab-aplaviroc conjugate. In order to indepen-
dently assess the activity of aplaviroc conjugated to a carrier IgG
without anti-HIV-1 activity, trastuzumab, an anti-Her2 mono-
clonal antibody (MAb), was used as a model human IgG for chem-
ical modification and testing. Bioconjugation conditions were se-
lected on the basis of our previous study (30) and were further
optimized here (for full optimization details, see the tables in sec-
tion S3 in the supplemental material). The two-step conjugation
methodology involved modification of the IgG with FBDP (4-
formylbenzene diazonium hexafluorophosphate) followed by
ligation of the antibody to aplaviroc-oxyamine (Fig. 1). The tras-
tuzumab-aplaviroc conjugate was subjected to extensive purifica-
tion, including gel filtration and protein A purification, to ensure
complete removal of unreacted aplaviroc.

Characterization of trastuzumab-aplaviroc by matrix-assisted
laser desorption ionization–time of flight (MALDI-TOF) mass
spectrometry revealed the incorporation of an average of 1 apla-
viroc moiety per IgG molecule (see the supplemental material).
Tryptic digestion and MS-MS characterization of the trastu-
zumab-aplaviroc indicated that the diazonium modification oc-
curred preferentially at the conserved surface-exposed tyrosine in
the Fc domain at position 319 by Kabat numbering. Some minor
modification was also observed in the heavy chain of Fab (see the
supplemental material). This observation is in agreement with
previous studies that demonstrated preferential diazene forma-
tion with the most accessible tyrosines (22, 31, 32). When trastu-
zumab that was not modified with FBDP was incubated with apla-
viroc-oxyamine, no conjugation of aplaviroc-oxyamine occurred,
as shown by MALDI-TOF mass spectrometry. This sample had no
activity in the HIV neutralization assays, indicating that the puri-
fication protocol used removed unconjugated aplaviroc-oxy-
amine.

Flow cytometry demonstrated that trastuzumab-aplaviroc
bound to Her2-positive A431 cells and, to a lesser extent, to
CCR5-positive TZM-bl cells (Fig. 2A). The parent antibody, tras-
tuzumab, also bound to TZM-bl cells, due to low-level expression

of Her2; however, mean fluorescence intensity was considerably
higher for trastuzumab-aplaviroc bound to TZM-bl cells than for
the parent antibody, indicating that the CCR5 binding activity of
aplaviroc was maintained following conjugation.

The anti-HIV-1 activity of trastuzumab-aplaviroc was assessed
by neutralization assays with a single round of infectious pseudo-
virus. Trastuzumab-aplaviroc neutralized HIV-1 strains JR-FL
and YU2 with 50% inhibitory concentrations (IC50s) of 2.3 nM
and 4.9 nM, respectively; unmodified trastuzumab showed no
neutralizing activity (Fig. 2B). The potent CCR5 binding antibody
2D7 neutralized HIV-1 strains JR-FL and YU2 with IC50s of 0.2
nM and 0.1 nM, respectively. To ensure the CCR5-based mecha-
nism of trastuzumab-aplaviroc, it was also tested for neutraliza-
tion of CXCR4-tropic HIV HXB2 and was found to be inactive
(see the supplemental material).

Modification of the antibody occurred primarily at Tyr 319 in
the CH2 region of the heavy chain. Because the in vivo half-lives
(t1/2) of antibodies are mediated primarily by contacts in the CH2
region of the IgG with the neonatal Fc receptor FcRn, we evaluated
the half-lives of the parent and the conjugate in mice. The trastu-
zumab-aplaviroc conjugate had pharmacokinetic properties sim-
ilar to those of the unmodified parent antibody (Fig. 2C). The
half-life of trastuzumab in athymic nude mice was 115 h, whereas
the half-life of the trastuzumab-aplaviroc conjugate was 168 h.
The half-life of aplaviroc in mice is 30 min (33). Therefore, con-
jugation of aplaviroc with trastuzumab dramatically extended the
half-life of aplaviroc in vivo and did not negatively impact the
half-life of the scaffold antibody.

Conjugation of aplaviroc to broadly neutralizing monoclo-
nal antibodies and CD4-IgG. BNmAbs b12, 2G12, PG9, and PG16
and the immunoadhesin protein CD4-IgG were conjugated with
aplaviroc, and the conjugates were characterized by MALDI-TOF
mass spectrometry. We observed the incorporation of 0.5 to 2 apla-
viroc moieties per protein molecule (Table 1). Tryptic digestion and
MS-MS analysis of conjugates indicated that the heavy-chain con-
stant region Tyr 319 was the primary site of chemical modification in
each BNmAb, although minor modification sites were also identified
(see the supplemental material). No modifications were observed in
the Fv regions of the antibodies.

FIG 1 Schematic representation of the chemical modification of an antibody with a diazonium hexafluorophosphate (FBDP) reagent. The antibody is first
modified with the FBDP reagent at a surface-exposed tyrosine residue(s), introducing an aldehyde tag onto the antibody. In the second step, chemoselective
conjugation of the aldehyde with oxyamine is performed, resulting in the introduction of the aplaviroc moiety onto the surface of the antibody.
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HIV-1 neutralization studies showed that the potencies of
BNmAb conjugates against HIV-1 isolates JR-FL and YU2 were
significantly higher than those of the unconjugated parental anti-
bodies or the CD4 fusion protein (Table 1; Fig. 3). Improvements
in potency over the parent antibody ranged from �3-fold for
2G12-aplaviroc against the JR-FL isolate to �400-fold for b12-
aplaviroc against the YU2 isolate. Differences between conjugates
and parent antibodies were smallest for the most potent of the
parental antibodies. In the neutralization assay with the JR-FL

isolate, PG9 and PG16 were inactive except as aplaviroc conju-
gates. CD4-IgG potently neutralizes both JR-FL and YU2. Conju-
gation of aplaviroc to CD4-IgG did not have a notable effect on the
neutralization of these viruses, since the immunoadhesin protein
itself can neutralize JR-FL and YU2 more potently than aplaviroc
alone. To determine whether aplaviroc conjugation can have a
positive effect on the activity of this protein, we additionally as-
sayed the clade A variant 92RW 020.5, a strain relatively resistant
to neutralization by CD4-IgG. Against this strain, the conjugation
resulted in a 20-fold improvement in the IC50. CD4-IgG neutral-
ized the 92RW pseudovirus with an IC50 of 10 nM, whereas CD4-
IgG–aplaviroc neutralized this isolate with an IC50 of 0.5 nM. Sig-
nificantly, no evidence of enhanced infection was noted with any
conjugated protein studied.

We also studied the neutralization activity of a 1:1 molar
mixture of aplaviroc and PG9 against HIV-1 strains JR-FL and
YU2, and we observed a potency equal to that of aplaviroc. The
in vitro assay, however, does not allow us to assess the potential
clinical benefit of the extended half-life of the antibody-apla-
viroc conjugate relative to the 1:1 mixture of two agents (vide
infra).

Neutralization of HIV-1 strains by PG9-aplaviroc. The PG9
conjugate was chosen for more in-depth study because the parent
antibody, PG9, is representative of a recently described group of
BNmAbs that demonstrate tremendous breadth of neutralization
activity. ELISA studies of PG9 and PG9-aplaviroc performed us-
ing gp120 from HIV strain 16055, a clade C virus, indicated no loss
of binding activity for PG9 following conjugation. The neutraliz-
ing ability of PG9-aplaviroc was assessed against a panel of 117

FIG 2 Evaluation of the model antibody conjugate trastuzumab-aplaviroc. (A) Flow cytometry analysis of binding to CCR5-positive TZM-bl cells and
CCR5-negative A431 cells. The potent CCR5 binding antibody (Ab) 2D7 served as a positive control in TZM-bl cell assays. MFI, mean fluorescence intensity. (B)
Neutralization of HIV-1 JR-FL and YU2 by trastuzumab and the trastuzumab-aplaviroc conjugate. (C) Pharmacokinetic profiles of trastuzumab and the
trastuzumab-aplaviroc conjugate in athymic mice (4 mice per experimental group). All experimental data represent two or more independent experiments
performed in triplicate. Error bars represent standard deviations.

TABLE 1 Neutralization of HIV-1 JR-FL and YU2 by aplaviroc-
conjugated BNmAbs and CD4-Ig

Antibodya

Avg no. of
aplaviroc moieties
per IgG molecule

IC50 (nM) for:

JR-FL YU2

b12-apl 0.5 0.1 0.1
b12 0 0.3 46.7
2G12-apl 2 0.3 25.5
2G12 0 0.8 �100
PG9-apl 1 11.6 1.2
PG9 0 �100 22.6
PG16-apl 2 5.9 0.4
PG16 0 �100 1.5
CD4-IgG–apl 1 0.6 0.6
CD4-IgG 0 0.6 0.7
Aplaviroc 0.95 0.86
2D7 (positive control) 0 0.2 0.1
DEN3 (negative control) 0 �1,000 �1,000
a apl, aplaviroc.
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pseudoviruses representing major circulating HIV-1 subtypes
(Table 2; see also section S5 in the supplemental material). PG9
neutralized 101 of the 117 viruses tested with IC50s below 50 �g/
ml. The 16 viruses that were not well neutralized by PG9 were

neutralized by PG9-aplaviroc with a mean IC50 of 6 �g/ml (Table
3). PG9-aplaviroc neutralized all 117 of the subtypes with IC50s
below 17 �g/ml and with a mean IC50 28 �g/ml (see the supple-
mental material). PG9-aplaviroc neutralized 94.9% of the 117 vi-

TABLE 2 Summary of neutralization data for a panel of 117 HIV-1 strains

a Aplaviroc neutralization with IC50s of �100 nM and IC80s of �100 nM.

FIG 3 Evaluation of the neutralization abilities of antibody conjugates against HIV-1 strains JR-FL and YU2 and of the CD4-IgG2–aplaviroc conjugate against
HIV-1 strains JR-FL, YU2, and 92RW. HIV-1 JR-FL is resistant to neutralization by parent antibodies PG9 and PG16. The bottom right graph shows results for
controls only: 2D7, positive-control MAb; DEN3, negative-control MAb; aplaviroc, small-molecule positive control.
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ruses with IC80s of �50 �g/ml; for 22 of the pseudovirus strains
neutralized by the PG9-aplaviroc conjugate, the IC80 of the parent
antibody, PG9, was above 50 �g/ml (Table 4). Unlike the parent
antibody, the conjugate neutralized all clade B and C viruses, includ-
ing transmitted/founder viruses. Clade C is predominant in Southern
and East Africa, India, and Nepal and is responsible for about half of
worldwide infections. Clade B is the major cause of infection in the
Americas, Europe, Japan, and Australia. Thus, conjugation to aplavi-
roc significantly improved the breadth of neutralization ability.

The PG9-aplaviroc conjugate demonstrated a dramatic im-
provement over the parent antibody in the maximum percentage
of inhibition (MPI) across the 117-virus panel (Table 5; see also
the supplemental material). PG9 is sensitive to the glycosylation
profile of a virus and cannot completely neutralize certain viral
strains even at high antibody concentrations (34). The PG9-apla-
viroc conjugate did not display this glycan sensitivity and was
found to be more potent than native PG9 when MPIs were com-
pared. PG9 and PG9-aplaviroc neutralized 40 and 84 of the 117
viral isolates tested at MPIs of �99.5%, respectively.

DISCUSSION

The success of HAART is predicated on the fact that although
HIV-1 is a hypermutating virus, a therapy consisting of a combi-
nation of inhibitors targeting three viral enzymes—reverse trans-
criptase, protease, and integrase—presents a stringent barrier to
viral replication. HAART often reduces viral replication to unde-
tectable levels in patients. HAART does not, however, present an
insurmountable barrier to viral replication, and drug resistance
can evolve rapidly when patient compliance is poor. Two key fac-
tors that contribute to drug compliance failure are frequency of
administration, which has been reduced to once daily for some
HAART regimens, and adverse side effects, often driven by meta-

bolic toxicity. Both of these limitations might be addressed by the
development of a HAART equivalent based on protein drugs. For
example, antibodies have long in vivo half-lives. Native human
IgG1 has a t1/2 of 23 days in humans, and engineered variants of

TABLE 4 Summary of the pseudoviruses neutralized by PG9-aplaviroc
with IC80s of �50 �g/ml that are not neutralized by PG9 (IC80s, �50
�g/ml)

Virus IDa Cladeb

IC80 titer in TZM-bl cells
(�g/ml)c

PG9 PG9-aplaviroc

WEAU_d15_410_5017 B (T/F) �50 19.772
HIV-16845-2.22 C �50 18.415
620345.c01 CRF01_AE �50 14.409
0815.v3.c3 ACD �50 7.406
6480.v4.c25 CD �50 8.097
6952.v1.c20 CD �50 11.544
6811.v7.c18 CD �50 24.897
X2088_c9 G �50 30.361
3016.v5.c45 D �50 1.571
191821_E6_1 D (T/F) �50 0.976
246F C1G C (T/F) �50 3.500
7030102001E5(Rev-) C (T/F) �50 29.579
CNE30 BC �50 41.902
Ce1086_B2 C (T/F) �50 4.069
ZM214M.PL15 C �50 18.933
PVO.4 B �50 8.239
TRO.11 B �50 35.584
RHPA4259.7 B �50 7.092
THRO4156.18 B �50 20.071
1054_07_TC4_1499 B (T/F) �50 36.094
6244_13_B5_4576 B (T/F) �50 28.640
62357_14_D3_4589 B (T/F) �50 17.254
a ID, identification.
b T/F, transmitted/founder virus.
c The PG9 data are historical data for this 117-virus panel bridged for the current
experiment with a set of representative viruses. For PG9-aplaviroc, the median IC80 titer in
TZM-bl cells is 17.834 �g/ml, and the mean � standard deviation is 17.655 � 12.160
�g/ml.

TABLE 5 Summary of MPIsa for PG9 and PG9-aplaviroc

Cladeb

No. of
viruses
tested

No. of viruses
neutralized with an
MPI of 100% Avg MPI

PG9 PG9-aplaviroc PG9 PG9-aplaviroc

A 8 3 6 97 99
A (T/F) 3 3 3 100 100
B 12 1 4 77 95
B (T/F) 9 0 2 63 94
C 16 7 12 88 99
C (T/F) 15 10 13 76 97
D and D (T/F) 5 1 3 83 99
G 7 1 4 85 98
AC 4 1 3 98 100
AG 9 3 7 92 97
AE 10 5 7 96 99
AE (T/F) 4 0 2 93 100
ACD 2 0 0 29 84
BC 8 5 6 89 98
CD 5 0 2 47 97
a MPIs of �99.5% were rounded up to 100% by the analysis software.
b T/F, transmitted/founder virus.

TABLE 3 Summary of the pseudoviruses neutralized by PG9-aplaviroc
with IC50s of �50 �g/ml that are not neutralized by PG9 (IC50s, �50
�g/ml)

Virus IDa Cladeb

IC50 titer in TZM-bl cells
(�g/ml)c

PG9 PG9-aplaviroc

QH0692.42 B �50 10.817
1054_07_TC4_1499 B (T/F) �50 6.916
6244_13_B5_4576 B (T/F) �50 7.674
62357_14_D3_4589 B (T/F) �50 4.305
ZM214M.PL15 C �50 2.136
Ce1086_B2 C (T/F) �50 1.183
Ce2010_F5 C (T/F) �50 11.145
246F C1G C (T/F) �50 1.262
7030102001E5(Rev-) C (T/F) �50 6.763
CNE30 BC �50 9.645
T251-18 CRF02_AG �50 16.982
X2088_c9 G �50 10.453
6480.v4.c25 CD �50 1.476
6952.v1.c20 CD �50 1.666
6811.v7.c18 CD �50 5.080
0815.v3.c3 ACD �50 1.399
a ID, identification.
b T/F, transmitted/founder virus.
c The PG9 data are historical data for this 117-virus panel bridged for the current
experiment with a set of representative viruses. For PG9-aplaviroc, the median IC50

titer in TZM-bl cells is 5.921 �g/ml, and the mean � standard deviation is 6.181 �
4.703 �g/ml.

Gavrilyuk et al.

4990 jvi.asm.org Journal of Virology

 on A
ugust 7, 2018 by guest

http://jvi.asm
.org/

D
ow

nloaded from
 

http://jvi.asm.org
http://jvi.asm.org/


the Fc regions of antibodies promise t1/2s of �6 months (35, 36).
The metabolic liability of HIV-1 small-molecule drugs is a partic-
ular challenge, because the drugs are dosed chronically at very
high compound loading levels due to their short pharmacokinetic
profiles. The metabolism of antibodies does not create new active
metabolites.

Both the high genetic variability and the diversity of HIV-1
pose challenges to the creation of a HAART therapy based on
protein therapeutic agents such as antibodies. The extracellular
targets on which this approach focuses are the HIV-1 envelope
and the host cell receptors CD4, CCR5, and CXCR4. Despite the
high genetic variability and preexisting diversity of the HIV enve-
lope protein, a number of BNmAbs that possess exceptional anti-
HIV-1 activity and breadth have been characterized (1–8). Target-
ing the host cell receptors CD4, CCR5, and CXCR4 has the
advantage of genetic stability but could have deleterious effects if
the therapeutic agent negatively impacts the host cells. Certain
therapeutic antibodies targeting CD4 and CCR5 are in clinical
studies and appear to possess promising safety profiles; however,
none are approved drugs (37–39).

The road to an approved drug cocktail is long and requires
independent testing and approval of each species. One approach
to streamlining this process is to construct single entities that pos-
sess multiple activities. The first step toward this goal is the cre-
ation of bispecific-antibody therapeutic agents. To address this
challenge, modified antibody formats (e.g., knobs into holes [40],
IgG-scFv [41], and DVD-Ig [21]) have been created using protein
engineering methods. Often these approaches suffer from protein
instability and low expression yields, although the recently de-
scribed peptide fusion approach overcomes many of these prob-
lems (42). The approach used here involves chemical conjugation
of a peptide or small molecule to a monoclonal antibody that
possesses a desired specificity. The conjugation is performed using
a methodology that allows both the MAb and the programming
agent to bind their respective targets.

Here we conjugated the CCR5-specific drug aplaviroc to sev-
eral broadly neutralizing antibodies and CD4-IgG. Aplaviroc was
withdrawn from clinical study following the observation of idio-
syncratic hepatotoxicity in phase IIb clinical trials (43). In hu-
mans, aplaviroc has a half-life of approximately 3 h, making high
doses an unavoidable requirement. We hypothesized that in the
context of an antibody conjugate, the half-life of aplaviroc would
be considerably extended. To test this, we prepared a trastu-
zumab-aplaviroc conjugate through a tyrosine-selective reaction.
The plasma half-life of the trastuzumab-aplaviroc conjugate in
mice was significantly longer (168 h) than that of aplaviroc alone
(30 min). It has been shown previously that chemical program-
ming of an antibody resulted in a 1,000-fold reduction of the
amount of a small molecule required for therapeutic effect (17).
Reduction of the effective dose will likely mitigate the metabolic
toxicity observed with anti-HIV drugs such as aplaviroc, although
this remains to be demonstrated. The trastuzumab-aplaviroc con-
jugate was able to recognize the CCR5 receptor on the surfaces of
CCR5-expressing cells and efficiently blocked HIV entry at low
nanomolar concentrations. Thus, attributes of both the parent
antibody and the small molecule were maintained in the context
of the conjugate. Success with aplaviroc suggests that clinically
approved CCR5 inhibitors, such as maraviroc, can potentially
benefit from evaluation as BNmAb conjugates. However, maravi-

roc derivatives that are amenable to linkage to proteins or long-
lived carriers have not yet been described.

We prepared aplaviroc conjugates with the broadly neutral-
izing antibodies b12, 2G12, PG9, PG16, and CD4-IgG. The
incorporation of aplaviroc significantly improved the neutral-
ization abilities of BNmAbs for strains resistant to or weakly
neutralized by the parent antibodies. The antiviral activity of
PG9-aplaviroc was analyzed against a panel of 117 different
viral strains. The conjugate neutralized the activities of 100% of
viral strains with IC50s lower than 50 �g/ml. To the best of our
knowledge, none of the currently known BNmAbs neutralize
all of these 117 cross-clade pseudoviruses with IC50s lower than
50 �g/ml. Notably, compared to parent PG9-aplaviroc had
lower IC50s against 13 out of 32 tested transmitted/founder
viruses of different clades and was more potent than any of the
parent molecules alone against 10 of these viruses (see the sup-
plemental material). PG9-aplaviroc also displayed MPIs signif-
icantly improved over those of the parent antibody.

The median IC50 of the PG9-aplaviroc conjugate against the
panel was 2.76 nM, whereas that of the parent antibody, PG9, was
0.77 nM. On a panel of 76 of 117 viruses, PG9-aplaviroc had
higher IC50s than the naked PG9 antibody (see section S5 in the
supplemental material), with median IC50s of 0.674 nM for PG9
and 1.737 nM for PG9-aplaviroc. Notably, aplaviroc itself was not
very potent on this set of the viruses, with a median IC50 of 4.6 nM.
We hypothesize that during the neutralization assay there is com-
petition between binding to CCR5 and binding to the HIV-1 en-
velope, and thus, the conjugate is not always used in the most
efficient neutralization pathway. Since these two mechanisms of
neutralization are in competition when the conjugate is assayed
against viruses that are very sensitive to PG9 neutralization, some
reduction in potency against these isolates is expected.

Combining potent molecules that prevent HIV entry through
different mechanisms into a single multifunctional molecule may
create an insurmountable evolutionary challenge limiting the de-
velopment of resistance. This hypothesis is supported by a recent
report by Zhou et al. showing that HIV escape mutants selected by
exposure to entry inhibitors were much more sensitive to BN-
mAbs than the original virus (44). The chemical approach to the
synthesis of multispecific BNmAbs described here will allow ready
access to various combinations of neutralizing antibodies and
host-protecting small-molecule drugs that bind to the receptors
crucial for HIV entry (CCR5, CXCR4, CD4). Intelligent design of
the linker architecture will allow the preparation of tri- and tetras-
pecific antibody conjugates.
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