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ABSTRACT

To date, most therapeutic and vaccine candidates for human immunodeficiency virus type 1 (HIV-1) are evaluated preclinically
for efficacy against cell-free viral challenges. However, cell-associated HIV-1 is suggested to be a major contributor to sexual
transmission by mucosal routes. To determine if neutralizing antibodies or inhibitors block cell-free and cell-associated virus
transmission of diverse HIV-1 strains with different efficiencies, we tested 12 different antibodies and five inhibitors against four
green fluorescent protein (GFP)-labeled HIV-1 envelope (Env) variants from transmitted/founder (T/F) or chronic infection
isolates. We evaluated antibody/inhibitor-mediated virus neutralization using either TZM-bl target cells, in which infectivity
was determined by virus-driven luciferase expression, or A3R5 lymphoblastoid target cells, in which infectivity was evaluated by
GFP expression. In both the TZM-bl and A3R5 assays, cell-free virus or infected CD4� lymphocytes were used as targets for neu-
tralization. We further hypothesized that the combined use of specific neutralizing antibodies targeting HIV-1 Env would more
effectively prevent cell-associated virus transmission than the use of individual antibodies. The tested antibody combinations
included two gp120-directed antibodies, VRC01 and PG9, or VRC01 with the gp41-directed antibody 10E8. Our results demon-
strated that cell-associated virus was less sensitive to neutralizing antibodies and inhibitors, particularly using the A3R5 neutral-
ization assay, and the potencies of these neutralizing agents differed among Env variants. A combination of different neutraliz-
ing antibodies that target specific sites on gp120 led to a significant reduction in cell-associated virus transmission. These assays
will help identify ideal combinations of broadly neutralizing antibodies to use for passive preventive antibody administration
and further characterize targets for the most effective neutralizing antibodies/inhibitors.

IMPORTANCE

Prevention of the transmission of human immunodeficiency virus type 1 (HIV-1) remains a prominent goal of HIV research.
The relative contribution of HIV-1 within an infected cell versus cell-free HIV-1 to virus transmission remains debated. It has
been suggested that cell-associated virus is more efficient at transmitting HIV-1 and more difficult to neutralize than cell-free
virus. Several broadly neutralizing antibodies and retroviral inhibitors are currently being studied as potential therapies against
HIV-1 transmission. The present study demonstrates a decrease in neutralizing antibody and inhibitor efficiencies against cell-
associated compared to cell-free HIV-1 transmission among different strains of HIV-1. We also observed a significant reduction
in virus transmission using a combination of two different neutralizing antibodies that target specific sites on the outermost re-
gion of HIV-1, the virus envelope. Therefore, our findings support the use of antibody combinations against both cell-free and
cell-associated virus in future candidate therapy regimens.

The ability to block human immunodeficiency virus type 1
(HIV-1) transmission remains an elusive goal of AIDS re-

search. A fundamental question is whether lymphocytes harbor-
ing the virus in semen, blood, or breast milk have as prominent a
role as cell-free virus in initiating infection at mucosal sites (1, 2).
Recent studies suggest that cell-associated virus is important in
HIV-1 transmission (3–5). Formation of the virological synapse
between infected and uninfected cells in close contact is one major
mode of cell-to-cell spread of HIV-1 (6–9). It has been suggested
that synaptic transmission of cell-associated virus is more efficient
and therapeutic resistant than cell-free virus transmission (3, 10–
13). Nonetheless, novel immunotherapy, inhibitor, and vaccine
candidates have been evaluated preclinically in rhesus macaques
for their efficacies against cell-free simian immunodeficiency vi-
rus (SIV) and chimeric simian-human immunodeficiency virus
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(SHIV) blood and mucosal challenges, without consideration of
virus transmission by infected lymphocytes (1, 14, 15).

Evidence demonstrating the efficiency of cell-to-cell HIV-1
transmission and the inability to abolish cell-associated virus (3,
13, 16–18) emphasizes the need to determine which therapeutic or
preventive agents neutralize cell-associated in addition to cell-free
HIV-1. Viral inhibitors used as microbicides and antiretroviral
therapy (ART) drugs have been developed to prevent HIV-1
transmission or to treat individuals infected with HIV-1 (19–21).
Successful control of HIV-1 replication has been demonstrated
using combinations of ART (22–24); nevertheless, ART has
proven thus far incapable of eradicating the virus. Strong antibody
responses help control viral replication and are important in re-
ducing HIV-1 spread and infection (25). Licensed vaccines, such
as that for hepatitis B (26), elicit a robust neutralizing antibody
response; however, achievement of similar responses in HIV-1
vaccine studies has proven unsuccessful due to the genetic diver-
sity and high mutation rate of the virus (27). Moreover, the induc-
tion of broadly neutralizing antibodies against conserved regions
of the HIV-1 envelope glycoprotein (Env) derives from disfavored
B cells (28). The only effective HIV-1 vaccine trial to date, RV144,
demonstrated modest efficacy attributed to antibodies that tar-
geted the V1/V2 region of Env (29). Unlike the well-characterized
combinatorial use of different retroviral inhibitors, little is known
about the effect of different neutralizing antibody combinations
on HIV-1 transmission in humans (30–32). To our knowledge, no
previous studies have combined different neutralizing antibodies
and directly measured their effects on cell-to-cell HIV-1 transmis-
sion.

Reliable and validated in vitro assays to measure cell-associated
HIV-1 transmission of transmitted/founder (T/F) strains in the
presence or absence of different neutralizing antibodies or inhib-
itors have been few (12). Standardized in vitro neutralization
assays have been developed for evaluation of the efficacy of neu-
tralizing antibodies against cell-free HIV, SIV, and SHIV trans-
mission (33–35). In these assays, specific cell lines that express
CD4 and CCR5, two cell receptors required for HIV-1 cellular
infection, are used to measure HIV-1 infectivity. One such epithe-
lial cell-derived recombinant cell line is the HeLa-derived TZM-
bl, which expresses luciferase upon infection and therefore en-
ables the measurement of relative HIV-1 infectivity in these cells
by quantifying luminescence units (36–38). This neutralization
assay has only recently been adapted by Abela et al. for evaluating
neutralization of cell-associated HIV-1 (10). It is important to
note, however, that the TZM-bl cell line was engineered to express
CD4 and CCR5 at higher than physiological levels (39). Hence,
although the TZM-bl assay has been validated and is widely used
for assessing neutralizing antibodies against HIV-1, TZM-bl cells
are not physiologically representative of CD4� T lymphocytes in
vivo (34, 40). Complementary cell-based neutralization assays
must also be developed to evaluate and compare cell-associated
HIV-1 infectivity using target cells with CD4 and CCR5 expres-
sion comparable to what is observed on CD4� T lymphocytes. For
this purpose, we developed a second cell-based assay using A3R5
lymphoblastoid target cells that naturally express CD4 and
CXCR4 and are engineered to express CCR5 at lower levels than
TZM-bl cells (35, 41). Together, these neutralization assays will
enhance the standardized screening and evaluation of several neu-
tralizing antibodies and inhibitors against different strains of both

cell-free and cell-associated virus transmission and infection with
two different target cell lines.

Our primary objective was to evaluate and rank the relative
efficiencies of multiple broadly neutralizing antibodies and HIV-1
inhibitors against the transmission of cell-free versus cell-associ-
ated HIV-1 using the two different cell-based neutralization assays
described. We also sought to establish whether the comparison of
cell-free to cell-associated neutralizing antibody efficiencies dif-
fered between the TZM-bl and A3R5 assays or among chronic and
T/F Env variants. We hypothesized that cell-associated HIV-1
would exhibit more resistance to neutralizing antibodies and in-
hibitors than cell-free HIV-1. We further hypothesized that the
combined use of neutralizing antibodies targeting HIV-1 Env
would more effectively prevent cell-to-cell virus transmission
than when used individually. We showed that cell-associated virus
was less sensitive to neutralizing antibodies and inhibitors than
cell-free virus, particularly with the A3R5 assay. Interestingly, al-
though the rankings of antibodies by neutralizing efficiency dif-
fered among Env variants, the order almost never differed for
cell-free versus cell-associated virus. Moreover, we found that cer-
tain combinations of gp120-specific antibodies at concentrations
that demonstrated only a partial effect when used individually
were able to improve inhibition of cell-associated virus transmis-
sion.

MATERIALS AND METHODS
HIV-1 Env variants. Four green fluorescent protein (GFP)-reporter pro-
viral plasmids containing the clade B env sequence variants pNLENGli-
BaL.ecto (BAL), pNLENGli-WITO.ecto (WITO), pNLENGli-
CH040.ecto (CH040), and pNLENGli-CH077.ecto (CH077) were used
(kindly provided by Christina Ochsenbauer and John Kappes, University
of Alabama at Birmingham). Heterologous env sequences were inserted as
previously described (42, 43). Three of these Env variants, including
WITO, CH040, and CH077 were derived from T/F HIV-1 strains (44).
The fourth env gene variant, BAL, serves as a R5-tropic reference strain
and was derived from BaL virus isolated from human infant lung tissue
(45). The replication-competent infectious molecular clones also encode
a GFP reporter cassette as previously described (43, 46, 47). Plasmids were
transfected into 293T cells (American Type Culture Collection, Manassas,
VA) with Fugene (Promega, Fitchburg, WI) and supernatant was col-
lected 48 and 72 h posttransfection. Virus was concentrated and propa-
gated in freshly isolated primary peripheral blood mononuclear cells
(PBMCs), collected over a 10-day period, and stored at �80°C (38). Each
virus was then titrated in a 96-well plate using four replicates of seven
5-fold serial dilutions. To determine the titer of each Env variant, TZM-bl
cells (obtained through the NIH AIDS Reagent Program, Division of
AIDS, NIAID) were added (104 cells/well) in D10 (Dulbecco’s minimal
essential medium [DMEM] supplemented with 10% fetal bovine serum
[FBS] and 1:1,000 gentamicin) containing 20 U/ml interleukin-2 (IL-2)
and 10 �g/ml DEAE-dextran (similar to conditions used during later
cocultures). Following 72 h of incubation at 37°C in 5% CO2, cells were
fixed and stained for �-galactosidase expression using X-Gal (5-bromo-
4-chloro-3-indolyl-�-D-galactopyranoside) as a substrate (�-galactosi-
dase reporter gene staining kit; Sigma-Aldrich, St. Louis, MO). A positive
well was defined as containing one or more blue cells. The 50% tissue
culture infective dose (TCID50) per milliliter was calculated using the
Spearman-Karber formula (48). The TCID50 per milliliter for each Env
variant were as follows: BAL, 1.48 � 106 � 3.6 � 105 (mean � standard
error of the mean [SEM]); WITO, 1.58 � 106 � 6.0 � 105; CH040, 2.38 �
106 � 1.4 � 106; and CH077, 2.3 � 106 � 5.2 � 105.

Antibodies and inhibitors. Table S1 in the supplemental material
summarizes the antibodies and inhibitors used in this study as well as their
target specificities. Antibodies included the gp120-directed binding anti-
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body A32 (49), the gp120 V2-specific binding antibodies CH58 and CH59
(50) (Duke Human Vaccine Institute), the broadly neutralizing antibod-
ies 4E10 (51) (Polymun Scientific, Austria), 10E8 (52, 53) (NIH AIDS
Reagent Program), VRC01 (54) (NIH Vaccine Research Center), CH01
(55) (Duke Human Vaccine Institute), PGT126 (56, 57) (The Scripps
Research Institute), and PG9 (58) (NIH Vaccine Research Center), and
the CD4-directed antibodies huOKT4A and hu5A8 (59) (NIH Nonhu-
man Primate Reagent Resource). The Ab82 anti-Flu antibody was used as
a negative control (60) (Duke Human Vaccine Institute). In the neutral-
ization assays, each antibody was used at a starting concentration of 20
�g/ml. HIV-1 inhibitors were all obtained from the NIH AIDS Reagent
Program and dissolved in dimethyl sulfoxide (DMSO). They included the
gp41-directed fusion inhibitor T-20 (61), the C-C chemokine receptor 5
(CCR5)-directed entry inhibitor maraviroc (62), the CCR5 receptor an-
tagonist TAK-779 (63, 64), and the nucleoside- and nonnucleoside re-
verse transcriptase (RT) inhibitors PMPA {9[R-2-(phosphonylmethoxy)
propyl] adenine monohydrate} (65) and nevirapine (66), respectively.
The starting concentrations of each inhibitor used in the inhibition assays
were based on their previously documented half-maximal inhibitory con-
centrations (IC50s) (61, 62, 64–66).

CD4� T cell isolation. Heparinized whole blood from healthy human
donors was purchased from Research Blood Components, LLC (Boston,
MA) specifically for the purposes of this study. PBMCs were isolated and
collected with Ficoll-Paque Plus (GE Healthcare Life Sciences, Pittsburgh,
PA) by centrifugation of the fresh whole blood. PBMCs were stimulated
for 48 h in R10 (RPMI 1640 supplemented with 10% FBS and 1:1,000
gentamicin) containing 6.25 �g/ml concanavalin A at 37°C in 5% CO2.
CD4� T cells were isolated from stimulated PBMCs using the human
CD4� T cell isolation magnetically activated cell sorting (MACS) kit
(Miltenyi Biotec, CA). CD4� T cells from six different healthy donors
were collected and stored in aliquots of 5 � 106 cells in liquid nitrogen.

TZM-bl assay. (i) Cell-associated virus preparation. One vial of 5 �
106 primary CD4� T cells was thawed washed twice with 10 ml of R10,
resuspended in 5 ml of R10 with 20 U/ml IL-2, and incubated at 37°C in
5% CO2 for 24 h. In each well of a 96-well plate, 5 � 104 CD4� T cells were
seeded in 100 �l of R10 with IL-2. An additional 100 �l of R10 with IL-2
was added to one-quarter of the wells, which remained uninfected as
negative controls. The remaining wells were infected with 100 �l of each
of the HIV-1 Env variants at the following concentrations: BAL, 7.4 �
104 � 1.8 � 104 TCID50/ml; WITO, 7.9 � 104 � 3.0 � 104 TCID50/ml;
CH040, 1.19 � 105 � 7.0 � 104 TCID50/ml; and CH077, 1.15 � 105 �
2.6 � 104 TCID50/ml. A titration was performed for each of the Env
variants to determine the best concentration for optimal infection of pri-
mary CD4� T cells after culture at 37°C at 5% CO2 for 5 days. Each group
of infected and uninfected cells was collected and spun down at 300 � g
for 5 min. Cells were washed 3 times with 10 ml of prewarmed R10. These
infected donor CD4� T cells represented cell-associated virus. Titrations
with each donor’s infected cells were again performed to determine the
best concentration for optimal infection of TZM-bl target cells after 96 h
with each Env variant.

(ii) Cell-free virus preparation. To prepare cell-free virus, each of the
stock Env variants was resuspended 1:480 in D10 containing IL-2 (final
dilution of 1:1,600 in 200 �l/well). A titration with each Env variant was
performed to determine the concentration that yielded optimal cell-free
infection of target cells after a 96-h culture.

(iii) Antibody/inhibitor addition. Prior to addition of cell-associated
and cell-free virus, antibodies and inhibitors were aliquoted at minimum
in triplicate in a 96-well plate in D10 containing IL-2 at the starting con-
centrations previously mentioned. Most antibodies and inhibitors were
serially diluted 10-fold, except maraviroc, which was serially diluted 20-
fold. The final volume of antibodies and inhibitors in each well was 90 �l.
To each well containing virus-directed antibodies or inhibitors, 60 �l of
cell-associated virus or cell-free virus was added, and the mixture was
incubated for 1 h at 37°C in 5% CO2. Target cell-directed antibodies
(hu5A8 and huOKT4A) and inhibitors (maraviroc and TAK-779) were

incubated with TZM-bl target cells prior to virus addition. Positive-con-
trol wells contained virus in the absence of antibodies and inhibitors, and
negative-control wells contained either uninfected CD4� T cells (cell-
associated virus control) or D10 containing IL-2 (cell-free virus control).
Epithelial cell-derived TZM-bl target cells express high levels of CD4 and
CCR5 to permit HIV-1 attachment and entry. TZM-bl is a standardized
cell line that is routinely used in HIV-1 research for assessment of neu-
tralizing antibody activity (33). Unlike cell-free virus infection of TZM-bl
cells, cell-associated virus does not require the polycation DEAE-dextran
to infect TZM-bl cells (10). This enables the differentiation of cell-free and
cell-associated virus transmission based on the inclusion or omission of
this reagent, respectively. A total of 1 � 104 TZM-bl cells were added to
bring each well to a final volume of 200 �l. Cell-free or cell-associated
virus and target cells in the presence or absence of antibodies and inhibi-
tors were incubated for 96 h at 37°C in 5% CO2. Viral infection of TZM-bl
target cells was determined by measuring luminescence with the Steady-
Glo luciferase assay system (Promega) (Fig. 1A). The degrees of cell-free
and cell-associated virus infection were similar with each Env variant and
ranged between 1 � 103 and 1 � 104 relative light units (RLU). The
percentage of infectivity with each antibody and inhibitor was calculated
by subtracting the average value of the negative-control wells from each
sample reading and dividing that result by the average value of the appro-
priate positive-control wells (cells incubated without antibodies or inhib-
itors).

A3R5 assay. (i) Cell-associated virus preparation. Cell-associated vi-
rus was prepared and titrated similar to the TZM-bl assay described
above. After a 5-day incubation and prior to antibody and inhibitor ad-
dition, primary donor cells were divided into two groups: (i) uninfected
CD4� T cells (negative control) and (ii) virus-infected CD4� T cells. Cells
were spun at 300 � g for 5 min. Both groups were stained with 0.3 �M
CellTrace Far Red DDAO-SE (Invitrogen Life Technologies) for 15 min in
the dark at room temperature and then washed with phosphate-buffered
saline (PBS), centrifuged, and resuspended in R10 containing IL-2. Stain-
ing of donor CD4� T cells with Far Red DDAO-SE differentiated donor
from target cells. Each donor’s stained and infected CD4� T cells were
titrated with A3R5 (A3.01/R5.7 human lymphoblastoid cell line) target
cells (kindly provided by Robert McLinden, U.S. Military HIV Research
Program) to determine the concentration that yielded optimal infection
after a 96-h culture with each Env variant.

(ii) Cell-free virus preparation. Cell-free virus was prepared by resus-
pending the CH040, WITO, and CH077 viruses 1:480 in R10 with IL-2
(final dilution of 1:1,600 in a 200-�l well) and the BAL virus to a dilution
of 1:30 in 60 �l (final dilution of 1:100 in 200 �l). A titration was per-
formed with each Env variant to determine the concentration that gener-
ated optimal infection of A3R5 target cells after a 96-h culture.

(iii) Antibody/inhibitor addition. Prior to addition of cell-associated
or cell-free virus, antibodies and inhibitors were serially diluted in a 96-
well plate in R10 containing IL-2 as previously described for the TZM-bl
assay. To each well containing virus-directed antibodies or inhibitors, 60
�l of cell-associated virus or cell-free virus was added, and the mixture was
incubated for 1 h at 37°C at 5% CO2. The target cell-directed antibody,
hu5A8, and inhibitors, maraviroc and TAK-779, were incubated with
A3R5 target cells prior to virus addition. Control wells were treated similar
to those described for the TZM-bl assay. A3R5 cells are lymphoblastoid
cells that express CD4 and have been engineered to express CCR5 at levels
observed on primary CD4� T cells (39, 41, 67). Like the TZM-bl neutral-
ization assay, cell-free versus cell-associated virus transmission was differ-
entiated based on the inclusion or omission, respectively, of DEAE-dex-
tran. A total of 1 � 104 A3R5 cells were added to bring each well to a final
volume of 200 �l. Cell-free or cell-associated virus and target cells in the
presence or absence of antibodies and inhibitors were incubated for 96 h
at 37°C in 5% CO2 and centrifuged for 5 min at 300 � g. All wells except
the flow cytometry compensation wells were stained with yellow amine
dye (LIVE/DEAD fixable yellow dead cell stain kit; Invitrogen Life Tech-
nologies) for 15 min, washed with 2% FBS–PBS, and fixed with 1% form-
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aldehyde. Viral infection of target cells was determined by measuring the
amount of single, live GFP� cells using flow cytometry. With cell-associ-
ated virus, newly infected target cells were further differentiated from
infected donor cells by their lack of Far Red staining (Far Red� population
in Fig. 1B). The percentages of newly cell-free and cell-associated virus-
infected cells did not differ by more than 5%. The percentage of infectivity
with each antibody and inhibitor was calculated by subtracting the aver-
age value of the negative-control wells from each sample reading and
dividing that result by the average value of the appropriate positive-con-
trol wells (cells incubated without antibodies or inhibitors).

Statistics. Each experiment was performed used a single Env variant,
single antibody or inhibitor, and single assay (TZM-bl or A3R5). The
experiments were analyzed by a separate analysis of variance (ANOVA),
including the factors (as fixed effects) cell-free or cell-associated virus,
donor, and dose. In all experiments, each well containing cell-associated

virus was paired with the corresponding well containing cell-free virus for
the same dose of reagent. Although only paired observations were used in
the ANOVAs, this method of analysis does not maintain pairing. There-
fore, a separate stratified (by dose of antibody/inhibitor) exact Wilcoxon
signed-rank test, which maintains pairing, was performed on each exper-
iment. As IC50s are often used to compare dose-response curves, relative
IC50s were calculated separately for cell-associated and cell-free virus us-
ing a nonlinear regression analysis for a four-parameter logistic function
in GraphPad Prism, in which two parameters were constrained (i.e., the
top and bottom were fixed as the largest and smallest percentages of in-
fectivity observed in that response curve). The relative log IC50s for cell-
associated and cell-free virus were compared with F tests in GraphPad
Prism; this method also does not maintain pairing. For all three of these
methods (ANOVA, stratified Wilcoxon test, and relative IC50), the two-
sided significance levels for comparisons between cell-free and cell-asso-

FIG 1 Neutralization assays. (A) Frozen CD4� cells were thawed, stimulated overnight with IL-2, and infected with one of the four GFP-labeled HIV-1 Env
variants to prepare cell-associated virus. Cell-free HIV-1 or HIV-1-infected donor cells were incubated with virus-directed antibodies or inhibitors for 1 h and
then added to uninfected TZM-bl target cells. DEAE-dextran was used for cell-free virus infection but not for cell-associated infection. After 96 h, Steady-Glo
luciferase expression was used to quantify the amount of infection of TZM-bl cells. (B) Cell-free HIV-1 or HIV-1-infected donor cells stained with Far Red
DDAO-SE were incubated with virus-directed antibodies or inhibitors for 1 h and then added to uninfected A3R5 target cells. DEAE-dextran was used for
cell-free virus infection only. Flow cytometry was performed to determine the number of newly infected target cells from cell-associated (GFP� Far Red�) or
cell-free (GFP�) virus. FITC, fluorescein isothiocyanate.
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ciated virus using one of the two assays and one antibody/inhibitor were
adjusted for multiple comparisons using Holm’s method (68). The qual-
itative results of the ANOVA and Wilcoxon data sets differed in only 8%
of the comparisons, so only Wilcoxon results are noted in the text.

In addition to comparing cell-associated to cell-free inhibition in each
of the 100 experiments, we wanted to assess whether all of the experiments
combined or all of the experiments within a larger subset of experiments
supported the hypothesis that cell-associated virus is more resistant to
neutralization than cell-free virus. This was performed by giving each
experiment the score of 1 if the hypothesis was true in that experiment and
a score of 0 if cell-free virus was more resistant in that experiment. A
two-sided exact binomial sign test was used on these scores to assess if the
percentage of experiments that demonstrated more resistance of cell-as-
sociated virus to neutralization was significantly larger than the null hy-
pothesis of 50% in all 100 experiments and 40 experiments which indi-
vidually had significant stratified Wilcoxon’s tests. There were too few
experiments to have adequate sign test power for smaller groups of exper-
iments. The difference between the percentage of all TZM-bl compared to
A3R5 experiments in which cell-associated virus was more resistant to
neutralization was assessed using a two-sided Fisher’s exact test.

The maximum dose of each antibody for each experiment was the
same. A stratified (by antibody dose) exact Wilcoxon rank sum test was
performed for all possible comparisons of two of the eight antibodies for
each combination of cell-free or cell-associated virus, one of the four
viruses, and one of the two assays, with P values using the Holm’s adjust-
ment for all antibody comparisons from the same experimental condi-
tions. The rank sum test was used instead of the signed-rank test because
the antibody experiments were not paired. We did not compare pairs of
inhibitors because the doses of each inhibitor differed. Similar exact Wil-
coxon rank sum tests (unstratified because only a single dose of each
antibody was compared) with Holm’s adjustment were performed to
compare treatment with a combination of two antibodies to single-anti-
body treatment. All P values were from two-sided tests. Note that the total
number of observations for a single experiment varied from 16 to 187. The
number of observations for a single antibody dose was never less than 4,
and the median number of observations per dose ranged from 4 to 11 for
the A3R5 assays and from 13 to 33 for the TZM-bl assays. Comparisons
with more observations are more likely to be significant because the power
against a specific alternative increases with sample size. Failure to find a
significant difference or failure to reject the null hypothesis of no differ-
ence, particularly with the A3R5 assay, does not prove that two groups or
dose responses are very similar. For one of the Env variants (WITO), data
for each of the eight neutralizing antibodies and five inhibitors were
graphed and represented as four-parameter dose-response curves, allow-
ing the visualization of the median values at each dose. In the antibody
combination experiments, percentage of infectivity data were represented
as box-and-whisker plots, with each box showing the 25th, 50th (median),
and 75th percentiles. The whiskers were drawn by the Tukey method in
GraphPad Prism.

RESULTS
DEAE-dextran was not required for cell-associated virus infec-
tion of TZM-bl or A3R5 cells. To evaluate the neutralizing activity
of several antibodies and inhibitors against both cell-associated
and cell-free HIV-1, we used two different cell-based neutraliza-
tion assays with either TZM-bl or A3R5 target cells (Fig. 1). To
determine if cell-associated and/or cell-free chronic BAL and T/F
WITO, CH040, and CH077 Env variants required DEAE-dextran
for infection in the neutralization assays (36), we compared target
cell infectivity with cell-free and cell-associated virus in the pres-
ence or absence of DEAE-dextran (Fig. 1; see Fig. S1 in the sup-
plemental material). The concentration of DEAE-dextran was
titrated with cell-free virus at 0, 2, 10, and 20 �g/ml to ensure that
optimal infection was achieved without dextran-mediated toxicity

to the TZM-bl or A3R5 target cells (data not shown). An optimal
final DEAE-dextran concentration of 10 �g/ml was determined,
consistent with previous reports (10, 36). We demonstrated that
DEAE-dextran was necessary for infection with cell-free but not
cell-associated virus of both TZM-bl (see Fig. S1A to D) and A3R5
(see Fig. S1E to H) target cells with each Env variant.

A large panel of monoclonal antibodies and inhibitors were
evaluated in two functional assays. HIV-1 infection of both
TZM-bl and A3R5 target cells, as measured by luciferase and GFP
expression, respectively, was determined in the presence or ab-
sence of several different monoclonal antibodies and inhibitors to
compare their relative neutralization efficiencies against cell-asso-
ciated versus cell-free virus transmission. DEAE-dextran was used
to distinguish cell-free from cell-associated virus infection (Fig. 1;
see Fig. S1 in the supplemental material) (10). Each antibody used
had a different target on the virus or target cell, with the exception
of two gp41 membrane proximal external region (MPER)-di-
rected antibodies, 4E10 and 10E8, and two Env V2-directed bind-
ing antibodies, CH58 and CH59 (see Table S1 in the supplemental
material). A maximum antibody concentration of 20 �g/ml was
used, and each antibody was diluted a minimum of 3 orders of
magnitude until 100% viral infectivity was regained. Four anti-
bodies (anti-Flu, A32, CH58, and CH59) were predicted to be
nonneutralizing before any experiments were performed. These
four antibodies were the only ones that satisfied the condition that
the minimum of the median of percentage of infectivity at the
highest dose (20 �g/ml) was 80% or larger. Therefore, the results
from these four antibodies were omitted from the analysis as being
“nonneutralizing” (Fig. 2; see Fig. S2 in the supplemental mate-
rial).

In addition to neutralizing antibodies, we also evaluated the
effects of different retroviral inhibitors on cell-associated com-
pared to cell-free HIV-1 infection. These included the reverse
transcriptase (RT) inhibitors PMPA and nevirapine, fusion inhib-
itor T-20, and CCR5-directed inhibitors TAK-779 and maraviroc
(see Table S1 in the supplemental material). Unlike the monoclo-
nal antibodies, the starting concentration of each inhibitor used in
the assays was determined individually based on their previously
documented IC50s. Due to the potency of the CCR5 inhibitor
maraviroc, it was evaluated at 20-fold dilutions compared to the
10-fold dilutions used for each of the other inhibitors. All five of
these inhibitors appeared to be effective against the Env variants
(Fig. 3; see Fig. S3 in the supplemental material).

Differences in neutralization of cell-associated compared to
cell-free virus in the TZM-bl and A3R5 assays. Table 1 shows
whether cell-associated or cell-free virus was more resistant to
neutralization, based on a nonparametric curve comparison, and
if the difference was significant after Holm’s adjustment of the
stratified exact Wilcoxon signed-rank tests (indicated by bold
type) in the 60 antibody comparisons and 40 inhibitor compari-
sons. When the directions of all experiment comparisons per-
formed were combined, cell-associated virus was more resistant to
neutralization than cell-free virus in 65% of the 100 total compar-
isons (sign test, P � 0.0035) (Table 1; see Table S2 in the supple-
mental material). The A3R5 assay demonstrated more often
(39/48 [81%]; sign test, P � 0.000015) than the TZM-bl assay
(26/52 [50%]; sign test, P � 1.00) that cell-associated virus was
more resistant to neutralization than cell-free virus. The increased
neutralization resistance of cell-associated virus using the A3R5
compared to the TZM-bl assay was not attributable to different
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treatments or viruses used, nor was it due to the small number of
observations per experiment, since the TZM-bl sample size was on
average 2.3 times the A3R5 sample size.

The relative IC50s of the neutralizing antibodies are shown in
Table 2. The boxes with dashes represent antibodies for which the
IC50 could not be calculated with the four-parameter logistic
model, which occurred in 22% of the experiments. Most of the
significant comparisons of cell-associated to cell-free results in

Table 2 were also significant (in the same direction) using the
stratified Wilcoxon signed-rank test (Table 1). The three excep-
tions in which the IC50 for cell-associated virus was significantly
different from the IC50 for cell-free virus in Table 2 but not signif-
icant in Table 1 were that PGT126 neutralized cell-free greater
than cell-associated BAL in the TZM-bl assay, VRC01 neutralized
cell-free greater than cell-associated BAL in the A3R5 assay, and

FIG 2 Infection with cell-associated or cell-free WITO � DEAE-dextran with
different antibodies. TZM-bl (A and B) or A3R5 (C and D) target cells were
infected with cell-associated (A and C) or cell-free (B and D) WITO virus in the
presence of different concentrations (20 to 0.00002 �g/ml) of antibodies, in-
cluding anti-Flu (Ab82), A32, 4E10, 10E8, VRC01, CH01, PGT126, PG9,
CH58, CH59, and the CD4-directed antibodies hu5A8 and huOKT4A. Back-
ground (negative control) was subtracted from results, and results were nor-
malized to the no-antibody positive control and summarized as infection
based on RLU (A and B) or percentage of GFP� (Far Red�) cells (C and D),
where 1 is equal to 100% infection. Results are expressed as dose-response
curves illustrating the median at each log dose.

FIG 3 Infection with cell-associated or cell-free WITO � DEAE-dextran with
different inhibitors. TZM-bl (A and B) or A3R5 (C and D) target cells were
infected with cell-associated (A and C) or cell-free (B and D) WITO virus in the
presence of different concentrations of inhibitors. All inhibitors were serially
diluted 10-fold at various ranges of concentration (PMPA, 0.1 to 100 �M;
nevirapine, 0.4 to 400 nM; T-20, 0.5 to 500 nM; TAK-779, 1 to 1,000 nM), with
the exception of maraviroc, which was serially diluted 20-fold (*, 0.015625 to
2,500 nM). Background was subtracted from results, and results were normal-
ized to the DMSO-positive control and summarized as infection based on RLU
(A and B) or percentage of GFP� (Far Red�) cells (C and D), where 1 is equal
to 100% infection. Results are expressed as dose-response curves illustrating
the median at each dose dilution.
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PMPA neutralized cell-associated greater than cell-free CH040 in
the TZM-bl assay. Wilcoxon results for all three of these compar-
isons were in the same direction but not significant. In contrast,
there were 10 instances in which the Wilcoxon difference was
significant and the IC50 difference was not. Among the 22 com-
parisons in which the IC50 could not be calculated, there were six
differences that were significant by the Wilcoxon method. Inter-
estingly, for the stratified Wilcoxon and IC50 analyses, in both the
TZM-bl and A3R5 assays for all of the Env variants tested, we
found that cell-associated virus demonstrated decreased sensitiv-
ity to the gp120-directed antibody VRC01 compared to cell-free
virus.

To further compare the magnitude of difference in neutraliza-
tion sensitivity between cell-associated and cell-free virus, the ra-
tios of the relative IC50s of each antibody and inhibitor against
cell-associated versus cell-free virus were calculated (see Table S3
in the supplemental material). Instances in which cell-associated
virus had a smaller relative IC50 and greater sensitivity to neutral-
ization than cell-free virus have ratios below 1; instances in which
cell-associated virus had a larger relative IC50 than cell-free virus
have ratios above 1. For the TZM-bl assay, the ratios ranged from
0.06 to 32, with a median of 0.8 and quartiles of 0.6 and 2.1. For the
A3R5 assay, the ratios ranged from 0.2 to 274, with a median of 1.6
and quartiles of 0.8 and 4.9.

Neutralization efficiencies of all antibodies were ranked for
each Env variant tested and assay used. Table 3 ranks the neutral-
izing antibodies from most to least potent for each cell-associated
or cell-free Env variant tested and assay used. Of the 112 compar-
isons of antibody pairs used in the TZM-bl assay, 89 (79%) of the
cell-associated comparisons and 90 (80%) of the cell-free compar-
isons were significant after Holm’s adjustment. Of the 84 compar-
isons of antibody pairs used in the A3R5 assay, 58 (69%) of the
cell-associated comparisons and 69 (82%) of the cell-free compar-

TABLE 1 Comparison of cell-associated and cell-free virus
neutralizationa

Env variant and
antibody or
inhibitor

TZM-bl assay A3R5 assay

Increased
neutralization
resistance of
virus P value

Increased
neutralization
resistance of
virus P value

Antibodies
BAL

huOKT4A CF 6 � 10�2

hu5A8 CA 4 � 10�2 CA 1 � 10�1

4E10 CA 9 � 10�3 CA 3 � 10�1

10E8 CA 2 � 10�1 CA 7 � 10�2

VRC01 CA 2 � 10�7 CA 7 � 10�2

CH01 CF 3 � 10�1 CA 3 � 10�1

PGT126 CA 2 � 10�1 CA 3 � 10�3

PG9 CF 2 � 10�1 CA 5 � 10�1

WITO
huOKT4A CA 1 � 10�4

hu5A8 CA 2 � 10�3 CA 4 � 10�6

4E10 CA 3 � 10�1 CA 2 � 10�1

10E8 CF 6 � 10�1 CA 8 � 10�1

VRC01 CA 5 � 10�7 CA 6 � 10�9

CH01 CA 2 � 10�6 CA 5 � 10�6

PGT126 CF 1 � 10�3 CA 2 � 10�3

PG9 CA 2 � 10�16 CA 3 � 10�7

CH040
huOKT4A CA 9 � 10�1

hu5A8 CA 7 � 10�1 CA 7 � 10�4

4E10 CF 4 � 10�2 CF 7 � 10�1

10E8 CF 7 � 10�1 CF 5 � 10�3

VRC01 CA 1 � 10�3 CA 4 � 10�5

CH01 CF 2 � 10�1 CF 5 � 10�1

PGT126 CF 3 � 10�2 CA 9 � 10�4

PG9 CA 5 � 10�1 CF 9 � 10�1

CH077
huOKT4A CF 3 � 10�3

hu5A8 CF 8 � 10�5 CA 9 � 10�6

4E10 CF 1 � 10�2 CF 4 � 10�1

10E8 CF 6 � 10�1 CA 5 � 10�1

VRC01 CA 1 � 10�3 CA 3 � 10�4

CH01 CF 3 � 10�3 CA 3 � 10�1

PGT126 CF 4 � 10�2 CA 6 � 10�11

PG9 CA 2 � 10�6 CA 6 � 10�5

Inhibitors
BAL

PMPA CF 7 � 10�2 CF 1
Nevirapine CF 1 CA 8 � 10�1

T-20 CA 6 � 10�2 CF 8 � 10�1

TAK-779 CA 9 � 10�1 CA 4 � 10�1

Maraviroc CA 1 � 10�1 CF 9 � 10�1

WITO
PMPA CA 3 � 10�1 CA 4 � 10�1

Nevirapine CA 9 � 10�2 CA 9 � 10�4

T-20 CF 2 � 10�1 CA 7 � 10�3

TAK-779 CF 4 � 10�1 CA 9 � 10�3

Maraviroc CA 5 � 10�1 CA 1 � 10�4

TABLE 1 (Continued)

Env variant and
antibody or
inhibitor

TZM-bl assay A3R5 assay

Increased
neutralization
resistance of
virus P value

Increased
neutralization
resistance of
virus P value

CH040
PMPA CF 6 � 10�3 CA 2 � 10�1

Nevirapine CF 1 CA 2 � 10�2

T-20 CA 1 � 10�4 CA 3 � 10�2

TAK-779 CA 2 � 10�2 CA 2 � 10�3

Maraviroc CF 3 � 10�2 CA 5 � 10�4

CH077
PMPA CF 3 � 10�1 CF 5 � 10�1

Nevirapine CA 9 � 10�2 CA 5 � 10�1

T-20 CF 6 � 10�1 CA 4 � 10�1

TAK-779 CF 4 � 10�3 CA 6 � 10�1

Maraviroc CF 4 � 10�8 CA 5 � 10�1

a Shown are the P values from the stratified exact Wilcoxon signed-rank test for each
combination of 1 of the 13 neutralizing antibodies or inhibitors used against each Env
variant in the TZM-bl or A3R5 assay. Boldface entries with P values are significant after
Holm’s adjustment. Of the 100 comparisons performed, the difference in resistance to
neutralization of cell-associated (CA) versus cell-free (CF) virus was significant in 40%
of total comparisons. Blank entries represent cases in which an antibody was not used
in the A3R5 assay.
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TABLE 2 Antibody and inhibitor relative IC50s by the TZM-bl and A3R5 assaysa

Env variant and antibody
or inhibitor

TZM-bl assay A3R5 assay

Increased
neutralization
resistance of
virus P value

Relative IC50

(antibody, �g/ml;
inhibitor, nM)

Increased
neutralization
resistance of
virus P value

Relative IC50

(antibody, �g/ml;
inhibitor, nM)

CA CF CA CF

Antibodies
BAL

huOKT4A CF 0.08 0.042 0.064
hu5A8 — — — — — — — —
4E10 — — — — CA 1 3.10 3.06
10E8 CF 0.3 1.54 2.78 CF 0.6 1.23 1.62
VRC01 CA 0.0001 0.22 0.071 CA 0.0001 0.22 0.055
CH01 — — — — — — — —
PGT126 CA 0.0001 0.8 0.053 CA 0.004 0.18 0.072
PG9 — — — — — — — —

WITO
huOKT4A CF 0.8 0.074 0.074
hu5A8 CA 0.0008 0.29 0.080 CA 0.0001 0.016 0.0011
4E10 — — — — CA 1 3.74 2.69
10E8 CA 1 3.44 3.09 CA 0.5 1.67 0.77
VRC01 CA 0.0001 7.44 1.45 CA 0.0001 1.30 0.13
CH01 — — — — CA 0.002 1.09 0.13
PGT126 — — — — CA 0.3 3.16 2.03
PG9 CA 0.0001 0.22 0.0070 CA 0.0001 0.071 0.0047

CH040
huOKT4A CF 0.8 0.082 0.10
hu5A8 CF 1 0.21 0.21 CA 0.0001 0.024 0.0025
4E10 — — — — — — — —
10E8 CF 1 2.57 3.37 CF 0.6 0.82 1.86
VRC01 CA 0.02 1.96 1.01 CA 0.0001 3.19 0.49
CH01 — — — — — — — —
PGT126 — — — — — — — —
PG9 — — — — — — — —

CH077
huOKT4A CF 0.8 0.031 0.036
hu5A8 CF 0.5 0.078 0.13 CA 0.009 0.012 0.0018
4E10 — — — — CF 0.3 0.62 3.36
10E8 CF 0.4 2.22 3.19 CA 0.2 2.29 0.82
VRC01 CA 0.0001 3.34 1.26 CA 0.0001 2.23 0.27
CH01 — — — — CA 0.4 1.88 0.33
PGT126 CF 0.5 0.088 0.049 CA 0.0001 1.34 0.0049
PG9 CA 0.0001 0.059 0.013 CA 0.0001 0.35 0.0034

Inhibitors
BAL

PMPA CF 0.002 772 2,001 CF 0.7 1,103 1,303
Nevirapine CF 0.6 63.8 84.6 CF 1 53.25 54.8
T-20 — — — — CA 1 93.0 85.4
TAK-779 CF 0.7 517 807 CA 0.7 89.1 60.3
Maraviroc CA 0.2 15.1 6.58 CF 0.4 1.03 4.17

WITO
PMPA CF 0.6 1,181 2,021 CF 0.7 436 547.5
Nevirapine CF 0.7 40.3 58.4 CA 0.4 43.5 23.5
T-20 — — — — CF 1 59.8 82.2
TAK-779 CF 0.9 134 194 CA 0.2 74.4 33.2
Maraviroc CA 0.3 19.4 11.4 CA 0.0001 20.5 2.56
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isons were significant after Holm’s adjustment. Among the four
gp120-directed antibodies VRC01, CH01, PGT126, and PG9, the
CD4 binding site (CD4bs)-specific antibody VRC01 generally had
significantly better neutralizing activity than the other three
against BAL and CH040, with the exception that it was not differ-
ent from PGT126 for cell-associated or cell-free BAL. The anti-
V1/V2 antibody PG9 had the best neutralizing activity against
WITO and CH077.

When a pair of antibodies differed significantly in neutraliza-
tion efficiency, the rank order of some of these antibody potencies
also differed between assays, cell-associated and cell-free virus,
and/or among Env variants (see Table S4 in the supplemental
material). Among the 306 total significant differences observed,
there were only three instances when cell-associated and cell-free
virus both had a significant difference between a particular pair of
antibodies, but in the opposite direction. There were also only
three instances when the order of a pair of antibodies differed
between the A3R5 and TZM-bl assays (see Table S4). However,
the rank order in efficiency of two neutralizing antibodies differed
between two or more of the Env variants 37 times, which represent
95 pairs of Env variants (see Table S4). Although each neutralizing
antibody appeared in at least 1 of these 37 occurrences, PGT126,
PG9, VRC01, and hu5A8 were among the most frequently repre-
sented (18, 14, 13, and 11 times, respectively). This variability in
neutralization efficiency among Env variants is not surprising
considering the high variability of antibody binding sites among
HIV-1 strains.

To further explore if the neutralization response of the chronic
HIV-1 Env variant BAL was different from those of the three T/F
Env variants WITO, CH040, and CH077, we examined 32 of the
37 antibody potency rank order differences from Table S4 in the
supplemental material that included three or four Env variants,
one of which was BAL. Based on scoring of whether the potency
rank order of the effective neutralizing antibody for BAL was dif-
ferent from the rank orders of the two or three T/F Env variants,

we found that the chronic isolate BAL was more often in the mi-
nority than the other three T/F Env variants (P � 0.0089). For
comparison, WITO appeared in a similar number of cases in Table
S4 and was more often in the majority (P � 0.00019). This sug-
gests that the chronic infection isolate BAL had a significantly
different neutralization response than the three T/F Env variants.

Combination of two gp120-directed broadly neutralizing
antibodies had an additive inhibitory effect against cell-associ-
ated virus in the TZM-bl and A3R5 assays. To explore if combi-
nations of different neutralizing antibodies could more potently
inhibit cell-associated virus transmission compared to single neu-
tralizing antibodies, we combined two different pairs of antibod-
ies. The first combination we evaluated included two gp120-
specific neutralizing antibodies, VRC01 and PG9. VRC01
consistently demonstrated significantly lower neutralization effi-
ciency against cell-associated compared to cell-free virus among
all Env variants tested. Differences in cell-associated versus cell-
free virus neutralization by PG9 were significant only against the
T/F Env variants WITO and CH077 (Table 1; see Table S2 in the
supplemental material). When PG9 and VRC01 were combined at
concentrations that demonstrated partial inhibition when used
individually, cell-associated WITO and CH077 infection of both
TZM-bl and A3R5 target cells was significantly reduced (P 	 0.01)
(Fig. 4). In contrast, the combination of PG9 and VRC01 demon-
strated a similar reduction in cell-associated BAL and CH040 in-
fection to VRC01 alone of both TZM-bl and A3R5 target cells.
This suggests that improved neutralization of cell-associated virus
with a combination of gp120-specific antibodies is dependent on
the potency of each antibody used in the combination for a par-
ticular virus strain.

To investigate if this combination effect might be observed
with two antibodies that did not target the same Env region, we
evaluated the combination of VRC01 and 10E8, the more effective
of the two MPER gp41-directed antibodies. Similar to the PG9
and VRC01 combination, 10E8 and VRC01 were combined at

TABLE 2 (Continued)

Env variant and antibody
or inhibitor

TZM-bl assay A3R5 assay

Increased
neutralization
resistance of
virus P value

Relative IC50

(antibody, �g/ml;
inhibitor, nM)

Increased
neutralization
resistance of
virus P value

Relative IC50

(antibody, �g/ml;
inhibitor, nM)

CA CF CA CF

CH040
PMPA CF 0.08 505 1,288 CA 0.6 1,327 856
Nevirapine CA 0.6 86.3 44.6 CA 0.9 39.2 36.8
T-20 CA 0.4 92.5 52.0 CA 1 91.4 72.8
TAK-779 CA 0.05 77.9 43.3 CA 0.04 44.8 16.6
Maraviroc CA 0.009 4.44 1.12 CA 0.0008 5.49 0.27

CH077
PMPA CF 0.5 1,080 1,661 CF 0.1 284.5 716
Nevirapine CF 0.7 41.6 50.9 CA 0.9 33.6 27.1
T-20 CF 1 58.9 68.0 CF 0.4 12.2 38.3
TAK-779 CF 0.0005 9.77 43.1 CF 0.6 502 690
Maraviroc CF 0.0001 0.088 1.60 CF 0.5 883 1,481

a Antibody and inhibitor relative IC50s against cell-associated (CA) and cell-free (CF) virus are shown for TZM-bl and A3R5 target cells. Values were determined based on the
neutralization dose responses from Fig. S2 and S3 in the supplemental material. Significant differences (in bold) between the log IC50s for the cell-associated and cell-free Env
variants were assessed with ANOVA following a nonlinear regression analysis with a variable slope equation in GraphPad Prism. Only P values that were significant after Holm’s
adjustment for multiple comparisons were considered significant. Blank entries represent cases in which an antibody was not used in the A3R5 assay. —, cases in which the IC50

could not be calculated with the four-parameter logistic model.
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concentrations that yielded partial neutralization when used indi-
vidually against each cell-associated Env variant. Unlike the PG9
and VRC01 combination, however, the 10E8 and VRC01 combi-
nation did not elicit any significant additive inhibitory effect
against cell-associated virus in either the TZM-bl or A3R5 neutral-
ization assay (Fig. 5).

DISCUSSION

In this study, we demonstrated that cell-associated virus is more
resistant to neutralizing antibodies and viral inhibitors than cell-
free virus. Overall, the A3R5 assay was more sensitive than the
TZM-bl assay at detecting differences in neutralization of cell-free
compared to cell-associated virus. Comprehensive statistical ana-
lyses, after correction for multiple comparisons, indicated signif-
icant differences in potencies of various neutralizing antibodies
against cell-associated versus cell-free virus. We also showed ex-
tensive and significant variation in neutralizing antibody efficien-
cies among different chronic and T/F HIV-1 strains, as previously
demonstrated (69–71). Moreover, the combination of suboptimal
doses of VRC01 and PG9 better neutralized cell-associated Env
variants WITO and CH077 than either antibody alone. This im-
proved neutralization of cell-associated virus was not observed
when combining suboptimal doses of gp120- and gp41-specific
antibodies for any of the four Env variants. These results suggest
that further combinations of antiviral antibodies and/or inhibi-
tors need to be evaluated and optimized for immunotherapies and

prevention strategies to broadly and more effectively target cell-
associated T/F virus strains.

Due to methodological differences among reports studying
cell-associated virus infection, it has been difficult to obtain a clear
and comprehensive understanding of which epitope-specific
broadly neutralizing antibodies are more or less potent against
cell-associated and cell-free virus transmission (10, 12, 72, 73).
Consequently, we measured antibody and inhibitor efficiencies
using two previously validated and standardized neutralization
assays with TZM-bl or A3R5 target cells that we adapted for eval-
uation of cell-associated virus transmission inhibition (33, 35, 41).
With each assay, we studied cell-free viruses dependent on the
polycation DEAE-dextran. Although the dependence on DEAE-
dextran may not apply to all isolated HIV-1 strains, we were able
to compare the infectivity of several diverse neutralization-resis-
tant clade B Env variants (40). We demonstrated significant dif-
ferences in the neutralization profiles of Env glycoproteins ex-
pressed in one chronic infection strain compared to three T/F
HIV-1 strains. Most studies to date that have investigated cell-
associated virus transmission have primarily focused on laborato-
ry-adapted HIV-1 strains with few T/F isolates (10, 12, 74). Due to
the recently appreciated importance of T/F viruses in HIV-1
transmission and pathogenesis, more focus has shifted toward
studying T/F viral isolates and Env variants (75–77). To our
knowledge, this study is one of the first to comprehensively com-
pare the individual potencies of a large panel of broadly neutral-

TABLE 3 Comparisons of single-antibody neutralization efficienciesa

Virus and Env
variant

TZM-bl assay A3R5 assay

P value range Result P value range Result

Cell associated
BAL 8 � 10�32 to 1 � 10�5 huOKT4A 
 VRC01 
 PGT126 
 10E8 


4E10/PG9/hu5A8/CH01
9 � 10�12 to 4 � 10�3 VRC01/PGT126 
 10E8 
 4E10/

PG9/hu5A8/CH01
WITO 1 � 10�29 to 8 � 10�3 huOKT4A 
 hu5A8/PG9 
 VRC01 


10E8/PGT126 
 4E10/CH01
2 � 10�15 to 2 � 10�2 hu5A8 
 PG9b 
 VRC01/10E8/

CH01 
 4E10/PGT126
CH040 6 � 10�28 to 2 � 10�8 huOKT4A 
 hu5A8/VRC01 


10E8/4E10/PG9/PGT126/CH01
2 � 10�13 to 1 � 10�3 hu5A8/10E8 
 VRC01 


4E10/PG9/PGT126/CH01
CH077 3 � 10�35 to 4 � 10�5 huOKT4A 
 hu5A8/PG9 
 PGT126 


10E8/VRC01 
 4E10/CH01
2 � 10�16 to 4 � 10�3 hu5A8c 
 PG9 


PGT126/VRC01 
 4E10/CH01

Cell free
BAL 7 � 10�32 to 5 � 10�3 VRC01 
 huOKT4A 
 PGT126 
 10E8 


4E10/hu5A8d 
 PG9/CH01
4 � 10�17 to 9 � 10�3 PGT126/VRC01 
 10E8 
 4E10/

hu5A8e 
 CH01 
 PG9
WITO 6 � 10�52 to 1 � 10�2 PG9/huOKT4A 
 hu5A8 
 VRC01 


CH01/10E8f 
 4E10 
 PGT126
3 � 10�23 to 3 � 10�4 PG9/hu5A8 
 VRC01 
 CH01/

10E8 
 4E10/PGT126
CH040 2 � 10�29 to 6 � 10�4 huOKT4A 
 hu5A8/VRC01 
 PG9/10E8/

4E10/CH01 
 PGT126g

8 � 10�17 to 7 � 10�3 hu5A8 
 VRC01 
 10E8 

PGT126/4E10/CH01 
 PG9h

CH077 2 � 10�45 to 3 � 10�3 huOKT4A 
 PG9 
 hu5A8 
 PGT126 

VRC01 
 10E8/4E10/CH01

2 � 10�19 to 1 � 10�3 hu5A8/PG9i 
 PGT126 

VRC01 
 10E8 
 4E10/CH01

a A stratified (by antibody dose) exact Wilcoxon rank sum test was done for all possible comparisons of the 8 neutralizing antibodies for each Env variant, assay type, and cell-
associated or cell-free virus with P values using the Holm’s adjustment for all antibody comparisons from the same experimental conditions. Only two-sided P values that were
significant after Holm’s adjustment for multiple comparisons were considered significant. The symbol “
” indicates that the antibody to the left has significantly greater
neutralization efficiency than the antibody to the right. When an antibody is listed directly after another antibody (e.g., “4E10/PG9”), the antibodies do not differ significantly. The
symbol “�” indicates pairs of antibodies that do not differ significantly.
b PG9 � 10E8.
c hu5A8 
 10E8 and 10E8 � PG9, PGT126, VRC01, 4E10, and CH01.
d hu5A8 � PG9.
e hu5A8 � CH01.
f 10E8 � 4E10.
g PGT126 � 10E8, 4E10, and CH01.
h PG9 � 4E10 and CH01.
i PG9 � PGT126.
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izing antibodies and inhibitors, as well as for two pairs in combi-
nation, against both cell-associated and cell-free virus
transmission of multiple T/F Env variants. Similar to results re-
ported by Sagar et al. examining dendritic cell-to-CD4� T cell
transmission of HIV-1, we also observed differences in neutraliz-
ing antibody efficiencies against infected CD4� T cell-to-CD4� T
cell virus transmission among Env variants (78). These results
underscore the importance of evaluating neutralization potencies
against several HIV-1 strains, such as dualtropic, macrophage-
tropic, and T/F isolates, to gain a deeper understanding of epitope
conservation and accessibility among viruses during cell-to-cell
spread (12, 77, 79).

Although there is evidence that cell-associated virus plays an
important role in HIV-1 transmission (3–5), combinations of
broadly neutralizing monoclonal antibodies have not been evalu-
ated in human neutralization assays against cell-associated HIV-1
thus far. Horwitz et al. previously showed a decrease in cell-asso-
ciated HIV-1 DNA and viral load in the humanized mouse model
treated with up to three gp120-specific antibodies. However, cell-
to-cell HIV-1 transmission before and after immunotherapy was
not measured (30, 31, 80). To determine if a combination of neu-
tralizing antibodies could abolish cell-associated virus transmis-
sion as well as cell-free virus transmission, we tested two specific
combinations of antibodies using both the TZM-bl and A3R5

FIG 4 Neutralization of cell-associated virus by combination of two gp120-specific broadly neutralizing antibodies. Two HIV-1-directed antibodies, PG9 and
VRC01, were combined at concentrations that have a partial effect to no effect on cell-associated virus infection when used individually. Infection was evaluated
in TZM-bl (A to D) or A3R5 (E to H) target cells with cell-associated HIV-1 BAL (A and E), WITO (B and F), CH040 (C and G), and CH077 (D and H). Infection
was measured by quantifying the RLU of TZM-bl cells (A to D) or the percentage of GFP� (Far Red�) A3R5 cells (E to H) for each cell-associated Env variant
in the presence of the indicated concentrations of antibodies, used in combination or alone, where 1 is equal to 100% infection. Results were normalized and
expressed as box-and-whisker plots illustrating the median, first and third quartiles, and range with outliers (solid circles). Significant differences were assessed
with exact Wilcoxon rank sum tests and Holm’s adjustment to compare each combination of antibodies to the single-antibody treatment. A significant difference
is represented by ** (P 	 0.005), and a nonsignificant difference is represented by “ns.”
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neutralization assay. Our results demonstrated that a combina-
tion of monoclonal gp120-specific antibodies at submaximal con-
centrations targeting the CD4bs or V1/V2 Env region neutralized
two of four strains of cell-associated virus more efficiently than
when used individually. Moreover, the combination of two
gp120-specific neutralizing antibodies was more effective against
cell-associated virus transmission than a combination of gp41-
and gp120-specific antibodies, which had no apparent additive
effect. Although these results warrant further in-depth analyses of
different antibody combinations against more HIV-1 strains, they
do provide a proof of concept that combinations of specific anti-
bodies may better neutralize cell-associated virus, which can be

tested effectively in both the TZM-bl and A3R5 cell-based neutral-
ization assays. Our findings may inform the future development
of prophylactic vaccines to produce specific broadly neutralizing
antibodies capable of neutralizing both cell-free and cell-associ-
ated virus.

Previous reports have shown that cell-free transmission and
cell-associated virus transmission exhibit different sensitivities to
gp120- but not gp41-directed agents (10, 78). It is important to
note, however, that these previous findings were primarily based
on the IC50 values of neutralizing antibodies and inhibitors. Our
additional in-depth statistical analyses comparing antibodies
stratified by dose, and not solely by IC50 value, suggest that previ-

FIG 5 Neutralization of cell-associated virus by combination of gp120- and gp41-specific broadly neutralizing antibodies. Two HIV-1-directed antibodies, 10E8
and VRC01, were combined at concentrations that have a partial effect to no effect on cell-associated virus infection when used individually. Infection was
evaluated in TZM-bl (A to D) or A3R5 (E to H) target cells with cell-associated HIV-1 BAL (A and E), WITO (B and F), CH040 (C and G), and CH077 (D and
H). Infection was measured by quantifying RLU of TZM-bl cells (A to D) or the percentage of GFP� (Far Red�) A3R5 cells (E to H) for each cell-associated Env
variant in the presence of the indicated concentrations of antibodies, used in combination or alone, where 1 is equal to 100% infection. Results were normalized
and expressed as in Fig. 4. Significant differences were assessed with exact Wilcoxon rank sum tests and Holm’s adjustment to compare each combination of
antibodies to the single-antibody treatment. A significant difference is represented by ** (P 	 0.0075), and a nonsignificant difference is represented by “ns.”
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ously reported differences in neutralizing antibody efficiencies be-
tween cell-associated and cell-free virus may be underestimated.
Moreover, the MPER-specific antibodies previous reports focused
on were 4E10 and 2F5. The non-membrane-binding MPER-spe-
cific antibody 10E8 was not tested (10, 12, 78). As this study com-
pares a large, functionally diverse panel of antibodies and inhibi-
tors and their potencies to neutralize multiple cell-associated and
cell-free Env variants, the statistical analyses performed had some
limitations due to the number of experimental conditions requir-
ing adjustment for multiple comparisons. The sample size of some
experiments was not large enough to adequately compare the
difference in neutralization efficiencies among different Env vari-
ants in various settings. In the future, automation of these func-
tional assays may prove valuable to cost-effectively perform high-
throughput screening of therapeutic antibodies and viral
inhibitors.

One possible explanation for the differences in neutralization
efficiency observed among antibodies may be due to differences in
epitope accessibility. Steric hindrance from the coreceptor attach-
ments and compartmental networks that develop during virolog-
ical synapse formation in cell-to-cell transmission may render the
virus less accessible than cell-free virus to certain antibodies or
inhibitors (6, 13). In addition, antibody-binding kinetics may
contribute to limited epitope accessibility during cell-associated
virus transmission. For example, the time that gp120-directed
neutralizing antibodies are able to bind cell-associated virus dur-
ing synaptic formation is limited to the short duration between
virus budding and CD4 and CCR5 engagement (12). This is a
much shorter epitope exposure period than that of cell-free virus.
MPER-specific antibody epitopes are only accessible postattach-
ment upon the fusion-active or fusion-intermediate conforma-
tion (53, 81). Finally, differences in antibody or inhibitor binding
avidities may also affect their ability to neutralize cell-associated
virus efficiently. Malbec et al. recently showed that only a subset of
broadly neutralizing antibodies are able to efficiently inhibit
transmission of cell-associated HIV-1 by targeting the CD4bs or
the V3 loop glycan, albeit less than against cell-free viruses (72).
Using immunofluorescence, they demonstrated that these more
potent neutralizing antibodies were able to congregate at the vi-
rological synapse and impede cell-to-cell transmission (72). Ad-
ditional studies are necessary to further deduce precisely why
some broadly neutralizing antibodies are less efficient against cer-
tain cell-associated viruses than others.

This study describes two different neutralization assays that
enable the screening of several antibodies and inhibitors against
cell-associated and cell-free virus transmission and infection. We
not only show that neutralizing antibodies, including VRC01 and
PG9, and some inhibitors are less efficient against cell-associated
compared to cell-free HIV-1 transmission, but also that neutral-
ization efficiencies widely differ between chronic and T/F HIV-1
strains. Furthermore, combining a particular pair of gp120-spe-
cific neutralizing antibodies is more effective at inhibiting cell-
associated virus transmission. These findings advocate that cell-
associated virus neutralization should be evaluated in addition to
cell-free virus to better inform HIV-1 vaccine, immunotherapy,
and ART design. Enhanced screening and evaluation of novel,
more powerful antibodies and inhibitors and optimal combina-
tions thereof will be useful for prophylactic HIV-1 vaccine and
passive immunotherapy development.
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