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ABSTRACT HIV-1-specific antibody-dependent cellular cytotoxicity (ADCC) antibod-
ies within HIV-1-positive (HIV-1�) individuals predominantly target CD4-induced
(CD4i) epitopes on HIV-1 envelope glycoprotein (Env). These CD4i epitopes are usu-
ally concealed on the surface of infected cells due to CD4 downregulation by the
HIV-1 accessory proteins Nef and Vpu. We hypothesized that early-stage infected
cells in the process of downregulating CD4 could be more susceptible to ADCC than
late-stage infected cells that have fully downregulated CD4. There was significantly
higher binding of antibodies within plasma from HIV-1-infected individuals to early-
stage infected cells expressing intermediate levels of CD4 (CD4-intermediate cells)
than in late-stage infected cells expressing low levels of CD4 (CD4-low cells). How-
ever, we noted that HIV-1-uninfected bystander cells and HIV-1-infected cells, at vari-
ous stages of downregulating CD4, were all susceptible to NK cell-mediated ADCC.
Importantly, we observed that the cytolysis of bystander cells and early infected
cells in this culture system was driven by sensitization of target cells by inoculum-
derived HIV-1 Env or virions. This phenomenon provided Env to target cells prior to
de novo Env expression, resulting in artifactual ADCC measurements. Future studies
should take into consideration the inherent caveats of in vitro infection systems and
develop improved models to address the potential role for ADCC against cells with
nascent HIV-1 infection.

IMPORTANCE An increasing body of evidence suggests that ADCC contributes to
protection against HIV-1 acquisition and slower HIV-1 disease progression. Targeting
cells early during the infection cycle would be most effective in limiting virus pro-
duction and spread. We hypothesized that there could be a time-dependent sus-
ceptibility of HIV-1-infected cells to ADCC in regard to CD4 expression. We ob-
served NK cell-mediated ADCC of HIV-1-infected cells at multiple stages of CD4
downregulation. Importantly, ADCC of early infected cells appeared to be driven
by a previously unappreciated problem of soluble Env and virions from the viral
inoculum sensitizing uninfected cells to ADCC prior to de novo Env expression.
These results have implications for studies examining ADCC against cells with
nascent HIV-1 infection.
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The elimination of human immunodeficiency virus type 1 (HIV-1)-infected cells
through antibody-dependent cellular cytotoxicity (ADCC) represents a potentially

useful immune response to integrate into vaccination or curative strategies against
HIV-1 infection. Indeed, ADCC has been linked to the partial protection from HIV-1
infection conferred by the RV144 regimen (1) and the protection from pathogenic
simian immunodeficiency virus (SIV) challenge conferred to rhesus macaques by a live
attenuated SIV vaccine (2). Similarly, ADCC has been shown to impact disease progres-
sion in HIV-1-infected humans and SIV-infected macaques (3–5). Despite the prophy-
lactic and therapeutic potential of anti-HIV-1 ADCC, most circulating HIV-1 strains are
capable of evading ADCC antibodies predominantly induced during HIV-1 infection or
following vaccination. The antibodies capable of triggering ADCC within infected or
vaccinated individuals most commonly target CD4-induced (CD4i) epitopes within
HIV-1 Env (6–8). Cells infected with most HIV-1 strains, however, evade antibodies
targeting CD4i epitopes through the downregulation of cell surface CD4 by the viral
Nef and Vpu accessory proteins (9).

Assays utilized to assess evasion of anti-HIV-1 ADCC through Nef- and Vpu-mediated
CD4 downregulation have typically employed cells infected for 48 h (6, 9, 10). This raises
the question of whether there is a time-dependent susceptibility of HIV-1-infected cells
to ADCC in regard to CD4 expression. Are early-stage infected cells that have not fully
downregulated CD4 more susceptible to ADCC than late-stage infected cells that have
fully downregulated CD4? The potential coexpression of de novo Env and CD4 would
facilitate the exposure of CD4i epitopes that are highly targeted by ADCC antibodies
within HIV-1-infected and vaccinated individuals. On a similar note, the transient
exposure of CD4i epitopes on Env during viral entry (preintegration) has also been
proposed as a target for ADCC (11, 12). Targeting cells early during the infection cycle,
either during viral entry or postintegration before CD4 is fully downregulated, would be
most effective in limiting virus production and spread.

While the possibility of time-dependent differential susceptibility to ADCC is a topic
that warrants investigation, it is important to note that in vitro measurements of
anti-HIV-1 ADCC are complicated due to bystander effects that can confound data
interpretation. Indeed, HIV-1-infected cell cultures contain soluble gp120 that can bind
to uninfected cells and expose CD4i epitopes, allowing CD4i ADCC antibodies to bind
and create ideal bystander target cells for effector NK cells (13, 14). It is plausible that
a similar phenomenon could result in early HIV-1-infected cells within in vitro cultures
acquiring ADCC epitopes prior to de novo Env expression. As such, it is important to
assess time-dependent anti-HIV-1 ADCC early following the infection of target cells to
prevent the accumulation of shed gp120. Another potential confounding variable for
anti-HIV-1 ADCC measurements is the viral inoculum, which contains both virions and
gp120 that could stably bind to CD4 on the surface of cells and reveal CD4i ADCC
epitopes as well. In such a situation, the ADCC epitopes would be available in exag-
gerated quantities to what would be available during the infection of a cell by a single
virion. Thus, caution needs to be taken in interpreting the results of experiments
assessing the time dependence of anti-HIV-1 ADCC.

Here, we evaluated the temporal susceptibility of HIV-1-infected target cells to
ADCC, as well as the antibody specificity involved in the observed responses. Further-
more, we assessed if the detected responses were directed toward de novo Env, shed
gp120, or inoculum-derived Env that bound to cells during the infection process. We
found that while CD4 was not completely downregulated early in infection, there was
limited or no de novo Env expression at this stage. Our results suggest that inoculum-
derived gp120 and virions are major contributors to in vitro anti-HIV-1 ADCC responses
and that extra care should be taken to infect cells under conditions that more closely
reflect natural HIV-1 infection to avoid creating artifactual ADCC susceptibility.

RESULTS
CD4 is progressively downregulated on HIV-1-infected cells. Several studies

have shown that ADCC antibodies within serum and plasma from HIV-1-infected or
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vaccinated individuals predominantly target the CD4-bound conformation of Env (6–8).
A potential barrier for these antibodies to recognize HIV-1-infected cells is that CD4i
epitopes, exposed when Env binds to CD4, are concealed on infected cells due to the
downregulation of CD4 by Nef and Vpu (9). To examine whether a window of oppor-
tunity exists for CD4i antibodies to target HIV-1-infected cells before CD4 is fully
downregulated, we infected CEM.NKr-CCR5 (CEM) cells with a green fluorescent protein
(GFP) reporter HIV-1AD8 strain that expresses Nef (under the control of an internal
ribosome entry site [IRES]) and Vpu (15). We examined CD4 and GFP expression over
time and found that CD4 is progressively downregulated as GFP increases over a period
of 12 to 48 h (Fig. 1A, top panel). The cells transition from an uninfected state
expressing high levels of CD4 (CD4-high cells, or CD4hi) and no GFP (GFP–) to a state
expressing intermediate levels of CD4 (CD4-intermediate cells, or CD4int) and low levels
of GFP early in infection (GFPlo), and finally toward a state expressing low levels of CD4
(CD4-low cells, or CD4lo) and high levels of GFP late in infection (GFPhi). The CD4lo GFPhi

cells become the predominant population of GFP-positive (GFP�) infected cells over
time (Fig. 1B) as CD4 is progressively downregulated (Fig. 1C). To examine the pro-
gression of infection in the absence of second rounds of infection, we added the fusion
inhibitor T20 4 h after spinoculation with HIV-1AD8. There was very little change in the
percentage of cells transitioning to the CD4int GFPlo and CD4lo GFPhi stages at each
time point compared to percentages of cells without T20 (Fig. 1A, bottom panel). Since
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FIG 1 CD4 downregulation and GFP expression over time in CEM cells infected with HIV-1AD8. (A) Flow cytometry scatter plots
depicting CD4 and HIV-1AD8 (GFP) expression over 12 to 48 h. The top panel shows HIV-1AD8-infected CEM cells in the absence of
T20. The middle and bottom panels show CEM cells treated with 10 �g/ml of T20 before or 4 h after spinoculation with HIV-1AD8.
The numbers represent the proportions of CD4hi GFP–, CD4int GFPlo, and CD4lo GFPhi cells, as indicated. (B) The proportions of
CD4int and CD4lo GFP� infected CEM cells over time. (C) CD4 expression in terms of median fluorescence intensity (MFI) on GFP�

infected CEM cells over time. The data in panels B and C were averaged from four independent experiments.
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T20 was added before a second round of infection could occur, we conclude that the
presence of CD4int GFPlo cells at the 36- and 48-h time points was likely due to delayed
progression of infection from the initial viral inoculum. As a positive control, cells
treated with T20 prior to infection with HIV-1AD8 mostly remained uninfected (Fig. 1A,
middle panel).

At 20 h postinfection, in the absence of T20, there were similar proportions of early
CD4int GFPlo and late CD4lo GFPhi infected cells (Fig. 1B). Thus, we chose the 20-h
infection time point for future assays to study whether infected cells can be targeted
by ADCC antibodies early in infection.

Recognition of uninfected and HIV-1-infected cells by a panel of Env-specific
MAbs and antibodies within HIV-1� plasma and serum. We hypothesized that
CD4int GFPlo infected cells are reflective of cells in the early stages of infection and
could be important targets for ADCC antibodies. Since antibodies within plasma from
HIV-1-infected and vaccinated individuals predominantly target the CD4-bound con-
formation of Env (6–8), we next examined whether there would be higher binding of
HIV-1� plasma antibodies to CD4-expressing infected cells than to infected cells that
have fully downregulated CD4. Indeed, there was significantly higher binding of plasma
IgG antibodies to CD4int GFPlo cells than to CD4lo GFPhi infected cells (median fluores-
cence intensity [MFI] of 1,280 versus 808; P � 0.05) (Fig. 2A).

Previous studies have shown that uninfected bystander CD4� cells within infected
cell cultures can bind gp120 shed from productively infected cells, making them targets
for CD4i antibodies within HIV-1� plasma (13, 14). While it is unlikely that high levels
of shed gp120 would be present at this early time point (20 h), soluble gp120 or virions
from the inoculum can bind to uninfected bystanders and result in a similar phenom-
enon. We show that CD4hi GFP– uninfected cells have even higher levels of HIV-1�

plasma IgG binding than CD4int GFPlo cells (MFI of 1,935 versus 1,280; P � 0.085) and
CD4lo GFPhi cells (MFI of 1,935 versus 808; P � 0.0001) (Fig. 2A).

Polyclonal sera from HIV-1-infected individuals contain a large range of Env-specific
antibodies. To more finely dissect the Env epitopes expressed on infected cells, we
examined binding of several Env-specific monoclonal antibodies (MAbs) (Fig. 2B). The
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FIG 2 Binding of HIV-1� plasma antibodies and Env-specific MAbs to HIV-1AD8-infected and uninfected CEM cells. (A) The
binding of IgG within HIV-1� plasma (1:1,000 dilution; n � 15 donors) to uninfected CD4hi GFP– bystanders and CD4int GFPlo,
and CD4lo GFPhi infected cells was analyzed by flow cytometry, and results are presented as MFI values. The dotted black line
represents plasma IgG binding of an HIV-1– donor. Statistical analyses between multiple matched groups were performed using
the Friedman test followed with Dunn’s posttests (*, P � 0.05; ****, P � 0.0001). (B) The binding of Env-specific MAbs to
uninfected CD4hi GFP–, CD4int GFPlo, and CD4lo GFPhi cells, as indicated, was analyzed by flow cytometry. The following
Env-specific MAbs were used at 5 �g/ml: A32 (CD4i cluster A), 3BNC117 (CD4 binding site), PGT126 (N332 glycosylation site on
the V3 loop), and PGT145 (V1V2 apex). The IgG isotype control was an MAb specific for influenza virus nucleoprotein (D1-11).
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nonneutralizing A32 MAb, which binds to a CD4i cluster A epitope on the inner domain
of gp120 (11, 16), predominantly recognized the uninfected GFP– bystanders that have
gp120 bound to CD4 on the surface. A32 could bind CD4int GFPlo cells moderately well
and even bound to CD4lo GFPhi cells, showing that either CD4 has not been fully
downregulated on the CD4lo GFPhi cells or that there may be low levels of CD4i
epitopes exposed on cells infected with HIV-1AD8 even without CD4 ligation. The
broadly neutralizing antibodies (bNAbs) 3BNC117 (CD4-binding site), PGT126 (N332
glycosylation site on the V3 loop), and PGT145 (V1V2 apex) exhibited low levels of
binding to CD4lo GFPhi infected cells, where Env is more likely to be in an unliganded,
closed conformation. A MAb against influenza virus nucleoprotein (MAb D1-11) served
as an isotype control for the staining of Env-specific MAbs (17).

We next assessed Env expression in primary CD4� T cells infected with the GFP
reporter HIV-1ADA strain (9) and stained with a similar panel of MAbs at 48 h postin-
fection (Fig. 3A). A32 binding was dependent on the level of CD4, with the highest
binding to gp120-coated CD4hi GFP– uninfected bystander cells, moderate binding to
CD4int GFPlo cells, and low binding to CD4lo GFPhi cells. The binding of MAb 2G12,
specific for a CD4-independent outer domain epitope (18), showed that the uninfected
bystanders had higher levels of gp120 than CD4int GFPlo and CD4lo GFPhi cells. In line
with the results shown in Fig. 2B, the bNAbs PGT126 and 3BNC117 predominantly
recognized CD4lo GFPhi infected cells.

Last, we examined the binding of MAbs and HIV-1� serum antibodies to primary
CD4� T cells infected with an HIV-1 infectious molecular clone expressing Env from a
transmitted/founder virus (CH077.t) at 18 h postinfection using p24 expression as a
readout of infectivity (Fig. 3B). The binding of HIV-1� serum antibodies resembled the
binding of A32, with higher binding to CD4int p24� cells than to CD4lo p24� cells. The
bNAbs PGT126 and PGT151 (gp120-gp41 interface) predominantly recognized CD4lo

p24� cells, with moderate binding to CD4int p24� cells.
As a control, we also examined the binding of MAbs to cells infected with Nef- and

Vpu-deficient HIV-1. Without the antagonism of tetherin by Vpu and the downregula-
tion of CD4 by both Nef and Vpu, these infected cells have high levels of Env and CD4
on the surface, resulting in high levels of binding of all antibodies tested (both CD4i and
non-CD4i) (Fig. 3A and B).

CD4-intermediate infected cells are not more susceptible to ADCC than CD4-
low infected cells. Having shown that HIV-1� plasma and serum antibodies preferen-
tially bind CD4int GFPlo cells over CD4lo GFPhi cells, we next examined whether there
was higher ADCC against CD4int GFPlo cells. Since uninfected GFP� bystander cells have
been shown to be good targets for ADCC and could confound the measurement of
ADCC responses (14), we first sorted HIV-1AD8-infected CEM cells at 20 h postinfection
into GFP–, GFPlo, and GFPhi cells to examine ADCC against the three populations
independently. We found that the sorted target cells, in the absence of effector NK cells
or ADCC antibodies, continued to downregulate CD4 and transition during the 5-h
ADCC assay incubation (Fig. 4). Within the sorted GFP– population, 7.2% transitioned to
a CD4int GFPlo state, and 3.1% transitioned to a CD4lo GFPhi state, while 84.4% of the
sorted GFPlo population (initially all CD4int) became CD4lo GFPhi in the representative
example shown. The sorted GFPhi cells remained CD4lo but continued to express HIV-1
(GFP) during the ADCC assay incubation, increasing in GFP MFI from 14,995 to 31,999
after 5 h. This general pattern of continued CD4 downregulation and GFP expression
postsorting was observed across six independent experiments.

We examined ADCC against the sorted populations and calculated ADCC using a
reference population (eFluor670-stained uninfected CEM cells) that was spiked into
each sample at the end of the ADCC assay incubation (Fig. 5A). We found that all three
populations were eliminated by ADCC in an HIV-1-specific manner in contrast to cells
incubated with the HIV-1-negative (HIV-1–) plasma control. Although there was higher
binding of HIV-1� plasma antibodies to CD4int GFPlo cells, there was no significant
difference in ADCC against the sorted GFPlo or GFPhi cells (median, 15.7% [interquartile
range, 12.3% to 31.1%] versus 20.5% [7.9% to 30.5%]; P � 0.87) (Fig. 5C).
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As the sorted GFPlo cells (initially all CD4int) continued to downregulate CD4 during
the 5-h ADCC assay incubation (Fig. 4), it was difficult to determine at which stage
(CD4int or CD4lo) the cells were killed. Since a proportion of the apparently uninfected
sorted GFP– cells at 20 h postinfection began to express GFP over the 5-h ADCC
incubation (Fig. 4), we could examine ADCC against this population to assess the killing
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FIG 3 Binding of Env-specific MAbs and HIV-1� serum antibodies to HIV-1-infected and uninfected primary CD4� T cells.
(A) Primary CD4� T cells infected with the GFP reporter HIV-1ADA strain were stained at 48 h postinfection with the MAbs
A32 (CD4i cluster A), 2G12 (CD4-independent outer domain epitope), PGT126 (N332 glycosylation site on the V3 loop), and
3BNC117 (CD4 binding site) at 5 �g/ml. (B) Primary CD4� T cells infected with the transmitted/founder HIV-1 infectious
molecular clone CH077.t were stained at 18 h postinfection with HIV-1� serum (1:1,000; n � 3) and the MAbs A32, PGT126,
and PGT151 (gp120-gp41 interface) at 5 �g/ml. The bar graphs depict mean values obtained from three independent
experiments, with error bars showing standard errors of the means. Cell populations are indicated on the figure. The
binding of Env-specific MAbs and HIV-1� serum antibodies was determined using flow cytometry, and results are
presented as MFI values. N� U�, cells infected with Nef- and Vpu-deficient HIV-1.
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of cells early during the infection process. We therefore examined ADCC mediated by
HIV-1� plasma antibodies against sorted GFP– bystander cells that remained uninfected
(GFP–) compared to that against the �10% of cells that became infected (GFP�) during
the 5-h ADCC incubation. We found that there was significantly higher ADCC against
the cells that became GFP� than against the cells that remained GFP– (median, 53.8%
[interquartile range, 32% to 83.3%] versus 27.7% [19% to 37.5%]; P � 0.0001) (Fig. 5B).
This implies that early-stage infected cells could be better targets for ADCC than
uninfected bystander cells that have CD4-bound Env.

CD4-induced epitopes are important for ADCC against GFP– cells and CD4-
intermediate infected cells. Since A32-like antibodies against CD4i epitopes are
common in HIV-1� plasma (19), we assessed whether A32 Fabs could block ADCC
against HIV-1AD8-infected CEM cells. We first showed that A32 Fabs significantly re-
duced binding of HIV-1� plasma IgG against CD4hi GFP–, CD4int GFPlo, and CD4lo GFPhi

cells (Fig. 6A). Although binding of HIV-1� plasma antibodies to CD4lo GFPhi cells was
low, this binding could still be blocked with A32 Fabs, suggesting that low levels of
CD4i epitopes were still present on the CD4lo GFPhi infected cells. Next, we found that
A32 Fabs significantly reduced ADCC against sorted GFP– and GFPlo cells (Fig. 6B). Some
HIV-1� plasma donors still had relatively high ADCC even after the A32 epitope was
blocked, suggesting that these donors have ADCC antibodies that can recognize other
epitopes on Env. Last, we found that A32 Fabs did not significantly reduce ADCC
against sorted GFPhi cells.

ADCC against infected cells at an early stage is due to CD4-bound gp120 or
virions that originated from the viral inoculum. Shed gp120 in infected cell cultures

FIG 4 Sorted HIV-1AD8-infected CEM cells continue to downregulate CD4 and express GFP during the 5-h ADCC assay incubation.
The left scatter plot depicts the gating strategy utilized to sort HIV-1-infected CEM cells (20 h postinfection) into GFP–, GFPlo, and
GFPhi populations. The right panels depict CD4 and GFP expression of the sorted populations directly after the sort (time [T] �
0 h) and after the 5-h ADCC assay incubation. All plots in this figure depict the target cells-only samples without any effector NK
cells or plasma antibodies. The plots here are representative of six independent experiments.
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can give rise to artifactual ADCC results if the assay measures effector cell activation or
killing of total target cells (i.e., uninfected bystanders plus infected cells) (14). Another
source of Env that can bind to CD4 on uninfected bystanders is the viral inoculum. To
examine the possibility that sources of Env in the viral inoculum were confounding our
results, we examined ADCC against HIV-1-exposed CEM cells in the presence of a
CD4-blocking antibody or an isotype control. The HIV-1-exposed CEM cells were
spinoculated with HIV-1AD8 for 1 h as for the above-described experiments, washed to
remove any unbound gp120 or virions, and immediately used as targets for the ADCC
assay without any prior incubation for viral replication to occur. In contrast to the low
level of killing of mock-infected cells, we found that HIV-1-exposed cells were signifi-
cantly killed by ADCC (median, 3.2% [interquartile range, 1.8% to 5.9%] versus 15.7%
[11.6% to 19.6%]; P � 0.05) (Fig. 7A), showing that HIV-1-exposed cells can be targets
for ADCC even without viral replication. The sensitization of target cells to ADCC by the
viral inoculum was CD4 dependent as blocking CD4 prior to spinoculation significantly
reduced ADCC (median for the isotype control, 15.7% [interquartile range, 11.6% to
19.6%] versus CD4-blocked cells, 2.6% [0.6% to 7.5%]; P � 0.05). Of note, spinoculation
of CEM cells with monomeric gp120, rather than with viral preparations, also resulted
in high levels of ADCC mediated by HIV-1� plasma (data not shown). We next stained
HIV-1-exposed cells for p24 expression to examine whether HIV-1 virions could be
detected on the cell surface (Fig. 7D). Immediately after spinoculation with HIV-1AD8,
68.3% of CD4hi GFP– uninfected cells were p24� in contrast to mock-infected cells that
were all p24�, reflecting HIV-1 virions attached to the surface of the HIV-1-exposed
cells. As the CD4hi GFP– uninfected cells transitioned into CD4int GFPlo cells, the levels
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signed-rank test (ns, not significant; ***, P � 0.001).
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of p24 detected were similar to those of the CD4hi GFP– cells. In contrast, CD4lo GFPhi

cells in the later stages of infection expressed p24 at levels exceeding those of CD4hi

GFP– and CD4int GFPlo cells, most likely as the cells began to produce progeny virions.
Thus, these results suggest that a mix of gp120 and viral particles present in the
inoculum is sufficient to sensitize uninfected cells to ADCC.

We postulated that the A32- and HIV-1� plasma IgG binding detected against CD4int

GFPlo early infected cells (at 20 h postinfection) could have been due to gp120 or
virions from the viral inoculum instead of to newly synthesized Env or gp120 shed from
productively infected cells. We therefore performed a time course and measured A32
and PGT126 binding from 12 to 48 h postinfection. A32 binding to uninfected GFP–

bystanders stayed relatively stable (around 6.5- to 7-fold change in MFI over the level
of the isotype control) from 12 to 24 h postinfection (Fig. 7B), likely reflecting binding
to gp120 or virus particles that originated from the viral inoculum. As for PGT126, the
small increase in binding to CD4lo GFPhi infected cells from 18 to 48 h postinfection
(1.2- to 1.6-fold over isotype control levels) could reflect binding to low levels of newly
synthesized Env (Fig. 7C). A32 binding to the GFP– bystanders increased greatly from 24
to 48 h (6.5- to 12.1-fold over isotype control levels), whereas binding to CD4int and
CD4lo infected cells stayed relatively stable and did not increase over baseline from 18
to 48 h (Fig. 7B). The increasing amount of A32 bound on the surface of uninfected
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FIG 6 CD4-induced cluster A epitopes are important for HIV-1� plasma antibody binding and ADCC against
HIV-1AD8-infected and uninfected CEM cells. (A) The graphs depict the binding of IgG within HIV-1� plasma
(1:1,000; n � 13) to CD4hi GFP– uninfected cells and to CD4int GFPlo and CD4lo GFPhi infected cells after
preincubation with or without A32 Fab (10 �g/ml). The dotted black line depicts plasma IgG binding of an
HIV-1-uninfected donor. Plasma IgG binding was determined using flow cytometry, and results are
presented as MFI values. (B) ADCC mediated by HIV-1� plasma antibodies (1:1,000) against HIV-1-infected
CEM cells sorted into GFP– (n � 11), GFPlo (n � 10), and GFPhi (n � 7) populations in the presence or
absence of A32 Fab (10 �g/ml). Statistical analyses between matched pairs were performed with a Wilcoxon
signed-rank test (ns, not significant; **, P � 0.01; ***, P � 0.001).
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bystander cells from 24 h onwards implies that the productively infected cells in culture
were only starting to shed gp120 after 24 h of incubation.

DISCUSSION

In our in vitro infection model, we detected higher binding of HIV-1� plasma
antibodies to CD4int GFPlo early-stage infected cells than to CD4lo GFPhi late-stage
infected cells. This binding was mostly against CD4i epitopes as it was significantly
blocked by A32 Fabs, corroborating results from previous studies showing that HIV-1�

plasma antibodies predominantly recognize the CD4-bound conformation of Env (6, 7).
Our results show that sorted GFPlo infected cells were not more susceptible than sorted
GFPhi infected cells to ADCC though it was difficult to determine at which stage the
sorted GFPlo cells were killed (CD4int or CD4lo) as they continued to downregulate CD4
and express GFP during the ADCC assay incubation. Sorted GFP– cells that became
GFP� during the ADCC assay were more susceptible to ADCC than the cells that
remained GFP–, suggesting that early-stage infected cells are better targets for ADCC
than uninfected bystander cells coated with gp120.

While it is plausible that CD4i antibodies can eliminate early-stage infected cells in
the process of CD4 downregulation, data from the antibody-binding time course
experiments suggest that these initial results could be tempered by the complicated
nature of infecting cells with HIV-1 in vitro. We observed that uninfected GFP– by-
stander cells had similar levels of A32 binding from 12 to 24 h postinfection but that
levels increased 2-fold from 24 to 48 h postinfection (Fig. 7B). Since GFP expression was
not detectable at 12 h postinfection in that experiment, the A32 binding detected at
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FIG 7 Recognition of CD4int early infected cells by HIV-1� plasma antibodies is due to CD4-bound gp120 or virions that originated from
the viral inoculum instead of newly synthesized Env. (A) ADCC mediated by HIV-1� plasma (1:1,000; n � 6) against CEM cells exposed to
RF10 medium (mock) or HIV-1AD8 viral inoculum in the presence of an isotype control or CD4-blocking antibody. CEM cells were
preincubated with the mouse isotype control (clone MOPC-21) or anti-CD4 antibody (clone RPA-T4) at 20 �g/ml prior to spinoculation
with HIV-1AD8. After spinoculation, the cells were washed and immediately incubated with NK cells and HIV-1� plasma for 5 h (without
any prior incubation for viral replication to occur). Statistical analyses between multiple matched groups were performed using a
Friedman test followed by Dunn’s posttests (ns, not significant; *, P � 0.05). (B and C) Binding of A32 and PGT126 at 5 �g/ml to uninfected
GFP– bystanders and CD4int GFPlo and CD4lo GFPhi infected cells over time. To normalize MAb binding at each time point, the data are
presented as fold change in MFI over the level of the isotype control antibody against influenza virus nucleoprotein (MAb D1-11). The
binding to CD4int GFPlo and CD4lo GFPhi infected cells could be assessed only from 18 h onwards as HIV-1AD8 (GFP) expression could be
detected only after 18 h. (D) Flow cytometry scatter plots of HIV-1AD8-infected CEM cells showing CD4 and HIV-1 p24 expression from 0
to 48 h postinfection. The populations were gated based on CD4 and GFP expression according to the color legend on the figure. The
quadrant gates were drawn based on mock-infected cells that were CD4hi and p24– at all time points.
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12 h was against CD4-bound gp120 or virions that originated from the initial viral
inoculum. That is, HIV-1 gp120- or virion-coated uninfected bystander cells are gener-
ated not only during a culture of HIV-1 infection, as previously reported (13, 14), but
also through the simple addition of a viral inoculum. The increase in A32 binding to
GFP– bystanders from 24 to 48 h implies that the productively infected cells in culture
(most likely GFPhi) were shedding gp120 from 24 h onwards, which is similar to
previous observations (13). This led to an accumulation of shed gp120 and virions
attached to CD4 on uninfected bystander cells, thereby increasing the level of CD4i
epitopes available for A32 binding from 24 to 48 h. This time frame is in agreement with
a previous study showing that virus production begins approximately 24 h postinfec-
tion (20). Since our earlier assays with HIV-1-infected CEM cells had been performed at
20 h postinfection, the CD4int GFPlo early-stage infected cells most likely had CD4-
bound gp120 or virions that originated from the viral inoculum instead of newly
synthesized Env. We observed decreasing amounts of plasma IgG binding with de-
creasing levels of CD4 (CD4hi GFP– bystanders � CD4int GFPlo � CD4lo GFPhi) (Fig. 2A).
If there was no newly synthesized Env on the surface of the cells at 20 h postinfection,
we speculated that the decreasing amount of plasma IgG binding we observed in the
experiment shown in Fig. 2A could be due to the downregulation of CD4 along with
bound gp120 or virions instead of reduced levels of CD4 interacting with newly
synthesized Env. We also showed that HIV-1-exposed cells (spinoculated with HIV-1 for
1 h and washed without any further incubation) could be killed by ADCC prior to viral
replication (Fig. 7A). These results were further corroborated by the detection of HIV-1
p24 on the surface of uninfected GFP– bystander cells at 0 h postinfection, reflecting
HIV-1 virions attached to the surface of these cells (Fig. 7D). Therefore, similar to the
results with uninfected bystander cells, the plasma IgG binding and ADCC we detected
against CD4int GFPlo cells at 20 h postinfection were largely directed against CD4-bound
gp120 or virions from the viral inoculum.

These results bring into question whether CD4int early infected cells are a real target
in vivo or an in vitro artifact due to the coating of cells with soluble gp120 and viral
particles from the inoculum. Previous studies have examined ADCC mediated by CD4i
antibodies against cells pulsed with inactivated virions to mimic CD4i epitopes exposed
upon binding of viral Env to CD4 during HIV-1 entry (11, 21–23). CD4i epitopes
transiently revealed on cells during HIV-1 entry (preintegration) could present a narrow
window of opportunity for CD4i ADCC antibodies to block HIV-1 acquisition (12).
However, the high levels of inactivated virions used to pulse target cells in these studies
are likely not reflective of HIV-1 transmission in vivo, which is usually characterized by
the transmission of one founder viral variant (24, 25). Thus, we propose that the in vitro
susceptibility of HIV-1 entry epitopes to ADCC could largely be artifactual and would
correspond to the level of virions used to pulse target cells. As has been suggested for
cytotoxic T lymphocytes (26), it is tempting to speculate that CD4i antibodies can kill
infected cells after viral entry before the release and dissemination of progeny virions.
Passive transfer of the nonneutralizing CD4i A32 MAb, however, was not successful in
preventing simian-human immunodeficiency virus (SHIV) infection (27). Nevertheless,
A32 reduced the number of transmitted/founder viruses in infected macaques, poten-
tially having some impact on the efficiency of virus infection and/or spread. To
circumvent the issue of inoculum-derived gp120 and virions sensitizing target cells to
ADCC prior to de novo Env expression, the transfection of CD4� target cells with HIV-1
DNA plasmids could be an alternative approach to examine whether Env is expressed
prior to complete CD4 downregulation and whether CD4int Env-expressing cells are
more susceptible to ADCC mediated by HIV-1� plasma antibodies than CD4lo Env-
expressing cells.

A potential caveat with using GFP reporter viral constructs is that the GFP gene is
often in place of nef, with nef reintroduced downstream under the control of a
wild-type encephalomyocarditis virus (EMCV) IRES instead of the HIV-1 long terminal
repeat (LTR) promoter (15, 28). A previous study reported that Nef could be overex-
pressed when under the control of wild-type EMCV IRES compared to expression in
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parental nonreporter viruses (28). As such, CD4 downregulation due to IRES-driven Nef
could progress faster than in cells infected with wild-type HIV-1. We note, however, that
substantially similar antibody staining results were obtained with a primary infectious
molecular clone (CH077.t) expressing physiological levels of Nef (Fig. 3B), suggesting
that higher levels of Nef expression do not affect our conclusions. In contrast, a recent
study found that certain HIV-1 reporter viral constructs display suboptimal expression
of Nef in CD4� T cells, resulting in poorer CD4 downregulation and a corresponding
increased exposure of CD4i ADCC epitopes (29). Thus, it is important to consider Nef
expression levels when HIV-1 reporter viruses are selected for use in ADCC assays to
avoid a significant bias in ADCC mediated by CD4i antibodies. It should be noted that
in wild-type HIV-1 viruses, Nef is expressed early in the viral life cycle while Env and Vpu
are expressed later as they are dependent on an accumulation of Rev in the nucleus
(30). While Nef internalizes CD4 from the plasma membrane, Vpu targets newly
synthesized CD4 at the endoplasmic reticulum, with both pathways leading to the
degradation of CD4 (31, 32). The early expression of Nef and the concomitant expres-
sion of Vpu along with Env ensure the continuous removal of CD4 on HIV-1-infected
cells, starting before Env expression at the cell surface, thereby reducing the exposure
of CD4i ADCC epitopes on Env.

In summary, we showed in an in vitro experimental system that both CD4int GFPlo

early and CD4lo GFPhi late infected cells can be killed by HIV-1-specific ADCC even
though there was significantly higher binding of HIV-1� plasma antibodies to the
CD4int GFPlo cells. The ADCC detected against these early infected cells, however, was
largely artifactual due to the high levels of soluble gp120 and virions from the initial
viral inoculum binding to CD4, sensitizing the early infected cells to ADCC prior to de
novo Env expression. As such, future studies examining ADCC against HIV-1 entry
epitopes or early-stage infected cells should take into consideration the inherent
caveats of in vitro infection systems and develop improved models to address the
potential in vivo role for ADCC against cells with nascent HIV-1 infection.

MATERIALS AND METHODS
Study participants. Whole-blood samples were obtained from 15 HIV-1� individuals at the Mel-

bourne Sexual Health Centre. The HIV-1� donors had a median age of 50 years (range, 29 to 81 years),
were infected for an estimated 96 months (range, 22 to 300 months), were all suppressed on antiretro-
viral therapy for a median of 84 months (range, 11 to 204 months) with HIV-1 viral loads of �200
copies/ml, and had median CD4 counts of 554 cells/mm3 (range, 200 to 1,006 cells/mm3). The plasma
fraction was removed, heat inactivated at 56°C for 1 h, and stored at �20°C until further use. For the
staining of primary CD4� T cells (Fig. 3B), sera from three HIV-1-infected individuals from the Montreal
Primary HIV Infection Cohort and the Canadian Cohort of HIV-infected Slow Progressors were collected,
heat inactivated, and stored as previously described (6). Whole blood was also collected from HIV-1-
uninfected healthy donors for the isolation of effector NK cells and target CD4� T cells. Peripheral blood
mononuclear cells (PBMCs) were isolated from whole blood via Ficoll-Paque density gradient centrifu-
gation (GE Healthcare). NK cells were enriched from freshly isolated PBMCs with an EasySep Human NK
Cell Enrichment kit (Stemcell Technologies). CD4� T cells were enriched from cryopreserved PBMCs with
an EasySep Human CD4� T cell enrichment kit (Stemcell Technologies). Informed consent was obtained
prior to collection of blood samples, and the described studies were approved by the relevant human
ethics committees.

Antibodies and cell lines. An array of MAbs against HIV-1 gp120 (A32, 2G12, PGT126, PGT145, and
3BNC117) and the TZM-bl and CEM.NKr-CCR5 (CEM) cell lines were obtained from the NIH AIDS Reagent
Program. The anti-gp120-gp41 interface MAb PGT151 was kindly provided by the International AIDS
Vaccine Initiative. These Env-specific MAbs have been previously assessed for binding or neutralization
of the Env variants (AD8, ADA, and CH077.t) used in the antibody staining assays (10, 14, 33, 34). The MAb
against influenza virus nucleoprotein (D1-11) (17) was kindly provided by Adam Wheatley (University of
Melbourne, Melbourne, Australia) and used as an isotype control for the staining of Env-specific MAbs.

Fab production. To generate A32 Fabs, A32 IgG was first produced by transient transfection of A32
heavy- and light-chain plasmids into Freestyle 293-F cells (Invitrogen). First, A32 heavy- and light-chain
plasmids (125 �g) were added to 25 ml of Opti-MEM reduced-serum medium (Gibco). Next, 0.5 ml of
XtremeGENE HP transfection reagent (Roche) was added dropwise to the mixture and incubated at room
temperature for 30 min. The DNA and transfection reagent were then added to 500 ml of 293-F cells
(1 � 106 cells/ml) in Freestyle expression medium. After 6 to 7 days of incubation at 37°C with 8% CO2,
cells were pelleted by centrifugation, and the supernatant was filtered through a 0.2-�m-pore-size filter.
A32 IgG was then purified by passing the supernatant over a HiTrap protein A column (GE Healthcare)
equilibrated with phosphate-buffered saline (PBS), pH 7.2. After the column was washed with PBS, IgG
was eluted with 0.1 M glycine, pH 3.0, and immediately diluted 10:1 with 1 M Tris-HCl, pH 8.5, to raise the
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pH. Eluted protein was concentrated to approximately 10 mg/ml, and the buffer was exchanged for PBS,
pH 7.2.

A32 Fabs were generated from purified IgG by papain cleavage. A32 IgG in PBS was first exchanged
to Fab digest buffer (10 mM sodium phosphate and 5 mM cysteine, pH 7.0) and added to 1 ml of
papain-linked agarose slurry (Thermo Fisher) at approximately 10 mg/ml. The digest was incubated at
37°C overnight, pelleted by centrifugation, and filtered to remove papain. Digested protein was passed
over a protein A column (GE Healthcare) equilibrated in PBS, pH 7.2, to remove cleaved Fc and
undigested A32 IgG. Flowthrough fractions containing Fabs were concentrated and loaded on a
Superdex 200 gel filtration column (GE Healthcare) equilibrated in 25 mM Tris-HCl, pH 8.5, and 150 mM
sodium chloride. The Fab elution peak corresponding to a molecular weight of approximately 50 kDa was
collected and concentrated prior to use in experiments.

Virus production and infection. For infection of the CD4� T cell line (CEM cells) used in the
experiments shown in Fig. 1, 2, 4, 5, 6, and 7, the GFP reporter HIV-1AD8 strain was utilized. Plasmid DNA
encoding an NL4.3 backbone with AD8 Env and enhanced GFP (EGFP) inserted one base downstream of
the env open reading frame (15), followed by an IRES-Nef coding sequence, was transiently transfected
into HEK293T cells using calcium phosphate as previously described (35). Briefly, virus-containing
supernatant was collected after 2 days, filtered (0.45-�m pore size), and concentrated by ultracentrifu-
gation through 20% sucrose. Viral pellets were resuspended in a 75-fold-smaller volume, and aliquots
were stored at �80°C. To normalize virus stocks, the 50% tissue culture infectious doses (TCID50) were
determined by limiting dilution in TZM-bl cells using luciferase as a readout for infection (Luciferase
Assay System; Promega). CEM cells were infected with the GFP reporter HIV-1AD8 strain at a multiplicity
of infection (MOI) of 0.5 to 2 in 96-well plates by spinoculation at 1,200 � g for 1 h at 21°C. Infected CEM
cells were then incubated at 37°C with 5% CO2 for 20 h and washed once before use in assays. For time
course experiments, infected CEM cells were incubated for 12, 18, 24, 36, and 48 h postspinoculation
before use in assays. For some infection conditions, the fusion inhibitor T20 (Roche) was added at
10 �g/ml before or 4 h after spinoculation with HIV-1AD8.

For the infection of primary CD4� T cells in the experiment shown in Fig. 3, vesicular stomatitis virus
G protein (VSV-G) pseudotyped HIV-1 strains were used. The GFP reporter HIV-1ADA strain was produced
with the pNL4.3(ADA)-GFP.IRES.Nef plasmid containing intact or defective nef and vpu genes as previ-
ously described (6, 9). Similarly, the transmitted/founder HIV-1 infectious molecular clone CH077.t
(GenBank accession number JN944941) was produced using plasmids containing intact or defective nef
and vpu genes as previously described (36–39). CH077.t HIV-1 defective for Nef and Vpu expression was
generated by introducing two stop codons directly after the start codons of nef and vpu (40). VSV-G
pseudotyping was used to achieve similar levels of infection between the wild-type and Nef- and
Vpu-deleted viruses. This pseudotyping did not affect HIV-1 Env expression or the recognition of infected
cells by A32 or HIV-1� serum (data not shown). Prior to infection, primary CD4� T cells were activated
with phytohemagglutinin-L (10 �g/ml) for 48 h and maintained in RF20 medium (RPMI 1640 medium
supplemented with 20% fetal bovine serum and 1% penicillin–streptomycin–L-glutamine) in the pres-
ence of recombinant interleukin-2 (IL-2; 100 U/ml). The activated primary CD4� T cells were then infected
with the GFP reporter HIV-1ADA strain or CH077.t HIV-1 in 96-well plates by spinoculation at 800 � g for
1 h at 25°C. HIV-1ADA-infected cells were incubated for 48 h while CH077.t HIV-1-infected cells were
incubated for 18 h prior to use in assays.

Flow cytometric analysis of HIV-1-infected cells. CEM cells infected with the GFP reporter HIV-1AD8

strain were incubated with HIV-1� plasma samples (1:1,000 dilution) or Env-specific MAbs (5 �g/ml) for
30 min at room temperature. To block CD4i epitopes, the infected cells were preincubated with A32 Fab
at 10 �g/ml for 15 min at room temperature and washed prior to the addition of HIV-1� plasma. The
binding of HIV-1� plasma antibodies was then assessed with an allophycocyanin (APC)-conjugated
secondary mouse anti-human IgG Fc antibody (1:200 dilution) (clone HP6017; BioLegend), while the
binding of Env-specific monoclonal antibodies was assessed with an Alexa Fluor 647 (AF647)-conjugated
secondary goat anti-human IgG antibody (1:1,000 dilution; Thermo Fisher Scientific). Cells were concur-
rently stained with brilliant violet 605 (BV605)-conjugated anti-CD4 antibody (clone OKT4; BioLegend) for
30 min at room temperature. For the detection of HIV-1 virions on the surface of HIV-1-exposed cells and
intracellular HIV-1 p24 expression in infected cells, cells were fixed with 1% formaldehyde and perme-
abilized with 1� fluorescence-activated cell sorting (FACS) permeabilization buffer (BD) prior to staining
with the phycoerythrin (PE)-conjugated anti-p24 antibody (1:1,250 dilution) (clone KC57; Beckman
Coulter). Finally, cells were fixed with 1% formaldehyde and acquired on an LSRFortessa flow cytometer
(BD).

Primary CD4� T cells infected with the GFP reporter HIV-1ADA strain and the transmitted/founder
HIV-1 infectious molecular clone CH077.t were incubated with BV421-conjugated anti-CD4 antibody
(clone OKT4; BioLegend) and HIV-1� serum samples (1:1,000 dilution) or Env-specific MAbs (5 �g/ml) for
30 min at room temperature. Cells were then stained with AF647-conjugated goat anti-human secondary
antibody (1 �g/ml; Thermo Fisher Scientific) for 15 min at room temperature. Viability of the primary cells
was determined via staining with AquaVivid viability dye (Thermo Fisher Scientific). Next, as a measure
of HIV-1 infection, cells infected with CH077.t were fixed and permeabilized with a Cytofix/Cytoperm
Fixation/Permeabilization kit (BD) prior to intracellular staining for HIV-1 p24 using PE-conjugated
anti-p24 antibody (1:100 dilution) (clone KC57; Beckman Coulter). Last, both cells infected with the GFP
reporter HIV-1ADA strain and those infected with CH077.t were fixed with 2% formaldehyde and acquired
on an LSRII flow cytometer.

Infected cell elimination ADCC assay. A modified version of the infected-cell elimination assay (41)
was performed to assess killing of HIV-1-infected cells mediated by antibodies within HIV-1� plasma. At
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20 h postinfection, CEM cells infected with the GFP reporter HIV-1AD8 strain were stained with the viability
dye Live/Dead Near-IR (Life Technologies) and sorted into GFP–, GFPlo, and GFPhi populations with a
FACSAria III cell sorter (BD). Effector NK cells were purified from HIV-1-uninfected donor PBMCs and
stained with the cell proliferation dye eFluor 450 (eBioscience). The effector NK and target CEM cells were
incubated at a 5:1 effector/target ratio in the presence of HIV-1�/HIV-1– plasma (1:1,000 dilution) or no
plasma. The cells were then centrifuged for 1 min at 300 � g and incubated at 37°C with 5% CO2 for 5 h.
For the A32 Fab blocking conditions, the infected target cells were preincubated with A32 Fab at
10 �g/ml for 15 min at room temperature prior to the addition of HIV-1� plasma or effector NK cells. After
5 h, a fixed number of uninfected CEM cells stained with eFluor 670 cell proliferation dye (eBioscience)
was added into each sample as a reference population to calculate relative percent ADCC of the target
cells. The samples were then washed and stained with the viability dye Live/Dead Near-IR (Life
Technologies) and BV605-conjugated anti-CD4 antibody (clone OKT4). After a final wash, the cells
were fixed with 1% formaldehyde and analyzed on an LSRFortessa flow cytometer (BD). Percent ADCC
was calculated using the following formula: percent target cells in ([targets � effectors] – [targets �
effectors � plasma]) 	 targets only � 100.

For the experiments examining ADCC against HIV-1-exposed cells, CEM cells were preincubated with
an anti-CD4 antibody that blocks gp120 binding (clone RPA-T4; BioLegend) or a mouse isotype control
(clone MOPC-21; BioLegend) at 20 �g/ml for 30 min prior to spinoculation with HIV-1AD8 at 1,200 � g and
21°C for 1 h. After spinoculation, the cells were washed and immediately used as target cells for the ADCC
assay without any further incubation for viral replication to occur.

Statistics. Statistical analyses were performed with GraphPad Prism, version 7. Comparisons between
matched groups were analyzed using a nonparametric Wilcoxon signed-rank test. Comparisons between
multiple matched groups were analyzed using a nonparametric Friedman test with Dunn’s multiple-
comparison posttest. P values of less than 0.05 were considered significant. Statistics in the manuscript
are presented in the following format: (median [interquartile range] versus median [interquartile range];
P value of statistical test).
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