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ABSTRACT The conformation of the HIV-1 envelope glycoprotein (Env) substantially
impacts antibody recognition and antibody-dependent cellular cytotoxicity (ADCC)
responses. In the absence of the CD4 receptor at the cell surface, primary Envs sam-
ple a “closed” conformation that occludes CD4-induced (CD4i) epitopes. The virus
controls CD4 expression through the actions of Nef and Vpu accessory proteins, thus
protecting infected cells from ADCC responses. However, gp120 shed from infected
cells can bind to CD4 present on uninfected bystander cells, sensitizing them to
ADCC mediated by CD4i antibodies (Abs). Therefore, we hypothesized that these by-
stander cells could impact the interpretation of ADCC measurements. To investigate
this, we evaluated the ability of antibodies to CD4i epitopes and broadly neutraliz-
ing Abs (bNAbs) to mediate ADCC measured by five ADCC assays commonly used in
the field. Our results indicate that the uninfected bystander cells coated with gp120
are efficiently recognized by the CD4i ligands but not the bNabs. Consequently, the
uninfected bystander cells substantially affect in vitro measurements made with
ADCC assays that fail to identify responses against infected versus uninfected cells.
Moreover, using an mRNA flow technique that detects productively infected cells,
we found that the vast majority of HIV-1-infected cells in in vitro cultures or ex vivo
samples from HIV-1-infected individuals are CD4 negative and therefore do not ex-
pose significant levels of CD4i epitopes. Altogether, our results indicate that ADCC
assays unable to differentiate responses against infected versus uninfected cells
overestimate responses mediated by CD4i ligands.

IMPORTANCE Emerging evidence supports a role for antibody-dependent cellular cyto-
toxicity (ADCC) in protection against HIV-1 transmission and disease progression.
However, there are conflicting reports regarding the ability of nonneutralizing anti-
bodies targeting CD4-inducible (CD4i) Env epitopes to mediate ADCC. Here, we per-
formed a side-by-side comparison of different methods currently being used in the
field to measure ADCC responses to HIV-1. We found that assays which are unable
to differentiate virus-infected from uninfected cells greatly overestimate ADCC re-
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sponses mediated by antibodies to CD4i epitopes and underestimate responses me-
diated by broadly neutralizing antibodies (bNAbs). Our results strongly argue for the
use of assays that measure ADCC against HIV-1-infected cells expressing physiologi-
cally relevant conformations of Env to evaluate correlates of protection in vaccine
trials.

KEYWORDS A32, ADCC, ADCC assay, CD4i Abs, Env, granzyme B assay, HIV-1,
luciferase assay, RFADCC, uninfected bystander, bNAbs

Antibody-dependent cellular cytotoxicity (ADCC) represents a major effector mech-
anism used by the immune system to target and eliminate virally infected cells.

Besides being incorporated into viral particles, the HIV-1 envelope glycoprotein (Env)
trimer represents the only virus-specific target exposed on the surface of infected cells
and thus represents a major target for ADCC (1). Emerging evidence suggests that Env
conformation plays a critical role in the susceptibility of HIV-1-infected cells to ADCC (2,
3). HIV-1 Env is a metastable molecule, which is driven by CD4 receptor engagement
to transition from its unliganded “closed” high-energy conformation (state 1) into an
intermediate “partially open” conformation (state 2) and then into a more open
CD4-bound conformation (state 3) (4). Interaction of Env with the CD4 receptor was
reported to be critical for the exposure of epitopes for ADCC-mediating antibodies
(Abs) (5–7). Accordingly, ADCC-mediating Abs naturally present in sera from HIV-1-
infected individuals (HIV� sera) preferentially target HIV-1-infected cells that present
Env in states 2 and 3 (5, 8). In line with this observation, ADCC activity present in sera
from HIV-1-infected individuals (HIV� sera) is predominantly mediated by the anti-
cluster A Abs (5, 9–11, 14). These nonneutralizing antibodies (nnAbs) target a highly
conserved region in the gp120 inner domain that is buried inside the closed unligan-
ded Env and becomes exposed only upon CD4 engagement (6, 7, 10–14). Thus, cells
infected with primary viruses that expose Env in its closed unliganded conformation are
largely resistant to ADCC induced by these nnAbs (7, 10, 15–19).

To protect HIV-1-infected cells from ADCC by naturally occurring CD4-induced
(CD4i) Abs, the virus has evolved several strategies to limit the adoption of the
CD4-bound conformation and thus prevent exposure of vulnerable CD4i epitopes.
HIV-1 limits Env-CD4 interaction by both downregulating CD4 and preventing Env
accumulation at the surface of infected cells (5, 7, 20–22). Two accessory proteins, Nef
and Vpu, reduce cell surface expression of CD4 (5, 7), while Env accumulation is tightly
controlled through efficient internalization (22) and Vpu-mediated BST-2 downregula-
tion (20, 21, 23). Therefore, Nef and Vpu play a central role in protecting HIV-infected
cells from ADCC by averting the premature exposure of vulnerable epitopes.

While HIV-1-infected cells are generally protected from ADCC, we recently found
that uninfected bystander CD4� T cells are susceptible to ADCC mediated by CD4i
ligands (16). It has been well established that due to its noncovalent association with
gp41, gp120 sheds from the surface of productively infected cells (13, 24, 25). Binding
of shed gp120 to the CD4 receptor on the surface of uninfected bystander cells exposes
vulnerable CD4i ADCC epitopes and results in the sensitization of these cells to ADCC
(16). However, the extent to which exposure of these CD4i epitopes on uninfected
bystander cells impacts in vitro measurements of ADCC has not yet been determined.
Many ADCC assays measure killing of total cell population and thus are unable to
differentiate ADCC responses against HIV-infected cells from those against uninfected
bystander cells. Here, we compared different ADCC assays currently used in the field for
their ability to measure HIV-1-infected cell-specific responses. We found that uninfected
bystander cells greatly impact in vitro measurements of ADCC by introducing a signif-
icant bias toward CD4i Abs.

RESULTS
Differential recognition of uninfected bystander cells and infected cells by

ADCC-mediating Abs. We first explored the capacity of different ADCC-mediating Abs
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to recognize uninfected bystander cells versus productively infected cells. To this end,
we infected primary CD4� T cells from HIV-1-uninfected individuals with a previously
reported wild-type (WT) HIV-1 strain that encodes all accessory proteins as well as a gfp
reporter gene and the R5-tropic (ADA) envelope (NL4.3 ADA green fluorescent protein
[GFP]) (7, 16). In this system, productively infected cells are GFP�, whereas GFP� cells
represent the uninfected bystander cells. Forty-eight hours postinfection, the average
percentage of infected cells was 12.6%. At this step, cells were incubated with HIV�

sera, the nnAb A32, or a broadly neutralizing Ab (bNAb) (either PGT126 or 3BNC117).
The cluster A-specific monoclonal antibody (MAb) A32 recognizes a highly conserved
CD4i epitope located at the interface of the gp120 inner domain layers 1 and 2 (7,
11–13). As previously reported, productively infected (GFP�) cells were poorly recog-
nized by A32 as well as HIV� sera (16), while mock-infected cells were not recognized
(Fig. 1A to C). This weak recognition of infected cells is likely due to the efficient
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FIG 1 Differential recognition of infected and uninfected bystander cells by ADCC-mediating Abs. Primary CD4� T cells were mock infected or infected with
the NL4.3 ADA GFP virus, either wild type (HIV WT) or defective for Nef and Vpu expression (HIV N� U�). Forty-eight hours postinfection, cells were stained
with the anti-Env Ab (5 �g/ml) A32, PGT126, or 3BNC117 or sera (1:1,000 dilution) from 10 HIV-1-infected (HIV� sera) or 5 uninfected (HIV� sera) individuals,
followed by appropriate secondary Abs. (A) Dot plots depicting representative staining of WT-infected cells. (B) Mean fluorescence intensities (MFI) obtained
for at least 5 independent stainings with the different Abs and 10 HIV� or 5 HIV� sera. (C) Graphs represent the MFI obtained for 5 independent staining
experiments with A32 and 10 HIV� or 5 HIV� sera on cells infected with WT and N� U� virus. Error bars indicate means � standard errors of the means.
Statistical significance was tested using ordinary one-way analysis of variance (B) or unpaired t test or Mann-Whitney test (C) (*, P � 0.05; ****, P � 0.0001; ns,
nonsignificant).
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downregulation of CD4 by Nef and Vpu (see Fig. S1 in the supplemental material),
which permits Env to retain its “closed” conformation. In contrast, uninfected bystander
(GFP�) cells from the same culture were readily recognized by A32 and HIV� sera
(Fig. 1A and B). As most cells present in the culture are gp120-coated uninfected
bystander cells (16), strong binding was detected for A32 and HIV� sera when Ab
binding was measured for the total cell population (i.e., both uninfected and infected
cells) (Fig. 1B). Of note, sera from HIV-1-uninfected individuals (HIV� sera) did not react
with any cell population (Fig. 1C).

In contrast to nnAbs, bNAbs preferentially recognize Env in its closed conformation
(4). PGT126 binds a conserved region at the V3 loop stem near the N332 glycosylation
site (26–28), while 3BNC117 recognizes the CD4-binding site (29). Both bNAbs were
previously found to mediate ADCC against HIV-1-infected cells (18, 21, 30–32). Consis-
tent with these findings, PGT126 and 3BNC117 efficiently recognized productively
infected cells (GFP�) but not the uninfected GFP� cells (Fig. 1A and B). As expected,
since the majority of the cells in the culture are not recognized by these Abs, the overall
(total) signal obtained with these Abs was lower than the signal obtained with A32 or
HIV� sera (Fig. 1B). In agreement with the role of Nef and Vpu in preventing the
formation of CD4i epitopes through CD4 downregulation (Fig. S1), deletion of these
accessory genes dramatically increased recognition of infected (GFP�) cells by A32 and
HIV� sera (Fig. 1C). To rule out the possibility that these phenotypes were related to the
viral strain used, we also used primary CD4� T cells infected with the transmitted
founder (TF) virus CH77 and obtained similar recognition patterns (Fig. S2). Altogether,
these results indicate that CD4i ligands recognize uninfected bystander cells coated
with shed gp120 more efficiently than Abs preferentially recognizing the closed trimer.

Assays measuring ADCC against productively infected cells reveal greater
killing of infected cells by bNAbs than by CD4i Abs. To evaluate the potential impact
of the uninfected bystander cell population on ADCC, we compared different assays
currently used in the field to detect ADCC responses against WT-infected cells using the
A32, PGT126, or 3BNC117 MAb or human sera. We initially tested assays designed to
distinguish ADCC responses against infected cells from those against uninfected by-
stander cells. These included the fluorescence-activated cell sorting (FACS)-based
infected-cell elimination (ICE) assay, in which ADCC-mediated elimination of produc-
tively infected cells is determined by calculating the loss of infected cells using a
GFP-expressing virus (5, 7, 10, 16) or by measuring intracellular HIV-1 p24 antigen (10,
15, 17, 32). Using primary CD4� T cells infected with the NL4.3 ADA GFP WT virus as
target cells and autologous peripheral blood mononuclear cells (PBMCs) as effector
cells, we found that WT-infected cells were significantly more susceptible to ADCC
mediated by PGT126 and 3BNC117 than to that mediated by A32 (Fig. 2A). Further-
more, WT-infected cells were largely resistant to ADCC responses mediated by A32
(Fig. 2B, gray bars) and responses mediated by HIV� sera were comparable to those
seen with HIV� sera (Fig. 2C, gray circles). Again, deletion of nef and vpu genes
drastically increased ADCC responses mediated by A32 and HIV� sera (Fig. 2B and C,
black bars and circles, respectively), confirming the dependence of this killing on
Env-CD4 interaction.

Measurement of ADCC-mediated elimination of infected cells was also conducted
using a luciferase assay (33). In this assay, infected CEM.NKr-CCR5-sLTR-Luc cells ex-
pressing a Tat-driven luciferase reporter gene serve as target cells, while human PBMCs
or a CD16� NK cell line is used as effector cells (18, 21, 22, 33). As luciferase is expressed
only upon productive HIV-1 infection, elimination of infected cells can be calculated by
the loss of luciferase activity. Since this assay measures the elimination of productively
infected (Tat-expressing) cells, we observed ADCC responses very similar to those
obtained with the FACS-based ICE assay (compare Fig. 2A to C with D to F; Fig. S3).
ADCC responses mediated by PGT126 and 3BNC117 were significantly higher than
those obtained with A32. HIV� sera and A32 mediated robust ADCC responses only
against cells infected with the nef� vpu� virus (Fig. 2E and F). Similar results were
obtained using target cells infected with the transmitted founder CH77 virus (Fig. S4).
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These results confirm the increased ability of bNAbs to mediate ADCC responses
against infected cells compared to CD4i Abs.

Assays measuring ADCC activities on the total cell population overestimate the
responses mediated by CD4i Abs. The two assays described above are able to
distinguish between HIV-1-infected and uninfected bystander cells. Other ADCC meth-
ods, however, assess killing on the total cell population (i.e., uninfected and infected
cells). Given that the binding of shed gp120 on uninfected bystander cells enables
recognition of these cells by CD4i Abs but not bNAbs, we hypothesized that these
assays would primarily detect killing of bystander cells.

To investigate this, we performed a similar series of experiments as in Fig. 2 but
measured ADCC using assays that detect killing within the total cell population: the
granzyme B assay and the NK cell activation assay. The granzyme B assay (GranToxiLux
or Pantoxilux assay) detects granzyme B activity in target cells upon incubation with NK
cells and Abs or sera (34–36). Since this assay is not compatible with the permeabili-
zation step required to perform intracellular p24 staining, the user cannot differentiate
productively infected cells from uninfected bystander cells. Similarly, the NK cell
activation assay, which measures NK activation markers (CD107a and interferon gamma
[IFN-�]), is unable to determine which cell population (infected or uninfected) leads to
NK cell activation (20, 37–40). The ADCC responses detected with the granzyme B and
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NK cell activation assays were strikingly different from those measured with the
FACS-based ICE and luciferase assays (compare Fig. 2 to 3A to F). Strong responses were
detected against WT-infected targets using A32, while weak responses were observed
with PGT126 and 3BNC117 (Fig. 3A and D). Similarly, robust granzyme B activity and NK
cell activation were detected with HIV� sera in the context of WT-infected target cells
but not with HIV� sera (Fig. 3C and F), while both assays were unable to detect the
protective effect of Nef and Vpu accessory proteins on ADCC responses (Fig. 3B, C, E,
and F and S5). Results obtained with granzyme B and NK activation were similar to
those obtained with the FACS-based ICE assay when responses were calculated for the
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total population (GFP� and GFP�) rather than by gating on productively infected
(GFP�) cells (Fig. 3G to I). Moreover, while assays measuring the elimination of pro-
ductively infected cells (FACS-based and luciferase assays) showed a positive correla-
tion between antibody binding and ADCC (Fig. 4A and B), no such correlation was
observed with assays that measured killing of total targets (granzyme B, NK activation,
or FACS-based ICE on total cell population) (Fig. 4C to E). Thus, assays relying on the
assessment of ADCC responses on the total cell population overestimate ADCC re-
sponses mediated by CD4i Abs and at the same time underestimate responses medi-
ated by bNAbs.

Most ADCC activity detected using total cell target population is directed
against uninfected bystander cells. Since A32 and HIV� sera preferentially recognize
uninfected bystander cells (Fig. 1), we hypothesized that most of the ADCC responses
detected with the granzyme B and NK activation assays were directed against such
cells. To test this possibility, uninfected bystander cells (GFP� CD4�) were removed
from the infected coculture using beads coated with an anti-CD4 antibody that does
not compete for gp120 binding (see Materials and Methods) (Fig. 5A). These uninfected
bystander cells were replaced by the same number of autologous mock-infected cells
(i.e., never exposed to HIV) prior to ADCC measurements. Importantly, this procedure
did not affect the percentage of productively infected cells (percent GFP� CD4�) in the
cell culture (Fig. 5A and B). As expected, the replacement of uninfected bystander cells
by mock-infected cells did not alter recognition of infected GFP� cells but decreased
the proportion of uninfected bystander cells recognized by A32 (Fig. 5C and D). This
replacement also dramatically reduced ADCC responses mediated by both A32 and
HIV� sera using both the granzyme B and NK cell activation assays (Fig. 6). Finally,
removal of bystander cells resulted in a positive correlation between the abilities of A32
and HIV� sera to recognize infected cells and trigger ADCC responses (Fig. 6E). Thus,
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uninfected bystander cells greatly influence the measurement of ADCC responses by
assays that cannot distinguish infected from uninfected cells.

Measurement of ADCC responses using gp120-coated cells preferentially de-
tects CD4i-mediated ADCC responses. Cells coated with recombinant gp120 are
frequently used as target cells to assess the ADCC activity of monoclonal antibodies
(MAbs) or sera from HIV-1-infected or vaccinated individuals (9, 14, 34, 40–50). In these
assays, CD4� target cells are incubated with recombinant gp120 monomers, which
adopt a CD4-bound conformation on the target cells and expose surfaces of the protein
that are normally occluded in native Env trimers (51). We thus evaluated Ab binding
and ADCC responses using gp120-coated target cells. The NK cell-resistant cell line
CEM.NKr was coated with recombinant gp120 and subsequently used as target cells to
measure ADCC (41). As predicted from results in Fig. 1, gp120-coated CEM.NKr cells
were efficiently recognized by A32 and HIV� sera but not by HIV� sera (Fig. 7A and B)
or PGT126 and 3BNC117 (Fig. 7A and B). This was also the case when the rapid
fluorometric ADCC assay (RFADCC assay) (41), which uses gp120-coated target cells to
detect ADCC responses, was used for analysis (12, 14, 40, 43, 44, 52). As presented in
Fig. 7C and D and S6, robust responses were detected with A32 and HIV� sera but not
with PGT126, 3BNC117, or HIV� sera (Fig. 7C and D). Thus, gp120-coated target cells
detected ADCC responses largely mediated by CD4i antibodies and not by bNAbs
capable of recognizing functional Env trimers, such as antibodies to the CD4-binding
site or to a proteoglycan epitope in the V3 region.
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A32 preferentially recognizes CD4� p24� cells not expressing HIV-1 gag-pol
mRNA. Our results suggest that A32 preferentially targets uninfected bystander cells
rather than productively infected cells (Fig. 2 and 5), although anti-cluster A Abs, such
as A32, were initially identified as potent ADCC-mediating Abs (9, 14). Therefore, we
could not exclude the possibility that the cells detected as bystander cells in our assays
were infected but below the limit of detection. To investigate this possibility, we used
a previously described RNA-flow fluorescence in situ hybridization (FISH) method (53,
54). This method identifies productively infected cells by visualizing cellular HIV-1
gag-pol mRNA by in situ RNA hybridization and intracellular Ab staining for the HIV-1
p24 protein. This approach is 1,000-fold more sensitive than p24 staining alone, with a
detection limit of 0.5 to 1 gag-pol mRNA�/p24 protein� infected cell per million CD4�

T cells (53, 54). The sensitivity of the assay is high, since a cell is reliably identified as
gag-pol mRNA� if it contains more than 20 copies of HIV-1 mRNA. Thus, this technique
can distinguish infected cells from uninfected bystander cells with high specificity and
sensitivity.

For these experiments, primary CD4� T cells were infected with the NL3.4 ADA GFP
WT virus, and 48 h postinfection, the average percentage of infection was 8.0%.
Infected cells were stained first with A32 before staining for phenotypic markers, such
as CD4. Cells were then fixed and permeabilized to allow detection of the HIV-1 p24
antigen and gag-pol mRNA. We first tested whether CD4� T cells recognized by A32
were positive for gag-pol mRNA (Fig. 8A and B) but found that less than 2% of these
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cells contained p24 protein or gag-pol mRNA. In contrast, the vast majority of A32-
negative cells were positive for p24 protein (73.03%) or gag-pol mRNA (78.04%). This
confirmed that the vast majority of CD4� T cells recognized by A32 are uninfected
bystander cells.
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It remained possible, however, that the cells detected as p24� gag-pol mRNA� were
in a very early stage of infection, before viral protein and mRNA could be detected.
Indeed, previous studies have suggested that A32-like epitopes become transiently
exposed during viral entry (55, 56). To investigate this possibility, uninfected bystander
(GFP�) cells were sorted by flow cytometry to determine how many could become
productively infected. After 5 additional days in cell culture, less than 3% of sorted
GFP� cells became infected (Fig. S7). Thus, most cells recognized by A32 are neither
productively infected nor in a very early stage of infection.

Since Env-CD4 interaction is critical for exposure of the A32 epitope (5–7), we next
analyzed the RNA-flow FISH results based on p24 and CD4 expression. As shown in
Fig. 8C and D, CD4� p24� cells were efficiently recognized by A32 (blue bars) but
remained almost exclusively negative for gag-pol mRNA (red bars). Inversely, the CD4�

p24� population was largely positive for gag-pol mRNA but was not recognized by A32.
More recent studies suggested that the A32 epitope could be exposed on a fraction of
p24� cells because of residual CD4 expression (42, 57, 58). Therefore, we next quanti-
fied the recognition by A32 and infection of these p24� CD4� cells by RNA-flow FISH
(dark gray box, Fig. 8C). Although this rare population was indeed recognized, only a
fraction of A32-positive cells were productively infected (~20%). Similar results were
obtained with primary CD4� T cells infected with an X4-tropic virus (Fig. S8). Finally, we
determined the proportion of gag-pol mRNA� cells that were both p24� and CD4� and
found less than 5% of such cells that could be recognized by A32 (Fig. 8E). We also
performed the reverse analysis by first identifying A32� CD4� T cells and then
determining how many of those cells were both p24 and CD4 positive. Since only ~1%
of such cells were CD4� p24� (Fig. 8F), it seems clear that A32� cells represent only a
minuscule fraction of productively HIV-1-infected CD4 T cells.

To determine whether gag-pol mRNA-containing CD4� p24� cells were present in
the peripheral blood of HIV-1-infected individuals, we isolated CD4� T cells from the
blood of untreated chronically HIV-1-infected individuals, rested them overnight with-
out stimulation, and then performed the RNA-flow FISH assay (Fig. 9A and B). Again, the
CD4� p24� cell population represented only a minimal fraction of the gag-pol mRNA�

cells. Therefore, in vivo A32 is unlikely to recognize most HIV-1-infected cells.

DISCUSSION

The conformation adopted by Env at the cell surface has considerable influence on
Ab recognition and ADCC responses (2). In its unliganded form, Env from most primary
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virus samples adopts a “closed” trimeric conformation, preferentially recognized by
bNAbs but not by CD4i Abs, which are abundant in plasma from most HIV-1-infected
individuals (2, 4, 10, 15–18, 23, 59, 60, 86). One of the mechanisms that HIV-1 has
developed to avoid exposing Env CD4i epitopes is the downregulation of CD4 cell
surface expression. This is achieved in a two-step process. First, during the early phases
of the HIV-1 replication cycle, Nef downregulates CD4 from the plasma membrane.
Second, Vpu, expressed from a bicistronic mRNA also coding for Env, induces CD4
degradation through an endoplasmic reticulum (ER)-associated protein degradation
(ERAD) mechanism in the ER (61). The action of Vpu liberates Env from CD4-dependent
retention in the ER (62), allowing its trafficking to the plasma membrane in a “closed”
conformation in which CD4i epitopes are occluded by oligomerization. These epitopes,
however, are exposed in shed gp120 monomers that are released by the dissociation
of the noncovalent gp120-gp41 interactions. Interestingly, in vitro experiments have
shown that the binding of shed gp120 to uninfected bystander CD4� T cells enables
recognition of these cells by CD4i antibodies (16). Of note, this was seen using a variety
of HIV-1 variants, including primary or transmitted founder viruses (Fig. 1 and S2) (16,
17, 58, 63), as well as simian-human immunodeficiency virus (SHIV) infectious molecular
clones (16).

Here, we demonstrate that the uninfected bystander CD4� T cell population, which
is coated with shed gp120, represents a confounding factor when measuring ADCC
responses in vitro. Using assays that are unable to differentiate infected from uninfected
cell populations, we observed strong killing mediated by A32 and HIV� sera (Fig. 3).
This ADCC activity was not correlated with the inability of these antibodies to recognize
infected cells (Fig. 1 and 4). Replacement of gp120-coated uninfected bystander CD4�

T cells with autologous mock-infected cells confirmed that most of the detected
activities were directed against uninfected CD4� T cells (Fig. 5 and 6). Using a sensitive
RNA-flow FISH method, we next showed that A32 preferentially recognizes CD4� cells
that are negative for HIV-1 p24 and gag-pol mRNA (Fig. 8), while fewer than 2% of
productively infected cells (p24� gag-pol mRNA�) were recognized by this antibody.
Although this population remains to be defined further, these cells likely represent
virus-coated cells on which the A32 epitope has been transiently exposed as a result of
the high density of Env-CD4 interactions, a possibility supported by the fact that they
do not form a distinct population in FACS analyses but form a shoulder of the
p24-negative population. The extent to which this cell population exists in vivo, and the
ability of Fc� receptor-bearing cells to gain access to CD4i epitopes, remains unknown.
In contrast, the vast majority of productively infected cells were CD4�, both in vitro and
in ex vivo samples from HIV-1-infected individuals. Consistent with poor recognition of
infected cells by A32 and HIV� sera, in vitro assays able to determine ADCC responses
against infected cells failed to detect robust ADCC responses mediated by these ligands
(Fig. 2). This was not due to a lack of sensitivity, since these assays readily detected
ADCC responses mediated by the bNAbs PGT126 and 3BNC117 (Fig. 2). Thus, assays
measuring responses on the total population missed the ADCC activity mediated by
these bNAbs.

The results of our study highlight the difficulties in selecting an appropriate assay to
measure ADCC. If ADCC is measured on the total population (granzyme B and NK cell
activation), A32 and HIV� sera appear to mediate a stronger ADCC response than
PGT126 and 3BNC117. On the other hand, assays that can evaluate responses against
infected cells show the opposite: PGT126 and 3BNC117 mediate significantly higher
ADCC responses than A32 and HIV� sera. It seems clear that ligand recognition of
gp120-coated uninfected bystander CD4� T cells is, at least in part, responsible for
these differences. Indeed, removal of these cells significantly reduced the ADCC activity
detected for A32 and HIV� sera. Therefore, the differential recognition of the unin-
fected bystander cell population by any given ligand has a significant impact on in vitro
ADCC measurements. It is well established that HIV-1 accessory proteins Nef and Vpu
protect HIV-1-infected cells from ADCC responses (5, 7, 10, 15, 19–21, 64, 65). Assays
measuring the elimination of infected cells were able to confirm these observations
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(Fig. 2, S3, and S4), while those that measure the total population (granzyme B and NK
cell activation) failed to do so (Fig. 3). Thus, the presence of gp120-coated uninfected
bystander CD4� T cells confounds in vitro ADCC measurements.

Previous reports demonstrated that the majority of ADCC activity present in HIV�

sera is mediated by anti-cluster A antibodies (9–11, 14). These antibodies preferentially
target Env in its CD4-bound conformation (5, 8). Intriguingly, we observed variable
ADCC activity among the different HIV� sera tested (Fig. 2, 3, and 6). It is possible that
differences in their concentration in sera account for some of this variability. However,
we cannot rule out that the presence of additional ADCC-mediating Abs that do not
require the CD4-bound conformation of Env to recognize infected cells, or that target
the gp41, might also contribute to this variable ADCC activity.

While passive administration of ADCC-mediating nnAbs, including A32, has failed to
protect macaques against simian immunodeficiency virus (SIV) or SHIV challenges
(66–70), several studies have identified ADCC responses measured against total cell
population or gp120-coated target cells as correlates of protection in these same
animal models (45, 71–74). Moreover, CD4i vaccines have been reported to protect
macaques from viral challenge (45, 72). Since Env conformation greatly influences
ADCC responses (8), it is possible that the conformation of Env in the challenge viruses
impacted the reported protection efficacy. It is conceivable that the Env of these
challenge stocks sampled a slightly more “open” conformation, readily recognized by
CD4i Abs but not present in primary viruses (8). For example, nonneutralizing CD4i Abs
with ADCC activity, in the presence of low levels in plasma of IgA Env-specific Abs,
inversely correlated with HIV-1 acquisition in the RV144 trial (75). A recent study
suggested that the presence of a naturally occurring histidine at position 375 (H375) in
the Phe 43 cavity of the predominant strain (CRF01_AE) replicating in Thailand might
have contributed to the efficacy of the trial by spontaneously exposing epitopes
recognized by ADCC-mediating antibodies elicited by the RV144 vaccine regimen (76).
Our results warrant further studies to assess the conformation of Envs of current SHIVs
used in vaccine efficacy studies.

Since Env conformation and the nature of target cells greatly influence ADCC results,
our study highlights the need for careful assay selection. Assays measuring ADCC
responses on the total cell population (Fig. 3 to 6) or using target cells coated with
recombinant gp120 (Fig. 7) or infected with viruses defective for Nef and Vpu expres-
sion (Fig. 2) favor the detection of ADCC responses mediated by CD4i Abs over those
induced by bNAbs. Assays measuring ADCC responses on the infected-cell population
are better suited to evaluate responses mediated by Abs recognizing the CD4-binding
site or trimeric Env. Thus, these parameters must be carefully considered before
selecting assays for characterizing HIV-1-specific ADCC responses when evaluating
responses mediated by monoclonal Abs, mechanisms of immune evasion, or correlates
of vaccine protection.

MATERIALS AND METHODS
Ethics statement. Written informed consent was obtained from all study participants (the Montreal

Primary HIV Infection Cohort [77, 78] and the Canadian Cohort of HIV Infected Slow Progressors [79–81]),
and research adhered to the ethical guidelines of the Centre de Recherche du CHUM (CRCHUM) and was
reviewed and approved by the CRCHUM institutional review board (ethics committee approval number
CE 16.164-CA). Research adhered to the standards indicated by the Declaration of Helsinki. All partici-
pants were adult and provided informed written consent prior to enrollment in accordance with
institutional review board approval.

Cell lines and isolation of primary cells. HEK293T human embryonic kidney cells (obtained from
ATCC) and CEM.NKr-CCR5-sLTR-Luc cells were grown as previously described (7, 15). Primary human
PBMCs, NK cells, and CD4� T cells were isolated, activated, and cultured as previously described (7, 15)
and detailed in the supplemental material.

Viral production and infections. To achieve the same level of infection among the different IMCs
(infectious molecular clones) tested, vesicular stomatitis virus G (VSVG)-pseudotyped HIV-1 viruses were
produced and titrated as previously described (5). Viruses were then used to infect activated primary CD4
T cells from healthy HIV-1-negative donors or CEM.NKr-CCR5-sLTR-Luc cells by spin infection at 800 � g
for 1 h in 96-well plates at 25°C.

Antibodies and sera. A detailed list of the Abs used for cell surface staining, ADCC measurement,
and RNA flow analysis is presented in the supplemental material. Sera from HIV-infected and uninfected
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donors were collected, heat inactivated, and conserved as previously described (7, 15). A random number
generator (QuickCalcs; GraphPad, San Diego, CA) was used to randomly select a number of sera for each
experiment.

Plasmids and site-directed mutagenesis. pNL43-ADA(Env)-GFP.IRES.Nef proviral vectors containing
intact or defective nef and vpu genes, as well as the VSVG-encoding plasmid (pSVCMV-IN-VSV-G), were
previously described (5). The plasmid encoding the HIV-1 transmitted founder (TF) IMC CH77 containing
intact or defective nef and vpu genes was previously described (10, 15, 82–85).

Flow cytometry analysis of cell surface staining. Cell surface staining was performed as previously
described (5, 15). Binding of HIV-1-infected cells by sera (1:1,000 dilution), anti-Env MAbs (A32, PGT126,
or 3BNC117) (5 �g/ml), or anti-CD4 MAbs (1 �g/ml) was performed at 48 h postinfection. Cells infected
with HIV-1 primary isolates were stained intracellularly for HIV-1 p24, using the Cytofix/Cytoperm
fixation/permeabilization kit (BD Biosciences, Mississauga, ON, Canada) and the fluorescent anti-p24 MAb
(phycoerythrin [PE]-conjugated anti-p24, clone KC57; Beckman Coulter/Immunotech). The percentage of
infected cells (p24� or GFP� cells) was determined by gating the living cell population on the basis of
the AquaVivid viability dye staining. Samples were analyzed on an LSR II cytometer (BD Biosciences), and
data analysis was performed using FlowJo vX.0.7 (Tree Star, Ashland, OR, USA).

Replacement of uninfected bystander cells by autologous mock cells. Uninfected bystander cells
(GFP� CD4high T cells) were removed from the target cell population using the Dynabeads CD4-positive
selection kit (Invitrogen) at a ratio of 25 �l of beads per million cells. Enrichment of infected primary
GFP� CD4low T cells was assessed by cell surface staining with the anti-CD4 OKT4 Ab (Fig. 5A). Uninfected
bystander cells were then replaced by the same number of autologous mock cells prior to staining with
A32 or performing ADCC measurements.

ADCC measurements. ADCC responses were measured at 48 h postinfection, as described in detail
in the supplemental material. For the FACS-based, granzyme B, and NK cell activation assays, MAbs were
used at 5 �g/ml and human sera were used at a 1:1,000 dilution. For the luciferase assay, MAbs were used
at 0.0024, 0.0098, 0.0390, 0.1563, 0.6250, 2.5, 10, or 40 �g/ml and human sera were used at a dilution of
1:100, 1:400, 1:1,600, 1:6,400, 1:25,600, 1:102,400, 1:409,600, or 1:1,638,400. For the RFADCC assay, MAbs
were used at 0.008, 0.04, 0.2, 1, and 5 �g/ml and human sera were used at a dilution of 1:100, 1:400,
1:1,600, 1:6,400, or 1:25,600.

RNA-flow analysis. Samples were processed using the HIV RNA/Gag RNA flow assay as previously
described (53, 54). Briefly, for in vitro studies, primary CD4� T cells infected for 48 h were collected and
indirectly surface stained for HIV Env using A32 (as described above) before further staining for
phenotypic markers. For ex vivo studies, CD4� T cells were isolated from chronically HIV-infected,
untreated individuals and rested overnight in the presence of antiretrovirals (zidovudine [AZT] plus T20)
in order to block new cycles of infection. In all experiments, cells were labeled with a viability dye (eFluor
506 fixable viability dye; ThermoFisher Scientific) and surface stained for phenotypic markers (CD3, CD4,
and exclusion [CD8, CD14, and CD19]), before fixation, permeabilization, and intracellular staining for HIV
p24. HIV gag-pol mRNA was labeled using the ThermoFisher PrimeFlow kit using probes designed against
JR-CSF (53, 54). Samples were acquired on a BD LSR II cytometer (BD Biosciences), and data analysis was
performed using FlowJo vX.0.7 (Tree Star).

Statistical analyses. Statistics were analyzed using GraphPad Prism version 6.01 (GraphPad, San
Diego, CA). Every data set was tested for statistical normality, and this information was used to apply the
appropriate (parametric or nonparametric) statistical test. P values of �0.05 were considered significant.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/mBio

.00358-18.
TEXT S1, PDF file, 0.1 MB.
FIG S1, PDF file, 0.7 MB.
FIG S2, PDF file, 0.7 MB.
FIG S3, PDF file, 0.7 MB.
FIG S4, PDF file, 0.7 MB.
FIG S5, PDF file, 1 MB.
FIG S6, PDF file, 0.8 MB.
FIG S7, PDF file, 0.7 MB.
FIG S8, PDF file, 0.7 MB.

ACKNOWLEDGMENTS
We thank Dominique Gauchat from the CRCHUM Flow Cytometry Platform for

technical assistance, Mario Legault for cohort coordination and clinical samples, IAVI for
PGT126, and Michel Nussenzweig for 3BNC117.

This work was supported by CIHR foundation grant 352417 to A.F. Support for this
work was also provided by amfAR Innovation grant 109343-59-RGRL with support from
FAIR to A.F. and by NIH R01 to A.F. and Marzena Pazgier (AI129769). This study was also
supported by NIH AI100645 and AI100663 Centers for HIV/AIDS Vaccine Immunology

Measuring HIV ADCC Responses ®

March/April 2018 Volume 9 Issue 2 e00358-18 mbio.asm.org 15

https://doi.org/10.1128/mBio.00358-18
https://doi.org/10.1128/mBio.00358-18
http://mbio.asm.org


and Immunogen Design (CHAVI-ID) and by R01 AI 114266 to B.H.H. and the BEAT-HIV
Delaney Consortium (UM1 AI 126620). Work by D.T.E. and B.V.B. was supported by
National Institutes of Health grants AI121135, AI095098, AI098485, AI055332, and
OD011106. F.K. is supported by the DFG CRC 1279 and ERC advanced grant 323035.
M.S.P. is funded by grant 1124680 from the National Health and Medical Research
Council. A.F. is the recipient of Canada Research Chair on Retroviral Entry RCHS0235. J.R.
is the recipient of a Mathilde Krim Fellowship in Basic Biomedical Research from
amfAR. J.P. and A.E.B. are recipients of CIHR Fellowship Awards. S.D. is the recipient of
an FRSQ postdoctoral fellowship award. D.E.K. is supported by an FRSQ Senior Research
Scholar Award. C.M.S. is supported by the German Research Foundation (DFG) and an
ERC advanced grant (antivirome). D.T.E. is an Elizabeth Glaser Scientist of the Elizabeth
Glaser Pediatric AIDS Foundation. The funders had no role in study design, data
collection and analysis, decision to publish, or preparation of the manuscript.

REFERENCES
1. Checkley MA, Luttge BG, Freed EO. 2011. HIV-1 envelope glycoprotein

biosynthesis, trafficking, and incorporation. J Mol Biol 410:582– 608.
https://doi.org/10.1016/j.jmb.2011.04.042.

2. Richard J, Prévost J, Alsahafi N, Ding S, Finzi A. 2017. Impact of HIV-1
envelope conformation on ADCC responses. Trends Microbiol https://
doi.org/10.1016/j.tim.2017.10.007.

3. Veillette M, Richard J, Pazgier M, Lewis GK, Parsons MS, Finzi A. 2016.
Role of HIV-1 envelope glycoproteins conformation and accessory pro-
teins on ADCC responses. Curr HIV Res 14:9 –23. https://doi.org/10.2174/
1570162X13666150827093449.

4. Munro JB, Gorman J, Ma X, Zhou Z, Arthos J, Burton DR, Koff WC, Courter
JR, Smith AB III, Kwong PD, Blanchard SC, Mothes W. 2014. Conforma-
tional dynamics of single HIV-1 envelope trimers on the surface of native
virions. Science 346:759 –763. https://doi.org/10.1126/science.1254426.

5. Veillette M, Coutu M, Richard J, Batraville LA, Dagher O, Bernard N,
Tremblay C, Kaufmann DE, Roger M, Finzi A. 2015. The HIV-1 gp120
CD4-bound conformation is preferentially targeted by antibody-
dependent cellular cytotoxicity-mediating antibodies in sera from HIV-
1-infected individuals. J Virol 89:545–551. https://doi.org/10.1128/JVI
.02868-14.

6. Veillette M, Coutu M, Richard J, Batraville LA, Désormeaux A, Roger M,
Finzi A. 2014. Conformational evaluation of HIV-1 trimeric envelope
glycoproteins using a cell-based ELISA assay. J Vis Exp (91):e51995.
https://doi.org/10.3791/51995.

7. Veillette M, Désormeaux A, Medjahed H, Gharsallah NE, Coutu M, Baalwa
J, Guan Y, Lewis G, Ferrari G, Hahn BH, Haynes BF, Robinson JE, Kauf-
mann DE, Bonsignori M, Sodroski J, Finzi A. 2014. Interaction with
cellular CD4 exposes HIV-1 envelope epitopes targeted by antibody-
dependent cell-mediated cytotoxicity. J Virol 88:2633–2644. https://doi
.org/10.1128/JVI.03230-13.

8. Prévost J, Richard J, Ding S, Pacheco B, Charlebois R, Hahn BH, Kaufmann
DE, Finzi A. 2018. Envelope glycoproteins sampling states 2/3 are sus-
ceptible to ADCC by sera from HIV-1-infected individuals. Virology 515:
38 – 45. https://doi.org/10.1016/j.virol.2017.12.002.

9. Ferrari G, Pollara J, Kozink D, Harms T, Drinker M, Freel S, Moody MA,
Alam SM, Tomaras GD, Ochsenbauer C, Kappes JC, Shaw GM, Hoxie JA,
Robinson JE, Haynes BF. 2011. An HIV-1 gp120 envelope human mono-
clonal antibody that recognizes a C1 conformational epitope mediates
potent antibody-dependent cellular cytotoxicity (ADCC) activity and
defines a common ADCC epitope in human HIV-1 serum. J Virol 85:
7029 –7036. https://doi.org/10.1128/JVI.00171-11.

10. Ding S, Veillette M, Coutu M, Prévost J, Scharf L, Bjorkman PJ, Ferrari G,
Robinson JE, Stürzel C, Hahn BH, Sauter D, Kirchhoff F, Lewis GK, Pazgier
M, Finzi A. 2015. A highly conserved residue of the HIV-1 gp120 Inner
domain is important for antibody-dependent cellular cytotoxicity re-
sponses mediated by anti-cluster A antibodies. J Virol 90:2127–2134.
https://doi.org/10.1128/JVI.02779-15.

11. Tolbert WD, Gohain N, Veillette M, Chapleau JP, Orlandi C, Visciano ML,
Ebadi M, DeVico AL, Fouts TR, Finzi A, Lewis GK, Pazgier M. 2016. Paring
down HIV Env: design and crystal structure of a stabilized inner domain
of HIV-1 gp120 displaying a major ADCC target of the A32 region.
Structure 24:697–709. https://doi.org/10.1016/j.str.2016.03.005.

12. Acharya P, Tolbert WD, Gohain N, Wu X, Yu L, Liu T, Huang W, Huang CC,

Kwon YD, Louder RK, Luongo TS, McLellan JS, Pancera M, Yang Y, Zhang
B, Flinko R, Foulke JS, Jr., Sajadi MM, Kamin-Lewis R, Robinson JE, Martin
L, Kwong PD, Guan Y, DeVico AL, Lewis GK, Pazgier M. 2014. Structural
definition of an antibody-dependent cellular cytotoxicity response im-
plicated in reduced risk for HIV-1 infection. J Virol 88:12895–12906.
https://doi.org/10.1128/JVI.02194-14.

13. Finzi A, Xiang SH, Pacheco B, Wang L, Haight J, Kassa A, Danek B, Pancera
M, Kwong PD, Sodroski J. 2010. Topological layers in the HIV-1 gp120
inner domain regulate gp41 interaction and CD4-triggered conforma-
tional transitions. Mol Cell 37:656 – 667. https://doi.org/10.1016/j.molcel
.2010.02.012.

14. Guan Y, Pazgier M, Sajadi MM, Kamin-Lewis R, Al-Darmarki S, Flinko R,
Lovo E, Wu X, Robinson JE, Seaman MS, Fouts TR, Gallo RC, DeVico AL,
Lewis GK. 2013. Diverse specificity and effector function among human
antibodies to HIV-1 envelope glycoprotein epitopes exposed by CD4
binding. Proc Natl Acad Sci U S A 110:E69 –E78. https://doi.org/10.1073/
pnas.1217609110.

15. Richard J, Veillette M, Brassard N, Iyer SS, Roger M, Martin L, Pazgier M,
Schön A, Freire E, Routy JP, Smith AB, III, Park J, Jones DM, Courter JR,
Melillo BN, Kaufmann DE, Hahn BH, Permar SR, Haynes BF, Madani N,
Sodroski JG, Finzi A. 2015. CD4 mimetics sensitize HIV-1-infected cells to
ADCC. Proc Natl Acad Sci U S A 112:E2687–E2694. https://doi.org/10
.1073/pnas.1506755112.

16. Richard J, Veillette M, Ding S, Zoubchenok D, Alsahafi N, Coutu M,
Brassard N, Park J, Courter JR, Melillo B, Smith AB III, Shaw GM, Hahn BH,
Sodroski J, Kaufmann DE, Finzi A. 2016. Small CD4 mimetics prevent
HIV-1 uninfected bystander CD4� T cell killing mediated by antibody-
dependent cell-mediated cytotoxicity. EBioMedicine 3:122–134. https://
doi.org/10.1016/j.ebiom.2015.12.004.

17. Bruel T, Guivel-Benhassine F, Lorin V, Lortat-Jacob H, Baleux F, Bourdic K,
Noël N, Lambotte O, Mouquet H, Schwartz O. 2017. Lack of ADCC
breadth of human nonneutralizing anti-HIV-1 antibodies. J Virol 91:
e02440-16. https://doi.org/10.1128/JVI.02440-16.

18. von Bredow B, Arias JF, Heyer LN, Moldt B, Le K, Robinson JE, Zolla-
Pazner S, Burton DR, Evans DT. 2016. Comparison of antibody-
dependent cell-mediated cytotoxicity and virus neutralization by HIV-1
Env-specific monoclonal antibodies. J Virol 90:6127– 6139. https://doi
.org/10.1128/JVI.00347-16.

19. Alsahafi N, Ding S, Richard J, Markle T, Brassard N, Walker B, Lewis GK,
Kaufmann DE, Brockman MA, Finzi A. 2015. Nef proteins from HIV-1 elite
controllers are inefficient at preventing antibody-dependent cellular
cytotoxicity. J Virol 90:2993–3002. https://doi.org/10.1128/JVI.02973-15.

20. Alvarez RA, Hamlin RE, Monroe A, Moldt B, Hotta MT, Rodriguez Caprio
G, Fierer DS, Simon V, Chen BK. 2014. HIV-1 Vpu antagonism of tetherin
inhibits antibody-dependent cellular cytotoxic responses by natural
killer cells. J Virol 88:6031– 6046. https://doi.org/10.1128/JVI.00449-14.

21. Arias JF, Heyer LN, von Bredow B, Weisgrau KL, Moldt B, Burton DR,
Rakasz EG, Evans DT. 2014. Tetherin antagonism by Vpu protects
HIV-infected cells from antibody-dependent cell-mediated cytotoxic-
ity. Proc Natl Acad Sci U S A 111:6425– 6430. https://doi.org/10.1073/
pnas.1321507111.

22. von Bredow B, Arias JF, Heyer LN, Gardner MR, Farzan M, Rakasz EG,
Evans DT. 2015. Envelope glycoprotein internalization protects human

Richard et al. ®

March/April 2018 Volume 9 Issue 2 e00358-18 mbio.asm.org 16

https://doi.org/10.1016/j.jmb.2011.04.042
https://doi.org/10.1016/j.tim.2017.10.007
https://doi.org/10.1016/j.tim.2017.10.007
https://doi.org/10.2174/1570162X13666150827093449
https://doi.org/10.2174/1570162X13666150827093449
https://doi.org/10.1126/science.1254426
https://doi.org/10.1128/JVI.02868-14
https://doi.org/10.1128/JVI.02868-14
https://doi.org/10.3791/51995
https://doi.org/10.1128/JVI.03230-13
https://doi.org/10.1128/JVI.03230-13
https://doi.org/10.1016/j.virol.2017.12.002
https://doi.org/10.1128/JVI.00171-11
https://doi.org/10.1128/JVI.02779-15
https://doi.org/10.1016/j.str.2016.03.005
https://doi.org/10.1128/JVI.02194-14
https://doi.org/10.1016/j.molcel.2010.02.012
https://doi.org/10.1016/j.molcel.2010.02.012
https://doi.org/10.1073/pnas.1217609110
https://doi.org/10.1073/pnas.1217609110
https://doi.org/10.1073/pnas.1506755112
https://doi.org/10.1073/pnas.1506755112
https://doi.org/10.1016/j.ebiom.2015.12.004
https://doi.org/10.1016/j.ebiom.2015.12.004
https://doi.org/10.1128/JVI.02440-16
https://doi.org/10.1128/JVI.00347-16
https://doi.org/10.1128/JVI.00347-16
https://doi.org/10.1128/JVI.02973-15
https://doi.org/10.1128/JVI.00449-14
https://doi.org/10.1073/pnas.1321507111
https://doi.org/10.1073/pnas.1321507111
http://mbio.asm.org


and simian immunodeficiency virus-infected cells from antibody-
dependent cell-mediated cytotoxicity. J Virol 89:10648 –10655. https://
doi.org/10.1128/JVI.01911-15.

23. Richard J, Prévost J, von Bredow B, Ding S, Brassard N, Medjahed H,
Coutu M, Melillo B, Bibollet-Ruche F, Hahn BH, Kaufmann DE, Smith AB,
III, Sodroski J, Sauter D, Kirchhoff F, Gee K, Neil SJ, Evans DT, Finzi A.
2017. BST-2 expression modulates small CD4-mimetic sensitization of
HIV-1-infected cells to antibody-dependent cellular cytotoxicity. J Virol
91:e00219-17. https://doi.org/10.1128/JVI.00219-17.

24. Helseth E, Olshevsky U, Furman C, Sodroski J. 1991. Human immunode-
ficiency virus type 1 gp120 envelope glycoprotein regions important for
association with the gp41 transmembrane glycoprotein. J Virol 65:
2119 –2123.

25. Yang X, Mahony E, Holm GH, Kassa A, Sodroski J. 2003. Role of the gp120
inner domain beta-sandwich in the interaction between the human
immunodeficiency virus envelope glycoprotein subunits. Virology 313:
117–125. https://doi.org/10.1016/S0042-6822(03)00273-3.

26. Pejchal R, Doores KJ, Walker LM, Khayat R, Huang PS, Wang SK, Stanfield
RL, Julien JP, Ramos A, Crispin M, Depetris R, Katpally U, Marozsan A,
Cupo A, Maloveste S, Liu Y, McBride R, Ito Y, Sanders RW, Ogohara C,
Paulson JC, Feizi T, Scanlan CN, Wong CH, Moore JP, Olson WC, Ward AB,
Poignard P, Schief WR, Burton DR, Wilson IA. 2011. A potent and broad
neutralizing antibody recognizes and penetrates the HIV glycan shield.
Science 334:1097–1103. https://doi.org/10.1126/science.1213256.

27. Walker LM, Huber M, Doores KJ, Falkowska E, Pejchal R, Julien JP, Wang
SK, Ramos A, Chan-Hui PY, Moyle M, Mitcham JL, Hammond PW, Olsen
OA, Phung P, Fling S, Wong CH, Phogat S, Wrin T, Simek MD, Protocol G
Principal Investigators, Koff WC, Wilson IA, Burton DR, Poignard P. 2011.
Broad neutralization coverage of HIV by multiple highly potent antibod-
ies. Nature 477:466 – 470. https://doi.org/10.1038/nature10373.

28. Sok D, Doores KJ, Briney B, Le KM, Saye-Francisco KL, Ramos A, Kulp DW,
Julien JP, Menis S, Wickramasinghe L, Seaman MS, Schief WR, Wilson IA,
Poignard P, Burton DR. 2014. Promiscuous glycan site recognition by
antibodies to the high-mannose patch of gp120 broadens neutralization
of HIV. Sci Transl Med 6:236ra63. https://doi.org/10.1126/scitranslmed
.3008104.

29. Scheid JF, Mouquet H, Ueberheide B, Diskin R, Klein F, Oliveira TY,
Pietzsch J, Fenyo D, Abadir A, Velinzon K, Hurley A, Myung S, Boulad F,
Poignard P, Burton DR, Pereyra F, Ho DD, Walker BD, Seaman MS,
Bjorkman PJ, Chait BT, Nussenzweig MC. 2011. Sequence and structural
convergence of broad and potent HIV antibodies that mimic CD4 bind-
ing. Science 333:1633–1637. https://doi.org/10.1126/science.1207227.

30. Bournazos S, Klein F, Pietzsch J, Seaman MS, Nussenzweig MC, Ravetch
JV. 2014. Broadly neutralizing anti-HIV-1 antibodies require Fc effector
functions for in vivo activity. Cell 158:1243–1253. https://doi.org/10
.1016/j.cell.2014.08.023.

31. Lu CL, Murakowski DK, Bournazos S, Schoofs T, Sarkar D, Halper-
Stromberg A, Horwitz JA, Nogueira L, Golijanin J, Gazumyan A, Ravetch
JV, Caskey M, Chakraborty AK, Nussenzweig MC. 2016. Enhanced clear-
ance of HIV-1-infected cells by broadly neutralizing antibodies against
HIV-1 in vivo. Science 352:1001–1004. https://doi.org/10.1126/science
.aaf1279.

32. Bruel T, Guivel-Benhassine F, Amraoui S, Malbec M, Richard L, Bourdic K,
Donahue DA, Lorin V, Casartelli N, Noël N, Lambotte O, Mouquet H,
Schwartz O. 2016. Elimination of HIV-1-infected cells by broadly neutralizing
antibodies. Nat Commun 7:10844. https://doi.org/10.1038/ncomms10844.

33. Alpert MD, Heyer LN, Williams DE, Harvey JD, Greenough T, Allhorn M,
Evans DT. 2012. A novel assay for antibody-dependent cell-mediated
cytotoxicity against HIV-1- or SIV-infected cells reveals incomplete over-
lap with antibodies measured by neutralization and binding assays. J
Virol 86:12039 –12052. https://doi.org/10.1128/JVI.01650-12.

34. Pollara J, Hart L, Brewer F, Pickeral J, Packard BZ, Hoxie JA, Komoriya A,
Ochsenbauer C, Kappes JC, Roederer M, Huang Y, Weinhold KJ, Tomaras
GD, Haynes BF, Montefiori DC, Ferrari G. 2011. High-throughput quantita-
tive analysis of HIV-1 and SIV-specific ADCC-mediating antibody responses.
Cytometry A 79:603–612. https://doi.org/10.1002/cyto.a.21084.

35. Konstantinus IN, Gamieldien H, Mkhize NN, Kriek JM, Passmore JA. 2016.
Comparing high-throughput methods to measure NK cell-mediated
antibody dependent cellular cytotoxicity during HIV-infection. J Immu-
nol Methods 434:46 –52. https://doi.org/10.1016/j.jim.2016.04.006.

36. Smalls-Mantey A, Doria-Rose N, Klein R, Patamawenu A, Migueles SA, Ko
SY, Hallahan CW, Wong H, Liu B, You L, Scheid J, Kappes JC, Ochsenbauer
C, Nabel GJ, Mascola JR, Connors M. 2012. Antibody-dependent cellular
cytotoxicity against primary HIV-infected CD4� T cells is directly associ-

ated with the magnitude of surface IgG binding. J Virol 86:8672– 8680.
https://doi.org/10.1128/JVI.00287-12.

37. Sun Y, Asmal M, Lane S, Permar SR, Schmidt SD, Mascola JR, Letvin NL.
2011. Antibody-dependent cell-mediated cytotoxicity in simian immu-
nodeficiency virus-infected rhesus monkeys. J Virol 85:6906 – 6912.
https://doi.org/10.1128/JVI.00326-11.

38. Johansson SE, Rollman E, Chung AW, Center RJ, Hejdeman B, Stratov I,
Hinkula J, Wahren B, Kärre K, Kent SJ, Berg L. 2011. NK cell function and
antibodies mediating ADCC in HIV-1-infected viremic and controller
patients. Viral Immunol 24:359 –368. https://doi.org/10.1089/vim.2011
.0025.

39. Stratov I, Chung A, Kent SJ. 2008. Robust NK cell-mediated human
immunodeficiency virus (HIV)-specific antibody-dependent responses in
HIV-infected subjects. J Virol 82:5450 –5459. https://doi.org/10.1128/JVI
.01952-07.

40. Ackerman ME, Mikhailova A, Brown EP, Dowell KG, Walker BD, Bailey-
Kellogg C, Suscovich TJ, Alter G. 2016. Polyfunctional HIV-specific anti-
body responses are associated with spontaneous HIV control. PLoS
Pathog 12:e1005315. https://doi.org/10.1371/journal.ppat.1005315.

41. Gómez-Román VR, Florese RH, Patterson LJ, Peng B, Venzon D, Aldrich K,
Robert-Guroff M. 2006. A simplified method for the rapid fluorometric
assessment of antibody-dependent cell-mediated cytotoxicity. J Immu-
nol Methods 308:53– 67. https://doi.org/10.1016/j.jim.2005.09.018.

42. Orlandi C, Flinko R, Lewis GK. 2016. A new cell line for high throughput
HIV-specific antibody-dependent cellular cytotoxicity (ADCC) and cell-
to-cell virus transmission studies. J Immunol Methods 433:51–58. https://
doi.org/10.1016/j.jim.2016.03.002.

43. Ruiz MJ, Ghiglione Y, Falivene J, Laufer N, Holgado MP, Socías ME, Cahn
P, Sued O, Giavedoni L, Salomón H, Gherardi MM, Rodríguez AM, Turk G.
2016. Env-specific IgA from viremic HIV-Infected subjects compromises
antibody-dependent cellular cytotoxicity. J Virol 90:670 – 681. https://doi
.org/10.1128/JVI.02363-15.

44. Williams KL, Cortez V, Dingens AS, Gach JS, Rainwater S, Weis JF, Chen
X, Spearman P, Forthal DN, Overbaugh J. 2015. HIV-specific CD4-induced
antibodies mediate broad and potent antibody-dependent cellular cy-
totoxicity activity and are commonly detected in plasma from HIV-
infected humans. EBioMedicine 2:1464 –1477. https://doi.org/10.1016/j
.ebiom.2015.09.001.

45. Bradley T, Pollara J, Santra S, Vandergrift N, Pittala S, Bailey-Kellogg C, Shen
X, Parks R, Goodman D, Eaton A, Balachandran H, Mach LV, Saunders KO,
Weiner JA, Scearce R, Sutherland LL, Phogat S, Tartaglia J, Reed SG, Hu SL,
Theis JF, Pinter A, Montefiori DC, Kepler TB, Peachman KK, Rao M, Michael
NL, Suscovich TJ, Alter G, Ackerman ME, Moody MA, Liao HX, Tomaras G,
Ferrari G, Korber BT, Haynes BF. 2017. Pentavalent HIV-1 vaccine protects
against simian-human immunodeficiency virus challenge. Nat Commun
8:15711. https://doi.org/10.1038/ncomms15711.

46. Jensen SS, Fomsgaard A, Borggren M, Tingstedt JL, Gerstoft J, Kronborg
G, Rasmussen LD, Pedersen C, Karlsson I. 2015. HIV-specific antibody-
dependent cellular cytotoxicity (ADCC)-mediating antibodies decline
while NK cell function increases during antiretroviral therapy (ART). PLoS
One 10:e0145249. https://doi.org/10.1371/journal.pone.0145249.

47. Jensen SS, Hartling HJ, Tingstedt JL, Larsen TK, Nielsen SD, Pedersen C,
Fomsgaard A, Karlsson I. 2015. HIV-specific ADCC improves after anti-
retroviral therapy and correlates with normalization of the NK cell
phenotype. J Acquir Immune Defic Syndr 68:103–111. https://doi.org/10
.1097/QAI.0000000000000429.

48. Shen X, Basu R, Sawant S, Beaumont D, Kwa SF, LaBranche C, Seaton KE,
Yates NL, Montefiori DC, Ferrari G, Wyatt LS, Moss B, Alam SM, Haynes
BF, Tomaras GD, Robinson HL. 2017. HIV-1 gp120 protein and
MVAgp140 boost immunogens increase immunogenicity of a DNA/MVA
HIV-1 vaccine. J Virol 91:e1077-17. https://doi.org/10.1128/JVI.01077-17.

49. Ake JA, Schuetz A, Pegu P, Wieczorek L, Eller MA, Kibuuka H, Sawe F,
Maboko L, Polonis V, Karasavva N, Weiner D, Sekiziyivu A, Kosgei J,
Missanga M, Kroidl A, Mann P, Ratto-Kim S, Eller LA, Earl P, Moss B,
Dorsey-Spitz J, Milazzo M, Ouedraogo GL, Rizvi F, Yan J, Khan AS, Peel S,
Sardesai NY, Michael NL, Ngauy V, Marovich M, Robb ML. 2017. Safety
and immunogenicity of PENNVAX-G DNA prime administered by Biojec-
tor 2000 or CELLECTRA electroporation device with modified vaccinia
Ankara-CMDR boost. J Infect Dis 216:1080 –1090. https://doi.org/10
.1093/infdis/jix456.

50. Karlsson I, Borggren M, Jensen SS, Heyndrickx L, Stewart-Jones G, Scar-
latti G, Fomsgaard A. 2018. Immunization with clinical HIV-1 Env proteins
induces broad antibody dependent cellular cytotoxicity-mediating anti-

Measuring HIV ADCC Responses ®

March/April 2018 Volume 9 Issue 2 e00358-18 mbio.asm.org 17

https://doi.org/10.1128/JVI.01911-15
https://doi.org/10.1128/JVI.01911-15
https://doi.org/10.1128/JVI.00219-17
https://doi.org/10.1016/S0042-6822(03)00273-3
https://doi.org/10.1126/science.1213256
https://doi.org/10.1038/nature10373
https://doi.org/10.1126/scitranslmed.3008104
https://doi.org/10.1126/scitranslmed.3008104
https://doi.org/10.1126/science.1207227
https://doi.org/10.1016/j.cell.2014.08.023
https://doi.org/10.1016/j.cell.2014.08.023
https://doi.org/10.1126/science.aaf1279
https://doi.org/10.1126/science.aaf1279
https://doi.org/10.1038/ncomms10844
https://doi.org/10.1128/JVI.01650-12
https://doi.org/10.1002/cyto.a.21084
https://doi.org/10.1016/j.jim.2016.04.006
https://doi.org/10.1128/JVI.00287-12
https://doi.org/10.1128/JVI.00326-11
https://doi.org/10.1089/vim.2011.0025
https://doi.org/10.1089/vim.2011.0025
https://doi.org/10.1128/JVI.01952-07
https://doi.org/10.1128/JVI.01952-07
https://doi.org/10.1371/journal.ppat.1005315
https://doi.org/10.1016/j.jim.2005.09.018
https://doi.org/10.1016/j.jim.2016.03.002
https://doi.org/10.1016/j.jim.2016.03.002
https://doi.org/10.1128/JVI.02363-15
https://doi.org/10.1128/JVI.02363-15
https://doi.org/10.1016/j.ebiom.2015.09.001
https://doi.org/10.1016/j.ebiom.2015.09.001
https://doi.org/10.1038/ncomms15711
https://doi.org/10.1371/journal.pone.0145249
https://doi.org/10.1097/QAI.0000000000000429
https://doi.org/10.1097/QAI.0000000000000429
https://doi.org/10.1128/JVI.01077-17
https://doi.org/10.1093/infdis/jix456
https://doi.org/10.1093/infdis/jix456
http://mbio.asm.org


bodies in a rabbit vaccination model. AIDS Res Hum Retroviruses 34:
206 –217. https://doi.org/10.1089/AID.2017.0140.

51. Richard J, Veillette M, Batraville LA, Coutu M, Chapleau JP, Bonsignori M,
Bernard N, Tremblay C, Roger M, Kaufmann DE, Finzi A. 2014. Flow
cytometry-based assay to study HIV-1 gp120 specific antibody-
dependent cellular cytotoxicity responses. J Virol Methods 208:107–114.
https://doi.org/10.1016/j.jviromet.2014.08.003.

52. Mabuka J, Nduati R, Odem-Davis K, Peterson D, Overbaugh J. 2012.
HIV-specific antibodies capable of ADCC are common in breastmilk and
are associated with reduced risk of transmission in women with high
viral loads. PLoS Pathog 8:e1002739. https://doi.org/10.1371/journal
.ppat.1002739.

53. Baxter AE, Niessl J, Fromentin R, Richard J, Porichis F, Charlebois R,
Massanella M, Brassard N, Alsahafi N, Delgado GG, Routy JP, Walker BD,
Finzi A, Chomont N, Kaufmann DE. 2016. Single-cell characterization of
viral translation-competent reservoirs in HIV-infected individuals. Cell
Host Microbe 20:368 –380. https://doi.org/10.1016/j.chom.2016.07.015.

54. Baxter AE, Niessl J, Fromentin R, Richard J, Porichis F, Massanella M,
Brassard N, Alsahafi N, Routy JP, Finzi A, Chomont N, Kaufmann DE. 2017.
Multiparametric characterization of rare HIV-infected cells using an RNA-
flow FISH technique. Nat Protoc 12:2029 –2049. https://doi.org/10.1038/
nprot.2017.079.

55. Mengistu M, Ray K, Lewis GK, DeVico AL. 2015. Antigenic properties of
the human immunodeficiency virus envelope glycoprotein gp120 on
virions bound to target cells. PLoS Pathog 11:e1004772. https://doi.org/
10.1371/journal.ppat.1004772.

56. Mengistu M, Tang AH, Foulke JS, Jr, Blanpied TA, Gonzalez MW, Spouge
JL, Gallo RC, Lewis GK, DeVico AL. 2017. Patterns of conserved gp120
epitope presentation on attached HIV-1 virions. Proc Natl Acad Sci U S A
114:E9893–E9902. https://doi.org/10.1073/pnas.1705074114.

57. Gohain N, Tolbert WD, Orlandi C, Richard J, Ding S, Chen X, Bonsor DA,
Sundberg EJ, Lu W, Ray K, Finzi A, Lewis GK, Pazgier M. 2016. Molecular
basis for epitope recognition by non-neutralizing anti-gp41 antibody
F240. Sci Rep 6:36685. https://doi.org/10.1038/srep36685.

58. Tolbert WD, Gohain N, Alsahafi N, Van V, Orlandi C, Ding S, Martin L, Finzi
A, Lewis GK, Ray K, Pazgier M. 2017. Targeting the late stage of HIV-1
entry for antibody-dependent cellular cytotoxicity: structural basis for
Env epitopes in the C11 region. Structure 25:1719 –1731.e4. https://doi
.org/10.1016/j.str.2017.09.009.

59. Richard J, Pacheco B, Gohain N, Veillette M, Ding S, Alsahafi N, Tolbert
WD, Prévost J, Chapleau JP, Coutu M, Jia M, Brassard N, Park J, Courter
JR, Melillo B, Martin L, Tremblay C, Hahn BH, Kaufmann DE, Wu X, Smith
AB III, Sodroski J, Pazgier M, Finzi A. 2016. Co-receptor binding site
antibodies enable CD4-mimetics to expose conserved anti-cluster A
ADCC epitopes on HIV-1 envelope glycoproteins. EBioMedicine 12:
208 –218. https://doi.org/10.1016/j.ebiom.2016.09.004.

60. Mujib S, Liu J, Rahman AKMN, Schwartz JA, Bonner P, Yue FY, Ostrowski
MA. 2017. Comprehensive cross-clade characterization of antibody-
mediated recognition, complement-mediated lysis, and cell-mediated
cytotoxicity of HIV-1 envelope-specific antibodies toward eradication of
the HIV-1 reservoir. J Virol 91:e00634-17. https://doi.org/10.1128/JVI
.00634-17.

61. Magadán JG, Pérez-Victoria FJ, Sougrat R, Ye Y, Strebel K, Bonifacino JS.
2010. Multilayered mechanism of CD4 downregulation by HIV-1 Vpu
involving distinct ER retention and ERAD targeting steps. PLoS Pathog
6:e1000869. https://doi.org/10.1371/journal.ppat.1000869.

62. Kimura T, Nishikawa M, Ohyama A. 1994. Intracellular membrane traffic
of human immunodeficiency virus type 1 envelope glycoproteins: vpu
liberates Golgi-targeted gp160 from CD4-dependent retention in the
endoplasmic reticulum. J Biochem 115:1010 –1020. https://doi.org/10
.1093/oxfordjournals.jbchem.a124414.

63. Horwitz JA, Bar-On Y, Lu CL, Fera D, Lockhart AAK, Lorenzi JCC, Nogueira
L, Golijanin J, Scheid JF, Seaman MS, Gazumyan A, Zolla-Pazner S,
Nussenzweig MC. 2017. Non-neutralizing antibodies alter the course of
HIV-1 infection in vivo. Cell 170:637– 648.e10. https://doi.org/10.1016/j
.cell.2017.06.048.

64. Janvier K, Craig H, Le Gall S, Benarous R, Guatelli J, Schwartz O, Benichou
S. 2001. Nef-induced CD4 downregulation: a diacidic sequence in human
immunodeficiency virus type 1 Nef does not function as a protein
sorting motif through direct binding to beta-COP. J Virol 75:3971–3976.
https://doi.org/10.1128/JVI.75.8.3971-3976.2001.

65. Pham TN, Lukhele S, Hajjar F, Routy JP, Cohen ÉA. 2014. HIV Nef and Vpu
protect HIV-infected CD4� T cells from antibody-mediated cell lysis

through down-modulation of CD4 and BST2. Retrovirology 11:15.
https://doi.org/10.1186/1742-4690-11-15.

66. Dugast AS, Chan Y, Hoffner M, Licht A, Nkolola J, Li H, Streeck H,
Suscovich TJ, Ghebremichael M, Ackerman ME, Barouch DH, Alter G.
2014. Lack of protection following passive transfer of polyclonal highly
functional low-dose non-neutralizing antibodies. PLoS One 9:e97229.
https://doi.org/10.1371/journal.pone.0097229.

67. Nakane T, Nomura T, Shi S, Nakamura M, Naruse TK, Kimura A, Matano
T, Yamamoto H. 2013. Limited impact of passive non-neutralizing anti-
body immunization in acute SIV infection on viremia control in rhesus
macaques. PLoS One 8:e73453. https://doi.org/10.1371/journal.pone
.0073453.

68. Moog C, Dereuddre-Bosquet N, Teillaud JL, Biedma ME, Holl V, Van Ham
G, Heyndrickx L, Van Dorsselaer A, Katinger D, Vcelar B, Zolla-Pazner S,
Mangeot I, Kelly C, Shattock RJ, Le Grand R. 2014. Protective effect of
vaginal application of neutralizing and nonneutralizing inhibitory anti-
bodies against vaginal SHIV challenge in macaques. Mucosal Immunol
7:46 –56. https://doi.org/10.1038/mi.2013.23.

69. Santra S, Tomaras GD, Warrier R, Nicely NI, Liao HX, Pollara J, Liu P, Alam
SM, Zhang R, Cocklin SL, Shen X, Duffy R, Xia SM, Schutte RJ, Pemble CW,
IV, Dennison SM, Li H, Chao A, Vidnovic K, Evans A, Klein K, Kumar A,
Robinson J, Landucci G, Forthal DN, Montefiori DC, Kaewkungwal J,
Nitayaphan S, Pitisuttithum P, Rerks-Ngarm S, Robb ML, Michael NL, Kim
JH, Soderberg KA, Giorgi EE, Blair L, Korber BT, Moog C, Shattock RJ,
Letvin NL, Schmitz JE, Moody MA, Gao F, Ferrari G, Shaw GM, Haynes BF.
2015. Human non-neutralizing HIV-1 envelope monoclonal antibodies
limit the number of founder viruses during SHIV mucosal infection in
rhesus macaques. PLoS Pathog 11:e1005042. https://doi.org/10.1371/
journal.ppat.1005042.

70. Astronomo RD, Santra S, Ballweber-Fleming L, Westerberg KG, Mach L,
Hensley-McBain T, Sutherland L, Mildenberg B, Morton G, Yates NL, Mize
GJ, Pollara J, Hladik F, Ochsenbauer C, Denny TN, Warrier R, Rerks-Ngarm
S, Pitisuttithum P, Nitayapan S, Kaewkungwal J, Ferrari G, Shaw GM, Xia
SM, Liao HX, Montefiori DC, Tomaras GD, Haynes BF, McElrath JM. 2016.
Neutralization takes precedence over IgG or IgA isotype-related func-
tions in mucosal HIV-1 antibody-mediated protection. EBioMedicine
14:97–111. https://doi.org/10.1016/j.ebiom.2016.11.024.

71. Gómez-Román VR, Patterson LJ, Venzon D, Liewehr D, Aldrich K, Florese
R, Robert-Guroff M. 2005. Vaccine-elicited antibodies mediate antibody-
dependent cellular cytotoxicity correlated with significantly reduced
acute viremia in rhesus macaques challenged with SIVmac251. J Immu-
nol 174:2185–2189. https://doi.org/10.4049/jimmunol.174.4.2185.

72. Fouts TR, Bagley K, Prado IJ, Bobb KL, Schwartz JA, Xu R, Zagursky RJ,
Egan MA, Eldridge JH, LaBranche CC, Montefiori DC, Le Buanec H, Zagury
D, Pal R, Pavlakis GN, Felber BK, Franchini G, Gordon S, Vaccari M, Lewis
GK, DeVico AL, Gallo RC. 2015. Balance of cellular and humoral immunity
determines the level of protection by HIV vaccines in rhesus macaque
models of HIV infection. Proc Natl Acad Sci U S A 112:E992–E999.
https://doi.org/10.1073/pnas.1423669112.

73. Huang Y, Ferrari G, Alter G, Forthal DN, Kappes JC, Lewis GK, Love JC,
Borate B, Harris L, Greene K, Gao H, Phan TB, Landucci G, Goods BA,
Dowell KG, Cheng HD, Bailey-Kellogg C, Montefiori DC, Ackerman ME.
2016. Diversity of antiviral IgG effector activities observed in HIV-
infected and vaccinated subjects. J Immunol 197:4603– 4612. https://doi
.org/10.4049/jimmunol.1601197.

74. Florese RH, Demberg T, Xiao P, Kuller L, Larsen K, Summers LE, Venzon
D, Cafaro A, Ensoli B, Robert-Guroff M. 2009. Contribution of nonneu-
tralizing vaccine-elicited antibody activities to improved protective effi-
cacy in rhesus macaques immunized with Tat/Env compared with mul-
tigenic vaccines. J Immunol 182:3718 –3727. https://doi.org/10.4049/
jimmunol.0803115.

75. Haynes BF, Gilbert PB, McElrath MJ, Zolla-Pazner S, Tomaras GD, Alam
SM, Evans DT, Montefiori DC, Karnasuta C, Sutthent R, Liao HX, DeVico
AL, Lewis GK, Williams C, Pinter A, Fong Y, Janes H, DeCamp A, Huang Y,
Rao M, Billings E, Karasavvas N, Robb ML, Ngauy V, de Souza MS, Paris R,
Ferrari G, Bailer RT, Soderberg KA, Andrews C, Berman PW, Frahm N, De
Rosa SC, Alpert MD, Yates NL, Shen X, Koup RA, Pitisuttithum P,
Kaewkungwal J, Nitayaphan S, Rerks-Ngarm S, Michael NL, Kim JH. 2012.
Immune-correlates analysis of an HIV-1 vaccine efficacy trial. N Engl J
Med 366:1275–1286. https://doi.org/10.1056/NEJMoa1113425.

76. Prévost J, Zoubchenok D, Richard J, Veillette M, Pacheco B, Coutu M,
Brassard N, Parsons MS, Ruxrungtham K, Bunupuradah T, Tovanabutra S,
Hwang KK, Moody MA, Haynes BF, Bonsignori M, Sodroski J, Kaufmann
DE, Shaw GM, Chenine AL, Finzi A. 2017. Influence of the envelope

Richard et al. ®

March/April 2018 Volume 9 Issue 2 e00358-18 mbio.asm.org 18

https://doi.org/10.1089/AID.2017.0140
https://doi.org/10.1016/j.jviromet.2014.08.003
https://doi.org/10.1371/journal.ppat.1002739
https://doi.org/10.1371/journal.ppat.1002739
https://doi.org/10.1016/j.chom.2016.07.015
https://doi.org/10.1038/nprot.2017.079
https://doi.org/10.1038/nprot.2017.079
https://doi.org/10.1371/journal.ppat.1004772
https://doi.org/10.1371/journal.ppat.1004772
https://doi.org/10.1073/pnas.1705074114
https://doi.org/10.1038/srep36685
https://doi.org/10.1016/j.str.2017.09.009
https://doi.org/10.1016/j.str.2017.09.009
https://doi.org/10.1016/j.ebiom.2016.09.004
https://doi.org/10.1128/JVI.00634-17
https://doi.org/10.1128/JVI.00634-17
https://doi.org/10.1371/journal.ppat.1000869
https://doi.org/10.1093/oxfordjournals.jbchem.a124414
https://doi.org/10.1093/oxfordjournals.jbchem.a124414
https://doi.org/10.1016/j.cell.2017.06.048
https://doi.org/10.1016/j.cell.2017.06.048
https://doi.org/10.1128/JVI.75.8.3971-3976.2001
https://doi.org/10.1186/1742-4690-11-15
https://doi.org/10.1371/journal.pone.0097229
https://doi.org/10.1371/journal.pone.0073453
https://doi.org/10.1371/journal.pone.0073453
https://doi.org/10.1038/mi.2013.23
https://doi.org/10.1371/journal.ppat.1005042
https://doi.org/10.1371/journal.ppat.1005042
https://doi.org/10.1016/j.ebiom.2016.11.024
https://doi.org/10.4049/jimmunol.174.4.2185
https://doi.org/10.1073/pnas.1423669112
https://doi.org/10.4049/jimmunol.1601197
https://doi.org/10.4049/jimmunol.1601197
https://doi.org/10.4049/jimmunol.0803115
https://doi.org/10.4049/jimmunol.0803115
https://doi.org/10.1056/NEJMoa1113425
http://mbio.asm.org


gp120 Phe 43 cavity on HIV-1 sensitivity to antibody-dependent cell-
mediated cytotoxicity responses. J Virol 91:e02452-16. https://doi.org/
10.1128/JVI.02452-16.

77. Fontaine J, Chagnon-Choquet J, Valcke HS, Poudrier J, Roger M, Montreal
Primary HIV Infection and Long-Term Non-Progressor Study Groups. 2011.
High expression levels of B lymphocyte stimulator (BLyS) by dendritic cells
correlate with HIV-related B-cell disease progression in humans. Blood
117:145–155. https://doi.org/10.1182/blood-2010-08-301887.

78. Fontaine J, Coutlée F, Tremblay C, Routy JP, Poudrier J, Roger M,
Montreal Primary HIV Infection and Long-Term Nonprogressor Study
Groups. 2009. HIV infection affects blood myeloid dendritic cells after
successful therapy and despite nonprogressing clinical disease. J Infect
Dis 199:1007–1018. https://doi.org/10.1086/597278.

79. International HIV Controllers Study, Pereyra F, Jia X, McLaren PJ, Telenti
A, de Bakker PI, Walker BD, Ripke S, Brumme CJ, Pulit SL, Carrington M,
Kadie CM, Carlson JM, Heckerman D, Graham RR, Plenge RM, Deeks SG,
Gianniny L, Crawford G, Sullivan J, Gonzalez E, Davies L, Camargo A,
Moore JM, Beattie N, Gupta S, Crenshaw A, Burtt NP, Guiducci C, Gupta
N, Gao X, Qi Y, Yuki Y, Piechocka-Trocha A, Cutrell E, Rosenberg R, Moss
KL, Lemay P, O’Leary J, Schaefer T. 2010. The major genetic determinants
of HIV-1 control affect HLA class I peptide presentation. Science 330:
1551–1557. https://doi.org/10.1126/science.1195271.

80. Kamya P, Boulet S, Tsoukas CM, Routy JP, Thomas R, Côté P, Boulassel
MR, Baril JG, Kovacs C, Migueles SA, Connors M, Suscovich TJ, Brander C,
Tremblay CL, Bernard N, Canadian Cohort of HIV Infected Slow Progres-
sors. 2011. Receptor-ligand requirements for increased NK cell polyfunc-
tional potential in slow progressors infected with HIV-1 coexpressing
KIR3DL1*h/*y and HLA-B*57. J Virol 85:5949 –5960. https://doi.org/10
.1128/JVI.02652-10.

81. Peretz Y, Ndongala ML, Boulet S, Boulassel MR, Rouleau D, Côté P,
Longpré D, Routy JP, Falutz J, Tremblay C, Tsoukas CM, Sékaly RP,
Bernard NF. 2007. Functional T cell subsets contribute differentially to
HIV peptide-specific responses within infected individuals: correlation of

these functional T cell subsets with markers of disease progression. Clin
Immunol 124:57– 68. https://doi.org/10.1016/j.clim.2007.04.004.

82. Ochsenbauer C, Edmonds TG, Ding H, Keele BF, Decker J, Salazar MG,
Salazar-Gonzalez JF, Shattock R, Haynes BF, Shaw GM, Hahn BH, Kappes
JC. 2012. Generation of transmitted/founder HIV-1 infectious molecular
clones and characterization of their replication capacity in CD4 T lym-
phocytes and monocyte-derived macrophages. J Virol 86:2715–2728.
https://doi.org/10.1128/JVI.06157-11.

83. Bar KJ, Tsao CY, Iyer SS, Decker JM, Yang Y, Bonsignori M, Chen X, Hwang
KK, Montefiori DC, Liao HX, Hraber P, Fischer W, Li H, Wang S, Sterrett S,
Keele BF, Ganusov VV, Perelson AS, Korber BT, Georgiev I, McLellan JS,
Pavlicek JW, Gao F, Haynes BF, Hahn BH, Kwong PD, Shaw GM. 2012.
Early low-titer neutralizing antibodies impede HIV-1 replication and
select for virus escape. PLoS Pathog 8:e1002721. https://doi.org/10
.1371/journal.ppat.1002721.

84. Parrish NF, Gao F, Li H, Giorgi EE, Barbian HJ, Parrish EH, Zajic L, Iyer SS,
Decker JM, Kumar A, Hora B, Berg A, Cai F, Hopper J, Denny TN, Ding H,
Ochsenbauer C, Kappes JC, Galimidi RP, West AP, Jr., Bjorkman PJ, Wilen
CB, Doms RW, O’Brien M, Bhardwaj N, Borrow P, Haynes BF, Muldoon M,
Theiler JP, Korber B, Shaw GM, Hahn BH. 2013. Phenotypic properties of
transmitted founder HIV-1. Proc Natl Acad Sci U S A 110:6626 – 6633.
https://doi.org/10.1073/pnas.1304288110.

85. Fenton-May AE, Dibben O, Emmerich T, Ding H, Pfafferott K, Aasa-
Chapman MM, Pellegrino P, Williams I, Cohen MS, Gao F, Shaw GM, Hahn
BH, Ochsenbauer C, Kappes JC, Borrow P. 2013. Relative resistance of
HIV-1 founder viruses to control by interferon-alpha. Retrovirology 10:
146. https://doi.org/10.1186/1742-4690-10-146.

86. Decker JM, Bibollet-Ruche F, Wei X, Wang S, Levy DN, Wang W, Dela-
porte E, Peeters M, Derdeyn CA, Allen S, Hunter E, Saag MS, Hoxie JA,
Hahn BH, Kwong PD, Robinson JE, Shaw GM. 2005. Antigenic conserva-
tion and immunogenicity of the HIV coreceptor binding site. J Exp Med
201:1407–1419. https://doi.org/10.1084/jem.20042510.

Measuring HIV ADCC Responses ®

March/April 2018 Volume 9 Issue 2 e00358-18 mbio.asm.org 19

https://doi.org/10.1128/JVI.02452-16
https://doi.org/10.1128/JVI.02452-16
https://doi.org/10.1182/blood-2010-08-301887
https://doi.org/10.1086/597278
https://doi.org/10.1126/science.1195271
https://doi.org/10.1128/JVI.02652-10
https://doi.org/10.1128/JVI.02652-10
https://doi.org/10.1016/j.clim.2007.04.004
https://doi.org/10.1128/JVI.06157-11
https://doi.org/10.1371/journal.ppat.1002721
https://doi.org/10.1371/journal.ppat.1002721
https://doi.org/10.1073/pnas.1304288110
https://doi.org/10.1186/1742-4690-10-146
https://doi.org/10.1084/jem.20042510
http://mbio.asm.org

	RESULTS
	Differential recognition of uninfected bystander cells and infected cells by ADCC-mediating Abs. 
	Assays measuring ADCC against productively infected cells reveal greater killing of infected cells by bNAbs than by CD4i Abs. 
	Assays measuring ADCC activities on the total cell population overestimate the responses mediated by CD4i Abs. 
	Most ADCC activity detected using total cell target population is directed against uninfected bystander cells. 
	Measurement of ADCC responses using gp120-coated cells preferentially detects CD4i-mediated ADCC responses. 
	A32 preferentially recognizes CD4+ p24− cells not expressing HIV-1 gag-pol mRNA. 

	DISCUSSION
	MATERIALS AND METHODS
	Ethics statement. 
	Cell lines and isolation of primary cells. 
	Viral production and infections. 
	Antibodies and sera. 
	Plasmids and site-directed mutagenesis. 
	Flow cytometry analysis of cell surface staining. 
	Replacement of uninfected bystander cells by autologous mock cells. 
	ADCC measurements. 
	RNA-flow analysis. 
	Statistical analyses. 

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

