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Human immunodeficiency virus type 1 (HIV-1) infection causes a progressive depletion of CD4+ T cells. Despite
its importance for HIV-1 pathogenesis, the precisemechanismsunderlying CD4+T-cell depletion remain incom-
pletely understood. Here wemake the surprising observation that antibody-dependent cell-mediated cytotoxic-
ity (ADCC) mediates the death of uninfected bystander CD4+ T cells in cultures of HIV-1-infected cells.
While HIV-1-infected cells are protected from ADCC by the action of the viral Vpu and Nef proteins, uninfected
bystander CD4+T cells bind gp120 shed from productively infected cells and are efficiently recognized by
ADCC-mediating antibodies. Thus, gp120 shedding represents a viral mechanism to divert ADCC responses to-
wards uninfected bystander CD4+ T cells. Importantly, CD4-mimetic molecules redirect ADCC responses from
uninfected bystander cells to HIV-1-infected cells; therefore, CD4-mimetic compounds might have therapeutic
utility in new strategies aimed at specifically eliminating HIV-1-infected cells.

© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Human immunodeficiency virus (HIV) infection causes the progres-
sive loss of CD4+ T cells, which leads to acquired immunodeficiency
syndrome (AIDS) and death. Despite its clinical importance, the precise
mechanism(s) underlying CD4+T cell depletion duringHIV-1 infection
remains poorly understood (Thomas, 2009; Grossman et al., 2002;
Mccune, 2001). HIV replication is known to directly induce the death
of infected CD4+T cells (Hazenberg et al., 2000; Cummins and
Badley, 2014) by a plethora of mechanisms, including envelope
glycoprotein-mediated cytotoxicity, apoptosis via activation of Caspases
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and DNA damage responses (Sodroski et al., 1986; Lifson et al., 1986;
Cao et al., 1996; Labonte et al., 2003; Cooper et al., 2013; Sainski et al.,
2011). Themassive depletion of CD4+T cells in SHIV-infectedmonkeys
has been shown to depend, at least in part, on themembrane-fusing ca-
pacity of the viral envelope glycoproteins (Etemad-Moghadam et al.,
2001). In addition, HIV-specific CD8+ cytotoxic T cells also play a
major role in eliminating HIV-infected cells (Mcmichael and Rowland-
Jones, 2001). However, the mechanisms of uninfected bystander
CD4+ T cell death and the contribution of this process to HIV-1 patho-
genesis are not well understood. It has been described that uninfected
CD4+ T cells die from apoptosis induced by over-expression of several
death ligands (Cummins and Badley, 2014), activation-induced cell-
death caused by a state of hyper-inflammation (Alimonti et al., 2003),
direct cytotoxicity mediated by some HIV proteins including Tat, Vpr,
Nef and gp120 (Varbanov et al., 2006), and caspase-1-dependent
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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pyroptosis driven by abortive infections (Cummins and Badley, 2014;
Doitsh et al., 2014; Monroe et al., 2014). In fact, killing of uninfected
CD4+T cells was estimated to account for the high rate of turnover of
CD4+ T cells in HIV-infected individuals (Mccune et al., 2000; Mohri
et al., 2001;Meyaard et al., 1992;Matrajt et al., 2014). However, no par-
ticular mechanism has been identified that could account for this short
half-life.

The HIV-1 envelope glycoprotein (Env) trimer is derived from pro-
teolytic cleavage of a trimeric gp160 precursor (Allan et al., 1985;
Robey et al., 1985) and is composed of gp120 exterior and gp41 trans-
membrane subunits. The gp120 exterior subunit is retained on the tri-
mer via labile, non-covalent interactions with the gp41 ectodomain.
This results in spontaneous dissociation of gp120 from gp41, known
as gp120 shedding (Helseth et al., 1991; Yang et al., 2003; Finzi et al.,
2010). Accordingly, significant levels of soluble gp120 were found in
blood and tissues of HIV-infected individuals (Santosuosso et al.,
2009; Oh et al., 1992; Rychert et al., 2010). Interestingly, it has been sug-
gested that shed gp120 bound to the surface of lymphocytes could serve
as an effective target for immune destruction by patient antibodies and
effector cells and that this could contribute to lymphocyte destruction
in HIV-1-infected individuals (Lyerly et al., 1987). During HIV entry,
the gp120 glycoprotein is responsible for interactionswith the initial re-
ceptor, CD4 (Dalgleish et al., 1984; Klatzmann et al., 1984). CD4 induces
conformational changes in Env that expose the binding site for the che-
mokine co-receptors (CCR5 or CXCR4) (Alkhatib et al., 1996; Choe et al.,
1996; Deng et al., 1996; Dragic et al., 1996; Feng et al., 1996). We re-
cently reported that gp120–CD4 interaction in an infected cell also re-
sults in exposure of antibody-dependent cell-mediated cytotoxicity
(ADCC) epitopes recognized by antibodies present in sera,
cervicovaginal fluids and breast milk from HIV-infected individuals. In-
terestingly, recognition of gp120–CD4 complexes at the surface of in-
fected (Richard et al., 2015; Veillette et al., 2014b, 2015a) or gp120-
coated (Batraville et al., 2014; Richard et al., 2014) cells results in
ADCC-mediated killing.

Here we investigated whether antibody recognition of shed gp120
bound to the surface CD4 of bystander cells results in ADCC-mediated
killing. To this end, we developed a FACS-based assay to measure the
relative killing of infected CD4+T cells versus their uninfected counter-
parts by ADCC-mediating antibodies and HIV+ sera. We observed that
HIV-1-infected cells were protected from ADCC, whereas bystander
cells were highly sensitive to killing mediated by CD4-induced (CD4i)
antibodies and HIV+ sera. This difference in susceptibility to ADCC
was due to differences in Env conformation in the two contexts. In in-
fected cells, trimeric Env remained in its unbound conformation
(i.e., shielding ADCC-mediating epitopes) due to the action of the HIV-
1 Vpu and Nef proteins, which limit the surface expression of Env–
CD4 complexes (Richard et al., 2015; Veillette et al., 2014b, 2015a,
2016). By contrast, in bystander CD4+ T cells, shed gp120 was bound
to CD4 on the cell surface, resulting in a more open Env conformation
that exposed ADCC-mediating epitopes. This raises the intriguing possi-
bility that gp120 shedding may represent a viral mechanism to divert
cytotoxic immune responses to uninfected cells. Importantly, we dem-
onstrate here that small CD4-mimetic compounds (CD4mc) protect by-
stander cells by blocking gp120 binding to uninfected CD4+ T cells,
while sensitizing HIV-infected cells to ADCC-mediated killing.

2. Materials and Methods

2.1. Cell Lines and Isolation of Primary Cells

293T human embryonic kidney (obtained from ATCC), CEM.NKr
cells (obtained from Dr. David Evans, Harvard Medical School) and pri-
mary cells were grown as previously described (Richard et al., 2010;
Veillette et al., 2014b). CD4 T lymphocytes were purified from resting
PBMCs by negative selection and activated as previously described
(Richard et al., 2015).
2.2. Viral Production, Infections, Ex Vivo Amplification and Detection of In-
fected Cells

Vesicular stomatitis viruses G (VSVG)-pseudotyped viruses allowed
equivalent levels of infection for the different viruses used, including the
D368R Env variant, and were produced and titrated as previously de-
scribed (Veillette et al., 2015a). Viruses were then used to infect
CEM.NKr cells or primary CD4+ T cells from healthy donors by spin in-
fection at 800 g for 1 h in 96-well plates at 25 °C. In order to expand
endogenously-infected CD4+T cells, primary CD4+T cellswere isolat-
ed from PBMCs obtained from viremic HIV-1-infected individuals. Puri-
fied CD4+ T cells were activated with PHA-L at 10 μg/ml for 36 h and
then cultured for 6 to 8 days in RPMI-1640 complete medium supple-
mented with rIL-2 (100 U/ml).

Detection of GFP+ or p24+ infected cells was performed as previ-
ously described (Richard et al., 2015). Cells infected with the SHIV-
CH505 virus were stained intracellularly for SIVmac p27 using the
Cytofix/Cytoperm Fixation/Permeabilization Kit, followed by a 2F12
anti-p27 mAb primary staining (10 μg/ml) and a goat anti-mouse
Alexa Fluor 647 secondary antibody staining (1:250 dilution). The per-
centage of infected cells (GFP+, p24+ or p27+ cells) was determined
by gating the living cell population based on the viability dye staining
(Aqua Vivid, Invitrogen).

2.3. Antibodies and Sera

The following Abs were used as first Ab for cell-surface staining:
1 μg/ml mouse anti-CD4 mAb OKT4 (14-0048-82; eBiosciences),
5 μg/ml human anti-HIV-1 Env mAbs 2G12 (AB002; Polymun), PGT-
151 (kindly provided by P. Poignard, The Scripps Research Institute,
La Jolla, CA), A32, C11, 7B2 (kindly provided by J. Robinson, Tulane
University, NewOrleans), F240,M785-U1 andN10-U1 (kindly provided
by G. K. Lewis, University of Maryland), whereas 1 μg/ml either
goat anti-mouse Alexa Fluor-594, goat anti-human Alexa Fluor 647 or
goat anti-human Alexa Fluor 594 mAbs (Invitrogen) was used as a
secondary Ab, and AquaVivid (Invitrogen) was used as a viability
dye. The anti-SIVmac p27 antibody was purified from SIVmac p27 Hy-
bridoma (55-2F12, NIH AIDS Reagent) (Higgins et al., 1992) using
Protein A-Sepharose beads (GE, USA) according to the manufacturer's
protocol.

Sera from HIV-infected and healthy donors were collected, heat-
inactivated and conserved as previously described. Written informed
consent was obtained from all study participants [theMontreal Primary
HIV Infection Cohort (Fontaine et al., 2009, 2011) and the Canadian Co-
hort of HIV Infected Slow Progressors (Peretz et al., 2007; Kamya et al.,
2011; International et al., 2010)], and research adhered to the ethical
guidelines of CRCHUM and was reviewed and approved by the
CRCHUM institutional review board (ethics committee). All sera were
heat-inactivated for 30 min at 56 °C and stored at 4 °C until ready to
use in subsequent experiments. A random number generator
(GraphPad, QuickCalcs) was used to randomly select a number of sera
for each experiment.

2.4. Plasmids and Site-directed Mutagenesis

pNL43-ADA(Env)-GFP.IRES.Nef proviral vectors (wt or expressing
the D368R Env variant) and the VSV G-encoding plasmid (pSVCMV-
IN-VSV-G) were previously described (Veillette et al., 2015a).
The pNL43-GFP.IRES.Nef provirus encoding the NL43 X4-tropic Env
was generated by inserting the NL43 Env into pNL43-ADA(Env)-
GFP.IRES.Nef using SalI and BamHI restrictions sites, as previously
described (Veillette et al., 2014b). The plasmid encoding the HIV-1
transmitted founder (T/F) IMC CH77 was previously described
(Ochsenbauer et al., 2012; Bar et al., 2012; Parrish et al., 2013;
Fenton-May et al., 2013; Richard et al., 2015).
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2.5. Flow Cytometry Analysis of Cell-surface Staining and ADCC Responses

Cell-surface staining was performed as previously described
(Richard et al., 2015; Veillette et al., 2015a). Binding of HIV-1-infected
cells by either sera (1:1000 dilution) or mAbs (5 μg/ml) was performed
48–72 h after in vitro infection or at 6–8 days post activation for
endogenously-infected ex-vivo-amplified cells, at 37 °C. Samples were
analyzed on a LSRII cytometer (BD Biosciences, Mississauga, ON,
Canada) and data analysis was performed using FlowJo vX.0.7 (Tree
Star, Ashland, OR, USA).
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Measurement of serum-mediated ADCC was performed with a pre-
viously described assay (Veillette et al., 2014b; Richard et al., 2014)
after 48–72 h of in vitro infection using a 1:1000 final concentration
of serum or 5 μg/ml mAbs and an Effector: Target ratio of 10:1
(1 × 106 PBMC:1 × 105 CEM.NKr cells). The percentage of cytotoxicity
was calculated with the following formula for either infected or unin-
fected cells populations: (relative cell counts in Targets plus Effectors)−
(relative cell counts in Targets plus Effectors plus A32 or serum) /
(relative cell counts in Targets), as described (Richard et al., 2014,
2015; Veillette et al., 2015a).

2.6. Co-culture Assay

Activated primary CD4 T cells were stained with the eFluor-450 cell
marker (1:500 dilution, eBiosciences) for 15 min at room temperature
and washed twice with complete RPMI-1640 media before being co-
cultured with autologous infected cells (in vitro infection for 72 h) at a
ratio of 1 fresh cell to 2 infected cells in the presence or absence of
10 μg/ml VRC01 Fab or 50 μM of the CD4-mimetic compound JP-III-48
(Fig. S1) (Richard et al., 2015). Co-cultures were performed with or
without transwells (3 μm pore size, Corning, NY, USA), infected cells
were loaded in the upper chamber of the transwell and the uninfected
cells were placed in the bottom chamber. For every time point of the
co-culture assays, transwells were carefully removed and discarded
where applicable and aliquots of the co-cultured cells were distributed
in 96-well V-bottom plates and surface stained as described above.

2.7. Statistical Analyses

Statistics were analyzed using GraphPad Prism version 6.01
(GraphPad, San Diego, CA, USA). Every data set was tested for statistical
normality and this information was used to apply the appropriate
(parametric or nonparametric) statistical test. p Values b 0.05were con-
sidered significant; significance values are indicated as *p b 0.05,
**p b 0.01, ***p b 0.001, ****p b 0.0001.

3. Results

3.1. ADCC-mediating Antibodies Recognize Uninfected Bystander Cells

Env interaction with the CD4 receptor at the surface of infected cells
is critical for efficient ADCC activity mediated bymonoclonal antibodies
targeting CD4i Env epitopes (Veillette et al., 2014b) or by sera fromHIV-
1-infected individuals (Richard et al., 2015; Veillette et al., 2015a). HIV-
1 has evolved a sophisticated mechanism to avoid ADCC by decreasing
the overall amount of cell-surface Env via Vpu-mediated BST-2 down-
regulation (Veillette et al., 2014b; Arias et al., 2014; Alvarez et al.,
2014) and Nef and Vpu-mediated CD4 downregulation from the cell
surface (Veillette et al., 2014b, 2015a). To determine whether uninfect-
ed CD4+T cells could be recognized by these antibodies, we infected
primary CD4+ T cells with a previously-reported wild-type (wt) HIV-
1 strain that encodes all accessory proteins as well as a gfp reporter
gene and an R5-tropic (ADA) envelope (Veillette et al., 2014b). Thus,
in this system, GFP+ cells are HIV-1-infected. Seventy-two hours
post-infection, cells were incubated with A32, a well-known ADCC-
Fig. 1. ADCC-mediating antibodies and sera from HIV-1-infected individuals efficiently recogniz
mock-infected or infected with NL4-3 GFP ADA based virus, either wild-type (wt) or expressin
from 5 uninfected individuals. Shown in (a,c) are (left) dot blots depicting representative st
(b) Correlation between the levels of infection and recognition of uninfected bystander (GFP−
mAb. (d) Cell-surface staining of primary CD4+ T cells infected with an X4-tropic virus (NL4-
Shown in (left) are dot blots depicting representative staining and (right)MFI for all tested sera.
after activationwith autologous sera. Shown in (left) and (center) are dot blots depicting repres
Fluorescence Intensity (MFI) values obtainedwith all individuals. Error bars indicate themean±
aHolm–Sidak post-test, (d) an unpaired t test, (e) a Kruskal–Walliswith aDunn's post-test and (
mediating CD4i antibody that recognizes an epitope located on the
gp120 inner domain Layers 1 and 2. The A32 epitope is occluded in
the unbound Env trimer but becomes exposed upon CD4 binding
(Veillette et al., 2014b). As previously reported, mock-infected cells
were not recognized by A32. The GFP+ cells infected with wild-
type HIV-1 were recognized inefficiently by A32; previous studies
showed that this poor recognition is due to efficient down-
modulation of CD4, which permits Env to remain in its unbound con-
formation (Veillette et al., 2014b). In contrast, uninfected (GFP−)
CD4+T cells were efficiently recognized by the A32 antibody (Fig.
1A). We hypothesized that the exposure of CD4i epitopes on the
GFP− cells was due to the binding of shed gp120 to cell-surface
CD4. To test this possibility, we infected cells with an Env variant
that contained an alteration in the CD4 binding site (D368R) that ab-
rogates CD4 binding (Richard et al., 2014; Veillette et al., 2014a,
2015a). Interestingly, for the D368R variant, neither infected
(GFP+) nor uninfected (GFP−) cells were recognized by A32 (Fig.
1A). These data support a model in which gp120 shed from the in-
fected cell binds uninfected CD4+ T cells, resulting in gp120 confor-
mational changes that expose CD4i epitopes, including those
recognized by A32. Importantly, 2G12, an antibody that binds the
outer domain of the gp120 and is not affected by gp120–CD4 interac-
tion (Veillette et al., 2014b), did recognize D368R-infected (GFP+)
cells, indicating that the lack of recognition observed with A32 was
not due to decreased expression of the Env D368R variant (Fig. S2).
As expected, we observed a strong positive correlation between the
levels of infection and recognition of uninfected bystander (GFP−)
CD4+ T cells by A32, (Fig. 1B), suggesting that bystander cell recog-
nition by A32 depends on the amount of productive infection.

We next evaluated sera fromHIV-1-infected and uninfected individ-
uals (Supplemental Table 1). Similar to the results obtained with the
A32 antibody, more uninfected cells (GFP−) were recognized by
HIV+ sera than infected (GFP+) cells (Fig. 1C, upper panels). Sera
from uninfected individuals did not recognize infected (GFP+) or unin-
fected (GFP−) cells (Fig. 1C, lower panels). To evaluate whether this
phenotype was related to the viral strain used, we infected cells with a
transmitted/founder HIV-1 (CH77) as well as an X4-tropic virus
(Figs. 1D and S3). In both cases, uninfected bystander cells were effi-
ciently recognized by HIV+ sera (Fig. 1D). To rule out any contribution
of themethod used to infect the cells, we purified primary CD4+ T cells
from six viremic HIV-1-infected individuals. Cells were activated with
PHAand then cultured in the presence of rIL-2. Six to eight days after ac-
tivation, viral replication was measured by intracellular p24 staining
and Env detected at the surface of p24+ cells with autologous sera. Of
note, infected (p24+) cells presented significantly lower amounts of
CD4 at their surface compared to uninfected bystander (p24−) cells,
suggesting that these individuals have viruses coding for functional
Nef and Vpu proteins (Fig. S4). Under these conditions, recognition of
uninfected (p24−) cells isolated from HIV+ donors was significantly
higher than cells from an uninfected individual (Fig. 1E). We note that
in some patients, uninfected bystander (p24−) cells were better recog-
nized than infected (p24+) cells; however, this was not always the
case. This variation could be due to the concentration of CD4-induced
antibodies present in the sera. Of note, we obtained similar results
using a SHIV infectious molecular clone (Fig. S5). Thus, independently
e uninfected bystander CD4+ T cells. Cell-surface staining of primary CD4+ T cells either
g D368R Env with (a,b) A32 mAbs or (c) sera from 10 HIV-1-infected individuals and sera
aining and (right) mean fluorescence intensities (MFI) obtained for multiple stainings.
) (depicted in gray) and infected (GFP+) CD4+ T cells (depicted in green) by the A32

3 GFP) and a primary HIV-1 isolate (CH77) with sera from 10 HIV-1-infected individuals.
(e) Cell-surface staining of primaryCD4+T cells isolated from6HIV-1-infected individuals
entative staining obtained for two different HIV-1-infected individuals, and (right)Median
SEM. Statistical significancewas tested using (a,c) an ordinary one-way ANOVA test with

b) a Spearman rank correlation (**p b 0.01, ***pb 0.001, ****p b 0.0001, ns: not significant).
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of the viral strain or tropism, uninfected CD4 T cells present in an HIV-1
culture are efficiently recognized by ADCC-mediating Abs.

3.2. Shed gp120 is the Major Source of Env at the Surface of Bystander
CD4+ T Cells

Theoretically, in addition to shed soluble gp120, gp120 detected at
the surface of bystander cells could result from the attachment of defec-
tive viral particles or from abortive infections. To evaluate the relative
contribution of viral particles compared to shed gp120, we infected pri-
mary CD4+ T cells and determined Env recognition on infected
(GFP+) and uninfected (GFP−) cells with a panel of anti-Env (anti-
gp120 and anti-gp41) antibodies. Unlike gp120, the gp41 transmem-
brane glycoprotein cannot be shed; therefore, gp41 detection on unin-
fected bystander CD4T+ cells could result from the attachment of
viral particles. As shown in Fig. 2, CD4i Abs A32 and C11 (an antibody
that binds to the gp120 β-sandwich and N- and C-termini) (Robinson
et al., 1992; Moore et al., 1994) recognized bystander (GFP−) sig-
nificantly better than infected (GFP+) cells whereas the CD4-
independent 2G12 antibody recognized both cell populations equiva-
lently. This is consistent with a model in which the lack of CD4 at the
cell surface of infected cells allows Env to remain in its unbound
Fig. 2. Shed gp120 represents themajor source of Env present on the surface of uninfected bysta
ADAwt virus with anti-Env Abs (A32, C11, 2G12, F240 and PGT151). Shown in (a) are dot blots
presented in A as fold binding over mock. (c) Quantification of cell-surface staining of primary
binding over mock. Statistical significance was tested using the Mann–Whitney t test (*p b 0.0
conformation; by contrast, in uninfected bystander cells, which have
higher levels of CD4 (Fig. S4), gp120 samples the CD4-bound conforma-
tion, exposing CD4i epitopes. Interestingly, we observed that a panel of
anti-gp41 antibodies or antibodies targeting the interface between the
gp120 and gp41 (PGT151) recognized infected cells more efficiently
than bystander cells (Figs. 2 and S6). These results suggest that the ma-
jority of Env detected on bystander cells originates from shed gp120.

3.3. Productively Infected Cells are the Source of gp120 Found onUninfected
Bystander CD4+ T Cells

Following Env detection on uninfected bystander cells over time, we
observed an increased recognition by anti-gp120 Abs over the course of
the infection, which could be explained by the increased percentage of
infected cells; recognition by anti-gp41 antibodies minimally increased
over the same time period (Fig. 3A and B). These results are consistent
with our conclusion that the recognition of bystander cells by anti-
gp120 antibodies results from soluble gp120 originating from produc-
tively infected cells. To confirm this, we designed a co-culture system
that allowed the distinction of productively-infected cells from unin-
fected cells. Briefly, primary CD4+ T cells were infected with our GFP-
reporter wild-type virus. The cell proliferation dye eFluor-450 was
nder cells. (a,b) Cell-surface staining of primary CD4+ T cells infectedwith the NL4-3 GFP
depicting a representative staining obtained 72 h post-infection. (b) Quantification of data
CD4+ T cells infected with CH77 with anti-Env Abs (A32, C11, F240 and PGT151), as fold
5, **p b 0.01, ***p b 0.001, ****p b 0.0001, ns: not significant).
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used to stain uninfected autologous CD4+ T cells that were then added
to the infected cells (eFluor-450− cells). The detection of autologous
uninfected bystander CD4+ T cells, designated as eFluor-450+GFP−
cells (Fig. 3C, top left squares), by anti-Env Abs was then evaluated by
FACS (Fig. 3C and 3D). Similar to the results in Fig. 2, uninfected by-
stander cells were recognized very efficiently by anti-gp120 Abs but
not by anti-gp41 Abs, confirming that the major source of bound
gp120 originated from shed gp120 and not from viral particles
(Fig. 3). As expected, no recognition of uninfected bystander cells was
observed for cells co-culturedwithmock-infected cells. In this assay, by-
stander eFluor-450+cellswere not directly infected; gp120was detect-
ed on these cells only after a 24-h co-culture with productively infected
cells. These results support amodel inwhich productively-infected cells
are the main source of shed gp120 that becomes bound to bystander
CD4+ T cells.

3.4. Cell-to-cell Contact Does not Contribute to gp120 Attachment to By-
stander CD4+ T Cells

HIV-1 spreads not only by cell-free virus infection but also by cell-to-
cell transmission through the virological synapse (Jolly et al., 2004; Jolly
and Sattentau, 2004). However, it is not known whether this mecha-
nism is also involved in gp120 acquisition by bystander CD4+ T cells.
To explore the contribution of cell-to-cell transmission to bystander
gp120 coating, we added a transwell component to the co-culture sys-
tem described above. Primary CD4+ T cells were infected with wild-
type GFP-reporter virus and then added to the top chamber and co-
cultured with uninfected CD4+ T cells pre-stained with eFluor-450
for 48 h. This system minimizes cell-to-cell contact and therefore any
gp120 detected in eFluor-450-stained bystander cells must result from
shed gp120. As shown in Fig. 4, the use of transwell chambers decreased
infection and replication of HIV-1 in eFluor-450-stained autologous pri-
mary CD4+T cells. Thiswas expected since under these co-culture con-
ditions, virological synapse formation and thus transmission between
infected and eFluor-450-stained uninfected cells is significantly re-
duced; (Jolly et al., 2004; Jolly and Sattentau, 2004). However, gp120
coating of eFluor-450-stained bystander cells was unaffected (Fig. 4),
indicating that cell-to-cell contact and virological synapse formation is
not necessary for gp120 coating of uninfected bystander cells.

3.5. Recognition of gp120 on the Surface of Bystander CD4+ T Cells Results
in ADCC-mediated Killing

To evaluate whether recognition of uninfected bystander CD4+ T
cells by ADCC-mediating antibodies and sera from HIV-1-infected indi-
viduals translated into elimination by ADCC, CEM.NKr cells infected
with NL4-3 ADA GFP wt virus were used as target cells, while PBMCs
fromhealthy HIV-negative individuals were used as effector cells. As re-
ported for primary CD4+ T cells, uninfected CEM.NKr cells were effi-
ciently recognized by A32 mAbs and HIV+ sera in the context of R5-
tropic, X4-tropic or primary HIV-1 isolate viruses (Fig. S6 and data not
shown). The total number of ADCC-mediated killing (either infected
(GFP+) or uninfected bystander (GFP−)) was measured by a FACS-
based assay that uses a fixed number of flow-cytometry particles to nor-
malize cell counts (Richard et al., 2014). Consistentwith their enhanced
recognition by ADCC-mediating antibodies and sera from HIV-1-
infected individuals, uninfected (GFP−) bystander CD4+T cells were
significantly more sensitive to ADCC killing mediated by both A32
or HIV+ sera than infected (GFP+) cells or mock-infected cells
(Fig. 5). Analysis of the absolute number of cells being killed by
ADCC indicates that uninfected bystander (GFP−) cells accounted
for more than 83% (in the case of A32) and 93% (for HIV+ sera) of
the cells killed (Fig. S7). As expected, pre-incubation of target cells
with an A32 Fab fragment protected uninfected bystander cells from
ADCC-mediated killing mediated by the A32 Abs (Fig. 5C). Altogether,
these results suggest that, in this system, uninfected bystander CD4+
T cells are eliminated by ADCC more efficiently than HIV-1-infected
CD4+ T cells.

3.6. CD4mc Block Recognition of Bystander CD4+ T Cells by ADCC-
mediating Antibodies

Since soluble gp120 binds uninfected bystander CD4+ T cells
through CD4 interaction (Fig. 1A and C), we asked whether ligands
targeting the gp120 CD4-binding site could decrease gp120 interaction
with bystander cells. To this end, a Fab fragment of a very potent and
broadly-neutralizing CD4-binding site antibody (VRC01) (Wu et al.,
2010; Zhou et al., 2010) or a small CD4-mimetic compound (CD4mc),
JP-III-48 (Fig. S1), was added at the time of co-culture between infected
and eFluor-450-stained bystander cells. JP-III-48 belongs to the CD4mc
family, the prototype of which, NBD-556, was found in a screen formol-
ecules able to block gp120–CD4 binding (Zhao et al., 2005); JP-III-48 has
been previously shown to sensitize HIV-1-infected cells to ADCC
(Richard et al., 2015). Interestingly, both ligands that interact near the
CD4-binding site of gp120 were able to drastically reduce gp120 inter-
action with uninfected bystander CD4+ T cells by HIV+ sera and A32
(Figs. 6A–B and S8). However, only JP-III-48 was able to expose CD4i
epitopes recognized by HIV+ sera on infected cells (Fig. 6C), in agree-
ment with recent findings (Richard et al., 2015). Differences in this re-
gard between VRC01 Fab and JP-III-48 are likely due to the fact that
VRC01 does not induce Env conformational changes that result in the
exposure of Env CD4i epitopes (Zhou et al., 2010), whereas JP-III-48
does (Madani et al., 2014; Richard et al., 2015). Therefore, small
CD4mc such as JP-III-48, while blocking gp120 coating and recognition
of bystander CD4+ T cells by ADCC-mediating antibodies, expose
HIV-1-infected cells to ADCC-mediating killing.

4. Discussion

HIV-1 infection causes a massive depletion of CD4+ T cells. This de-
crease results from direct viral replication and subsequent death of in-
fected cells but also from indirect mechanisms that result in the killing
of uninfected, bystander, CD4+ T cells (Cummins and Badley, 2014;
Mccune, 2001; Mccune et al., 2000). This was not only observed in
HIV-infected humans but also in SHIV-infected macaques (Matrajt
et al., 2014).

Here we investigated whether ADCC contributes to bystander
CD4+T cell killing in a cell culture model. We observed that while
HIV-1-infected cells are only inefficiently detected by ADCC-mediating
antibodies and HIV+ sera, uninfected bystander CD4+T cells are high-
ly recognized by these antibodies; importantly, this translates into
ADCC-mediated killing. The differences in antibody recognition result
from distinct Env conformations, which are exposed depending on the
ability of HIV-1 to remove CD4 from the cell surface. In the absence of
CD4 on the surface of infected cells, Env remains in its unbound confor-
mation and does not present epitopes recognized by CD4i ADCC-
mediating antibodies (Veillette et al., 2014b). However, when shed
gp120 binds the CD4 receptor on the surface of bystander CD4+ T
cells, the bound glycoprotein samples the CD4-bound conformation
and exposes ADCC-mediating epitopes. This is independent from viral
coreceptor usage andwas observed using a variety of HIV-1 variants in-
cluding one X4, one R5, one transmitted/founder virus and a SHIV infec-
tious molecular clone. The latter observation indicates that SHIV-
infected macaques could represent an animal model to study ADCC-
mediated bystander CD4+ T cell depletion in vivo (Matrajt et al.,
2014). Altogether, our data suggest the possibility that recognition of
bystander CD4+ T cells by ADCC-mediating antibodies is a conserved
mechanism used by HIV-1 to divert ADCC responses to uninfected
cells, resulting in the protection of HIV-1-infected cells from ADCC and
other Fc-mediated effector functions (Veillette et al., 2015b).

Several studies have previously shown that in-vitro-coated gp120–
CD4+ T cells are susceptible to ADCC killing (Richard et al., 2014;
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Fig. 4. Cell-to-cell transmission is not required for the presence of gp120 on the surface of bystander cells. Uninfected cells, stainedwith the cellular dye eFluor 450, were co-culturedwith
unstained autologousmock-infected cells orwithHIV-1-infected cells, either in the context or not of a transwell system. The ability of the anti-EnvAbA32 to recognize uninfected bystand-
er cells, designated as eFluor-450+GFP− cells, was evaluated by FACS after (a) 24 h and (b) 48 h of co-culture. Shown in the top panels are the gating strategy and a representative stain-
ing obtained with the A32 Ab. Shown in the bottom panels are the quantification of the results obtained with 5 donors. Error bars indicate the mean ± SEM. Statistical significance was
tested using a Kruskal–Wallis with a Dunn's post-test (**p b 0.01, ns: not significant).
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Batraville et al., 2014; Baum et al., 1996; Bonsignori et al., 2012; Ferrari
et al., 1994, 2011; Gooneratne et al., 2015; Hober et al., 1995; Lambotte
et al., 2009, 2013; Lin et al., 1998). However, in the majority of these
studies, the amount of gp120 used to coat target CD4+ T cells was
well above the maximum amount of gp120 found at the surface of in-
fected cells (approximately 50 ng of gp120/million CEM-NKr cells)
(Richard et al., 2014) and the estimated quantities of soluble gp120
present in blood from HIV-1-infected individuals (Rychert et al., 2010;
Santosuosso et al., 2009). Here we did not use recombinant gp120; in-
stead, we infected cells and showed that the quantity of gp120 naturally
shed from these cells is sufficient to coat bystander cells. Under these
conditions, the amount of gp120 present on the surface of bystander
cells was sufficient to sensitize them to ADCC enabled by ADCC-
Fig. 3. Shed gp120 from productively infected cells is the major source of gp120 present on the
CD4+ T cells infected with (a) NL4-3 GFP ADA wt virus or (b) CH77, by anti-gp120 Abs (A32
depicted in blue) over the course of the infection. The data presented are representative of th
the cellular dye eFluor 450, were co-culturedwith unstained autologousmock-infected or HIV-1
uninfected bystander cells, designated as eFluor-450+GFP− cells, was evaluated by FACS at 0, 2
obtainedwith the A32 Ab. Shown in (d) are the quantification of the results obtainedwith at lea
Whitney t test (*p b 0.05, **p b 0.01, ns: not significant).
mediating antibodies and sera from HIV-1-infected but not from unin-
fected individuals. Importantly, we analyzed the source of the gp120
present on the surface of bystander cells using a panel of anti-Env anti-
bodies (both anti-gp120 and anti-gp41 antibodies). This analysis sug-
gested that the majority of gp120 bound on the surface of bystander
cells resulted from gp120 shedding from productively HIV-1-infected
cells rather than attached virions. Of note, cell-to-cell contact between
productively-HIV-1-infected cells and bystander cells did not appear
to contribute to gp120 coating on bystander cells, reinforcing the notion
that shedding is themainmechanism contributing to the attachment of
gp120 to the surface of bystander CD4+ T cells.

Howmight ADCC contribute to CD4+T-cell destruction in vivo, par-
ticularly in light of differences in the tissue distribution of CD4+ T cells
surface of uninfected bystander CD4+ T cells. Detection of uninfected bystander primary
, C11, 2G12; depicted in red) and anti-gp41 (F240) and anti-gp120-gp41 Abs (PGT151;
e results obtained in cells from at least two donors. (c,d) Uninfected cells, stained with
-infected cells. The ability of anti-Env Abs (A32, C11, 2G12, F240 and PGT151) to recognize
4 and 48 h of co-culture. Shown in (c) are the gating strategy and a representative staining
st 4 donorswith all tested anti-Env Abs. Statistical significancewas tested using theMann–



Fig. 5. Uninfected bystander cells can be eliminated by ADCC. CEM.NKr cells infected with the NL4-3 ADA GFPwt virus were used as target cells in our FACS-based ADCC assays. Shown in
(a) are dot blots depicting the cell count and flow cytometry particle count (bottom left) of a representative ADCC killing experiment with A32 mAb and serum from an HIV-1-infected
individual. (b) Percentage of ADCC killing obtained with the A32 mAb in 6 independent experiments. (c) Percentage of ADCC-mediated killing of uninfected bystander (GFP−) cells
with the A32 mAb in the presence or absence of the A32 Fab fragment. (d) Percentage of ADCC-mediated killing obtained with sera from 22 HIV-1-infected individuals. Error bars
indicate the mean ± SEM. Statistical significance was tested using (b,d) an ordinary one-way ANOVA test with a Holm–Sidak post-test or (c) a Mann–Whitney t test (*p b 0.05,
**p b 0.01, ****p b 0.0001).
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and natural killer (NK) cells, the mediators of ADCC? HIV-1 replication
primarily happens in lymphoid tissues, where up to 95% of CD4+ T
cells reside (Pantaleo et al., 1994), yet only a small fraction of ADCC-
competent CD56dimCD16+ NK cell population is distributed
within lymph nodes (Luteijn et al., 2011). We hypothesize that NK
cells contribute to bystander killing during the transit of CD4+ T cells
between lymph nodes, the lymphatic system and the blood, where
CD56dimCD16+NK cells are present in large quantities and couldmedi-
ate efficient ADCC against gp120-coated cells (Artis and Spits, 2015;
Fauci et al., 2005). Supporting this hypothesis, an inverse correlation be-
tween the percentage of resting CD4+T cells presenting gp120 at their
surface and the number of CD4+ T cells in the blood was recently re-
ported (Suzuki et al., 2014). Moreover, an association between T cell
dysfunction and the presence of IgG at the surface of CD4+ T cells in in-
fected individuals was previously reported (Daniel et al., 1996).

In addition to providing a potential mechanism of in vivo CD4 T cell
bystander killing, our results also have practical implications. The fact
Fig. 6. CD4-binding site ligands abrogate recognition of bystander CD4+ T cells. Uninfected ce
mock-infected cells orwithHIV-1-infected cells in the absence or presence of the CD4-mimetic J
cells, designed as eFluor-450+GFP− cells, was evaluated by FACS after (a) 24 h and (b) 48 h o
Shown in the bottom panels are the quantification of the results obtainedwith 8HIV+ sera usin
3 ADA GFPwt virus with sera fromHIV-1-infected individuals, in presence of the CD4mc JP-III-4
ing. Shown in the right panel is the quantification of the results obtainedwith 6 different HIV+
Whitney t test (**p b 0.01, ***p b 0.001, ns: not significant).
that uninfected bystander cells coated with HIV-1 gp120 expose CD4i
epitopes and thus are highly susceptible to ADCC can influence
in vitro measurement of ADCC responses. Indeed, in vitro ADCC assays
that rely on measurements made on the total cell population or on NK
cell activation cannot distinguish ADCC responses targeting HIV-
infected cells versus ADCC directed against bystander cells. This could
result in an overestimation of the ADCC-mediating activity of CD4i Abs
such as A32, which targets gp120-coated bystander cellsmore efficient-
ly than infected cells.

In addition to its role in sensitizing bystander CD4+ T cells to ADCC,
the presence of gp120 at the surface of these cells could also alter differ-
ent immune functions. The presence of soluble gp120 in infected
individuals has been shown to be associated with higher levels of IL-6,
IL-10, and TNF-α; gp120 binding to CD4+T cellsmodulates the expres-
sion of several cytokines, whichmay contribute to the reduced immune
function of CD4+T cells observed in HIV-1-infected individuals (Guo
et al., 2012; Rychert et al., 2010). Moreover, the binding of shed gp120
lls, stained with the cellular dye eFluor 450, were co-cultured with unstained autologous
P-III-48 or VRC01 Fab fragment. The ability of HIV+ sera to recognize uninfected bystander
f co-culture. Shown in the top panels are the gating strategy and a representative staining.
g 4 different CD4+T-cell donors. (c) Staining of primary CD4 T cells infectedwith theNL4-
8 or VRC01 Fab fragment. Shown on the left are histograms depicting representative stain-
sera. Error bars indicate themean± SEM. Statistical significancewas tested using aMann–
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to CD4 on uninfected bystander cells and the subsequent presentation
of CD4i epitopes likely also generates CD4-induced Abs, which are com-
monly found in HIV-1 infected individuals. For example, analysis of the
frequency of B cells producing anti-Env Abs in HIV-1 acutely infected
subjects revealed that N47% of cells produced CD4i Abs (Robinson
et al., 2005; Decker et al., 2005). Our results showing ADCC-mediated
killing of bystander cells by CD4i antibodies raise the intriguing possibil-
ity that in untreated HIV-1-infected individuals, the concentration of
these antibodies might influence the rate of CD4 T-cell depletion and
disease progression. It is also possible that the presence of other
ADCC-mediating antibodies that do not require the CD4-bound confor-
mation of Env to recognize infected cells might help control viral repli-
cation and transmission (Milligan et al., 2015; Baum et al., 1996; Forthal
et al., 1999; Ljunggren et al., 1990; Mabuka et al., 2012). Finally, it has
been shown that NK cells from HIV-infected individuals exhibit an al-
tered phenotype, subset distribution and effector functions (Fauci
et al., 2005). It is thus conceivable that recognition of shed gp120 on un-
infected bystander cells could contribute to the sustained activation of
NK cells and the subsequent perturbation of NK-cell functions. In that
context, recent findings suggested that sustained stimulation of NK
cells by anti-HIV or anti-CD16 Abs has the potential to impair NK cell
function, via attenuation of NKp46-dependent signals (Parsons et al.,
2014).

We recently reported that, in addition to their direct antiviral effect
(Madani et al., 2008) and sensitization of HIV-1 viral particles to neu-
tralization (Madani et al., 2014), small CD4mc such as JP-III-48 sensitize
HIV-1-infected cells to ADCC (Richard et al., 2015). Here we extend the
antiviral properties of these compounds to protecting uninfected by-
stander CD4+ T cells from gp120 attachment and recognition by
HIV+ sera and ADCC-mediating Abs. Although antibodies directed at
the CD4-binding site could also decrease attachment of gp120 to by-
stander cells, they do not increase recognition of HIV-1-infected cells
by HIV+ sera and therefore do not focus ADCC responses on HIV-1-
infected cells like CD4mc. As CD4+T cells are essential for the immuno-
logic control of HIV, any therapy decreasing the rapid turnover of by-
stander cells could help preserve CD4+ T cells and therefore enable
additional immunological mechanisms and/or curative approaches
aimed at eradicating HIV. Therefore, by protecting bystander CD4+ T
cells from killing while sensitizing HIV-1-infected cells to ADCC,
CD4mc might prove to have therapeutic utility in approaches aimed at
specifically eliminating HIV-1-infected cells.

Conflicts of Interest

The authors have no conflicts of interest to report.

Author Contributions

J.R., M.V. and A.F. conceived and designed the experiments; J.R., M.V.
S.D, D.Z. and N.A. performed the experiments; J.R., M.V. S.D, D.Z. N.B.,
M.C., J.S., G.M.S, B.H.H, J.P., J.R.C., B.M., A.B.S, D.E.K and A.F. contributed
unique reagents and analyzed the data. J.R., M.V., J.S. and A.F. wrote
the paper.

Acknowledgments

We thank Elizabeth Carpelan for the help with manuscript prepara-
tion. The authors thank the CRCHUM Flow Cytometry Platform for the
technical assistance andMario Legault for cohort coordination and clin-
ical samples. Thisworkwas supported by a Canada Foundation for Inno-
vation Program Leader grant #29866, by CIHR operating grants
#119334 and #134117, by a FRQS Establishment of Young Scientist
grant #26702 to A.F. and by the FRQS AIDS and Infectious Diseases Net-
work #5227. A.F. is the recipient of a Canada Research Chair on Retrovi-
ral Entry #950-229930. M.V. was supported by a CIHR Doctoral
Research Award #291485 and J.R. is the recipient of a CIHR Fellowship
Award #135349. D.E.K. is supported by a Research Scholar Career
Award of the Quebec Health Research Fund (FRQS) #25131. This
study was also supported by NIH AI100645, UM AI100663 Center for
HIV/AIDS Vaccine Immunology and Immunogen Design (CHAVI-ID),
by the National Institutes of Health grant #GM56550 and the late Wil-
liam F. McCarty-Cooper. Our funding sources had no role in data collec-
tion, analysis or interpretation, and were not involved in the writing of
this manuscript.
Appendix A. Supplementary Data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.ebiom.2015.12.004.
References

Alimonti, J.B., Ball, T.B., Fowke, K.R., 2003. Mechanisms of CD4+ T lymphocyte cell
death in human immunodeficiency virus infection and AIDS. J. Gen. Virol. 84,
1649–1661.

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

Allan, J.S., Coligan, J.E., Barin, F., Mclane, M.F., Sodroski, J.G., Rosen, C.A., Haseltine, W.A.,
Lee, T.H., Essex, M., 1985. Major glycoprotein antigens that induce antibodies in
AIDS patients are encoded by HTLV-III. Science 228, 1091–1094.

Alvarez, R.A., Hamlin, R.E., Monroe, A., Moldt, B., Hotta, M.T., Rodriguez Caprio, G., Fierer,
D.S., Simon, V., Chen, B.K., 2014. HIV-1 Vpu antagonism of tetherin inhibits antibody-
dependent cellular cytotoxic responses by natural killer cells. J. Virol. http://dx.doi.
org/10.1128/JVI.00449-14.

Arias, J.F., Heyer, L.N., VON Bredow, B., Weisgrau, K.L., Moldt, B., Burton, D.R., Rakasz, E.G.,
Evans, D.T., 2014. Tetherin antagonism by Vpu protects HIV-infected cells from
antibody-dependent cell-mediated cytotoxicity. Proc. Natl. Acad. Sci. U. S. A. http://
dx.doi.org/10.1073/pnas.1321507111.

Artis, D., Spits, H., 2015. The biology of innate lymphoid cells. Nature 517, 293–301.
Bar, K.J., Tsao, C.Y., Iyer, S.S., Decker, J.M., Yang, Y., Bonsignori, M., Chen, X., Hwang, K.K.,

Montefiori, D.C., Liao, H.X., Hraber, P., Fischer, W., Li, H., Wang, S., Sterrett, S., Keele,
B.F., Ganusov, V.V., Perelson, A.S., Korber, B.T., Georgiev, I., Mclellan, J.S., Pavlicek,
J.W., Gao, F., Haynes, B.F., Hahn, B.H., Kwong, P.D., Shaw, G.M., 2012. Early low-titer
neutralizing antibodies impede HIV-1 replication and select for virus escape. PLoS
Pathog. 8, e1002721.

Batraville, L.A., Richard, J., Veillette, M., Labbe, A.C., Alary, M., Guedou, F., Kaufmann, D.E.,
Poudrier, J., Finzi, A., Roger, M., 2014. Short communication: anti-HIV-1 envelope im-
munoglobulin Gs in blood and cervicovaginal samples of Beninese commercial sex
workers. AIDS Res. Hum. Retrovir. 30, 1145–1149.

Baum, L.L., Cassutt, K.J., Knigge, K., Khattri, R., Margolick, J., Rinaldo, C., Kleeberger, C.A.,
Nishanian, P., Henrard, D.R., Phair, J., 1996. HIV-1 gp120-specific antibody-
dependent cell-mediated cytotoxicity correlates with rate of disease progression.
J. Immunol. 157, 2168–2173.

Bonsignori, M., Pollara, J., Moody, M.A., Alpert, M.D., Chen, X., Hwang, K.K., Gilbert, P.B.,
Huang, Y., Gurley, T.C., Kozink, D.M., Marshall, D.J., Whitesides, J.F., Tsao, C.Y.,
Kaewkungwal, J., Nitayaphan, S., Pitisuttithum, P., Rerks-Ngarm, S., Kim, J.H.,
Michael, N.L., Tomaras, G.D., Montefiori, D.C., Lewis, G.K., Devico, A., Evans, D.T.,
Ferrari, G., Liao, H.X., Haynes, B.F., 2012. Antibody-dependent cellular cytotoxicity-
mediating antibodies from an HIV-1 vaccine efficacy trial target multiple epitopes
and preferentially use the VH1 gene family. J. Virol. 86, 11521–11532.

Cao, J., Park, I.W., Cooper, A., Sodroski, J., 1996. Molecular determinants of acute single-cell
lysis by human immunodeficiency virus type 1. J. Virol. 70, 1340–1354.

Choe, H., Farzan, M., Sun, Y., Sullivan, N., Rollins, B., Ponath, P.D., Wu, L., Mackay, C.R.,
Larosa, G., Newman, W., Gerard, N., Gerard, C., Sodroski, J., 1996. The beta-
chemokine receptors CCR3 and CCR5 facilitate infection by primary HIV-1 isolates.
Cell 85, 1135–1148.

Cooper, A., Garcia, M., Petrovas, C., Yamamoto, T., Koup, R.A., Nabel, G.J., 2013. HIV-1
causes CD4 cell death through DNA-dependent protein kinase during viral integra-
tion. Nature 498, 376–379.

Cummins, N.W., Badley, A.D., 2014. Making sense of how HIV kills infected CD4 T cells:
implications for HIV cure. Mol. Cell Ther. 2, 20.

Dalgleish, A.G., Beverley, P.C., Clapham, P.R., Crawford, D.H., Greaves, M.F., Weiss, R.A.,
1984. The CD4 (T4) antigen is an essential component of the receptor for the AIDS
retrovirus. Nature 312, 763–767.

Daniel, V., Susal, C., Weimer, R., Zipperle, S., Kropelin, M., Zimmermann, R., Huth-Kuhne,
A., Opelz, G., 1996. Association of T cell dysfunction with the presence of IgG autoan-
tibodies on CD4+ lymphocytes in haemophilia patients; results of a 10-year study.
Clin. Exp. Immunol. 104, 4–10.

Decker, J.M., Bibollet-Ruche, F., Wei, X., Wang, S., Levy, D.N., Wang, W., Delaporte, E.,
Peeters, M., Derdeyn, C.A., Allen, S., Hunter, E., Saag, M.S., Hoxie, J.A., Hahn, B.H.,
Kwong, P.D., Robinson, J.E., Shaw, G.M., 2005. Antigenic conservation and immunoge-
nicity of the HIV coreceptor binding site. J. Exp. Med. 201, 1407–1419.

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

http://dx.doi.org/10.1016/j.ebiom.2015.12.004
http://dx.doi.org/10.1016/j.ebiom.2015.12.004
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0005
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0005
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0005
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0005
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0010
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0010
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0015
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0015
http://dx.doi.org/10.1128/JVI.00449-14
http://dx.doi.org/10.1073/pnas.1321507111
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0030
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0035
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0035
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0035
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0040
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0040
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0040
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0045
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0045
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0045
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0050
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0050
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0050
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0055
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0055
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0060
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0060
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0060
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0065
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0065
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0065
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0070
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0070
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0075
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0075
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0080
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0080
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0080
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0080
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0085
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0085
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0090


133J. Richard et al. / EBioMedicine 3 (2016) 122–134
Doitsh, G., Galloway, N.L., Geng, X., Yang, Z., Monroe, K.M., Zepeda, O., Hunt, P.W., Hatano,
H., Sowinski, S., Munoz-Arias, I., Greene, W.C., 2014. Cell death by pyroptosis drives
CD4 T-cell depletion in HIV-1 infection. Nature 505, 509–514.

Dragic, T., Litwin, V., Allaway, G.P., Martin, S.R., Huang, Y., Nagashima, K.A., Cayanan,
C., Maddon, P.J., Koup, R.A., Moore, J.P., Paxton, W.A., 1996. HIV-1 entry into
CD4+ cells is mediated by the chemokine receptor CC-CKR-5. Nature 381,
667–673.

Etemad-Moghadam, B., Rhone, D., Steenbeke, T., Sun, Y., Manola, J., Gelman, R., Fanton,
J.W., Racz, P., Tenner-Racz, K., Axthelm, M.K., Letvin, N.L., Sodroski, J., 2001.
Membrane-fusing capacity of the human immunodeficiency virus envelope proteins
determines the efficiency of CD+ T-cell depletion in macaques infected by a simian-
human immunodeficiency virus. J. Virol. 75, 5646–5655.

Fauci, A.S., Mavilio, D., Kottilil, S., 2005. NK cells in HIV infection: paradigm for protection
or targets for ambush. Nat. Rev. Immunol. 5, 835–843.

Feng, Y., Broder, C.C., Kennedy, P.E., Berger, E.A., 1996. HIV-1 entry cofactor: functional
cDNA cloning of a seven-transmembrane, G protein-coupled receptor. Science 272,
872–877.

Fenton-May, A.E., Dibben, O., Emmerich, T., Ding, H., Pfafferott, K., Aasa-Chapman, M.M.,
Pellegrino, P., Williams, I., Cohen, M.S., Gao, F., Shaw, G.M., Hahn, B.H., Ochsenbauer,
C., Kappes, J.C., Borrow, P., 2013. Relative resistance of HIV-1 founder viruses to con-
trol by interferon-alpha. Retrovirology 10, 146.

Ferrari, G., Place, C.A., Ahearne, P.M., Nigida JR., S.M., Arthur, L.O., Bolognesi, D.P.,
Weinhold, K.J., 1994. Comparison of anti-HIV-1 ADCC reactivities in infected humans
and chimpanzees. J. Acquir. Immune Defic. Syndr. 7, 325–331.

Ferrari, G., Pollara, J., Kozink, D., Harms, T., Drinker, M., Freel, S., Moody, M.A., Alam, S.M.,
Tomaras, G.D., Ochsenbauer, C., Kappes, J.C., Shaw, G.M., Hoxie, J.A., Robinson, J.E.,
Haynes, B.F., 2011. An HIV-1 gp120 envelope human monoclonal antibody that rec-
ognizes 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.

Finzi, A., Xiang, S.H., Pacheco, B., Wang, L., Haight, J., Kassa, A., Danek, B., Pancera, M.,
Kwong, P.D., Sodroski, J., 2010. Topological layers in the HIV-1 gp120 inner domain
regulate gp41 interaction and CD4-triggered conformational transitions. Mol. Cell
37, 656–667.

Fontaine, J., Coutlee, F., Tremblay, C., Routy, J.P., Poudrier, J., Roger, M., Montreal Primary,
H. I. V. I. & Long-Term Nonprogressor Study, G., 2009. HIV infection affects blood my-
eloid dendritic cells after successful therapy and despite nonprogressing clinical dis-
ease. J. Infect. Dis. 199, 1007–1018.

Fontaine, J., Chagnon-Choquet, J., Valcke, H.S., Poudrier, J., Roger, M., Montreal Primary, H.
I. V. I. & Long-Term Non-Progressor Study, G., 2011. High expression levels of B lym-
phocyte stimulator (BLyS) by dendritic cells correlate with HIV-related B-cell disease
progression in humans. Blood 117, 145–155.

Forthal, D.N., Landucci, G., Haubrich, R., Keenan, B., Kuppermann, B.D., Tilles, J.G., Kaplan,
J., 1999. Antibody-dependent cellular cytotoxicity independently predicts survival in
severely immunocompromised human immunodeficiency virus-infected patients.
J. Infect. Dis. 180, 1338–1341.

Gooneratne, S.L., Richard, J., Lee, W.S., Finzi, A., Kent, S.J., Parsons, M.S., 2015. Slaying the
Trojan horse: natural killer cells exhibit robust anti-HIV-1 antibody-dependent acti-
vation and cytolysis against allogeneic T cells. J. Virol. 89, 97–109.

Grossman, Z., Meier-Schellersheim, M., Sousa, A.E., Victorino, R.M., Paul, W.E., 2002.
CD4+ T-cell depletion in HIV infection: are we closer to understanding the cause?
Nat. Med. 8, 319–323.

Guo, J., Xu, X., Yuan,W., Jin, T., Wu, Y., 2012. HIV gp120 is an aberrant chemoattractant for
blood resting CD4 T cells. Curr. HIV Res. 10, 636–642.

Hazenberg, M.D., Hamann, D., Schuitemaker, H., Miedema, F., 2000. T cell depletion in
HIV-1 infection: how CD4+ T cells go out of stock. Nat. Immunol. 1, 285–289.

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

Higgins, J.R., Sutjipto, S., Marx, P.A., Pedersen, N.C., 1992. Shared antigenic epitopes of the
major core proteins of human and simian immunodeficiency virus isolates. J. Med.
Primatol. 21, 265–269.

Hober, D., Jewett, A., Bonavida, B., 1995. Lysis of uninfected HIV-1 gp120-coated peripher-
al blood-derived T lymphocytes by monocyte-mediated antibody-dependent cellular
cytotoxicity. FEMS Immunol. Med. Microbiol. 10, 83–91.

International HIVCS, Pereyra, F., Jia, X., Mclaren, P.J., Telenti, A., DE Bakker, P.I., Walker,
B.D., Ripke, S., Brumme, C.J., Pulit, S.L., Carrington, M., Kadie, C.M., Carlson, J.M.,
Heckerman, D., Graham, R.R., Plenge, R.M., Deeks, S.G., Gianniny, L., Crawford, G.,
Sullivan, J., Gonzalez, E., Davies, L., Camargo, A., Moore, J.M., Beattie, N., Gupta, S.,
Crenshaw, A., Burtt, N.P., Guiducci, C., Gupta, N., Gao, X., Qi, Y., Yuki, Y., Piechocka-
Trocha, A., Cutrell, E., Rosenberg, R., Moss, K.L., Lemay, P., O'leary, J., Schaefer, T.,
Verma, P., Toth, I., Block, B., Baker, B., Rothchild, A., Lian, J., Proudfoot, J., Alvino,
D.M., Vine, S., Addo, M.M., Allen, T.M., Altfeld, M., Henn, M.R., LE Gall, S., Streeck, H.,
Haas, D.W., Kuritzkes, D.R., Robbins, G.K., Shafer, R.W., Gulick, R.M., Shikuma, C.M.,
Haubrich, R., Riddler, S., Sax, P.E., Daar, E.S., Ribaudo, H.J., Agan, B., Agarwal, S.,
Ahern, R.L., Allen, B.L., Altidor, S., Altschuler, E.L., Ambardar, S., Anastos, K.,
Anderson, B., Anderson, V., Andrady, U., Antoniskis, D., Bangsberg, D., Barbaro, D.,
Barrie, W., Bartczak, J., Barton, S., Basden, P., Basgoz, N., Bazner, S., Bellos, N.C.,
Benson, A.M., Berger, J., Bernard, N.F., Bernard, A.M., Birch, C., Bodner, S.J., Bolan,
R.K., Boudreaux, E.T., Bradley, M., Braun, J.F., Brndjar, J.E., Brown, S.J., Brown, K., et
al., 2010. The major genetic determinants of HIV-1 control affect HLA class I peptide
presentation. Science 330, 1551–1557.

Jolly, C., Sattentau, Q.J., 2004. Retroviral spread by induction of virological synapses. Traffic
5, 643–650.

Jolly, C., Kashefi, K., Hollinshead, M., Sattentau, Q.J., 2004. HIV-1 cell to cell transfer across
an Env-induced, actin-dependent synapse. J. Exp. Med. 199, 283–293.
Kamya, P., Boulet, S., Tsoukas, C.M., Routy, J.P., Thomas, R., Cote, P., Boulassel, M.R., Baril,
J.G., Kovacs, C., Migueles, S.A., Connors, M., Suscovich, T.J., Brander, C., Tremblay,
C.L., Bernard, N., Canadian Cohort Of, H.I.V.I.S.P., 2011. Receptor–ligand requirements
for increased NK cell polyfunctional potential in slow progressors infectedwith HIV-1
coexpressing KIR3DL1⁎h/⁎y and HLA-B⁎57. J. Virol. 85, 5949–5960.

Klatzmann, D., Champagne, E., Chamaret, S., Gruest, J., Guetard, D., Hercend, T., Gluckman,
J.C., Montagnier, L., 1984. T-lymphocyte T4 molecule behaves as the receptor for
human retrovirus LAV. Nature 312, 767–768.

Labonte, J.A., Madani, N., Sodroski, J., 2003. Cytolysis by CCR5-using human immunodefi-
ciency virus type 1 envelope glycoproteins is dependent on membrane fusion and
can be inhibited by high levels of CD4 expression. J. Virol. 77, 6645–6659.

Lambotte, O., Ferrari, G., Moog, C., Yates, N.L., Liao, H.X., Parks, R.J., Hicks, C.B., Owzar, K.,
Tomaras, G.D., Montefiori, D.C., Haynes, B.F., Delfraissy, J.F., 2009. Heterogeneous neu-
tralizing antibody and antibody-dependent cell cytotoxicity responses in HIV-1 elite
controllers. AIDS 23, 897–906.

Lambotte, O., Pollara, J., Boufassa, F., Moog, C., Venet, A., Haynes, B.F., Delfraissy, J.F., Saez-
Cirion, A., Ferrari, G., 2013. High antibody-dependent cellular cytotoxicity responses
are correlatedwith strong CD8 T cell viral suppressive activity but not with B57 status
in HIV-1 elite controllers. PLoS One 8, e74855.

Lifson, J.D., Feinberg, M.B., Reyes, G.R., Rabin, L., Banapour, B., Chakrabarti, S., Moss, B.,
Wong-Staal, F., Steimer, K.S., Engleman, E.G., 1986. Induction of CD4-dependent cell
fusion by the HTLV-III/LAV envelope glycoprotein. Nature 323, 725–728.

Lin, S.J., Roberts, R.L., Ank, B.J., Nguyen, Q.H., Thomas, E.K., Stiehm, E.R., 1998. Effect of in-
terleukin (IL)-12 and IL-15 on activated natural killer (ANK) and antibody-dependent
cellular cytotoxicity (ADCC) in HIV infection. J. Clin. Immunol. 18, 335–345.

Ljunggren, K., Moschese, V., Broliden, P.A., Giaquinto, C., Quinti, I., Fenyo, E.M., Wahren, B.,
Rossi, P., Jondal, M., 1990. Antibodies mediating cellular cytotoxicity and neutraliza-
tion correlate with a better clinical stage in children born to human immunodeficien-
cy virus-infected mothers. J. Infect. Dis. 161, 198–202.

Luteijn, R., Sciaranghella, G., VAN Lunzen, J., Nolting, A., Dugast, A.S., Ghebremichael, M.S.,
Altfeld, M., Alter, G., 2011. Early viral replication in lymph nodes provides HIV with a
means bywhich to escape NK-cell-mediated control. Eur. J. Immunol. 41, 2729–2740.

Lyerly, H.K., Matthews, T.J., Langlois, A.J., Bolognesi, D.P., Weinhold, K.J., 1987. Human T-
cell lymphotropic virus IIIB glycoprotein (gp120) bound to CD4 determinants on nor-
mal lymphocytes and expressed by infected cells serves as target for immune attack.
Proc. Natl. Acad. Sci. U. S. A. 84, 4601–4605.

Mabuka, J., Nduati, R., Odem-Davis, K., Peterson, D., Overbaugh, J., 2012. HIV-specific an-
tibodies 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.

Madani, N., Schon, A., Princiotto, A.M., Lalonde, J.M., Courter, J.R., Soeta, T., Ng, D., Wang, L.,
Brower, E.T., Xiang, S.H., DO Kwon, Y., Huang, C.C., Wyatt, R., Kwong, P.D., Freire, E.,
Smith 3RD, A.B., Sodroski, J., 2008. Small-molecule CD4 mimics interact with a highly
conserved pocket on HIV-1 gp120. Structures 16, 1689–1701.

Madani, N., Princiotto, A.M., Schon, A., Lalonde, J., Feng, Y., Freire, E., Park, J., Courter, J.R.,
Jones, D.M., Robinson, J., Liao, H.X., Moody, M.A., Permar, S., Haynes, B., Smith 3RD,
A.B., Wyatt, R., Sodroski, J., 2014. CD4-mimetic small molecules sensitize human im-
munodeficiency virus to vaccine-elicited antibodies. J. Virol. 88, 6542–6555.

Matrajt, L., Younan, P.M., Kiem, H.P., Schiffer, J.T., 2014. The majority of CD4+ T-cell de-
pletion during acute simian-human immunodeficiency virus SHIV89.6P infection oc-
curs in uninfected cells. J. Virol. 88, 3202–3212.

Mccune, J.M., 2001. The dynamics of CD4+ T-cell depletion in HIV disease. Nature 410,
974–979.

Mccune, J.M., Hanley, M.B., Cesar, D., Halvorsen, R., Hoh, R., Schmidt, D., Wieder, E., Deeks,
S., Siler, S., Neese, R., Hellerstein, M., 2000. Factors influencing T-cell turnover in HIV-
1-seropositive patients. J. Clin. Invest. 105, R1–R8.

Mcmichael, A.J., Rowland-Jones, S.L., 2001. Cellular immune responses to HIV. Nature 410,
980–987.

Meyaard, L., Otto, S.A., Jonker, R.R., Mijnster, M.J., Keet, R.P., Miedema, F., 1992. Pro-
grammed death of T cells in HIV-1 infection. Science 257, 217–219.

Milligan, C., Richardson, B.A., John-Stewart, G., Nduati, R., Overbaugh, J., 2015. Passively
acquired antibody-dependent cellular cytotoxicity (ADCC) activity in HIV-infected in-
fants is associated with reduced mortality. Cell Host Microbe 17, 500–506.

Mohri, H., Perelson, A.S., Tung, K., Ribeiro, R.M., Ramratnam, B., Markowitz, M., Kost, R.,
Hurley, A., Weinberger, L., Cesar, D., Hellerstein, M.K., Ho, D.D., 2001. Increased turn-
over of T lymphocytes in HIV-1 infection and its reduction by antiretroviral therapy.
J. Exp. Med. 194, 1277–1287.

Monroe, K.M., Yang, Z., Johnson, J.R., Geng, X., Doitsh, G., Krogan, N.J., Greene, W.C., 2014.
IFI16 DNA sensor is required for death of lymphoid CD4 T cells abortively infected
with HIV. Science 343, 428–432.

Moore, J.P., Willey, R.L., Lewis, G.K., Robinson, J., Sodroski, J., 1994. Immunological evi-
dence for interactions between the first, second, and fifth conserved domains of the
gp120 surface glycoprotein of human immunodeficiency virus type 1. J. Virol. 68,
6836–6847.

Ochsenbauer, C., Edmonds, T.G., Ding, H., Keele, B.F., Decker, J., Salazar, M.G., Salazar-
Gonzalez, J.F., Shattock, R., Haynes, B.F., Shaw, G.M., Hahn, B.H., Kappes, J.C., 2012.
Generation of transmitted/founder HIV-1 infectious molecular clones and character-
ization of their replication capacity in CD4 T lymphocytes and monocyte-derived
macrophages. J. Virol. 86, 2715–2728.

Oh, S.K., Cruikshank, W.W., Raina, J., Blanchard, G.C., Adler, W.H., Walker, J., Kornfeld, H.,
1992. Identification of HIV-1 envelope glycoprotein in the serum of AIDS and ARC pa-
tients. J. Acquir. Immune Defic. Syndr. 5, 251–256.

Pantaleo, G., Graziosi, C., Demarest, J.F., Cohen, O.J., Vaccarezza, M., Gantt, K., Muro-Cacho,
C., Fauci, A.S., 1994. Role of lymphoid organs in the pathogenesis of human immuno-
deficiency virus (HIV) infection. Immunol. Rev. 140, 105–130.

Parrish, N.F., Gao, F., Li, H., Giorgi, E.E., Barbian, H.J., Parrish, E.H., Zajic, L., Iyer, S.S., Decker,
J.M., Kumar, A., Hora, B., Berg, A., Cai, F., Hopper, J., Denny, T.N., Ding, H., Ochsenbauer,

http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0095
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0095
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0100
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0100
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0100
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0100
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0105
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0105
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0105
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0105
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0110
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0110
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0115
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0115
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0115
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0120
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0120
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0125
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0125
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0130
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0130
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0130
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0130
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0135
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0135
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0135
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0140
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0140
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0140
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0145
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0145
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0145
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0150
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0150
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0150
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0155
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0155
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0155
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0160
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0160
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0160
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0165
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0165
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0170
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0170
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0170
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0175
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0175
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0175
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0180
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0180
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0180
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0185
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0185
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0185
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0190
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0190
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0195
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0195
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0200
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0200
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0205
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0205
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0205
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0210
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0210
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0215
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0215
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0215
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0220
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0220
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0220
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0225
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0225
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0225
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0230
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0230
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0235
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0235
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0235
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0240
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0240
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0240
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0245
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0245
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0250
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0250
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0250
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0250
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0255
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0255
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0255
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0260
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0260
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0265
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0265
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0270
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0270
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0270
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0270
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0275
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0275
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0275
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0280
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0280
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0285
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0285
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0290
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0290
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0295
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0295
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0295
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0300
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0300
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0300
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0305
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0305
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0310
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0310
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0310
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0310
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0315
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0315
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0315
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0320
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0320
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0325
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0325


134 J. Richard et al. / EBioMedicine 3 (2016) 122–134
C., Kappes, J.C., Galimidi, R.P., West JR., A.P., Bjorkman, P.J., Wilen, C.B., Doms, R.W.,
O'brien, M., Bhardwaj, N., Borrow, P., Haynes, B.F., Muldoon, M., Theiler, J.P., Korber,
B., Shaw, G.M., Hahn, B.H., 2013. Phenotypic properties of transmitted founder HIV-
1. Proc. Natl. Acad. Sci. U. S. A. 110, 6626–6633.

Parsons, M.S., Tang, C.C., Jegaskanda, S., Center, R.J., Brooks, A.G., Stratov, I., Kent, S.J., 2014.
Anti-HIV antibody-dependent activation of NK cells impairs NKp46 expression.
J. Immunol. 192, 308–315.

Peretz, Y., Ndongala, M.L., Boulet, S., Boulassel, M.R., Rouleau, D., Cote, P., Longpre, D.,
Routy, J.P., Falutz, J., Tremblay, C., Tsoukas, C.M., Sekaly, R.P., Bernard, N.F., 2007. Func-
tional T cell subsets contribute differentially to HIV peptide-specific responses within
infected individuals: correlation of these functional T cell subsets with markers of dis-
ease progression. Clin. Immunol. 124, 57–68.

Richard, J., Sindhu, S., Pham, T.N., Belzile, J.P., Cohen, E.A., 2010. HIV-1 Vpr up-regulates
expression of ligands for the activating NKG2D receptor and promotes NK cell-
mediated killing. Blood 115, 1354–1363.

Richard, J., Veillette, M., Batraville, L.A., Coutu, M., Chapleau, J.P., Bonsignori, M., Bernard,
N., Tremblay, C., Roger, M., Kaufmann, D.E., Finzi, A., 2014. Flow cytometry-based
assay to study HIV-1 gp120 specific antibody-dependent cellular cytotoxicity re-
sponses. J. Virol. Methods 208, 107–114.

Richard, J., Veillette, M., Brassard, N., Iyer, S.S., Roger, M., Martin, L., Pazgier, M., Schon, A.,
Freire, E., Routy, J.P., Smith 3RD, A.B., Park, J., Jones, D.M., Courter, J.R., Melillo, B.N.,
Kaufmann, D.E., Hahn, B.H., Permar, S.R., Haynes, B.F., Madani, N., Sodroski, J.G.,
Finzi, A., 2015. CD4 mimetics sensitize HIV-1-infected cells to ADCC. Proc. Natl.
Acad. Sci. U. S. A. 112, E2687–E2694.

Robey, W.G., Safai, B., Oroszlan, S., Arthur, L.O., Gonda, M.A., Gallo, R.C., Fischinger, P.J.,
1985. Characterization of envelope and core structural gene products of HTLV-III
with sera from AIDS patients. Science 228, 593–595.

Robinson, J.E., Y.H., Holton, D., Elliott, S., Dd, H., 1992. Distinct antigenic sites on HIV gp120
identified by a panel of human monoclonal antibodies. J. Cell. Biochem. Suppl. 16E,
Q449.

Robinson, J.E., Elliott, D.H., Martin, E.A., Micken, K., Rosenberg, E.S., 2005. High frequencies
of antibody responses to CD4 induced epitopes in HIV infected patients started on
HAART during acute infection. Hum. Antibodies 14, 115–121.

Rychert, J., Strick, D., Bazner, S., Robinson, J., Rosenberg, E., 2010. Detection of HIV gp120
in plasma during early HIV infection is associated with increased proinflammatory
and immunoregulatory cytokines. AIDS Res. Hum. Retrovir. 26, 1139–1145.

Sainski, A.M., Natesampillai, S., Cummins, N.W., Bren, G.D., Taylor, J., Saenz, D.T., Poeschla,
E.M., Badley, A.D., 2011. The HIV-1-specific protein Casp8p41 induces death of infect-
ed cells through Bax/Bak. J. Virol. 85, 7965–7975.

Santosuosso, M., Righi, E., Lindstrom, V., Leblanc, P.R., Poznansky, M.C., 2009. HIV-1 enve-
lope protein gp120 is present at high concentrations in secondary lymphoid organs of
individuals with chronic HIV-1 infection. J. Infect. Dis. 200, 1050–1053.
Sodroski, J., Goh, W.C., Rosen, C., Campbell, K., Haseltine, W.A., 1986. Role of the HTLV-III/
LAV envelope in syncytium formation and cytopathicity. Nature 322, 470–474.

Suzuki, Y., Gatanaga, H., Tachikawa, N., Oka, S., 2014. Slow turnover of HIV-1 receptors on
quiescent CD4+ T cells causes prolonged surface retention of gp120 immune com-
plexes in vivo. PLoS One 9, e86479.

Thomas, C., 2009. Roadblocks in HIV research: five questions. Nat. Med. 15, 855–859.
Varbanov, M., Espert, L., Biard-Piechaczyk, M., 2006. Mechanisms of CD4 T-cell depletion

triggered by HIV-1 viral proteins. AIDS Rev. 8, 221–236.
Veillette, M., Coutu, M., Richard, J., Batraville, L.A., Desormeaux, A., Roger, M., Finzi, A.,

2014a. Conformational evaluation of HIV-1 trimeric envelope glycoproteins using a
cell-based ELISA assay. J. Vis. Exp. 51995.

Veillette, M., Desormeaux, A., Medjahed, H., Gharsallah, N.E., Coutu, M., Baalwa, J., Guan,
Y., Lewis, G., Ferrari, G., Hahn, B.H., Haynes, B.F., Robinson, J.E., Kaufmann, D.E.,
Bonsignori, M., Sodroski, J., Finzi, A., 2014b. Interaction with cellular CD4 exposes
HIV-1 envelope epitopes targeted by antibody-dependent cell-mediated cytotoxicity.
J. Virol. 88, 2633–2644.

Veillette, M., Coutu, M., Richard, J., Batraville, L.A., Dagher, O., Bernard, N., Tremblay, C.,
Kaufmann, D.E., Roger, M., Finzi, A., 2015a. The HIV-1 gp120 CD4-bound conforma-
tion is preferentially targeted by antibody-dependent cellular cytotoxicity-
mediating antibodies in sera from HIV-1-infected individuals. J. Virol. 89, 545–551.

Veillette, M., Richard, J., Finzi, A., 2015b. Uncovering HIV-1-infected cells. Oncotarget 6,
21791–21792.

Veillette, M., Richard, J., Pazgier, M., Lewis, G.K., Parsons, M.S., Finzi, A., 2016. Role of HIV-1
envelope glycoproteins conformation and accessory proteins on ADCC responses.
Curr. HIV Res. 14, 9–23.

Wu, X., Yang, Z.Y., Li, Y., Hogerkorp, C.M., Schief, W.R., Seaman, M.S., Zhou, T., Schmidt,
S.D., Wu, L., Xu, L., Longo, N.S., Mckee, K., O'dell, S., Louder, M.K., Wycuff, D.L., Feng,
Y., Nason, M., Doria-Rose, N., Connors, M., Kwong, P.D., Roederer, M., Wyatt, R.T.,
Nabel, G.J., Mascola, J.R., 2010. Rational design of envelope identifies broadly neutral-
izing human monoclonal antibodies to HIV-1. Science 329, 856–861.

Yang, X., Mahony, E., Holm, G.H., Kassa, A., Sodroski, J., 2003. Role of the gp120 inner do-
main beta-sandwich in the interaction between the human immunodeficiency virus
envelope glycoprotein subunits. Virology 313, 117–125.

Zhao, Q., Ma, L., Jiang, S., Lu, H., Liu, S., He, Y., Strick, N., Neamati, N., Debnath, A.K., 2005.
Identification of N-phenyl-N′-(2,2,6,6-tetramethyl-piperidin-4-yl)-oxalamides as a
new class of HIV-1 entry inhibitors that prevent gp120 binding to CD4. Virology
339, 213–225.

Zhou, T., Georgiev, I., Wu, X., Yang, Z.Y., Dai, K., Finzi, A., Kwon, Y.D., Scheid, J.F., Shi,W., Xu,
L., Yang, Y., Zhu, J., Nussenzweig, M.C., Sodroski, J., Shapiro, L., Nabel, G.J., Mascola, J.R.,
Kwong, P.D., 2010. Structural basis for broad and potent neutralization of HIV-1 by
antibody VRC01. Science 329, 811–817.

http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0330
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0330
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0335
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0335
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0340
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0340
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0340
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0340
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0345
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0345
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0345
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0350
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0350
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0350
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0355
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0355
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0360
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0360
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0365
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0365
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0365
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0370
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0370
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0370
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0375
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0375
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0375
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0380
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0380
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0385
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0385
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0385
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0390
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0390
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0395
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0395
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0395
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0395
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0400
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0405
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0405
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0410
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0410
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0415
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0415
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0415
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0420
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0420
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0420
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0425
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0425
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0430
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0430
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0430
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0435
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0435
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0440
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0440
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0440
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0445
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0445
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0445
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0450
http://refhub.elsevier.com/S2352-3964(15)30238-3/rf0450

	Small CD4 Mimetics Prevent HIV-�1 Uninfected Bystander CD4+ T Cell Killing Mediated by Antibody-�dependent Cell-�mediated C...
	1. Introduction
	2. Materials and Methods
	2.1. Cell Lines and Isolation of Primary Cells
	2.2. Viral Production, Infections, Ex Vivo Amplification and Detection of Infected Cells
	2.3. Antibodies and Sera
	2.4. Plasmids and Site-directed Mutagenesis
	2.5. Flow Cytometry Analysis of Cell-surface Staining and ADCC Responses
	2.6. Co-culture Assay
	2.7. Statistical Analyses

	3. Results
	3.1. ADCC-mediating Antibodies Recognize Uninfected Bystander Cells
	3.2. Shed gp120 is the Major Source of Env at the Surface of Bystander CD4+ T Cells
	3.3. Productively Infected Cells are the Source of gp120 Found on Uninfected Bystander CD4+ T Cells
	3.4. Cell-to-cell Contact Does not Contribute to gp120 Attachment to Bystander CD4+ T Cells
	3.5. Recognition of gp120 on the Surface of Bystander CD4+ T Cells Results in ADCC-mediated Killing
	3.6. CD4mc Block Recognition of Bystander CD4+ T Cells by ADCC-mediating Antibodies

	4. Discussion
	Conflicts of Interest
	Author Contributions
	Acknowledgments
	Appendix A. Supplementary Data
	References


