
Impaired Downregulation of NKG2D
Ligands by Nef Proteins from Elite
Controllers Sensitizes HIV-1-Infected
Cells to Antibody-Dependent Cellular
Cytotoxicity

Nirmin Alsahafi,a,c Jonathan Richard,a,b Jérémie Prévost,a,b Mathieu Coutu,a,b

Nathalie Brassard,a Matthew S. Parsons,d Daniel E. Kaufmann,a,e,f

Mark Brockman,g,h,i Andrés Finzia,b,c

Centre de Recherche du CHUM, Montreal, QC, Canadaa; Department of Microbiology, Infectiology and
Immunology, Université de Montréal, Montreal, QC, Canadab; Department of Microbiology and Immunology,
McGill University, Montreal, QC, Canadac; Department of Microbiology and Immunology, University of
Melbourne, Peter Doherty Institute for Infection and Immunity, Melbourne, Victoria, Australiad; Department of
Medicine, Université de Montréal, Montreal, Quebec, Canadae; Center for HIV/AIDS Vaccine Immunology and
Immunogen Discovery, The Scripps Research Institute, La Jolla, California, USAf; Department of Molecular
Biology and Biochemistry, Simon Fraser University, Burnaby, Canadag; Faculty of Health Sciences, Simon Fraser
University, Burnaby, Canadah; British Columbia Centre for Excellence in HIV/AIDS, Vancouver, Canadai

ABSTRACT HIV-1 Nef clones isolated from a rare subset of HIV-1-infected elite con-
trollers (EC), with the ability to suppress viral load to undetectable levels in the ab-
sence of antiretroviral therapy, are unable to fully downregulate CD4 from the
plasma membrane of CD4� T cells. Residual CD4 left at the plasma membrane al-
lows Env-CD4 interaction, which leads to increased exposure of Env CD4-induced
epitopes and increases susceptibility of infected cells to antibody-dependent cellular
cytotoxicity (ADCC). ADCC is mediated largely by natural killer (NK) cells, which con-
trol their activation status through the cumulative signals received through activat-
ing and inhibitory receptors. Recently, the activating NKG2D receptor was demon-
strated to positively influence ADCC responses. Since HIV-1 Nef has been reported
to reduce the expression of NKG2D ligands, we evaluated the relative abilities of Nef
from EC and progressors to downmodulate NKG2D ligands. Furthermore, we as-
sessed the impact of EC and progressor Nef on the ADCC susceptibility of HIV-1-
infected cells. We observed a significantly increased expression of NKG2D ligands on
cells infected with viruses coding for Nef from EC. Importantly, NKG2D ligand ex-
pression levels correlated with enhanced susceptibility of HIV-1-infected cells to
ADCC. The biological significance of this correlation was corroborated by the dem-
onstration that antibody-mediated blockade of NKG2D significantly reduced ADCC of
cells infected with viruses carrying Nef from EC. These results suggest the involve-
ment of NKG2D-NKG2D ligand interactions in the enhanced susceptibility of EC HIV-
1-infected cells to ADCC responses.

IMPORTANCE Attenuated Nef functions have been reported in HIV-1 isolated from
EC. The inability of elite controller Nef to fully remove CD4 from the surface of in-
fected cells enhanced their susceptibility to elimination by ADCC. We now show that
downregulation of NKG2D ligands by HIV-1 Nef from EC is inefficient and leaves in-
fected cells susceptible to ADCC. These data suggest a critical role for NKG2D li-
gands in anti-HIV-1 ADCC responses.

KEYWORDS HIV-1, Nef, elite controllers, ADCC, NKG2D, gp120, CD4

Received 18 January 2017 Accepted 23 May
2017

Accepted manuscript posted online 14
June 2017

Citation Alsahafi N, Richard J, Prévost J, Coutu
M, Brassard N, Parsons MS, Kaufmann DE,
Brockman M, Finzi A. 2017. Impaired
downregulation of NKG2D ligands by Nef
proteins from elite controllers sensitizes HIV-1-
infected cells to antibody-dependent cellular
cytotoxicity. J Virol 91:e00109-17. https://doi
.org/10.1128/JVI.00109-17.

Editor Guido Silvestri, Emory University

Copyright © 2017 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Andrés Finzi,
andres.finzi@umontreal.ca.

PATHOGENESIS AND IMMUNITY

crossm

August 2017 Volume 91 Issue 16 e00109-17 jvi.asm.org 1Journal of Virology

http://orcid.org/0000-0001-6432-1426
https://doi.org/10.1128/JVI.00109-17
https://doi.org/10.1128/JVI.00109-17
https://doi.org/10.1128/ASMCopyrightv1
mailto:andres.finzi@umontreal.ca
http://crossmark.crossref.org/dialog/?doi=10.1128/JVI.00109-17&domain=pdf&date_stamp=2017-6-14
http://jvi.asm.org


Human immunodeficiency virus type 1 (HIV-1) has developed multiple mechanisms
to evade the immune system and establish a chronic infection. Several of these

strategies are mediated by viral accessory proteins, including Vif, Vpr, Vpu, and Nef,
which together ensure viral persistence and survival. The negative regulatory factor
(Nef) is a 27- to 35-kDa accessory protein that is highly expressed in the early phase of
HIV-1 infection (1, 2). It has been shown that infection with HIV-1 or simian immuno-
deficiency virus (SIV) strains unable to code for functional Nef proteins leads to a slow
or nonprogressive disease (3, 4). The positive effects of Nef on viral pathogenicity and
persistence are based largely on its ability to decrease the surface expression levels of
important cellular molecules present on the surface of infected cells, including CD4,
CD28, NKG2D ligands, and HLA-I molecules (5–8). The ability of Nef to decrease surface
expression of certain cell surface proteins, such as CD4 and HLA-I, is impaired in Nef
clones isolated from elite controllers (EC) (9, 10), a rare group of infected individuals
with the ability to suppress plasma viremia to �50 RNA copies/ml in the absence of
antiretroviral therapy. The impaired ability of Nef proteins isolated from EC to decrease
CD4 expression is associated with increased susceptibility of HIV-1-infected cells to
antibody-dependent cellular cytotoxicity (ADCC) (11).

ADCC efficacy relies on several parameters imposed by the characteristics of the
target and effector cells involved, as well as the features of the antibodies. Natural killer
(NK) cells, monocytes, and neutrophils serve as effector cells for anti-HIV-1 ADCC (12).
The ADCC function of NK cells is a topic of much research interest due to the
extensiveness of NK cell regulation. Indeed, NK cell regulation occurs on two levels
(reviewed in reference 13). Initially, NK cells undergo a process termed “NK cell
education,” where NK cells that carry inhibitory receptors capable of interacting with
self-major histocompatibility complex class I (MHC-I or HLA-I) ligands are conferred
functional potential. Alternatively, NK cells that do not carry self-HLA-I-binding inhibi-
tory NK cell receptors remain hypofunctional. The second level of NK cell regulation
occurs when NK cells encounter a putative target cell. At this point the outcome of the
effector-target cell interaction is determined by cumulative signal received through the
plethora of inhibitory and activating receptors on the NK cell surface. It is through these
cosignaling molecules that the characteristics of the target cell influence the capacity
of the effector cell to mediate ADCC. If the target cell expresses sufficient HLA-I that can
bind to inhibitory NK cell receptors, such as killer immunoglobulin receptors of the
NKG2A receptor, to create a cumulative inhibitory signal, the target will be spared from
cytolysis. Alternatively, if the target cell expresses a sufficiently high enough density of
antigen targeted by ADCC antibodies that are recognized by the activating receptor
Fc�RIIIa/CD16, the target will likely induce a cumulative activating signal and be lysed.
HIV-1 utilizes this level of NK cell regulation to evade ADCC. Indeed, HIV-1 Nef
downregulates HLA-I molecules important for cytotoxic T-lymphocyte recognition of
infected cells, including HLA-A and HLA-B, but spares HLA-C and HLA-E, which interact
with inhibitory NK cell receptors and can inhibit antiviral ADCC (14, 15). Besides
characteristics of effector and target cells, the features of the antibodies involved are
important determinants of ADCC. Indeed, glycosylation features of the antibody con-
stant region (Fc) influence the interaction of the antibody with Fc receptors and the
degree of ADCC observed (16). Additionally, access of the antibody paratope to the
antigenic epitope is essential for efficient ADCC. In the case of HIV-1, it was recently
shown that ADCC-mediating antibodies present in HIV sera preferentially recognize Env
in its CD4-bound conformation (17). However, to limit the exposure of CD4-bound Env
on the surface of infected cells, HIV-1 evolved sophisticated mechanisms to efficiently
internalize Env (18), to counteract the host restriction factor BST-2 with the viral Vpu
protein (19–21), and to downregulate CD4 by Nef and Vpu (17, 21).

In addition to Fc�RIIIa/CD16, there are several other activating and coactivating
receptors capable of activating NK cell effector functions. Ligands for these receptors
are generally induced as a result of activation, cellular stress, transformation, or viral
infection. Accordingly, previous studies demonstrated that ligands for the activating NK
cell receptors, NKG2D, are induced during HIV-1 infection (22–25). Importantly, cell
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surface expression of these ligands on HIV-1-infected cells was found to trigger
autologous NK cells to lyse infected cells (22–26). While NK cell-mediated killing of
HIV-1-infected cells occurs mainly through NKG2D, this response appears to be optimal
when the activating receptor DNAM-1 and the coactivating receptor NTB-A are also
simultaneously triggered (27–29).

In addition to its capacity to influence NK cell functionality through decreasing
surface expression of select HLA-I and decreasing the availability of cell surface CD4
required for CD4-induced (CD4i) ADCC-mediating epitopes (11), Nef has been demon-
strated to interfere with NK cell activation by limiting the expression of NKG2D ligands
on the surface of infected cells (8). This observation is interesting in the context of
additional research suggesting that NKG2D contributes to HIV-1 disease status. Indeed,
a previous study linked low viral set point and low viral loads in long-term nonpro-
gression patients (LTNPs) with the expression level of NKG2D (30). The role of Nef in
decreasing NKG2D ligand expression on infected cells is also interesting in the context
of recent research demonstrating that NKG2D acts as a coreceptor for NK-mediated
ADCC against HIV-1-infected cells (31). Since Nef is known to diminish the expression
of NKG2D ligands, including MICA, ULBP1, and ULBP2, at the cell surface (8), here we
investigated whether enhanced susceptibility of HIV-1-infected cells expressing EC Nef
to ADCC was linked to modulation of NKG2D ligands.

RESULTS
CD4 and NKG2D ligands are inefficiently downregulated by Nef proteins from

elite controllers. The interaction of Env and CD4 induces conformational changes in
Env that result in the exposure of CD4i epitopes, including those recognized by
anti-cluster A antibodies, known to mediate potent ADCC responses (17, 21, 32–34). As
previously reported, when primary CD4� T cells were infected with HIV-1NL4.3 infectious
viral particles coding for Nef clones from ECs, we observed an impaired CD4 down-
regulation compared to cells infected with viruses coding for Nef clones isolated from
chronic progressors (CP) (Fig. 1A and B) (9, 11). Of note, no mutations in motif
L166-L168 involved in CD4 downregulation (7) were found in Nef clones from ECs (not
shown). Suboptimal CD4 downregulation translated into a significant exposure of
anti-cluster A epitopes, such as the one recognized by the ADCC-mediating A32
antibody (Fig. 1C and D) and those recognized by antibodies within HIV� sera (Fig. 1E
and F) despite similar levels of Env being expressed at the cell surface (Fig. 1G and H).
Enhanced recognition of infected cells by A32 and HIV� serum antibodies was previ-
ously reported to result in enhanced susceptibility of infected cells to ADCC (11). To
mediate ADCC, however, effector cells, such as NK cells, must be activated. It is well
known that NK cell effector functions are modulated by a tight balance between signals
delivered through inhibitory (KIR and CD94/NKG2A), activating (CD16, NKG2D, and
DNAM-1), or coactivating (NTB-A and 2B4) receptors that either suppress or enhance NK
cell activity (35). Interestingly, Nef decreases the expression of NKG2D ligands (MICA,
ULBP1, and ULBP2) when expressed alone in Jurkat cells or in the context of HIV-1-
infected Jurkat or primary CD4� T cells (8, 36), thus preventing their interaction with
the NK cell-activating NKG2D receptor. Since previous work indicated that Nef proteins
from EC are impaired in several functions (9), we evaluated if the enhanced suscepti-
bility of HIV-1-infected cells, infected with viruses coding for Nef proteins from EC, to
ADCC could be linked to an incomplete downregulation of NKG2D ligands. To evaluate
this, primary CD4� T cells were isolated from HIV-uninfected individuals and infected
with pNL4.3 viruses encoding Nef from EC or CP. Primary CD4� T cells were also
infected with wild-type NefSF2 (wt) or Nef-deleted (N�) viruses as positive and negative
controls for NKG2D ligand downregulation. Cultures containing infected cells were
then stained with a recombinant human NKG2D-Fc chimera which recognizes several
NKG2D ligands (23–25, 31) or a matched isotype control, and infected cells within these
cultures were identified by intracellular p24 staining. As previously reported (22), HIV-1
infection enhanced NKG2D-Fc detection compared to mock-infected cells (Fig. 2A and
B). This enhancement, however, was significantly higher when cells were infected with
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FIG 1 Attenuated CD4 downregulation by Nef alleles from elite controllers enhances exposure of ADCC-mediating
epitopes. Primary CD4� T cells from healthy donors were infected with a panel of pNL4.3-based viruses: wild type

(Continued on next page)

Alsahafi et al. Journal of Virology

August 2017 Volume 91 Issue 16 e00109-17 jvi.asm.org 4

http://jvi.asm.org


the nef-defective virus compared to its wt counterpart. Interestingly, we observed that
cells infected with viruses coding for Nef from EC expressed higher levels of NKG2D
ligands, as demonstrated by a significant increase in NKG2D-Fc binding compared to
cells infected with viruses coding for Nef isolated from CP (Fig. 2C). Despite the
differential expression of NKG2D ligands at the surface of cells expressing Nef from CP
versus EC, we failed to identify a particular motif linked to Nef-mediated NKG2D ligand
downregulation (not shown).

Attenuated downregulation of NKG2D ligands by Nef proteins from elite
controllers enhances susceptibility of infected cells to ADCC. Using a previously
described fluorescence-activated cell sorter (FACS)-based ADCC assay (21, 37), we next
addressed whether the increased expression of NKG2D ligands on cells infected with

FIG 1 Legend (Continued)
(wt; coding for NefSF2), lacking Nef (N�), or encoding Nef from 18 and 19 randomly selected clones from ECs or
CPs, respectively. Infected primary CD4 T cells were stained at 48 h postinfection with an anti-CD4 (OKT4) (A and
B) or A32 (C and D) antibody, with HIV� sera from 7 different donors (shown in different colors) (E and F), or with
the conformation-independent 2G12 antibody (G and H). On the left are histograms depicting representative
staining obtained with wt versus Nef-infected cells. On the right, the median fluorescence intensities (MFI) obtained
for multiple staining using cells infected with viruses coding for Nef from ECs (red) or CPs (blue) are shown. Error
bars indicate means � standard errors of the means (SEM). Statistical significance was evaluated using unpaired
t test. *, P � 0.05; **, P � 0.01; ns, not significant.

FIG 2 Attenuated downregulation of NKG2D ligands by Nef alleles from elite controllers. Primary CD4� T
cells from healthy donors were infected with a panel of pNL4.3-based viruses: wild type (wt; coding for
NefSF2), lacking Nef (N�), or encoding Nef from 18 and 19 randomly selected clones from ECs or CPs,
respectively. Infected primary CD4 T cells were stained at 48 h postinfection with 5 �g/ml of a recombinant
NKG2D-Fc chimera or matched IgG Fc molecules and then fluorescently labeled with an Alexa Fluor
647-conjugated anti-human IgG secondary Ab. (A and B) Histogram (A) and graph (B) depicting represen-
tative staining of infected (p24�) cells with mock (gray), wt (blue), and N� (in red) virus. (C) Recognition
of infected (p24�) cells by viruses coding for Nef from ECs (red) or CPs (blue) with NKG2D-Fc. Data shown
are the results of four different experiments, and error bars depict the SEM. Statistical significance was
tested using paired one-way analyses of variance (ANOVAs) and unpaired t test (*, P � 0.05; **, P � 0.01;
****, P � 0.0001).
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viruses coding for Nef alleles from EC enhanced susceptibility to ADCC. Primary CD4�

T cells infected with wild-type and Nef-defective viruses were used as positive and
negative controls, respectively, for NKG2D ligand downregulation. As previously re-
ported (11, 17, 21, 33), wild-type-infected cells were not sensitive to ADCC mediated by
A32 (Fig. 3A) or antibodies within HIV� sera (Fig. 3B) using autologous peripheral blood
mononuclear cells (PBMCs) as effector cells. Supportive of the role for Nef in viral
evasion of ADCC (11, 17, 21, 33), cells infected with Nef-deleted virus were more
susceptible to ADCC mediated by either A32 (Fig. 3A) or HIV� sera from seven different
HIV-1-infected individuals (Fig. 3B). Intriguingly, this enhanced susceptibility to ADCC
was observed despite similar levels of Env expression, as determined by detection of
binding of the conformationally independent 2G12 antibody, on cells infected with
viruses encoding wild-type Nef or having Nef deleted (Fig. 1G and H). Corroborating a
role for NKG2D ligands in ADCC responses against HIV-1-infected cells (31), addition of
a blocking anti-NKG2D antibody significantly decreased, but did not abrogate, the
susceptibility of Nef-deleted infected cells to ADCC mediated by A32 and antibodies
within HIV-1� sera (Fig. 3A and B).

Given the capacity of Nef to decrease surface expression of NKG2D ligands and our
data suggesting Nef from EC are inefficient at decreasing NKG2D ligand expression, we
next evaluated the role played by NKG2D ligands in ADCC responses against primary
CD4� T cells infected with viruses coding for Nef proteins from EC or CP. As previously
reported (11), we observed enhanced susceptibility of cells infected with viruses coding
for Nef from EC versus CP to ADCC mediated by A32 or antibodies within HIV-positive
sera (Fig. 3C and D). Suggestive of a role for NKG2D in this enhanced susceptibility to

FIG 3 Attenuated downregulation of NKG2D ligands by Nef alleles from elite controllers enhances the suscepti-
bility of infected cells to ADCC mediated by A32 and HIV� sera. Primary CD4� T cells from 5 healthy individuals
infected with a panel of pNL4.3-based viruses, wild type (wt; coding for NefSF2), lacking Nef (N�), or encoding Nef
from at least 18 randomly selected clones from ECs or CPs, were used at 48 h postinfection as target cells using
a previously reported FACS-based ADCC assay (11, 21) to determine their susceptibility to ADCC by autologous
PBMCs. ADCC mediated by A32 (A and C) or HIV� sera from two to seven different donors (B and D) is shown. Data
shown are the results from at least six different experiments, with means � SEM. Statistical significance was tested
using a paired or unpaired t test (*, P � 0.05; **, P � 0.01, ***, P � 0.001; ****, P � 0.0001; ns, not significant).
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ADCC, addition of an anti-NKG2D blocking antibody, but not of an isotype control,
significantly decreased ADCC of cells infected with viruses encoding Nef from EC but
not from CP (Fig. 3C and D). In further agreement with a role for NKG2D in anti-HIV-1
ADCC, ADCC mediated by A32 or antibodies within HIV-1-infected sera correlated with
not only cell surface levels of CD4 (Fig. 4A) but also NKG2D-Fc binding to infected cells
(Fig. 4B). Cumulatively, this suggests that in addition to the exposure of ADCC-
mediating epitopes induced by the presence of CD4 at the cell surface, the accumu-
lation of NKG2D activating ligands might promote NK cell cytotoxicity.

DISCUSSION

HIV-1 has evolved several mechanisms to prevent exposing the CD4-bound confor-
mation of Env at the cell surface. These mechanisms are potentially important, as
ADCC-mediating antibodies present in HIV� sera preferentially target the CD4-bound

FIG 4 Enhanced levels of CD4 and NKG2D ligands at the surface of HIV-1-infected cells correlate with
enhanced ADCC. The presence of CD4 and NKG2D ligands at the surface of HIV-1-infected cells enhances
the sensitivity of infected cells to ADCC mediated by HIV� sera and A32 monoclonal antibody. CD4
expression (A) and the presence of NKG2D ligands (B) on the surface of cells infected with viruses
encoding Nef from at least 18 randomly selected clones from ECs (in red) or CPs (in blue) correlated
positively with ADCC killing mediated by HIV� sera and A32 antibody. (C) No statistically significant
correlation was observed between cell surface levels of CD4 and NKG2D ligand expression. Statistical
analysis was tested utilizing a Spearman rank correlation.
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conformation of Env (11, 17, 33). Accordingly, the HIV-1 Nef accessory protein protects
HIV-1-infected cells from ADCC by decreasing cell surface levels of CD4 (11, 17, 21, 33),
which otherwise engages with Env and induces the CD4-bound conformation to
expose CD4i epitopes. These epitopes are recognized by well-established CD4i ADCC-
mediating antibodies, such as A32 (21), or antibodies within sera from HIV-1-infected
individuals (11, 17, 21, 33). Here, we confirmed that infection of cells with viruses
encoding Nef from EC inefficiently decreased cell surface CD4 expression and resulted
in the exposure of viral epitopes recognized by ADCC-mediating antibodies, such as the
A32 antibody and antibodies within HIV� sera. We now show that in addition to an
impaired capacity to decrease cell surface CD4 expression, Nef from EC also inefficiently
decreases the expression of NKG2D ligands on HIV-1-infected cells. This observation is
highly important in the context of recently published data demonstrating NKG2D acts
as a coreceptor for anti-HIV-1 ADCC (31).

While we and others (8, 31, 36) observed Nef-mediated interference with NKG2D
ligand expression, another report failed to see any effect of Nef on NKG2D ligands (23).
The reasons for this are unclear but could be due to the different viral constructs used
in the different studies. Indeed, we used fully replicative viruses, while in the Ward et
al. study, Env-defective and therefore nonreplicative viruses were used.

It has been reported that Nef-mediated NKG2D ligand downregulation occurs
through the utilization of domains that differ from those required for CD4 downregu-
lation (8). Accordingly, we found that the capacity of Nef to decrease cell surface CD4
expression did not correlate with its capacity to decrease cell surface NKG2D ligand
expression (Fig. 4C). This could represent an overall impaired function of Nef clones
from EC, as illustrated by their decreased ability to downregulate CD4, HLA-I, and CCR5
and their reduced capacity to enhance HIV-1 infectivity and replication (9, 10).

While the presented data are highly relevant for understanding viral mechanisms of
susceptibility and evasion of ADCC, they also provide clues to how NK cell-mediated
anti-HIV-1 ADCC is regulated on the level of effector-target cell interactions. The
mechanism through which NKG2D is contributing to anti-HIV-1 ADCC remains open to
debate. Assuming, however, that NKG2D contributes to anti-HIV-1 ADCC through the
propagation of activating signals, this observation provides further confirmation of the
importance of cumulative activating/inhibitory signals in the functionality of NK cells
(35). Indeed, this observation might direct us toward a better understanding of why
cells infected with viruses coding for wild-type Nef are poorly susceptible to ADCC.
While it is evident that cells infected with wild-type virus inadequately bind antibodies
directed to CD4-induced epitopes, these cells do bind low levels of antibodies within
the sera of HIV-1-infected donors. This low level of antibody binding to cells infected
with viruses encoding wild-type Nef might be sufficient to trigger signals through
Fc�RIIIa/CD16, but little to no ADCC is observed against these target cells. This raises
the possibility that cells infected with viruses encoding wild-type Nef are protected
from NK cell-mediated ADCC by their incapacity to ligate sufficient activating receptors
and capacity to ligate sufficient inhibitory NK cell receptors to generate a cumulative
inhibitory NK cell signal. Indeed, previous research has demonstrated that HIV-1-
infected targets express sufficient HLA-C and HLA-E to inhibit anti-HIV-1 ADCC (14, 15)
despite the ability of primary Vpu to downregulate HLA-C to various extents (38). Given
that cumulative signals are important determinants of ADCC susceptibility, future
research should assess if target cells infected with viruses coding for wild-type Nef
become susceptible to ADCC after blockade of inhibitory NK cell receptors. Such studies
could generate potential therapeutic avenues for eliminating HIV-1-infected cells im-
portant for curative efforts to eliminate reactivated HIV-1 (39). Finally, whether ligands
for other activating or coactivating receptors expressed on HIV-1-infected cells also
participate in this cumulative activating signal and modulate ADCC susceptibility
remain to be determined.

Altogether, our results suggest a model (Fig. 5) where the activities of Nef from CP,
including efficient downregulation of CD4 and NKG2D ligands, protect infected cells
from ADCC by diminishing the propensity of Env to sample the CD4-bound conforma-

Alsahafi et al. Journal of Virology

August 2017 Volume 91 Issue 16 e00109-17 jvi.asm.org 8

http://jvi.asm.org


tion and also by decreasing the amount of NK cell-activating ligands. On the other
hand, infected cells expressing Nef from EC become more susceptible to ADCC re-
sponses by exposing Env in its CD4-bound conformation, as well as their inability to
remove NK cell-activating ligands from the cell surface. The accumulation of NKG2D
ligands at the surface of infected cells synergizes with CD16 to elevate ADCC killing.
Among different mechanisms of control, including the presence of protective HLA
alleles (40), we believe that enhanced susceptibility of cells infected with HIV-1 from EC
to anti-HIV-1 ADCC might contribute to the durable suppression of viral replication and
low plasma viremia in this rare subset of infected individuals.

MATERIALS AND METHODS
Cell lines and isolation of primary cells. The 293T human embryonic kidney cell line was obtained

from ATCC. PBMCs from uninfected healthy donors (n � 5) were obtained from leukapheresis under
research regulations approved by CRCHUM; written informed consent was obtained from each individ-
ual. Cells were grown as previously described (11, 21). CD4 T lymphocytes were purified from rested
PBMCs by negative selection and activated as previously described (32).

Study participants and nef cloning. Nef clones were obtained from plasma of 47 untreated EC
(plasma viral load [pVL] of �50 RNA copies/ml plasma) and 48 untreated CP (median pVL of 80,500;
interquartile range [IQR], 25,121 to 221,250) and were previously described (9, 10, 40–43). HIV RNA was
extracted and amplified using nested reverse transcription-PCR (RT-PCR) as described previously (43, 44).
At least three Nef clones were sequenced per patient, and a single clone having an intact Nef reading
frame that closely resembled the sequence of the original bulk plasma RNA was chosen (9). Nef clones
were transferred into pNL4.3 lacking Nef (N�) plasmid and confirmed by DNA sequencing, as described
previously (45). Recombinant viruses harboring nef from HIV-1SF2 (wt NefSF2) and lacking nef (N�) were
used as positive and negative controls, respectively. All EC and CP were HIV-1 subtype B infected, were
from the Boston area, and were comparable with respect to ethnicity and diagnosis date of HIV (EC, 1985
to 2006; CP, 1981 to 2003). The study was approved by the institutional review board of Massachusetts
General Hospital, Boston, MA; all participants provided written informed consent.

Viral production and infections. Vesicular stomatitis virus G (VSVG)-pseudotyped pNL4.3 encoding
NefSF2, Nef-deleted clones, and Nef clones from EC (18 clones) or CP (19 clones) viruses were produced
in 293T cells and titrated as previously described (21). A random number generator (GraphPad Quick-
Calcs) was used to randomly select EC and CP nef proviruses. Viruses were then used to infect
approximately 20% to 30% of primary CD4 T cells from healthy donors by spin infection at 800 � g for

FIG 5 Nef-mediated CD4 and NKG2D ligand downregulation modulates susceptibility of HIV-1-infected cells to ADCC. Nef clones isolated from CPs provide
protection to infected cells from ADCC by downregulating CD4 and NKG2D ligands from the surface of infected cells (left panel). Impaired abilities of Nef clones
from ECs to reduce surface levels of CD4 and NKG2D ligands expose Env CD4i epitopes targeted by ADCC-mediating Abs and contribute to strengthening the
activation of NK cells (right panel).
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1 h in 96-well plates at 25°C. The same viral stock was used to perform all of the experiments reported
in the manuscript.

Antibodies and sera. The A32 anti-gp120 cluster A antibody was previously reported (21, 34, 46).
The monoclonal antibody anti-CD4 OKT4 (BioLegend) binds to the D3 domain of CD4 and was used to
measure cell surface levels of CD4, as described previously (21). The soluble NKG2D-IgG Fc fusion
proteins (R&D Systems) were used to detect NKG2D ligands (ULBPs, MICA, and MICB), while matched IgG
Fc fusion molecules (R&D systems) were used as a control, as previously reported (22). Secondary goat
anti-mouse and anti-human antibodies coupled to Alexa Fluor 647 (Invitrogen) were used in flow
cytometry experiments.

HIV� sera were obtained from the Montreal Primary HIV Infection Cohort (47, 48) and the Canadian
Cohort of HIV Infected Slow Progressors (40, 49, 50). Research adhered to the ethical guidelines of
CRCHUM, and informed consent was obtained from each volunteer. Sera were collected during Ficoll
isolation of PBMCs and stored at �80°C. Serum aliquots were heat inactivated for 30 min at 56°C and
stored at 4°C until they were used in subsequent experiments, as previously reported (17, 21). A random
number generator (GraphPad QuickCalcs) was used to randomly select a number of sera from each
cohort.

Flow cytometry: cell surface staining and ADCC responses. Cell surface staining was performed
as previously described (17, 21). Briefly, binding of HIV-1-infected cells by plasma antibodies (1:1,000
dilution) or relevant monoclonal antibodies (1 �g/ml) was performed 48 h after infection. The soluble
NKG2D-IgG Fc fusion proteins were used at 5 �g/ml, and binding was detected with an Alexa Fluor
647-conjugated goat anti-human IgG antibody. After surface staining, infected cells were permeabilized
using the Cytofix/Cytoperm fixation/permeabilization kit (BD Biosciences, Mississauga, ON, Canada) to
detect infected cells (p24� cells) with the fluorescent anti-p24 monoclonal antibody (phycoerythrin-anti-
p24, clone KC57; Beckman Coulter/Immunotech, Hialeah, FL) (1:100 final concentration), as previously
described (11, 32). The percentage of infected cells was determined by gating on the living cell
population based on the AquaVivid viability dye (Invitrogen). Samples were acquired on an LSRII
cytometer (BD Biosciences, Mississauga, ON, Canada), and data analyses were performed using FlowJo
vX.0.7 (Tree Star, Ashland, OR, USA).

Measurement of serum or A32-mediated ADCC responses was performed using a previously de-
scribed FACS-based ADCC assay (11, 17, 21, 32, 33, 37, 51–55). Briefly, infected primary CD4� T cells were
stained with viability (AquaVivid; Invitrogen) and cellular (cell proliferation dye eFluor670; eBioscience)
markers and used as target cells. Uninfected, autologous PBMC effector cells from healthy donors,
stained with another cellular marker (cell proliferation dye eFluor450; eBioscience), were then mixed at
an effector/target (E/T) ratio of 10:1 in 96-well V-bottom plates (Corning) for 5 to 6 h with a 1:1,000 final
concentration of plasma or 5 �g/ml of the A32 monoclonal antibody in the presence of 5 �g/ml of
purified anti-human CD314 (NKG2D) (139-NK-50; R&D Systems) or matched IgG isotype control to
appropriate wells. After the 5- to 6-h coincubation period, cells were fixed in a 2% phosphate-buffered
saline (PBS)-formaldehyde solution. Samples were acquired on an LSRII cytometer (BD Biosciences).
Infected cells were identified by intracellular p24 staining as described above. The percentage of ADCC
was calculated with the following formula: (percentage of p24� cells in targets plus effectors) �
(percentage of p24� cells in targets plus effectors plus serum or A32)/(percentage of p24� cells in
targets), as previously reported (37). Of note, in some samples some negative cytotoxicity was observed.
This is due to the killing of gp120-coated uninfected bystander CD4� T cells, which are present in the
culture of HIV-1-infected cells and affects ADCC calculation and was previously reported in detail
elsewhere (54).

Statistical analyses. Statistics were analyzed using GraphPad Prism version 6.01 (GraphPad, San
Diego, CA, USA). P values of �0.05 were considered significant: *, P � 0.05; **, P � 0.01, ***, P � 0.001;
****, P � 0.0001.
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