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ABSTRACT

Lifelong antiretroviral therapy (ART) for HIV-1 does not diminish the established latent reservoir. A possible cure approach is to
reactivate the quiescent genome from latency and utilize immune responses to eliminate cells harboring reactivated HIV-1. It is
not known whether antibodies within HIV-1-infected individuals can recognize and eliminate cells reactivated from latency
through antibody-dependent cellular cytotoxicity (ADCC). We found that reactivation of HIV-1 expression in the latently in-
fected ACH-2 cell line elicited antibody-mediated NK cell activation but did not result in antibody-mediated killing. The lack of
CD4 expression on these HIV-1 envelope (Env)-expressing cells likely resulted in poor recognition of CD4-induced antibody
epitopes on Env. To examine this further, cultured primary CD4� T cells from HIV-1� subjects were used as targets for ADCC.
These ex vivo-expanded primary cells were modestly susceptible to ADCC mediated by autologous or heterologous HIV-1� se-
rum antibodies. Importantly, ADCC mediated against these primary cells could be enhanced following incubation with a CD4-
mimetic compound (JP-III-48) that exposes CD4-induced antibody epitopes on Env. Our studies suggest that with sufficient re-
activation and expression of appropriate Env epitopes, primary HIV-1-infected cells can be targets for ADCC mediated by
autologous serum antibodies and innate effector cells. The results of this study suggest that further investigation into the poten-
tial of ADCC to eliminate reactivated latently infected cells is warranted.

IMPORTANCE

An HIV-1 cure remains elusive due to the persistence of long-lived latently infected cells. An HIV-1 cure strategy, termed “shock
and kill,” aims to reactivate HIV-1 expression in latently infected cells and subsequently eliminate the reactivated cells through
immune-mediated killing. While recent research efforts have focused on reversing HIV-1 latency, it remains unclear whether
preexisting immune responses within HIV-1� individuals can efficiently eliminate the reactivated cells. HIV-1-specific antibod-
ies can potentially eliminate cells reactivated from latency via Fc effector functions by recruiting innate immune cells. Our study
highlights the potential role that antibody-dependent cellular cytotoxicity might play in antilatency cure approaches.

Amajor barrier to curing HIV-1 infection is the persistence of
quiescent integrated replication-competent viral genomes in

long-lived latently infected cells (1). The “shock and kill” cure
approach proposes reactivation of latent HIV-1 to render cells
harboring latent proviruses susceptible to immune-mediated
clearance (2). Several latency reversal agents (LRAs) have been
examined both in vitro and in vivo for their ability to “shock”
latent HIV-1 and induce viral protein expression (3–7). Although
some LRAs have shown potent HIV-1 reactivation in vitro and ex
vivo, in vivo studies have been less promising. While panobinostat
and romidepsin have induced low-level plasma viremia in human
trials (5, 8), these LRAs failed to reduce total integrated HIV-1
DNA or, in the case of panobinostat, failed to prevent recrudes-
cence of viremia after analytical antiretroviral therapy (ART) in-
terruption. These observations imply that latency reversal in the
context of preexisting immune responses, at least with these LRAs,
is insufficient to clear cells harboring latent proviruses. Supportive
of this notion are ex vivo data showing that unadulterated autolo-

gous cytotoxic T lymphocytes (CTLs) from ART-treated patients
do not kill cells reactivated with vorinostat (9). If the infected cells
are not efficiently killed following reactivation, these cells may
revert to a latent state and reconstitute the latent reservoir. As
such, more-potent immune responses may need to be utilized to
ensure efficient clearance of reactivated latently infected cells.
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Cytolysis of reactivated cells harboring HIV-1 provirus could
theoretically be achieved via antibody-dependent cellular cytotox-
icity (ADCC) (10). Anti-HIV-1 antibodies trigger ADCC upon
binding cell surface viral proteins and the IgG constant region
receptor, Fc�RIIIa or CD16, of effector cells such as natural killer
(NK) cells and monocytes (11–13). Evidence of the antiviral effi-
cacy of anti-HIV-1 ADCC is provided through the association of
this immune response with slower disease progression (14–16) as
well as vaccine efficacy (17–19). Recent studies, however, demon-
strate that HIV-1 evades ADCC by concealing important ADCC
epitopes on the envelope (Env) glycoprotein trimer and by reduc-
ing the amount of Env on the surface of infected cells (20, 21).
Downregulation of CD4 by HIV-1 Vpu and Nef reduces the like-
lihood of Env entering a CD4-bound conformation, resulting in
the concealment of many CD4-induced (CD4i) antibody epitopes
(22, 23). This could be a barrier for ADCC antibody recognition
since a high proportion of ADCC antibodies in HIV-1-infected
sera recognize CD4i epitopes (23). Additionally, inhibition of
tetherin by Vpu prevents accumulation of nascent HIV-1 virions
at the surface of the infected cell, thereby reducing the amount of
surface Env available for antibody binding (22, 24, 25). These
evasion mechanisms might prevent ADCC from killing reacti-
vated cells following administration of LRAs. To overcome CD4
downregulation on the surface of infected cells, CD4-mimetic
compounds (CD4mc) have been rationally designed to bind to
Env and induce the CD4-bound conformation (26, 27). Impor-
tantly, these CD4mc are able to improve binding of ADCC-medi-
ating antibodies to Env and sensitize HIV-1-infected cells to
ADCC (28).

In this study, we examined if antibodies from HIV-1-infected
subjects could activate primary NK cells or eliminate a reactivated
latently infected cell line. We also studied the effect of ADCC on ex
vivo-expanded primary cells from HIV-1� subjects following in
vitro reactivation and culture. Although NK effector cells exhib-
ited some antibody-dependent activation when cultured with re-
activated cell lines, we found that the cell lines were not susceptible
to antibody-mediated killing. In contrast, ex vivo-expanded pri-
mary CD4� T cells were susceptible to ADCC, and this could be
improved by increasing exposure of CD4i epitopes on Env using a
CD4mc.

MATERIALS AND METHODS
Participants. Whole blood was obtained from 14 HIV-1-uninfected do-
nors. As a source of effector cells for antibody-dependent NK cell activa-
tion and ADCC assays, peripheral blood mononuclear cells (PBMCs)
were isolated via Ficoll-Paque density gradient centrifugation (GE
Healthcare). NK cells were enriched from PBMCs using the EasySep Hu-
man NK Cell Enrichment kit (Stemcell Technologies). Plasma from an
HIV-1-infected subject known to have anti-HIV-1 antibodies capable of
activating NK cells was obtained from the Melbourne Sexual Health Cen-
tre (29). For analysis of ADCC against primary HIV-1-infected target
cells, HIV-1� blood and serum samples from a total of 7 viremic subjects
were obtained from the Montreal Primary HIV Infection Cohort and the
Canadian Cohort of HIV-infected Slow Progressors (Table 1). Informed
consent was obtained prior to collection of blood samples, and the de-
scribed studies were approved by the relevant human ethics committees.

Antibodies and cell lines. Polyclonal HIVIG, the anti-gp120 mono-
clonal antibody 2G12, the CEM.NKr-CCR5 cell line and the latently in-
fected ACH-2 T cell line were all obtained from the NIH AIDS Reagent
Program (Division of AIDS, NIAID, NIH).

Reactivation of latent HIV-1. The latently infected ACH-2 cells were
reactivated with 10 �g/ml phytohemagglutinin (PHA; Thermo Fisher)

and 10 nM phorbol 12-myristate 13-acetate (PMA; Sigma) for 24 h prior
to incubation with effector cells (30, 31). Levels of HIV-1 reactivation
were measured via intracellular staining for p24 (clone KC57-RD1; Beck-
man Coulter) and surface staining for Env using 2G12 (5 �g/ml) with an
Alexa Fluor 488-conjugated secondary anti-human IgG1 antibody (Invit-
rogen).

To obtain primary infected cells, CD4� T cells were purified from
HIV-1� individuals (Table 1) and reactivated with PHA (10 �g/ml) for 36
h, followed by incubation with recombinant interleukin-2 (IL-2; 100
U/ml; NIH AIDS Reagent Program) for 4 to 8 days. HIV-1 reactivation
was measured via intracellular staining for p24. The binding of HIV-1�

sera to reactivated cells was assessed with an AF647-conjugated secondary
anti-human IgG1 antibody (Invitrogen).

Antibody-dependent NK cell activation assay. The antibody-depen-
dent NK cell activation assay was performed as previously described, mea-
suring intracellular NK cell gamma interferon (IFN-�) and CD107a ex-
pression (32). Briefly, freshly isolated effector cells (healthy donor PBMCs
or enriched NK cells) were incubated with target ACH-2 cells in the pres-
ence of HIV-1-infected plasma (1:1,000 dilution), HIV-1-uninfected
plasma (1:1,000 dilution), or HIV Ig (HIVIG; 50 �g/ml). The effector and
target cells were incubated together for 5 h at 37°C with anti-CD107a
antibody (APC conjugate, clone H4A3; BD), brefeldin A (5 �g/ml;
Sigma), and monensin (6 �g/ml; BD). For certain experimental condi-
tions, the effector and target cells were separated by a semipermeable
transwell membrane with 0.4-�m pores to prevent effector-to-target cell
contact (Sigma). After the 5-h incubation, cells were stained for surface
expression of CD3 (PerCP conjugate, clone SK7; BD) and CD56 (PE-Cy7
conjugate, clone NCAM16; BD). Cells were fixed with 1% formaldehyde
and permeabilized with fluorescence-activated cell sorter (FACS) per-
meabilization buffer (BD) prior to intracellular staining for IFN-� (AF700
conjugate, clone B27; BD). The samples were fixed with 1% formaldehyde
prior to being acquired on the BD LSRFortessa flow cytometer (BD). Flow
cytometry data were analyzed using FlowJo version 10 (TreeStar).

LDH release cytotoxicity assay. The CytoTox96 nonradioactive cyto-
toxicity assay kit (Promega) was used to measure HIV-1-specific ADCC
through release of cytosolic lactate dehydrogenase (LDH) from target
cells, as previously described (32). Effector PBMCs were incubated with
the target ACH-2 cells at 25:1 and 10:1 effector-to-target ratios in the
presence or absence of HIVIG (25 �g/ml) for 4 h. Controls conducted for
the calculation of percent cytotoxicity (%cytotoxicity) were performed
according to the manufacturer’s instructions. Absorbance values mea-
sured at 492 nm were used to calculate %cytotoxicity with the following
formula: (experimental � effector minimum � target minimum)/(target
maximum � target minimum) � 100.

Flow cytometry-based infected cell elimination assay. ADCC against
reactivated ACH-2 cells and primary HIV-1-infected cells mediated by
HIV-1� sera was measured using a flow cytometry-based infected cell
elimination assay as previously described (28, 33). Reactivated primary
HIV-1-infected cells that were cultured for 4 to 8 days were incubated with

TABLE 1 Demographic, virological, and immunological
characterization of HIV-1-infected individuals used to expand
endogenously infected CD4� T cells

Donor
ID

Time after
infection
(mo)

Age
(yr) Gender Race

CD4 count
(cells/mm3)

Viral load
(RNA
copies/ml)

1 23 43 Male Caucasian 356 193,437
2 4 38 Male Caucasian 320 132,886
3 31 22 Male African 329 19,067
4 88 49 Male Caucasian 281 44,848
5a 132 42 Male Caucasian 453 68
6 18 25 Male Hispanic 371 9,871
7 131 38 Male Hispanic 138 14,614
a Donor currently on ART.
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autologous PBMCs in the presence or absence of autologous or heterolo-
gous HIV-1� sera (1:1,000 dilution) for 5 h. As shown previously, the
optimal HIV-1� serum dilution to use for ADCC is a dilution of 1:1,000
(33). Furthermore, the 1:1,000 dilution was chosen, as previously pub-
lished ADCC studies have described a prozone phenomenon where
ADCC is suboptimal at higher antibody concentrations (low serum dilu-
tions of 1:10 to 1:100) (34, 35). The CD4mc JP-III-48 (50 �M) was also
added in some experimental conditions to assess its effect on HIV-1�

serum binding and ADCC. The target cells were stained for intracellular
p24 expression, and the percent killing (%killing) was calculated with the
following formula: [(%p24� cells in targets) � (%p24� cells in targets �
effectors � HIV-1� serum)]/(%p24� cells in targets) � 100.

Statistics. Statistical analyses were performed with GraphPad Prism
version 6. Comparisons between matched pairs were analyzed using the
nonparametric Wilcoxon signed-rank test. Statistical tests were consid-
ered significant when P values were less than 0.05. Statistics given in Re-
sults are presented in the following format: (median [interquartile range]
versus median [interquartile range], P value of statistical test).

RESULTS
Reactivation of latently infected ACH-2 cells. We initially uti-
lized the latently infected ACH-2 T cell line as a model of HIV-1
latency. For ADCC antibodies to readily target infected cells,
HIV-1 Env antigens need to be expressed on the cell surface. To
determine the level of Env expression on reactivated ACH-2 cells,
we compared the relative binding of a conformational-indepen-
dent anti-Env Ab, 2G12, to reactivated ACH-2 cells and
CEM.NKr-CCR5 cells coated with a series of dilutions of recom-
binant gp120 protein (22). Unactivated ACH-2 cells expressed
relatively low levels of gp120, similar to those expressed by
CEM.NKr-CCR5 cells coated with 50 ng/ml of gp120. Conversely,
reactivated ACH-2 cells expressed high levels of gp120, higher
than that observed for CEM.NKr-CCR5 cells coated with 3.2
�g/ml of gp120 (Fig. 1A, left panel). The majority of Env-express-
ing ACH-2 cells also expressed p24 (Fig. 1A, right panel).

Antibody-dependent NK cell activation against reactivated
ACH-2 cells. Given that a large proportion of reactivated ACH-2
cells were expressing high levels of gp120 following 24 h of stim-
ulation with mitogens, we next determined if reactivated ACH-2
cells served as targets for HIV-1-specific antibody-dependent NK
cell activation. Previously, we have demonstrated robust NK cell
activation by gp120-pulsed CEM.NKr-CCR5 cells and primary T
cells in the presence of anti-HIV-1 antibodies (32). The gating
strategy to analyze antibody-dependent NK cell activation by
ACH-2 cells is shown in Fig. 1B. For reactivated ACH-2 cells (Fig.
1C, bottom panel), HIV-1� plasma and HIVIG mediated a small
but statistically significant increase in total NK cell activation
(CD107a and/or IFN-� expression) compared to HIV-1� plasma
and the no-antibody controls (8.2% [6.3 to 14.2%] versus 7.2%
[5.0 to 10.3%]), P � 0.0078, for HIV-1� plasma versus HIV-1�

plasma, and 8.6% [6.1 to 14.0%] versus 7.5% [4.5 to 10.4%]), P �
0.0078, for HIVIG versus no-antibody controls). Healthy PBMC
donors also varied substantially in the capacity of their NK cells to
become activated in the presence of both HIV-1-specific antibod-
ies and reactivated ACH-2 cells. Unactivated ACH-2 cells elicited
a slight but significant increase in NK cell activation when cul-
tured with HIV-1� plasma compared to HIV-1� plasma (8.5%
[4.1 to 10.8%] versus 5.8% [4.3 to 8.8%], P � 0.03), but not with
HIVIG compared to the no-antibody control (7.7% [4.0 to
12.3%] versus 5.4% [3.9 to 8.9%], not significant [n.s.]) (Fig. 1C,
top panel). It is, however, important to note that there was no

significant difference between antibody-dependent NK cell acti-
vation (with background subtracted) against reactivated ACH-2
cells and against unactivated ACH-2 cells.

Since PBMCs were used as effector cells, we reasoned that vi-
rions produced by reactivated ACH-2 cells could bind to CD4� T
cells within PBMCs, thereby making virion-coated CD4� T cells
bystander targets capable of activating NK cells in an antibody-
dependent manner. Furthermore, HIV-1-specific antibodies
could possibly bind to free virions in solution to form immune
complexes and activate NK cells in a cell contact-independent
manner. To exclude these two bystander mechanisms, we per-
formed the NK cell activation assay in transwell plates using en-
riched NK cells. For these experiments, NK effectors and ACH-2
targets were separated by a semipermeable membrane that pre-
vented cell-cell contact but allowed the transfer of soluble im-
mune complexes. As depicted in Fig. 1D, both HIV-1� plasma and
HIVIG mediated activation of enriched NK cells against reacti-
vated ACH2 cells when the effector and target cells were cultured
together in normal wells (23.7% total NK cell activation for
HIV-1� plasma; 34.3% total NK cell activation for HIVIG). When
separated in a transwell, however, HIV-1� plasma did not mediate
NK activation above background levels. Transwell incubations in
the presence of HIVIG resulted in 12.5% total NK cell activation.
This NK activation mediated by HIVIG through the transwell
membrane possibly occurred through the formation of soluble
immune complexes with virions produced from ACH-2 cells.
Thus, the majority of both CD107a and IFN-� expression was
dependent upon cell-cell contact between the effector NK cells
and reactivated ACH-2 cells.

ADCC against reactivated ACH-2 cells. The data presented
thus far demonstrate that reactivated ACH-2 cells can elicit some
NK cell activation in an HIV-1-specific antibody-dependent man-
ner and that the level of NK activation is donor dependent. We
next assessed whether the ADCC activity in polyclonal HIVIG
could kill reactivated ACH-2 cells using an LDH release cytotox-
icity assay. No significant difference in cytotoxicity was observed
for unactivated ACH-2 cells between samples incubated with or
without HIVIG for both 25:1 and 10:1 effector-to-target ratios
(15.3% [9.3 to 27.4%]) versus 17.8% [14.3 to 27.9%], n.s. for the
25:1 ratio and 9.2% [6.5 to 15.4%] versus 9.8% [6.1 to 13.9%], n.s.
for the 10:1 ratio) (Fig. 2A). A similar pattern was observed for
reactivated ACH-2 cells, although background levels of natural
killing increased. Again, no significant difference in cytotoxicity
was observed between the samples incubated with or without
HIVIG under either 25:1 or 10:1 effector-to-target cell ratio con-
ditions (52.1% [41.2 to 62.9%] versus 47.1% [41.8 to 59.3%], n.s.
for the 25:1 ratio and 35.7% [29.7 to 51.6%] versus 35.0% [28.7 to
39.1%], n.s. for the 10:1 ratio) (Fig. 2B). Thus, even though there
was a slight but significant increase in antibody-dependent NK cell
activation (degranulation and cytokine secretion) against reacti-
vated ACH-2 cells, this was not capable of killing the virus-ex-
pressing reactivated ACH-2 cells.

A CD4mc enhances binding of HIV-1� sera to reactivated
ACH-2 cells but does not enhance killing of the ACH-2 cells.
Recent studies have shown that ADCC antibodies from HIV-1�

individuals predominantly bind to CD4i epitopes on Env, which
may be concealed as a result of Vpu- and Nef-mediated CD4
downregulation (22, 23). We hypothesized that the poor ADCC
activity against reactivated ACH-2 cells could be due to insuffi-
cient binding of HIVIG to Env trimers, as a consequence of
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FIG 1 Assessment of anti-HIV-1 antibody-dependent NK cell activation against ACH-2 cells. (A) (Left) To determine the relative levels of Env on the surface of
reactivated ACH-2 cells, uninfected CEM.NKr-CCR5 cells were first pulsed with increasing amounts of recombinant gp120 (50 to 3,200 ng/ml). Next, unacti-
vated ACH-2 cells, reactivated ACH-2 cells, and gp120-pulsed CEM.NKr-CCR5 cells were surface stained with 2G12 (5 �g/ml) using an Alexa Fluor 488-
conjugated secondary anti-human IgG1 antibody. The y axis denotes fold change in median fluorescence intensity (MFI) over background secondary antibody
binding. (Right) Unactivated and reactivated ACH-2 cells were stained simultaneously for intracellular p24 and surface Env expression (2G12 binding). (B)
PBMCs or enriched NK cells were used as effector cells and incubated with target ACH-2 cells at a 10:1 or 1:1 effector-to-target ratio, respectively. The top panel
depicts the gating strategy utilized to analyze flow cytometry data for the NK cell activation assay. Gating was on the lymphocyte population, followed by CD3�

CD56dim NK cells, and lastly, NK cell activation was evaluated via surface expression of the CD107a degranulation marker and intracellular production of IFN-�.
The bottom panels are four representative plots of NK cell activation against reactivated ACH-2 cells in the presence of no-antibody, HIV-1� plasma (1:1,000
dilution), HIV-1� plasma (1:1,000 dilution), or HIVIG (50 �g/ml). (C) Graphs depict total NK cell activation against unactivated (top) and reactivated ACH-2
cells (bottom) in the presence of no-antibody, HIV-1� plasma, HIV-1� plasma, or HIVIG. The percent total activated NK cells was obtained by summing up the
values for the CD107a� quadrant, IFN-�� quadrant, and CD107a� IFN-�� quadrant. The data were analyzed with the nonparametric Wilcoxon signed-rank
test. (D) Incubations were performed in normal plates (top) or transwell plates (bottom) in which effector and target cells were separated by a semipermeable
membrane, which allowed transfer of small molecules but prevented cell-cell contact. Instead of PBMCs, enriched NK cells were used as effector cells to exclude
possible antibody-dependent NK cell activation mediated by bystander virion-coated CD4� T cells. Incubations in transwell plates were performed to exclude
possible antibody-dependent NK cell activation mediated by soluble immune complexes instead of cell-cell contact between effector and target cells.
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occluded CD4i epitopes. Indeed, CD4 is not present on the surface
of ACH-2 cells (Fig. 3A). To induce the CD4-bound conforma-
tion of Env and expose CD4i epitopes, we incubated reactivated
ACH-2 cells with the CD4mc JP-III-48. As shown in Fig. 3B, in-
cubation with JP-III-48 significantly increased binding of HIV-1�

sera from all 10 donors tested to reactivated ACH-2 cells com-
pared to the negative dimethyl sulfoxide (DMSO) control (P �
0.002). To assess if increased binding of HIV-1� sera to reacti-
vated ACH-2 cells was due to the exposure of CD4i epitopes, we
assessed the effect of incubation with CD4mc on 2G12 binding.
Since 2G12 binds to a glycan-based outer domain epitope on
gp120 that is CD4 independent (36), the presence of JP-III-48 did
not affect binding of 2G12 to reactivated ACH-2 cells (Fig. 3C).
Following this, we assessed whether the increased binding of
HIV-1� serum antibodies in the presence of JP-III-48 also in-
creased killing of reactivated ACH-2 cells by using a flow cytom-
etry-based infected cell elimination assay. Cytolysis of reactivated
ACH-2 cells in the presence of HIV-1� sera (1:1,000 dilution)
from 10 donors was minimally above the high natural killing (no
serum) background observed with this cell line in the absence of
CD4mc (DMSO control) and was not increased following incu-
bation with JP-III-48 (Fig. 3D).

HIV-1� serum binding and killing of primary ex vivo-ex-
panded HIV-1-infected CD4� T cells. Although cell lines can
serve as useful in vitro models of HIV-1 latency for preliminary
studies, their surface molecules and high levels of baseline virus
expression poorly mimic the quiescent, resting phenotypes of

most latently infected cells in vivo (37). Moreover, their high sus-
ceptibility to direct NK cell-mediated lysis might render it difficult
to assess ADCC activity above background natural killing. How-
ever, latently infected primary CD4� T cells are rare in the periph-
eral blood of HIV-1� subjects on ART (approximately 1 replica-
tion-competent virus per million resting CD4� T cells [38]) and
are difficult to purify in sufficient numbers to serve directly as ex
vivo targets for ADCC assays. Thus, we isolated CD4� T cells from
viremic HIV-1-infected individuals (described in Table 1) and
cultured them under activating conditions to obtain sufficient
numbers of HIV-1-expressing cells. Virus expression was
achieved by activating the cells with PHA for 36 h followed by
incubation with recombinant IL-2 for 4 to 8 days, as reported
previously (28). Note that this method does not study the effect of
ADCC on the very low numbers of cells initially expressing HIV-1
at the start of the culture but rather the effect on cells infected
during the 4- to 8-day culture period. The culture was successful in
inducing production of p24 in CD4� T cells over the culture pe-
riod, as shown in Fig. 4A. The percentage of p24-expressing cells
for all 4 donors was below detectable levels at the start of the
culture and increased to a range of 1.3 to 14.6% by 4 to 8 days.
Next, we examined whether autologous or heterologous HIV-1�

serum antibodies (from one heterologous donor) could bind to
the cultured primary cells and whether addition of the CD4mc
JP-III-48 affected this binding. As shown in Fig. 4B, autologous
(black) and heterologous (gray) HIV-1� sera bound to the in-
fected cells and incubation with JP-III-48 enhanced this binding

FIG 2 Anti-HIV-1 ADCC against ACH-2 cells. PBMC effector cells isolated from 7 healthy donors were incubated with unactivated (A) or reactivated (B)
ACH-2 cells at 25:1 and 10:1 effector-to-target ratios in the presence or absence of HIVIG (25 �g/ml). Anti-HIV-1 ADCC was assessed using the LDH release
cytotoxicity assay. The data were analyzed with the nonparametric Wilcoxon signed-rank test.
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FIG 3 The CD4mc JP-III-48 enhances binding of HIV-1� sera to reactivated ACH-2 cells but does not enhance ADCC. (A) Surface staining for CD4
expression on CEM.NKr-CCR5 cells and ACH-2 cells. (B) The effect of CD4mc JP-III-48 on the binding of HIV-1� sera from 10 donors to ACH-2 cells
was assessed via flow cytometry. On the left is a representative plot of HIV-1� sera binding to unactivated ACH-2 cells (shaded gray), reactivated ACH-2
cells (black line), and reactivated ACH-2 cells in the presence of JP-III-48 (blue line). The graph on the right depicts the level of HIV-1� sera from 10
donors binding to reactivated ACH-2 cells in the presence of JP-III-48 or the vehicle (DMSO). (C) To determine if CD4mc affects binding of antibodies
to non-CD4i epitopes, we assessed binding of 2G12 to unactivated ACH-2 cells (shaded gray), reactivated ACH-2 cells (black line), and reactivated ACH-2
cells in the presence or absence of JP-III-48 (blue line). (D) The effect of CD4mc on ADCC against reactivated ACH-2 cells was assessed using a flow
cytometry-based infected cell elimination assay (28, 33). Effector PBMCs from 2 healthy donors (depicted in red and blue) were incubated with
reactivated ACH-2 cells in the presence or absence of HIV-1� sera (1:1,000 dilution) from 10 donors (5 for each PBMC donor). Incubations were
performed in the presence of JP-III-48 or the vehicle (DMSO). The data in this figure were analyzed using the Wilcoxon signed-rank test, and the black
lines represent the medians of each group.

Lee et al.

2026 jvi.asm.org February 2016 Volume 90 Number 4Journal of Virology

http://jvi.asm.org


significantly compared to the negative DMSO control (P �
0.0078). We next incubated the cultured CD4� T cells with autol-
ogous effector PBMCs in the absence of sera (white) or in the
presence of autologous (black) or heterologous (gray) HIV-1�

sera (1:1,000 dilution) and examined ADCC responses using the
flow cytometry-based infected-cell elimination assay (Fig. 4C).
The proportion of infected cells killed in the presence of both
autologous and heterologous HIV-1� sera was higher than that of
the no-serum controls (41.4% [29 to 43.4%] versus 30.0% [22.0 to
31.4%]). There was no apparent difference in the ability of either
autologous or heterologous HIV-1� sera to mediate killing of the
infected cells (the black and gray symbols in Fig. 4C mostly over-
lap). In the presence of JP-III-48 and HIV-1� sera, 45.5% (41.6 to
50.5%) of infected cells were eliminated versus 31.8% (20.1 to
33.6%) in the presence of JP-III-48 without sera. Importantly,
killing of infected primary cells in the presence of HIV-1� sera was
enhanced following incubation with JP-III-48 compared to the
negative DMSO control (45.5% [41.6 to 50.5%] versus 41.4%
[29.0 to 43.4%], P � 0.0015).

DISCUSSION

Recent research efforts have focused on reactivating the HIV-1
latent reservoir as a strategy to unveil latently infected cells to the
immune system. Immune-mediated clearance may be needed to

eliminate these reactivated cells before they revert to a latent un-
detectable state. In this study, we examined whether polyclonal
HIV-1-specific antibodies from HIV-1-infected subjects could
mediate ADCC against a latently infected cell line following HIV-1
reactivation and ex vivo-expanded CD4� T cells from HIV-1-in-
fected subjects. We first showed that reactivated ACH-2 cells ac-
tivate NK cells to express IFN-� and CD107a in the presence of
HIV-1-specific antibodies. Antibody-mediated activation, how-
ever, did not result in antibody-mediated killing of the reactivated
ACH-2 cells. Antibodies in the sera of HIV-1-infected individuals
that mediate ADCC have been shown to predominantly bind to
CD4i epitopes on Env (23), which are likely to be concealed on the
CD4� ACH-2 cells. Thus, we incubated the reactivated cells with a
CD4mc (JP-III-48) to induce the CD4-bound conformation of
Env. Despite detecting an increase in binding of HIV-1� serum
antibodies to reactivated ACH-2 cells, this did not result in in-
creased ADCC. This raises important caveats about the utility of
ADCC in targeting reactivated latently infected cells, at least in this
model.

One consideration with interpreting the killing of ACH-2 cells
is that the reactivation of HIV-1 expression using PHA or PMA
resulted in the ACH-2 cells becoming better targets for NK cell-
mediated natural cytotoxicity, as seen by the high %killing in the
absence of HIV-1-specific antibodies (median of 17.8% natural

FIG 4 The CD4mc JP-III-48 enhances binding of HIV-1� sera to primary infected cells and enhances ADCC. (A) To obtain primary infected cells, CD4� T cells
were purified from HIV-1� individuals and activated with PHA for 36 h, followed by incubation with recombinant IL-2 for 4 to 8 days. HIV-1 expression was
assessed via intracellular staining for p24 and was measured 2 to 8 days postactivation with PHA. (B) The effect of CD4mc or the vehicle (DMSO) on the binding
of autologous (black) and one other heterologous (gray) HIV-1� sera to primary infected cells was assessed using flow cytometry. The different shapes depict
different primary cell donors. (C) Anti-HIV-1 ADCC against the cultured primary infected cells was assessed using a flow cytometry-based infected cell
elimination assay. Following ex vivo expansion, primary CD4� T cells were incubated with autologous effector PBMCs in the absence of serum (white) or in the
presence of autologous sera (black) or heterologous HIV-1� sera (gray) (1:1,000 dilution). Incubations were performed in the presence of JP-III-48 or the vehicle
(DMSO). Data for this figure were analyzed using the Wilcoxon signed-rank test, and the black lines represent the medians of each group.
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killing for unactivated ACH-2 versus 47.1% natural killing for
reactivated ACH-2, 25:1 effector-to-target ratio). Although this
may reduce the sensitivity of the cytotoxicity assay to detect anti-
body-mediated killing above the high background natural killing,
we have observed that even with high natural cytotoxicity of a
major histocompatibility complex class I (MHC-I)-devoid B cell
line (721.221 cells), we can still detect significant antibody-medi-
ated killing above background with the anti-CD20 monoclonal
antibody rituximab (K. J. Selva, S. J. Kent, and M. S. Parsons,
unpublished data). Thus, at least in the setting of optimal antigen
expression and optimal antibody potency, we would have ex-
pected to detect HIV-1-specific ADCC activity against the reacti-
vated ACH-2 cells.

While several studies have utilized latently infected cell lines to
examine reactivation of the latent provirus (39, 40) and even elim-
ination of reactivated cells (41), transformed cell lines may not be
ideal models of HIV-1 latency and may not be reflective of pri-
mary CD4� T cells as targets for ADCC. Latently infected CD4� T
cells are rare in HIV-1� subjects on ART (approximately 1 repli-
cation-competent virus per million resting CD4� T cells [38]),
and to obtain sufficient HIV-1-infected CD4� T cell targets, it was
necessary to activate the primary cells with mitogens and culture
them for several days. Although the latent reservoirs from HIV-1�

individuals were not enriched in this current study, we show that
cultures of primary infected CD4� T cells from HIV-1� individ-
uals can be eliminated by ADCC triggered by both autologous and
heterologous HIV-1� serum antibodies and autologous effector
PBMCs. Immune-mediated clearance of reactivated cells should
ideally occur much earlier than in this experimental system and
with less potent LRAs. Stimulation of the CD4� T cell targets with
mitogens will likely increase expression of certain activating NK
cell receptor ligands that synergize with CD16 to augment ADCC
responses (42, 43). It is not known whether this enhancement will
occur with the non-globally activating LRAs currently being ex-
amined in clinical trials. Many studies are now assessing potential
synergistic combinations of different LRAs to achieve more robust
latency reactivation, of which some have shown promising results
(44, 45).

An essential question that remains to be addressed is whether
current latency-reversing strategies that have shown promise in
vitro can achieve sufficiently high reactivation in vivo for the im-
mune system to detect and eliminate reactivated cells. More im-
portantly, even if high levels of latency reversal were achieved in
vivo, would immune cells within HIV-1� subjects on treatment be
capable of eliminating the reactivated cells? Improving the func-
tionality of effector cells might be required for patients who ex-
hibit higher levels of immune exhaustion. For NK cells in partic-
ular, it has previously been shown that inhibition of certain matrix
metalloproteinases can prevent downmodulation of the Fc recep-
tor CD16, thereby improving the functionality of chronically ac-
tivated NK cells (46–48).

The capacity of ADCC antibodies to recognize HIV-1 antigens
expressed on the surface of reactivated cells is likely to be an im-
portant limitation for antilatency ADCC responses. ADCC anti-
bodies within HIV-1� sera primarily recognize CD4-induced Env
epitopes concealed as a result of Vpu- and Nef-mediated CD4-
downregulation (23). The inhibition of Nef and Vpu might be a
possible strategy to increase recognition of Env-expressing cells
(49). On a similar note, we show here that CD4mc have potential
therapeutic utility because they can efficiently induce the CD4-

bound conformation and increase binding of HIV-1� serum an-
tibodies to ex vivo-expanded primary CD4� T cells. If the levels of
HIV-1-specific ADCC antibodies within patients on long-term
ART have declined due to a lack of antigenic stimulation (50),
boosting ADCC antibody levels through passive transfer could be
a possible therapeutic approach. Indeed, a study performed in
HIV-1-infected humanized mice found that the passive transfer of
three broadly neutralizing antibodies (BnAbs) following admin-
istration of three distinct LRAs led to a significant decrease in viral
rebound in the absence of ART (51). BnAbs that have been shown
to suppress viremia (52–54), in part through Fc-mediated effector
functions (55), are attractive in that regard as they bind to a wide
range of HIV-1 strains and recognize native Env epitopes that are
not CD4 dependent. That being said, we have found that mono-
clonal antibodies directed against anti-cluster A CD4i epitopes on
Env are much better mediators of ADCC in vitro than BnAbs that
are not CD4 dependent (56).

In summary, we show that primary HIV-1-infected cells can be
targets for ADCC mediated by autologous serum antibodies and
immune effector cells. ADCC against these reactivated cells was
enhanced with the administration of the CD4mc JP-III-48 that
increased binding of HIV-1� serum antibodies. Future studies
will need to examine whether the non-globally activating LRAs
can achieve sufficient reactivation for infected cells to become
efficient targets for antibody-mediated clearance and whether suf-
ficient depletion of the latent reservoir can be achieved to prevent
viral rebound off-ART.
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