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Summary

Antibody-dependent cellular cytotoxicity (ADCC) is potentially an effec-

tive adaptive immune response to HIV infection. However, little is under-

stood about the role of ADCC in controlling chronic infection in the

small number of long-term slow-progressors (LTSP) who maintain a rela-

tively normal immunological state for prolonged periods of time. We

analysed HIV-specific ADCC responses in sera from 139 HIV+ subjects

not on antiretroviral therapy. Sixty-five subjects were LTSP, who main-

tained a CD4 T-cell count > 500/ll for over 8 years after infection with-

out antiretroviral therapy and 74 were non-LTSP individuals. The ADCC

responses were measured using an natural killer cell activation assay to

overlapping HIV peptides that allowed us to map ADCC epitopes. We

found that although the magnitude of ADCC responses in the LTSP

cohort were not higher and did not correlate with CD4 T-cell depletion

rates, the LTSP cohort had significantly broader ADCC responses com-

pared with the non-LTSP cohort. Specifically, regulatory/accessory HIV-1

proteins were targeted more frequently by LTSP. Indeed, three particular

ADCC epitopes within the Vpu protein of HIV were recognized only by

LTSP individuals. Our study provides evidence that broader ADCC

responses may play a role in long-term control of HIV progression and

suggests novel vaccine targets.

Keywords: antibody-dependent cellular cytotoxicity; Env; HIV; slow-

progressor; Vpu.

Introduction

Partial protection from infection was achieved in the

recent RV144 HIV vaccine efficacy trial.1 Despite induc-

ing only narrow neutralizing antibody responses and very

modest cytotoxic T-lymphocyte responses, non-neutraliz-

ing antibodies were induced by this regimen2 and such

antibodies may have played a role in the protective

immunity observed.3

Non-neutralizing antibodies could contribute to the

control or elimination of a viral infection by multiple

mechanisms including antibody-dependent cellular cyto-

toxicity (ADCC), phagocytosis of infected cells upon

opsonization, and activation of the classical pathway of

complement. ADCC involves the activation of FccR-bear-
ing effector cells, such as natural killer (NK cells), with

the Fc portion of antibodies specific for antigens

expressed on the surface of target cells. Activation of NK

cells results in both lysis of the target cell and secretion of

effector cytokines. As the ADCC antibody specificity need

not be restricted to rarely targeted neutralizing epitopes,

ADCC responses may increase the breadth of beneficial

antibody responses.

There is a body of evidence demonstrating improved

control of HIV in humans and of simian immunodefi-

ciency virus (SIV) in macaques with the development of

ADCC antibodies.4–9 Hessell et al.10 showed that an HIV-

specific neutralizing antibody mutated in the Fc position

was no longer able to elicit Fc-mediated functions, such

as ADCC, and that the efficacy in preventing simian/

human immunodeficiency virus (SHIV) infection of

macaques was significantly decreased, suggesting that the

© 2012 The Authors. Immunology © 2012 Blackwell Publishing Ltd, Immunology, 138, 116–123116

IMMUNOLOGY OR IG INAL ART ICLE



ADCC function is important for the protection afforded

by neutralizing antibodies.

There is a more limited understanding of the role of

ADCC in the small subset of HIV-infected subjects who

naturally control chronic infection, although the role of

cytotoxic T lymphocytes and neutralizing antibodies has

been extensively studied.11–24 We previously detected

ADCC-mediated NK-cell activation in a small cohort of

six subjects with slow HIV progression, but found no

clear correlation with the magnitude of the ADCC

response and control of HIV. A recent study of 22 sub-

jects indicated that elite controllers of HIV infection (sub-

jects with consistent plasma HIV levels of < 50 copies/

ml) have higher levels of ADCC antibodies than viraemic

subjects, with an absence of correlation between cytotoxic

T lymphocytes and neutralizing antibodies.6 Whether

these results are generalized across larger numbers of

long-term slow-progressors (LTSP) subjects is not clear.

In addition, the HIV epitopes targeted by efficient ADCC

are unknown but would logically be interesting vaccine

targets.

We analysed ADCC responses using an assay studying

antibody-mediated interferon- c (IFN-c) and CD107a

expression of NK cells. We studied serum samples from

139 HIV-infected subjects not on anti-retroviral therapy;

65 subjects were LTSP who maintained a CD4 T-cell

count of > 500/ll for at least 8 years after infection and

the remaining 74 subjects were non-LTSP. We found that

ADCC responses in LTSP subjects were broadly reactive

against multiple HIV proteins and that LTSP subjects dis-

proportionally targeted three specific ADCC epitopes

within Vpu (viral protein U).

Materials and methods

Study subjects

The characteristics of the 139 subjects are shown in

Table 1. All subjects were HIV-infected and not on anti-

retroviral therapy at the time of sampling. Subjects

enrolled in both cohorts provided written informed con-

sent and the relevant human research ethics committees

approved all studies. Subjects were recruited both through

the Long-term non-progressor network co-ordinated by

the Kirby Institute, Sydney, Australia and through the

Melbourne Sexual Health Centre, Australia. Sixty-five of

the subjects met the pre-defined criteria as LTSPs, being

HIV-positive for more than 8 years without anti-retrovi-

ral therapy and maintaining a peripheral CD4+ T-cell

count above 500 cells/ll. There were no viral load entry

criteria. The remaining 74 subjects did not meet the crite-

ria for LTSP (i.e. had not maintained CD4 T-cell counts

> 500 cells/ll for 8 years). For both cohorts, serum for

ADCC testing was derived from the earliest time-point

available. To assess the impact of ADCC responses on

future CD4 T-cell count decline, we obtained all CD4

count data collected in routine care up to either the last

day of follow up or the last available CD4 count before

starting therapy.

ADCC intracellular cytokine staining assay

The ADCC intracellular cytokine staining-based assay was

used to analyse cytokine production and degranulation of

ADCC-activated NK cells as described previously.25

Briefly, 150 ll of healthy donor whole blood and 50 ll of
patient serum was incubated at 37° with either HIV pep-

tide pools, individual 15 mer peptides, or gp140 Env pro-

teins (1 lg/ml) for 5 hr in the presence of Brefeldin A

and monensin (10 lg/ml; Sigma, St. Louis, MO). Follow-

ing incubation, CD3� CD2+ CD56+ NK lymphocytes

were analysed for the expression of intracellular IFN-c
and the degranulation marker CD107a. Fluorescent anti-

bodies used for these experiments were CD3 (catalogue#

347344, fluorescent label: Peridinin chlorophyll protein),

CD2 (556611, FITC), CD56 (555516, phycoerythrin),

CD107a (624078, allophycocyanin), IFN-c (557995,

Alexa700) all obtained from BD Biosciences (San Jose,

CA). We define NK cells in this assay as

CD56+ CD2+ CD3� because CD16, although a useful

NK-cell marker, is an Fc receptor bound by antibody in

the ADCC process. To be classified as being positive for

NK-cell-mediated activation, a response had to fulfil two

criteria. First, NK cell CD107a and IFN-c expression was

more than three times that of unstimulated NK cells

incubated with subject sera but without antigens. Second,

a positive response was greater than the mean plus two

standard deviations above the response of 10 separate sera

samples from HIV-negative donors assayed with each of

the peptide pools. The ADCC responses were detected

using Consensus subtype B HIV overlapping 15 mer pep-

Table 1. Clinical characteristics of the study cohorts

LTSP Non-LTSP P-value

Number of subjects 65 74

Median age (years) 41 37 NS

Male/female 63/2 68/6 NS

CD4 count at entry,

cells/ll
673

(572–889)1
494

(370–687)

0�0001

Viral load at entry,

copies/ml

2529

(457–9000)

25 100

(5060–68 775)

0�0004

CCR5D32 heterozygotes 16/452 ND NA

HLA B27 or B57 23/563 ND NA

LTSP, long-term slow-progressors.
1Median, interquartile range.
2CCR5D32 screening was performed on 45 of the LTSP subjects.

There were no CCR5D32 homozygotes.
3HLA-B typing was performed on 56 of the LTSP subjects.
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tides supplied by the National Institutes of Health AIDS

reagent repository. The pools were divided into Env, RTV

pool (which spans the Rev, Tat and Vpu regulatory pro-

teins), VVN pool (which spans Vpr, Vif and Nef pro-

teins) and two pools spanning Pol proteins – Pol1, Pol2.

ADCC responses to pools of 15 mer peptides overlapping

by 11 amino acids were further mapped to single 15 mer

peptides. We chose not to analyse ADCC responses

against Gag peptides because both a pilot study and a

previous study26 showed only rare ADCC responses to

Gag and the volume of sera available was limited.

Results

Magnitude of ADCC responses does not correlate
with CD4 T-cell decline in LTSP

Sixty-five LTSP anti-retroviral therapy-naive HIV-infected

subjects were recruited based on the maintenance of CD4

T-cell counts above 500/ll for over 8 years after infection,

and 74 non-LTSP subjects who did not meet the LTSP

criteria were also recruited (Table 1). As expected, the 65

LTSP subjects had a lower median HIV viral load at

study entry and higher CD4 T-cell counts (Table 1).

Most studies have correlated the magnitude of ADCC

responses to rates of progression of HIV infection

(reviewed in ref. 9); however, there have been limited

studies performed on larger numbers of LTSP subjects.

The magnitudes of ADCC responses against either gp140

or HIV-1 protein overlapping peptide pools were mea-

sured based on the proportion of NK cells activated by

sera using the same healthy donor source of NK cells as

illustrated in Fig. 1(a). We detected ADCC-mediated

NK-cell activation across most (50 of 65) subjects in the

LTSP cohort. The ADCC responses were most common

against gp140 protein and Env peptides (47 and 40 sub-

jects, respectively), with smaller numbers targeting the

RTV, VVN pool or Pol peptide pools (Fig. 1b). The mag-

nitude of the NK-cell activation mediated by ADCC was

plotted against the decline in CD4 T cells over time. We

found no correlation between the magnitude of the

responses against any of the HIV-1 antigens studied and

the change in CD4 T-cell percentage over time. Correla-

tions between ADCC responses to gp140 protein or the

RTV peptide pool and CD4 T-cell decline are shown in

Fig. 1(c). A similar lack of correlation was observed with

the magnitude of the ADCC to Env, Pol and RTV pep-

tide pools and CD4 T-cell loss over time (P > 0�3, log-
rank test).

Comparison of HIV-specific ADCC responses in the
LTSP and non-LTSP cohorts

Antibody-dependent cellular cytotoxicity immunity

against HIV is generally assessed against Env proteins;

however, we detected a surprising number of ADCC

responses targeting non-Env-overlapping HIV peptides.

The significance of these ADCC responses is unclear. We

compared the presence of HIV-specific ADCC responses

against multiple HIV proteins in LTSP sera with that in

non-LTSP sera using the intracellular cytokine staining-

based ADCC assay described above. The ADCC responses

targeting the trimeric gp140 protein and Env peptides

were not significantly more common in the LTSP cohort

(P > 0�1, analysis of variance Fig. 2a). However, we found

that sera from the 65 LTSP subjects more commonly had

ADCC-mediated NK-cell activation responses directed to

the two pools of regulatory/accessory proteins (RTV pep-

tide pool P = 0�017, VVN pool P = 0�014) compared

with sera from the 74 non-LTSP subjects.

Breadth of immunity is a key issue for T-cell-mediated

control of HIV27,28 and is also important for humoral

immunity.29 We therefore studied how many HIV-1 pep-

tide pools were targeted by ADCC responses across both

cohorts. The proportion of subjects that responded to

multiple peptide pools was significantly higher in the

LTSP cohort compared with the non-LTSP cohort

(P = 0�003 Fisher’s exact test, Fig. 2b). For both cohorts

a healthy donor was used as a source for the NK cells,

thereby excluding the possibility that the differences were

the result of a loss of NK-cell function during the pro-

gression of disease.

Mapping of ADCC epitopes in LTSP cohort

The ADCC epitopes more commonly targeted by LTSP

subjects could represent interesting vaccine antigens. We

therefore undertook to map ADCC epitopes in the LTSP

cohort. We focused on identifying epitopes within the

RTV pool because we had limited amounts of stored sera

and the magnitude of responses against this pool tended

to be high (Fig. 1b).

The ADCC responses to the RTV pool were mapped to

several specific peptides. First, the RTV pool was broken

down into the constituent pools, Rev, Tat and Vpu, and

the ADCC responses to these pools were analysed

(Fig. 3a). In each case the ADCC responses targeted Vpu.

ADCC responses to the 19 overlapping peptides compris-

ing the Vpu peptide pool were measured and then

responses were measured to three smaller pools of six or

seven Vpu peptides (Fig. 3b). ADCC responses to indi-

vidual Vpu peptides were then studied to identify the epi-

tope (Figs 3c and 3d shows two separate subjects).

A total of seven subjects in the LTSP cohort and no

subjects in the non-LTSP cohort had ADCC responses

mapped within the RTV peptide pool (Table 2). Three

epitopes within the Vpu pool were targeted by seven sub-

jects, with six of these seven subjects targeting multiple

Vpu peptides (an example of a subject targeting two Vpu

© 2012 The Authors. Immunology © 2012 Blackwell Publishing Ltd, Immunology, 138, 116–123118
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Figure 1. Magnitude of antibody-dependent cellular cytotoxicity (ADCC) responses within the long-term slow-progressors (LTSP) cohort.

(a) Gating strategy for the intracellular cytokine staining (ICS) ADCC assays. The gating strategy for the ICS assay first gates on lymphocytes in

the forward/side scatter and then CD3� CD2+ CD56+ natural killer (NK) lymphocytes analysed for dual intracellular interferon-c (IFN-c) and

surface CD107a expression. (b) The magnitude of ADCC-mediated NK cell IFN-c and CD107a expression across the LTSP cohort were measured

for the various peptide pools. Every dot represents a subject and only subjects that induced an ADCC response above background levels (more

than three times unstimulated sera and > 2 SD over HIV-negative controls) are depicted. (c) CD4 percentage changes over time in correlation

with the magnitude of ADCC response within the LTSP cohort for the gp140 protein (left panel); and the RTV peptide pool (which spans the

Rev, Tat and Vpu regulatory proteins; right panel).
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epitopes is shown in Fig. 3d). We found that the three

overlapping peptide epitopes identified (peptides 7–8:
VVWTIVFIEYRKILRQRKI, peptides 10–12: ILRQRKID

RLIDRIRERAEDSGN and peptides 18–19: SALVEMGHH

APWDVDDL) in Vpu were targeted at higher frequencies

by LTSP compared with subjects from the non-LTSP

cohort. No responses to other peptides within Vpu were

identified. The Vpu epitope VVWTIVFIEYRKILRQRKI

was targeted by five of the 65 subjects of the LTSP cohort

and by no subjects in the non-LTSP cohort (P = 0�02,
Table 2). The Vpu epitopes ILRQRKIDRLIDRIRER

AEDSGN and SALVEMGHHAPWDVDDL were both

targeted by four of the 65 subjects from the LTSP

cohort and by no subjects in the non-LTSP cohort

(P = 0�045).

Discussion

The ADCC responses to HIV are induced early during

infection and several studies have shown that ADCC is

associated with protection from SIV disease in maca-

ques,4,30 delayed progressive HIV infection in humans,6,8

protection from HIV-1 infection in intravenous drug

users,31 and lower genital HIV viral loads.32 The specifici-

ties of ADCC responses associated with slower HIV-1

progression are unclear but of direct relevance as vaccine

targets.

In this study we investigated ADCC immune responses

in HIV-infected subjects with LTSP. ADCC responses to

multiple HIV peptide pools were significantly more com-

mon in LTSP subjects than in non-LTSP subjects. Specifi-

cally, we found that peptides spanning regulatory/

accessory proteins of HIV were targeted more frequently

by LTSPs. Through a process of mapping ADCC epitopes,

we found that three specific ADCC epitopes in Vpu were

targeted in seven out of 65 individuals in the LTSP sub-

jects and none of the non-LTSP subjects.

Why would Vpu be targeted by ADCC and would this

be relevant in HIV-infected cells? Vpu is a multifunction-

al protein that is expressed within the cell membrane and

at least part of the protein may be accessible to ADCC

antibodies.33–37 It will be important in future studies to

assess whether purified or monoclonal Vpu epitope-spe-

cific ADCC antibodies can recognize virus-infected cells.

Vpu is expressed early in the HIV replication cycle and

ADCC-mediated NK-cell recognition of Vpu-expressing

cells may limit release of new virions. We speculate that

if Vpu can be presented in a manner that elicits func-

tional and effective ADCC responses, then the Vpu

ADCC epitopes that we describe could be interesting vac-

cine antigens. Interestingly, a study by Chen et al. in

200338 suggested that Vpu-specific antibody responses

detected by Western blot were associated with slower dis-

ease progression.

An important caveat of this work is that our mapping

of ADCC responses was limited to linear peptide epitopes

that could be defined with individual peptides. Confor-

mational ADCC epitopes within Vpu and other HIV pro-

teins recognized by LTSP subjects would also be of

considerable interest, but such epitopes are more difficult

to map. Further, the number of LTSP subjects that gener-

ated Vpu peptide-specific ADCC responses was modest

(seven of the 65 subjects, 10�8%). However, this might be

expected because multiple other mechanisms, such as

HLA class I molecules and CCR5 deletions, have been

associated with slow HIV progression.39,40 Indeed, 35% of

the LTSP subjects tested were CCR5D32 heterozygotes

and 41% of the LTSP subjects tested had either HLA B27

or B57 alleles.

It is possible that ADCC responses targeting common

epitopes in Env or other HIV-1 proteins are also associ-
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against HIV peptide pools. (a) Comparison of the percentage of

responders that introduce ADCC responses from both cohorts to

HIV-1 peptide pools as measured by interferon-c (IFN-c) and

CD107a expression from gated natural killer (NK) cells. Significant

differences are indicated by asterisks (P < 0�02). (b) Comparison of
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the LTSP cohort and the non-LTSP cohort were significant

(P = 0�003) in a 4 9 2 Fischer’s exact test.
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ated with slowly progressive HIV. The C1 region of Env

has recently been shown to be a common target of ADCC

antibodies41 and we recently showed that ADCC epitopes

within C1 can force immune escape.42 Our ability to fully

map Env-specific ADCC in the LTSP cohort was limited

by the volumes of sera available from the LTSP cohort and

the large number of overlapping peptides spanning Env.

This is a subject of ongoing research. The large diversity of

infecting Env strains, the ability of Env to readily escape

antibody responses, and the limited apparent fitness costs

of Env variants potentially makes Env a less attractive tar-

get than more conserved HIV proteins.42–45

Although this study identifies an immune response

associated with slow HIV progression, this does not prove

that this response is causally linked to slow progression.

LTSP subjects are by definition infected for long periods

of time and the anti-HIV ADCC responses may broaden

over time unrelated to the control of viraemia. Previous

smaller studies suggest broadening of ADCC responses

over time.46,47 However, we are now in a position to
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Figure 3. Mapping of antibody-dependent cellular cytotoxicity (ADCC) epitopes in Vpu. Representative flow cytometry plots of ADCC-mediated

natural killer (NK) cell activation [interferon-c (IFN-c) and CD107a expression] are shown for sera from long-term slow-progressors (LTSP) sub-

jects responding to Vpu peptides. The top panel (a) shows a response to the RTV (Rev, Tat, Vpu) peptide pool which is mapped to the Vpu
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row (c) shows the Vpu response from (a) and (b) that is mapped to individual overlapping peptides 10–12. The fourth row (d) shows another

serum from another LTSP subject with Vpu epitopes mapped to two other overlapping peptide epitopes.

Table 2. Vpu epitopes targeted by long-term slow-progressors (LTSP)

Overlapping

15 mer peptides Sequence LTSP cohort Non-LTSP cohort

P-value

(Fisher’s exact test)

Vpu 7,8 VVWTIVFIEYRKILRQRKI 5/65 (7�7%) 0/74 (0%) 0�020
Vpu 10,11,12 ILRQRKIDRLIDRIRERAEDSGN 4/65 (6�2%) 0/74 (0%) 0�045
Vpu 18,19 SALVEMGHHAPWDVDDL 4/65 (6�2%) 0/74 (0%) 0�045
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definitively test the protective effects of these Vpu ADCC

antibodies in passive transfer studies in macaques subse-

quently challenged with chimeric SHIV expressing HIV-1

Vpu. Previous passive transfer experiments using neutral-

izing antibodies have suggested an important additive

role for ADCC functions,10,48 but the utility of ADCC

antibodies without neutralizing activity in protecting

macaques from SHIV infection is not known.

In conclusion, we studied HIV-specific ADCC

responses in a large cohort of LTSP subjects. We found

that ADCC responses to specific Vpu epitopes are over-

represented in LTSP subjects and warrant further study as

vaccine antigens.
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