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Introduction

The human immunodeficiency virus (HIV) directly targets
and devastates the host’s immune system; it is therefore
paramount to examine ways in which the host may mount
effective defences against HIV attacks. Natural killer (NK)
cells are critically involved in several pathways that combat
HIV infection, such as through secreting degranulated per-
forin and granzyme B to kill target cells; the Fas—FasL
pathway to induce lysis of infected cells; production of
cytokines to regulate immunity; and antibody-dependent
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Summary

This study evaluates the correlation between natural killer (NK) cell function
and human immunodeficiency virus (HIV)-1 disease progression in 133
untreated HIV-1 positive Chinese subjects, including 41 former plasma
donors (FPDs) and 92 men who have sex with men, and 35 HIV-negative
controls. Flow cytometry was used to determine the abundance of NK cell
subsets, the expression levels of receptor species, human leucocyte antigen
(HLA) genotyping and the antibody-dependent cell-mediated cytotoxicity
(ADCC) responses of NK cells. We observed a decreased expression of
CD56%"CD16* NK cell subsets and an increased expression of CD56"CD16*
with HIV-1 infection. As well, the expression of activating and inhibitory
receptors increased significantly in NK cells, but CD16 receptor levels and
the NKG2A/NKG2C ratio were down-regulated with HIV-1 infection. ADCC
responses were higher in elite controllers than in all other groups, and were
correlated inversely with HIV-1 viral load but correlated positively with CD4
count only in FPDs. Furthermore, individuals infected for <1 year have
lower ADCC responses than those infected for > 1 year. We also observed
a negative association between ADCC responses and viral load in those
who carry the HLA-A*30/B*13/Cw*06 haplotype. The positive correlation
between CD16 expression and ADCC responses and a negative correlation
trend between CD158a and ADCC responses were also observed (P = 0-058).
Our results showed that the ADCC response is associated with patients’
disease status, receptor expression levels, infection time and specific HLA
alleles, which indicates that ADCC may offer protective effects against HIV-1
infection.

Keywords: antibody-dependent cell-mediated cytotoxicity, human immuno-
deficiency virus type 1, human leucocyte antigen class I, natural killer cells,
receptors

cell-mediated cytotoxicity (ADCC) to lysis infected cells
[1]. NK cells are classified into three subsets, CD3™¢
CD16™CD56%™,  CD3"¢CD56"#" and CD3"¢CD16"
CD56"¢ [2]. The ability of NK cells to mediate protection
against viral infection depends not only on the relative
abundance of each subset, but also on the composition of
receptors on the NK cell surface: inhibitory NK receptors
(iNKRs) and activating receptors [3]. During infections, the
binding of NK cell receptors to ligands on the target cell can
cause it to overcome inhibitory signals and become acti-
vated, culminating in the killing of the target cell [4]. As the
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effector cells of ADCC, NK cells can also be activated by the
binding of its receptors (such as CD16) to the Fc portion of
antibodies attached to the surface of target cells [1].

As described previously by Zhang et al., both the propor-
tion of total NK cells and the cytotoxic subset are down-
regulated during HIV-1 infection, but the expression of
NKG2A and NKG2C on the NK cell surface is increased [5].
However, the exact composition and status of NK cell
receptors during infection is still under debate. Some
studies have indicated that the expression of activating
receptors are decreased and inhibiting receptors are
increased during progressive HIV infection [6], while others
showed that inhibitory receptor levels are not elevated sig-
nificantly [7]. In addition, NK cell receptors could bind spe-
cific human leucocyte antigen class I (HLA-1) molecules;
the studies have shown that particular HLA alleles appear
to be associated with stemming the progression of HIV-1
infection [8]. Jia et al. found that specific HLA alleles may
be associated with restricted viral load in Chinese HIV-1
patients, and this may be due to Gag-specific cytotoxic T
lymphocyte (CTL) responses; however, the study was
focused solely on adaptive immune responses [9]. Recently,
research found that NK cells are protective against HIV
disease progression through combinations of killer cell
immunoglobulin-like receptors (KIR) and their HLA class I
ligands [10]. Parsons etal. reported that the KIR3DL1/
HLA-Bw4 combinations have higher responsiveness on NK
cells expressing the 3DL1 receptor, which mediate protec-
tion through lysis of HIV-infected cells [11]. Tiemessen
et al. demonstrated that possession of one HLA-C1 allele
and more KIR2DL/S genes was associated with increased
magnitude of NK cell responses and significantly decreased
HIV viral load [12].

Recently, a study by Gomez-Roman ef al. demonstrated
that antibody responses could inhibit HIV-1 replication,
due at least partly to ADCC [13]. Indeed, there is still debate
regarding the exact role of ADCC in HIV-1 infection. Some
research has indicated that HIV replication is correlated
negatively with ADCC response [14,15], but others have
demonstrated a lack of correlation [16]. The inconsistencies
in outcome may be due in part to differences in experimen-
tal measures (e.g. rapid fluorometric ADCC assay, intracel-
lular *'chromium assay or intracellular cytokine staining
(ICS) ADCC assay [17]).

Thus, there is currently no firm consensus on the func-
tion of NK cells during HIV-1 infection. At the same time,
HIV-1 infection is impacted by multiple factors, including
the viral genetic diversity, host—pathogen interactions and
host immunological reactions. This study therefore sought
to evaluate the correlation between ADCC and HIV-1
disease progression through examining the distribution of
NK cell subpopulations and measuring receptor expression
and specific ADCC responses in a chronically infected
cohort of treatment-naive former plasma donors (FPDs).
The infection time of this cohort was highly uniform
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(17-19 years), and all individuals were infected by a single
closely related HIV-1 strain via unregulated commercial
plasma donation practices in the mid-1990s. This cohort
included 10 elite controllers, who maintained HIV viral
load below detection for almost 10 years without therapy;
the mechanism through which this occurs is not well
understood, but is presumed to be associated with ADCC
[18]. Furthermore, we examined the correlation between
ADCC responses and HIV-1 viral load in FPDs with or
without the HLA-1 alleles of interest. Finally, to determine
whether the duration of infection would influence ADCC
responses, we also recruited and analysed a cohort of HIV-
1-positive men who have sex with men (MSM) infected for
different lengths of time (3 months-5 years).

Methods

Subjects

We recruited 133 HIV-1-infected participants and 35
healthy HIV-negative controls. Infection was defined by
HIV-1-specific antibody tests with enzyme-linked immuno-
sorbent assay (anti-HIV ELISA kit; Wantai, Beijing, China)
and confirmed by Western blot (anti-HIV-1 Western blot
kit; Aoya, China). All HIV-positive individuals from Fuyang
City (Anhui Province, China) and Beijing City were naive of
therapy. The protocols used were approved by the Institu-
tional Review Board of the National Center for AIDS/
Sexually Transmitted Disease Control and Prevention,
Chinese Center for Disease Control and Prevention. Subject
recruitment was approved by an institutional human ethics
committee. All subjects provided written informed consent
before sample collection.

FPD

This cohort included 41 chronically infected HIV individu-
als from local clinics in Anhui Province of China, infected
between 1992 and 1995 [19]. The subjects were divided into
three groups according to their clinical states: elite control-
lers, non-controllers with high CD4" count (CD4*") and
non-controllers with low CD4" count (CD4"") (Table 1).

MSM

This cohort included 92 HIV-1 positive subjects. Subjects
were divided into three groups according to the length of

their infected time: <1 year, 1-3 years and >3 vyears
(Table 1).

HIV-1 specific peptides

We used a 95% purified viral envelope peptide pool con-
taining 20-mers (overlapping by 10 amino acids) from
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Table 1. Characteristics of the study participants.

Impaired ADCC in HIV infection

Cohort FPD MSM Healthy
Group CD4tlow * CD4high * <1 year 1-3 years > 3 years Healthy
No. 10 21 45 33 14 35
Age (years) 419 £ 50 48-1 =72 46:5 £ 71 28:0 = 7-1 319 £ 86 34-0 £ 7-1 30-1 = 54
Gender (female/male) 5/5 8/13 0/45 0/33 0/14 18/17
CD4* count (cells/pl) 276 = 49 566 * 186 613 £ 133 384 £ 173 363 £ 112 352 * 258 n.a.
Viral load (copies RNA/ml) 12657 = 110144 11058 * 289 153 <LDLf 35611 * 44320 22227 = 47376 25996 * 33 140 n.a.
Infection time (years) 158 13 16-4 = 0-6 16-4 = 0-3 0-5*0-2 2:0 £ 07 52 * 24 n.a.
HLA-A*30/B*13 4 (40%) 8 (38%) 5 (50%) n.a. n.a. n.a. n.a.

/Cw*06 no. (freq)*

All data displayed as mean = standard deviation (SD). *The former plasma donors (FPD) cohort is divided by CD4" cell count and by viral load:
CD4™": non-controllers with viral load > 10 000 copies RNA/ml, CD4 decline > 50 cells per year, and CD4" cells count < 350 cells/ul; CD4™*": non-
controllers with viral load > 10 000 copies RNA/ml, CD4 decline > 50 cells per year, and CD4* cells count > 350 cells/ul; EC: elite controllers who keep
viral load < LDL over 10 years. 'LDL: low detection limit =40 copies RNA/ml. *Numbers and frequency of subjects who carried HLA-A*30/B*13/
Cw*06 in three groups. HLA: human leucocyte antigen; MSM: men who have sex with men; n.a.: not available.

HIV-1 strain CN54 (Bio-scientific Co., Shanghai, China).
Each peptide stock used was 1 mg/ml dissolved in RPMI-
1640 with 10% dimethyl sulphoxide (DMSO), then diluted
in RPMI-1640 to a working concentration of 1 pjtig/ml.

Sample processing

Blood samples were collected in sodium-heparin (anti-
coagulated) and sent to the laboratory within 8 h; 100 pl of
fresh whole blood was used for CD4" T cell counting and
200 pl for the ADCC ICS assay. DNA was extracted from
300 pl whole blood using a commercial kit (Qiagen, Valen-
cia, CA, USA). The plasma was separated and stored at
—70°C for viral load assay. We also used peripheral blood
mononuclear cells (PBMC) for the NK receptor phenotype
assays, which were isolated by density-gradient centrifuga-
tion on Ficoll-Hypaque (Pharmacia, Stockholm, Sweden).

ADCC ICS assay

Whole blood samples were incubated at 37°C for 5 h with
envelope (env) peptide pool. Brefeldin-A 5 pg/ml (Sigma,
St Louis, MO, USA), GolgiStop 0-3 ug/ml and CD107a-
allophycocyanin (APC) (BD Biosciences, Franklin Lakes,
NJ, USA) were added according to protocol. Negative
(DMSO 1 pg/ml; Sigma) and positive controls [phorbol-
12-myristate-13-acetate (PMA) 1 pg/ml and ionomycin
1 ug/ml] were also included for each sample. Samples were
surface-stained with live/dead dye Amcyan (Invitrogen,
Carlsbad, CA, USA), CDI14-Pacific Blue, CD3-peridinin
chlorophyll (PerCP) and CD56-phycoerythrin (PE), then
lysed, permeabilized and intracellularly stained with inter-
feron (IFN)-y-Alexa Fluor700 (BD). Data were acquired on
Aria I and analysis was performed on FlowJo software (Tree
Star Inc., Ashland, OR, USA).

NK phenotype assay

PBMC were surface-stained with monoclonal flow anti-
bodies: live/dead dye Amcyan (Invitrogen), CD14-Pacific

© 2012 The Authors

Blue, CD3-PE-Texas Red (Beckman Coulter, Brea, CA,
USA), CD16-APC cyanin 7 (cy7), CD56-PEcy7, CD158a-
fluorescein isothiocyanate (FITC), NKP46-APC (BD),
NKBI1-Alexa Fluor 700 (Biolegend, San Diego, CA, USA),
NKG2A-PE and NKG2C- PerCP (R&D Systems, Minneapo-
lis, MN, USA).

All sample data were acquired with fluorescence activated
cell sorter (FACS) Aria I (BD); 3 x 10° lymphocytes were
collected per sample. Data were analysed with FlowJo soft-
ware (Tree Star Inc.).

CDA4* T cell count and viral load assay

Absolute CD4* T cell count was obtained by a fluorescence
activated cell sorter (FACS) Calibur TruCount tubes (BD)
and Tritest reagents CD3-FITC/CD4-PE/CD45-PerCP
(BD). Results were analysed by MultiSETTM software (BD).
Plasma HIV viral load was also measured by fluorescent
real-time polymerase chain reaction (PCR) (Cobas Ampli-
cor; Roche, Basle, Switzerland) and analysed using Amplicor
ultrasensitive assay (Roche). The RNA detection threshold
was 40 copies/ml.

HLA class I typing

HLA genotyping was performed using sequence-specific
PCR primers with a commercial typing kit [HLA-ABC
sequence-specific priming (SSP) Morgan™ Kits, Texas Bio-
systems, Inc., TX, USA], according to the manufacturer’s
protocol.

Statistical analysis

Data analysis and figure production were performed using
SigmaPlot version 10-0, SigmaStat version 3-5 (SPSS Inc.,
Chicago, IL, USA), GraphPad Prism version 5 (GraphPad
Software Inc., San Diego, CA, USA) and Microsoft Excel
2007 (Microsoft Corp.). As our data did not pass normality
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tests, multiple comparison among groups was performed
using the Dunn’s t-test (Kruskal-Wallis one-way analysis of
variance on ranks). When there were significant differences
among groups (P <0-05), Mann—Whitney U-tests were
adopted to compare differences between groups, using a sig-
nificance threshold of P < 0-05. Spearman’s non-parametric
rank test was used in the regression analysis of non-normal
data, and Pearson’s two-parametric correlation analysis was
performed for normal data. In all analyses, we used a viral
load value of 39 RNA copies/ml for samples with viral load
below the limit of detection (40 RNA copies/ml). In order
to investigate the interaction between HLA and ADCC, we
standardized our continuous variables (ADCC, HLA) by
subtracting the mean and dividing by the standard devia-
tion, and fitted them into the generalized linear model (sas
version 8-2).

Results

NK subsets changed in frequency during
HIV-1 infection

Compared to healthy individuals, total NK cell count
(Fig. 1c) in elite controllers showed no significant reduc-
tion, while NK cell counts for the non-controller groups
were decreased significantly. In contrast, in all HIV-infected
FPDs, the proportion of the CD16**CD56%™ subset relative
to total NK cells was decreased significantly (P < 0-001)

compared to healthy controls. As well, the abundance of the
CD16P*CD56%™ in the CD4"*" group was reduced signifi-
cantly compared with the other infected groups and with
controls (Fig. 1d). Expression of the CD56™" subset was
decreased in all HIV-positive groups compared to healthy
controls (Fig. le). Moreover, the proportions of the
CD16°CD56"% NK subset relative to total NK cells were
higher in the HIV-positive groups than in healthy controls
(P<0-001), and was lower in elite controllers compared to
the CD4™" group (Fig. 1f). Overall, we observed that the
CD16P*CD56%™ subset of NK cells decreased and the
CD16**CD56™# subset increased during HIV-1 infection,
which is in line with previous research [20]. We also found
that the prevalence of CD16°*CD56™¢ NK cells relative to
functional subsets was aggravated with decreasing CD4*
T cell count.

NK receptor expression is altered during
HIV-1 infection

Activating receptors

In chronically infected FPDs, the expression of the activat-
ing receptor NKG2C was significantly higher in total NK
cells compared to healthy controls (P < 0-05); NKG2C levels
were also higher in CD4"" non-controllers compared
to elite controllers (P <0-05; Fig.2b). For the receptor
NKP46, expression in total NK cells was higher in both
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Fig. 1. Comparison of natural killer (NK) cell subsets in the peripheral blood of human immunodeficiency virus(HIV)-infected patients and

healthy controls. (a,b) Gating of NK cells subsets in representative subjects is shown. NK cells from chronic viraemic HIV-1-positive individuals
[CD14"#CD3"¢ peripheral blood mononuclear cells (PBMC) gate] were classified into three subsets: CD16P*CD56%™, CD56" %" and
CD16P*CD56"%. (c—f) The expression levels of total NK cells and the CD16P*CD56%™, CD56" " and CD16P*CD56™¢ subsets, respectively, in former

plasma donors (FPDs) with different groups and in healthy controls.
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Fig. 2. Natural killer (NK) cell receptor species were determined through flow cytometry using peripheral blood mononuclear cells (PBMC) from
former plasma donors (FPDs). (a) Gating of NK cells (CD14™¢CD3"¢ CD56"-CD16"~ lymphocyte gate) and NK cell receptors in representative
subjects is shown. (b,c) NK activating receptors NKG2C and NKP46 were elevated in the total NK cells during human immunodeficiency

virus(HIV)infection, and were highest in CD4**" non-controllers. (d) Expression of activating receptor CD16 was lower in total NK cells during
HIV infection. (e,f) Inhibitory receptors CD158a and NKG2A were also elevated during HIV infection. (g) The ratio of NKG2A/NKG2C was lower
in non-controllers compared to healthy controls. (h) Inhibitory receptor NKB1 was not different among groups; (b-h) marked with median

expression levels.

non-controller groups compared to healthy controls
(P<0-001), and also higher in CD4"™" non-controllers
compared to elite controllers (P < 0-05) (Fig. 2¢c). Further,
the expression of receptor CD16 in total NK cells in non-
controllers was lower than in healthy controls, and signifi-
cantly lower in CD4"" non-controllers compared to all
other groups (Fig. 2d).

Inhibitory receptors

The expression of receptor CD158a was higher in CD4"¥
non-controllers compared to healthy controls in total
NK cells (Fig. 2e). The expression of inhibitory receptor
NKG2A in total NK cells was increased significantly in the
CD4™" non-controllers compared with the other three
groups (Fig. 2f).

Interestingly, the ratio of NKG2A receptors (inhibitory)
to NKG2C receptors (activating) on NK cells was lower
in CD4"" non-controllers compared to either healthy

© 2012 The Authors

individuals or elite controllers, whose ratio was usually
above 1; the ratio in CD4"™" non-controllers was also lower
compared to healthy individuals (Fig. 2g). However, there
was no difference of NKB1 among groups, but a reductive
trend in infected individuals (Fig. 2h). In addition, we did
not find a significant association between the altered
expression of NK cells receptors during HIV-1 infection
with either absolute CD4" T cell count or HIV-1 viral load
(data not shown).

We also analysed the expression level of receptors in each
NK subset (Supplementary Fig. S1), and found the expres-
sion of all receptors in CD16"*CD56%™ were similar to
those in total NK cells. There was no significant difference
among different subgroups in the CD56™#" subset. In the
CD16CD56"# subset, however, we observed that NKP46
expression was lower in the HIV-positive groups compared
to healthy controls. In contrast, the expression of NKG2A
was higher in the HIV-positive groups compared to healthy
controls.

111

Clinical and Experimental Immunology © 2012 British Society for Immunology, Clinical and Experimental Immunology, 171: 107-116



M. Jia et al.

(a)
Live lymphocyte CD14- CD3- CD56* env
250K e R 250K 250K F
10°E3.19
200K 200K} 200K} 8
< < < 104
G 150K O150K} B150KF <
(9] [} [} =) .
9 100K 100K} D100k} z10°g
50K o] = 50K | § - 50K | - ok
97.8422 2.059 i J ) < T
vt ot s o A= - (O R T - e 3l
0. 10° 10* 10° 0 10° 10* 10° 0102 10° 10* 10° 0 _10° 10* 10°
CD14 pacific blue CD3 PerCP CD56 PE CD107a APC
()  P=0046 (© . (@ < (©
= . S r=0488 & r=-0-299
<107 P=0007 <15 P <0-001 10 P=0001 10 P=0-058
< < P < 0-001 g . 5 .
+ + ) 8
P . u ?)10 L . . 2 . .
] .o . .
£ol" 0. £ 3 o Somel Tt
3 L 3 S .’ 9 <.
R T &5 g 4 A D S
2o ! 2 25 =2 Ce
8iled w8, §ol - lin® Sl Tai.t
. Q ot s . .
low (D 4igh <1 13y -3y < 50 60 70 80 90 100<< O 20 40 60 80 100
CD4PCD4"sn EC Healthys't\ilr%ulation y Yy Yy CD16/NK (%) CD158a/NK (%)

Fig. 3. Human immunodeficiency virus(HIV)-1-specific antibody-dependent cell-mediated cytotoxicity (ADCC) in former plasma donors (FPDs)

with different disease progressions. (a) ADCC response was identified by intracellular expression of CD107a or interferon (IFN)-y in natural killer
(NK) cells (gated CD14"CD3"CD56") using flow cytometry. (b) In response to stimulation by HIV-1 viral envelope peptides, CD107a and IFN-y
expression was significantly lower in non-controllers compared to elite controllers in FPDs. (¢) Among men who have sex with men (MSM),

CD107a and IFN-y expression was lower in individuals infected for < 1 year compared to those at 1-3 years or > 3 years of infection. (d) ADCC

responses were correlated positively with CD16 expression levels in FPDs. (e) There was a general inverse trend between ADCC responses and

CD158a expression in FPDs.

NK cells induced ADCC in chronically
HIV-1-infected individuals

HIV-1-specific NK cell-induced ADCC response was char-
acterized by CD107a or IFN-y expression in NK cells
(Fig. 3a). In response to stimulation by HIV-1 viral enve-
lope peptides, CD107a or IFN-y expression was significantly
lower in non-controllers compared to elite controllers. A
higher trend of ADCC responses was observed in the
CD4"#" group compared with the CD4"" group, although
their difference was not statistically significant (Fig. 3b).

ADCC is correlated with NK cell receptor expression
in FPDs

We analysed the correlation between ADCC responses and
NK receptor expression, and found that only the expression
of CD16 was associated positively with ADCC (Fig. 3d). In
addition, we observed an inverse trend between ADCC
responses and CD158a expression, although no statistically
significant correlation was observed (P=0-058) (Fig. 3e).
No significant correlation between ADCC and NKB1 was
observed (data not shown).

NK-induced ADCC is increased in individuals infected for
longer than 1 year

We enrolled a separate cohort of HIV-1-infected MSM to
examine the association between the duration of infected
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time and ADCC responses. Interestingly, the ADCC
response was significantly lower in individuals infected for
<1 year compared to those at 1-3 years and >3 years
(average 5 years) of infection (P < 0-001). There was no sig-
nificant difference between those infected for 1-3 years and
those at >3 years (Fig. 3¢). Therefore, it is likely that the
in-vivo maturation time of ADCC-inducing antibodies
measures at about 1 year of HIV-1 infection, which requires
further research to validate.

The correlation between ADCC response and disease
progression is influenced by infected time

There was no significant association between ADCC
responses and viral load or CD4" cell count in the MSM
cohort (Fig. 4a,b), which is infected with HIV-1 for a mean
time of fewer than 5 years. However, in the long-term-
infected FPD cohort, ADCC responses were correlated
inversely with viral load (Fig. 4c), but correlated positively
with CD4* cell count (Fig. 4d).

HLA alleles associated with ADCC responses

To determine the relationship between HLA-1 alleles and
HIV-1 viral control, we assessed genotype distribution of
the HLA class I allele in the FPD cohort. We found 11 vari-
ants for HLA-A, 16 for HLA-B and 10 for HLA-C; however,
no statistically significant difference was detected in the
distribution of these alleles among the elite controller and
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Fig. 4. The correlation between human immunodeficiency
virus(HIV)-1-specific antibody-dependent cell-mediated cytotoxicity
(ADCC) and disease progression in cohorts with different infected
time. (a,b) In men who have sex with men (MSM), ADCC responses
had no correlation with viral load or CD4" cell count. (¢,d) Among
former plasma donors (FPDs), ADCC responses were correlated
inversely with viral load, but correlated positively with CD4" cell
count.

non-controller groups (details of HLA variants in Supple-
mentary Table S1). Conversely, the presence of either the
HLA-A*30, B*13 or Cw*06 alleles, as well as the presence of
any or more than one of the three variants (HLA-A*30/
B*13/Cw*06), were observed to have lower viral loads
compared to non-carriers (P < 0-05) (Fig. 5a). Although the
generalized linear model (R*> 0:05) did not find a statisti-
cally significant difference between the ADCC responses of
those with the HLA-A*30, B*13, Cw*06 alleles and those
without (data not shown), there was a general trend of
higher ADCC responses in those carrying one of the three
variants (Fig. 5b). Furthermore, we divided FPDs into two
groups according to whether or not they were carrying
either the HLA-A*30, B*13 or Cw*06 alleles, and assessed
if correlations between ADCC response and disease pro-
gression markers — such as viral load and CD4" cell count —
were affected by allele status. In addition, the negative
correlation between ADCC response and viral load was
found only in those with the HLA-A*30/B*13/Cw*06 alleles
combination rather than those without (P < 0-05; Fig. 5¢,d).
Similarly, the positive correlation between ADCC response
and CD4" count was also observed only in those with the
HLA-A*30/B*13/Cw*06 alleles of interest (Fig. 5e,f).

Discussion

ADCC, as an essential means of NK cell activity against
infection, is at least partly responsible for controlling HIV-1
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viral replication. Indeed, some studies have shown that
ADCC responses were associated with slower progression of
HIV infection [1], although debate persists about this effect
and its mechanisms. Our study demonstrated that ADCC
responses are associated negatively with the clinical progres-
sion of HIV-1 infection and correlated positively with
infected time and specific HLA alleles (HLA-A*30/B*13/
Cw*06) in long-term survivors in a uniformly infected FPD
cohort. This result indicates that ADCC may offer protec-
tive effects against HIV-1 infection. However, using an
ADCC ICS assay, we did not observe similar correlations
between ADCC and CD4 count or viral load in the MSM
cohort. The differences in results may be due to differences
in the homogeneity of infection time in each cohort. The
FPD cohort was infected through a uniform route and
time-period, while the MSM consisted of individuals
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Fig. 5. The correlation between human leucocyte antigen (HLA) class
I alleles and human immunodeficiency virus (HIV) viral replication.
(a) The viral loads in individuals with the HLA-A*30, B*13 or Cw*06
alleles (red), as well as those with any or more than one of the three
variants, were significantly lower than those without these alleles
(green) (P < 0-05). (b) Antibody-dependent cell-mediated cytotoxicity
(ADCC) responses were not significantly different in individuals with
any or more than one of the three variants, compared to those
without these alleles. (c,d) Viral load is correlated negatively with
ADCC response in patients with the HLA-A*30/B*13/Cw*06 alleles,
but no correlation between viral load and ADCC responses in
patients without these alleles. (e,f) Similarly, CD4" cell count was
correlated positively with ADCC response in patients with the
HLA-A*30/B*13/Cw*06 alleles; no correlation was observed between
viral load and ADCC responses in patients without these alleles.
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infected for shorter and more varied periods of time. Fur-
thermore, a study by Chung et al. using similar methodol-
ogy had reported no correlation between ADCC response to
env viral peptide pool and CD4 count or viral load in a
patient cohort with diverse infection time and disease status
[21]. This agrees with our results in the MSM cohort. Our
study therefore constitutes the first detailed analysis of the
ADCC response to HIV-1 in patient cohorts at different
stages of disease progression with different infection times,
using an ICS assay. It is also the first study in Chinese HIV-
I-infected individuals of the effects of infection time
and HLA haplotypes on ADCC responses induced by NK
cells.

Our study first assessed the distribution of NK cell sub-
populations in our cohort of elite controllers and non-
controllers. Consistent with previous findings, we observed
that the clinical progression of HIV is correlated with
changes in the distribution of NK cell subpopulations,
namely a decrease in CD16F*CD56%™ subsets and an
increase in CD16P*CD56™ subsets.

We next assessed the expression levels of several key acti-
vating and inhibitory NK receptors. In line with previous
findings [5], we found the frequencies of activating recep-
tors (including NKG2C) and inhibitory receptors (includ-
ing NKG2A) both increased in chronic HIV-infected
individuals. However, we also found that the ratio of
NKG2A to NKG2C receptors decreased with advanced clini-
cal progression of disease. Therefore, increased activation of
NK cells (through modulated expression of NKG2A com-
pared to NKG2C) may be a marker for indentifying the
clinical course of HIV-1 infection.

Consistent with evidence from Ballan etal. [22], we
observed the inhibitory killer immunoglobulin-like recep-
tor CD158a (KIR2DL1) to be up-regulated in HIV-positive
individuals. However, the expression of NKB1 (KIR3DL1)
was not significantly different among the groups. There was
a negative trend between CD158a expression and ADCC
responses (P = 0-058), indicating that KIR2ZDL1 may inhibit
ADCC. No statistically significant difference was found in
correlation between ADCC responses and CD158a or NKB1
expression, which may be due to HIV-1 escape mutations,
and failure to recognize some viral sequences by ADCC
antibodies during disease progression. Ward etal. also
found that the combination of HLA-C with CD158a,
CD158b and CD159a receptors can inhibit ADCC induced
by NK cells [23]. Meanwhile, we also found increased
expression of the activating receptor NKP46 in patients
with deteriorating clinical status. Conversely, De Maria et al.
reported a correlation between decreased NK cell cytotoxic
function and reduced expression of natural cytotoxicity
receptors (NKp46, NKp30 and NKp44) in viraemic HIV-1
individuals [24]. The discrepancy in outcome may be attrib-
uted to the differences in the cohorts studied (e.g. the infec-
tive stages of HIV-1-positive subjects). The combined
evidence suggests that the pathological effects of HIV-1
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infection may include the disabling of NK cells through
altering NK receptor expression, which inhibits cytotoxicity
and protects infected CD4" cells from destruction by NK
cells.

Subsequently, we assessed the expression of the activating
receptor CD16, an FclII receptor implicated in protective
immune responses against HIV-1 infection, through induc-
ing ADCC and antibody-dependent cell-mediated viral
inhibition (ADCVI) [25,26]. We observed a reduced expres-
sion of CD16 in non-controllers, which points to a link
between attenuated ADCC response and deteriorated clini-
cal progression of HIV infection in long-term survivors. We
also observed a positive association between CD16 expres-
sion and ADCC responses. We therefore investigated the
ADCC responses in patients at different stages of HIV-1
infection; to our knowledge, this was the first study of its
kind among Chinese cohorts with this method. Our results
showed that, along with the decrease of CD4" counts and
increase of viral loads, ADCC responses decreased in HIV-
1-infected individuals with more severe clinical progression.
ADCC antibodies usually exist at relative high titres in HIV-
1-infected individuals and are correlated inversely with viral
replication; functional antibodies are especially high in elite
controllers [27]. Furthermore, HIV-1 controllers were
known to have lower neutralizing antibodies but similar
levels of binding antibodies compared with viraemic
patients [27,28]. Thus, we hypothesized that ADCC
responses play a predominant role in restricting HIV repli-
cation in elite controllers. Interestingly, Chung et al. found
that ADCC antibodies play an important role in forcing
HIV-1 escape mutations, such that more and more ADCC
antibodies failed to recognize viral sequences during disease
progression [29]. Some research has shown that rapid pro-
gressors had significantly lower titres of antibodies capable
of mediating ADCC compared to those of non-rapid pro-
gressors [15,30]. This may explain our finding that ADCC
responses were relatively high in CD4™#" non-controllers,
even as their viral loads differed widely.

In characterizing ADCC responses in HIV patients at dif-
ferent stages of disease, using a cohort of Chinese MSM, we
also examined individuals who had been infected for differ-
ent lengths of time. We found that individuals in the early
days of their infection (< 1 year) had lower responses than
those at > 1 year infection. This may be explained by the
fact that HIV-specific ADCC responds to conformational
viral epitopes presented in early HIV infection, and that
responses broaden to include linear epitopes over time [31].
Therefore, we posit that the infection time duration of 1
year may be the turning-point for NK-induced ADCC to
broaden its response specificity to include linear epitopes.
Because ADCC responses may be induced by monocytes,
which respond very weakly to the env peptide pool (data
not shown), we consider the ADCC responses in the
CD14 CD3°CD56" population were induced mainly by NK
cells.
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Furthermore, we also found that ADCC’s modulation of
HIV replication may be associated closely with HLA-A*30/
B*13/Cw*06 alleles, which is one of the main three-loci
haplotypes in the Chinese Han population [32]. Unlike
most research on HLA and HIV-1 infection, which exam-
ined T cell responses, our study focused on ADCC
responses induced by NK cells. HLA-B*13, a HLA-Bw4
allele, was reported previously to be linked with successful
control of disease progression [33,34]. HLA-Bw4 is the
KIR3DL1 ligand, and NK cells can mediate ADCC against
HIV-infected target cells through the interaction between
KIR3DL1 and HLA-Bw4. The interaction induces NK cells
to produce more cytokine and degranulation against target
cells [11]. In addition, HLA-A*30 and Cw*06 were reported
to be associated with lower viral loads [9]. HLA-Cw*06 is
an HLA-C group 1 (C1) allotype, which plays an important
role in reducing HIV viral load and increased HIV peptide-
specific NK cell responses [11]. In contrast, the ligand for
KIR2DL1/S1 is HLA-C2, which is not found to have any
protective function against HIV infection. Higher expres-
sion of KIR2DL1 and lower NK functions are therefore
observed in patients with more severe clinical status.

Furthermore, although ADCC responses were not statis-
tically significantly higher in individuals with any or more
than one of the HLA-A*30/B*13/Cw*06 alleles, none the
less there was a general trend of higher ADCC responses
compared to those without the alleles. We also demon-
strated an amplified correlation between ADCC response
and disease progression markers (i.e. CD4* count and viral
load) in patients carrying these alleles. While some studies
have shown that HLA-B*27 and B*57 and HLA-C1 were
associated with the control of clinical progression in HIV
infection [12,35], our findings did not observe this associa-
tion. This may be due to differences in both the genetic
composition of the virus (i.e. different HIV-1 strains) and
in the subjects (i.e. different ethnicity, etc.). In our peptide-
specific ADCC assay, externally delivered peptides bound to
HLA-1 molecules on antigen-presenting cells, and these
complexes were recognized by specific KIR receptors on NK
cells, ultimately inducing NK cell activation. The triggering
of ADCC induced by NK cells was through the CD16 recep-
tor on NK cells. Recently, peptide antagonism has been
indicated as the reason of NK cell activation [36].

In conclusion, our study found a association between NK
cell-induced ADCC responses and the clinical progression
of HIV-1 infection. We hypothesize a model in which
ADCC responses are low within 1 year of infection due to
specificity to conformational viral epitopes, and become
elevated with longer infection times as antibodies also
respond to linear epitopes. Conversely, as the clinical
progression of disease advances, both the distribution of
functional NK cell populations and the composition of NK
cell surface receptors become upset. Thus, NK cells fail to
induce normal ADCC responses, which further aggravate
HIV-1 disease progression. Meanwhile, ADCC responses
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may be relatively high in some individuals (such as CD4*¢"
non-controllers) but none the less fail to reduce the HIV-1
viral load, which may be due to escape mutations in the
viral genome as infection progresses.

In addition, we found that HIV-1-infected individuals
with the HLA-A*30/B*13/Cw*06 haplotype exhibiting the
ADCC response were capable of controlling viral replica-
tion effectively. While the exact mechanism of this effect is
not well understood, it may point to potential methods for
disrupting disease progression, with applicability in the
development of HIV vaccines or gene therapy.
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Supporting information

Additional Supporting Information may be found in the
online version of this article:

Figure S1. natural killer (NK) cell receptor expressions
were determined in each NK subset from FPDs. (A,B)
NK activating receptors NKG2C and NKP46 were elevated
in the CD16**CD56%™ NK subset during human immu-
nodeficiency virus (HIV) infection. (C,D) Inhibitory
receptors NKG2A and CD158a were also elevated in the
CD16”*CD56%™ NK subset of HIV-positive individuals. No
significant difference was found among different subgroups
in the CD56"*" subset except CD158a expression. In
CD16**CD56™ subset, however, we observed lower expres-
sion of NKP46 in HIV-positive groups compared to healthy
controls. In contrast, the expression of NKG2A was higher
in HIV-positive groups compared to healthy controls, and
the level of CD158a in CD4"" group was also higher than
healthy controls.

Table S1. Detailed information of human leucocyte antigen
(HLA) alleles in 41 human immunodeficiency virus
(HIV)-1 infected former plasma donors (FPDs).
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