
Perturbation of the natural killer cell compartment during primary
human immunodeficiency virus 1 infection primarily involving the

CD56
bright subset

Introduction

Successful host defence against invading pathogens relies

on the concerted action of innate and adaptive immunity.

Natural killer (NK) cells participate in innate immunity

mainly by directly killing infected cells, but also play an

important role in determining the outcome of the adap-

tive immune response by releasing cytokines and chemo-

kines, and co-operating with dendritic cells (DCs).1

The effector function of NK cells is finely tuned by the

opposite signals delivered by inhibitory and activating

receptors.2 The principal inhibitory receptors in humans

are killer cell immunoglobulin-like receptors (KIRs),

which recognize polymorphic determinants on major his-

tocompatibility complex (MHC) class I molecules, and

the NKG2A C-type lectin receptor, which recognizes non-

conventional MHC class-1b ligands.3,4 The principal acti-

vating receptors are NKG2D,5 and the natural cytotoxicity

receptors (NCRs) NKp30, NKp46 and NKp44 [the last

being expressed only by interleukin (IL)-2-activated NK

cells].6 Human NKG2D ligands are self molecules induced

on target cells by ‘stress signals’7, while cellular ligands

for NCRs remain currently elusive.8–10

More than 90% of mature circulating NK cells in healthy

humans are phenotypically characterized as CD16+

CD56dim; the other 10% consist of CD16) CD56bright and
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Summary

We investigated the distribution of natural killer (NK) cell subsets, their

activating and inhibitory receptors, and their cytolytic potential, in pri-

mary human immunodeficiency virus (HIV)-infected (PHI) individuals at

baseline and during 1 year of follow-up with or without antiretroviral

therapy, and compared the results with those obtained in treatment-naı̈ve,

chronically HIV-infected (CHI) individuals, and HIV-seronegative (HN)

healthy individuals. The proportion of the CD56dim and CD56bright sub-

sets decreased with disease progression, whereas that of the CD56) CD16+

subset increased. In the CD56dim subset, the proportion of cells with nat-

ural cytotoxicity receptors (NCRs) decreased with disease progression,

and their cytolytic potential was reduced. Conversely, the CD56bright sub-

set was characterized by a high proportion of NCR-positive, killer cell

immunoglobulin-like receptor (KIR)-positive NKG2A+ cells in both CHI

and PHI individuals, which was associated with an increase in their cyto-

lytic potential. During the 1 year of follow-up, the PHI individuals with

high viraemia levels and low CD4+ T-cell counts who received highly

active antiretroviral therapy (HAART) had a similar proportion of NK

subsets to CHI individuals, while patients with low viraemia levels and

high CD4+ T-cell counts who remained untreated had values similar to

those of the HN individuals. Our results indicate a marked perturbation

of the NK cell compartment during HIV-1 infection that is multifaceted,

starts early and is progressive, primarily involves the CD56bright subset,

and is partially corrected by effective HAART.

Keywords: activation; cell surface molecules; flow cytometry/fluorescence-

activated cell sorting; human immunodeficiency virus; natural killer cells
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a very small subset of CD16+ CD56) cells.11 Resting

CD56dim NK cells have abundant intracellular perforin,

show enhanced cytotoxicity, express clonally distributed

KIRs, NCRs and C-type lectin receptors, and carry homing

receptors for inflamed peripheral sites.12 Resting CD56bright

NK cells lack perforin, but secrete large amounts of a wide

range of cytokines and express high levels of C-type lectin

receptors and no surface NCRs, and a very small fraction

express KIRs. They express homing receptors for secondary

lymphoid organs, where they may have immune-regulatory

functions.13 After activation, the cytotoxic activity of

CD56bright cells is similar to or greater than that of CD56dim

cells, and they start expressing KIRs, NCRs and homing

receptors for inflamed tissues.13,14

NK cells may play a critical role in the natural history

of human immunodeficiency virus (HIV) infection, and

in protecting individuals at high risk of infection.15,16

Two recent studies have shown that individuals express-

ing the human leucocyte antigen (HLA)-Bw4 epitope and

certain alleles of the KIR3DL1 locus, as well as those

expressing the activating KIR3DS1 receptor in the pres-

ence of its ligand Bw4-80I, show better control of HIV

viraemia and progress to acquired immune deficiency

syndrome (AIDS) more slowly.17–19

The number of circulating NK cells may increase early

during primary HIV infection and decline with disease

progression,20–22 particularly for the CD16+ CD56dim sub-

set, whereas the proportion of the CD16+ CD56) subset

increases in individuals with high viremia levels.23–26

Some studies have shown that the number of NK cells

expressing inhibitory KIRs increases in individuals with

HIV viraemia, but others have reported no change.25–27

The decrease in the expression of NCRs has been more

consistently described, and is associated with an impair-

ment of the cytolytic function of total NK cells that

normalizes after effective highly active antiretroviral

therapy (HAART).25,28

A few studies have analysed the impact of early HIV

infection on the NK cell compartment. Alter et al.29,30

found that there was a significant expansion of the

CD56dim NK subset during acute infection, before

seroconversion, with a rapid decline after the start of

HAART. Ongoing viral replication led to the depletion of

the CD56bright subset and a parallel increase in the

CD16+ CD56) subset, accompanied by reduced functional

NK cell activity.30

The aim of the present study was to analyse the distri-

bution of NK subsets and the expression of their main

activating and inhibitory receptors, as well as their cyto-

lytic potential, at baseline and during a 1-year follow-up

period in primary HIV-infected (PHI) individuals,

starting HAART or not, and to compare the results

with those obtained in treatment-naı̈ve, chronically

HIV-infected (CHI) individuals and HIV-seronegative

(HN) healthy individuals.

Subjects and methods

Study population

Thirty-four PHI individuals were consecutively enrolled

from October 2004 to March 2006 at the Clinic of Infec-

tious Diseases, San Raffaele Scientific Institute, Milan,

Italy. The study was approved by the Institutional Review

Board.

Primary HIV infection was defined as recent

(< 3 months) exposure to HIV-1, and the presence of

clinical findings consisting of an acute retroviral syn-

drome regardless of its severity, or laboratory findings

consisting of detectable plasma HIV-RNA or HIV-1 p24

Gag antigenaemia, associated with a negative or weakly

positive enzyme-linked immunosorbent assay (ELISA)

with increasing reactivity over time, and a western blot

assay with � 3 bands for anti-HIV-1 antibodies (Abs).

These individuals were followed up for 12 months, during

which time, on the basis of the clinical, immunological

and virological findings, 18 individuals remained

untreated and 16 initiated a HAART regimen consisting

of a combination of two nucleotide reverse transcriptase

inhibitors (NRTIs) and either one HIV protease inhibitor

(PI) or a non-NRTI (NNRTI). HAART was offered to

individuals with � 300 CD4 cells/ll and/or HIV-RNA

levels � 105 copies/ml, and to those with persistently

high-grade symptoms of acute retroviral syndrome.

Peripheral venous blood was drawn for analysis at the

time of the first visit (baseline), and after 4, 24 and

48 weeks.

Forty-seven treatment-naı̈ve CHI individuals (some of

whom had a recent diagnosis of HIV infection, but were

likely to have a long-standing infection according to the

medical history, the complete pattern of anti-HIV-1 Abs

and the time of exposure; mean time from complete sero-

conversion = 30 months) and 34 HN individuals were

enrolled and tested as control groups. All of the enrolled

individuals gave written informed consent.

Monoclonal antibodies (mAbs)

The mAbs used were: fluorescein isothiocyanate (FITC)-

conjugated anti-CD3 (UCHT1; Beckman-Coulter, Mar-

seille, France); phycoerythrin-cyanin-5 (PC5)-conjugated

anti-CD56 (NKH-1; Beckman-Coulter); phycoerythrin

(PE)-conjugated anti-CD4 (RPA-T4), anti-CD8 (RPA-

T8), anti-CD16 (3G8) and anti-CD107a (H4A3) (BD

Pharmingen, San Diego, CA), and anti-NKG2A (Z199),

anti-NKG2D (ON72), anti-NKp30 (Z25), anti-NKp46

(BAB281), anti-NKp44 (Z231), anti-CD158b (GL183 or

KIR2DL2), anti-CD158e (Z27�3�7 or KIR3DL1) and anti-

CD158i (FES172 or KIR2DS4) (Beckman-Coulter).

Appropriate anti-isotypic mAbs (Beckman-Coulter) were

used as negative controls.
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The BAB281, AZ20 (anti-NKp30), Z231, ON72 and

Z199 mAbs used at saturation in the redirected CD107a

expression assay were provided by A. Moretta and

D. Pende (University of Genoa, Genoa, Italy), and the

MOV10 anti-human ovary carcinoma mAb, used as an

irrelevant Ab, was a generous gift of S. Menard (National

Cancer Institute, Milan, Italy).

Flow cytometry

Peripheral venous blood was collected in ethylenedi-

aminetetraacetic acid (EDTA)-containing tubes and cen-

trifuged over a Ficoll gradient to separate the peripheral

blood mononuclear cells (PBMCs), which were divided

into aliquots and cryopreserved. After thawing, viable

PBMCs (2 · 106 cells/ml) in RPMI-1640 culture medium

(BioWhittaker Europe, Verviers, Belgium) plus 10% fetal

bovine serum (FBS; Cambrex, Verviers, Belgium), 2 mM

L-glutamine and 50 U/ml penicillin/streptomycin were

incubated with saturating concentrations of human

immunoglobulin G (IgG) (Endobulin; Immuno S.r.l.,

Pisa, Italy) for 20 min on ice, and then stained with the

appropriate fluorochrome-conjugated mAbs. Based on

forward and side scatter analysis, we gated first on lym-

phocytes and then on CD3) cells. NK cells were defined

as CD3) CD56+ lymphocytes, and their expression of dif-

ferent NK receptors (NKRs) or CD16 molecules was anal-

ysed using three-colour staining. A representative dot plot

of the expression of some NKRs and CD16 is shown in

Fig. 1.

CD107a expression

The frequency of degranulating NK cells (CD107a expres-

sion) was quantified by means of multiparametric flow

cytometry, in part according to Alter et al.31 Briefly, fro-

zen PBMCs were thawed in RPMI-1640 medium plus

10% FBS with 20 lg/ml DNase (Sigma-Aldrich, Milan,

Italy), suspended at 1 · 106 cells/ml in a 48-well plate

and stimulated overnight with 200 U/ml recombinant

(r)IL-2 (Boehringer-Mannheim, Monza, Italy). Then

PBMCs were co-cultured with the MHC class I-negative

K562 cell line or the FccR+ P815 cell line at an effector to

target ratio of 5 : 1, in the presence of the anti-CD107a

mAb (20 ll/ml); the negative controls were PBMCs in

medium alone. For the redirected assay, P815 cells were

previously incubated with the appropriate anti-NKR or

MOV10 mAbs for 20 min on ice. After the addition of

PBMCs, the co-cultures were incubated for 1 hr at 37�,

followed by an additional 5 hr in the presence of the

secretion-inhibitor monensin (Golgi-Stop; BD-Pharmin-

gen). Cultured cells were then stained for CD3 and CD56

surface markers, and fixed with 1% paraformaldehyde.

The multiparametric flow cytometric analysis was

performed using a BD-FACSCalibur instrument (BD

Biosciences, San Diego, CA, USA) by gating on

CD3) CD56dim or CD3) CD56bright subsets, and the per-

centage of CD107a+ cells was calculated by subtracting the

value for the negative control. A representative dot plot of

the expression of CD107a on both CD56dim and CD56bright

subsets is shown in Fig. 2.

Statistical analysis

The normality of distribution of continuous variables was

evaluated using the Kolmogorov–Smirnov test. The data

are given as median values with interquartile ranges (25–

75th percentiles). The values of the continuous variables

were compared among subject groups (after the log-trans-

formation of non-normally distributed data) using one-

way analysis of variance (ANOVA), with subject group as

the grouping factor. In the case of variables for which

significant differences were found in ANOVA, Student’s

t-test for independent data was used for the between-

group comparisons.

The v2 test (with Yates’ correction for continuity)

and Fisher’s exact test were used to compare discrete

variables.

Changes from baseline in the NK cell variables were

evaluated using one-way ANOVA for repeated measures,

with the antiretroviral treatment as grouping factor.

Changes from baseline at a specific time-point were calcu-

lated and tested using Student’s t-test for paired data.

Bonferroni’s correction was used to adjust the P-values

for multiple comparisons (in relation to the three groups

and to the study time-points).

We determined whether a significant linear relationship

between continuous variables existed by means of Spear-

man’s correlation coefficient.

The analyses were performed using SAS software (version

8.2; SAS Institute, Cary, NC). All tests of significance were

two-sided, and a P-value of < 0�05 was considered to be

statistically significant.

Results

Circulating CD3) CD56dim and CD3) CD56bright NK
subsets decrease with disease progression, while the
CD3) CD16+ CD56) subset increases

Baseline plasma viraemia levels were significantly higher

in PHI than in CHI individuals (P = 0�0016), but there

were no significant differences in the numbers and per-

centages of CD4+ or CD8+ T lymphocytes. The percent-

ages (as percentages of total PBMCs) of circulating

CD3) CD56+ NK cells in PHI and CHI individuals were

significantly lower (P = 0�0003 and P < 0�0001, respec-

tively) than in HN individuals; within the HIV-infected

individuals, both the number and the percentage of

NK cells were generally higher in PHI than in CHI
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individuals, although this difference did not reach statisti-

cal significance (P = 0�07) (Table 1).

On the basis of their clinical, immunological and

virological parameters, 18 of the 34 PHI individuals

remained untreated during the 1 year of follow-up. As

expected, the 16 who received HAART had significantly

lower circulating CD4+ T-cell counts and percentages, and

higher viraemia levels at baseline (Table 2). Their CD4+
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Figure 1. Representative dot plots of the

expression of surface receptors on natural killer

(NK) cells. Peripheral blood mononuclear cells

were stained with anti-CD3-fluorescein isothio-

cyanate (FITC), anti-CD56-phycoerythrin-cya-

nin-5 (PC5), and a series of phycoerythrin

(PE)-conjugated anti-NK cell receptor mono-

clonal antibodies (mAbs). Based on forward

and side scatter analysis, we first gated on lym-

phocytes (not shown) and then on CD3) cells

(a), and the expression of the different NK cell

receptors in the CD56dim or CD56bright subsets

was analysed (b–f).
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T-cell counts and percentages increased and viraemia

significantly decreased to undetectable levels (HIV-RNA

< 50 copies/ml) from week 24 (P = 0�0009). The baseline

levels of CD3) CD56+ NK cells were comparable in the

two groups but, during follow-up, their numbers and per-

centages (as percentages of total PBMCs) increased in the

treated group and tended to decrease in the untreated

group (ANOVA; P = 0�037 and P = 0�007, respectively).

The HAART-induced control of viraemia was therefore

characterized by increases in both CD3+ CD4+ T lympho-

cytes and CD3) CD56+ NK cells.

Consistent with previous reports,24–26 the percentages

(as percentages of total PBMCs) of the CD3) CD56dim

and CD3) CD56bright subsets were significantly lower in

CHI than in PHI and HN individuals (CHI versus PHI,

P = 0�005; CHI versus HN, P < 0�0001), and that of the

CD3) CD16+ CD56) subset was significantly higher in

CHI than in PHI individuals (P = 0�0005) and in PHI

than in HN individuals (P = 0�003; data not shown). The

absolute number (calculated from the number of blood

lymphocytes) of CD56bright (but not CD56dim) cells was

significantly lower in the CHI than in the PHI group

(P = 0�01). In contrast, the absolute number of cells in

the CD3) CD56) CD16+ subset was significantly higher

in CHI than in PHI individuals (P = 0�009).

The baseline percentage of the CD3) CD56bright subset

was lower in HAART-treated PHI individuals than in

those who remained untreated (P = 0�03; not significant

when adjusted for multiple comparisons) and similar to

that found in CHI individuals (P = 0�3), but significantly

different from that found in HN individuals (P = 0�017);

in the group not treated with HAART, this percentage
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Figure 2. Representative dot plots of CD107a expression on CD56dim and CD56bright natural killer (NK) cell subsets. Interleukin (IL)-2-stimu-

lated peripheral blood mononuclear cells were cultured in medium alone or with the K562 or P185 cell line in the presence of an irrelevant

monoclonal antibody (mAb) (MOV10) or anti-(a-)activating NK-receptor mAbs (NKp46, NKp30, NKp44 and NKG2D), and stained with anti-

CD3-fluorescein isothiocyanate (FITC), anti-CD56-phycoerythrin-cyanin-5 (PC5) and anti-CD107a-phycoerythrin (PE) mAbs. After gating on

lymphocytes (not shown), the CD3+ cells were excluded from the analysis, and the percentage of CD107a+ cells in the CD56dim and CD56bright

subsets was determined.
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was similar to that found in HN individuals (P = 0�77)

but significantly different from that observed in CHI

individuals (P = 0�0007). The values of the other subsets

were comparable (data not shown).

Among the CD3) CD56+ NK cells, the percentage of
the CD56dim subset increases, and that of the
CD56bright subset decreases in HIV-infected
individuals in comparison with HN individuals

Having shown that both the CD56dim and CD56bright sub-

sets decrease with HIV-disease progression, we analysed

their proportions among CD3) CD56+ NK cells.

The percentage of the CD56dim subset was higher in

CHI than in HN individuals, and that of the CD56bright

subset was lower; PHI individuals showed intermediate

values (Fig. 3a).

PHI individuals receiving HAART had higher baseline

percentages of CD56dim cells, and lower percentages of

CD56bright cells (P = 0�03) than those who remained

untreated, although the difference was not significant

when adjusted for multiple comparisons (Fig. 3b). These

values were not different from those found in CHI indi-

viduals (P = 0�55), but significantly different from those

found in HN individuals (P = 0�022); however, in the

group not treated with HAART, the percentages of the

CD56dim and CD56bright subsets were similar to those

found in HN individuals (P = 0�56), but significantly dif-

ferent from those found in CHI individuals (P = 0�017).

In the HAART group, there was an inverse correlation

between the percentage of CD56bright cells at baseline and

the variations from baseline in viral load (VL) at weeks

24 and 48 (DVL0–24: r = 0�713, P = 0�009; DVL0–48:

r = 0�608, P = 0�036).

The percentages of CD56dim NK cells with NKp46 or
NKp30 receptors decrease with disease progression

The function of NK cells is modulated by different surface

receptors that transduce either inhibitory or activating sig-

nals. In particular, NKp30, NKp46, NKp44 and NKG2D

are the main activating receptors. We therefore analysed

their expression on both CD56dim and CD56bright subsets.

The percentage of NKp46+ or NKp30+ CD3) CD56dim

cells significantly decreased with disease progression

(CHI � PHI � HN; Fig. 4a, top). The percentages of

NKp44+ and NKG2D+ cells were not significantly differ-

ent in the three groups.

PHI individuals have a higher percentage of
CD56bright NK cells with NKp46 receptors than CHI
and HN individuals

Within the CD3) CD56bright subset, the percentage of

NKp30+ cells was significantly higher in both CHI and PHIT
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le
1.

V
ir

o
lo

gi
ca

l
an

d
im

m
u

n
o

lo
gi

ca
l

ch
ar

ac
te

ri
st

ic
s

o
f

th
e

in
d

iv
id

u
al

s
at

b
as

el
in

e

N
A

ge
(y

ea
rs

)

V
ir

ae
m

ia
C

D
3+

C
D

4+
T

ce
ll

s
C

D
3+

C
D

8+
T

ce
ll

s
C

D
4+

/C
D

8+
C

D
3)

C
D

56
+

N
K

ce
ll

s

P
(%

N
K

ce
ll

s)
(l

o
g 1

0
co

p
ie

s/
m

l)
1

A
b

s1
%

1
A

b
s1

%
1

R
at

io
1

A
b

s1
%

1

P
H

I
34

39
�0

(3
2–

42
)

4�
98

(4
�4

9–
5�

61
)

44
3

(3
04

–
80

0)
18
�7

(1
3�

6–
30
�0

)
13

29
(9

19
–1

91
1)

56
(4

3�
4–

69
�4

)
0�

33
(0
�2

0–
0�

73
)

19
9

(1
26

–3
63

)
8�

5
(6
�4

–
11
�5

)
P

H
I

ve
rs

u
s

H
N

=
0�

00
03

C
H

I
47

32
�5

(3
0–

37
4�

34
(3
�8

5–
4�

99
)

53
1

(4
12

–
70

5)
22
�4

(1
7�

5–
29
�1

)
12

51
(9

02
–1

62
0)

55
�5

(4
4�

7–
62
�2

)
0�

41
(0
�2

8–
0�

65
)

13
8

(8
3–

25
2)

7�
2

(4
�0

–
11
�2

)
C

H
I

ve
rs

u
s

H
N

<
0�

00
01

H
N

34
36
�5

(2
9–

45
)

n
d

n
d

n
d

n
d

n
d

n
d

n
d

14
�4

(1
0�

1–
21
�9

)
P

H
I

ve
rs

u
s

C
H

I
=

0�
07

V
ir

ae
m

ia
,

P
H

I
ve

rs
u

s
C

H
I:

P
=

0�
00

16
.

A
b

s,
ab

so
lu

te
n

u
m

b
er

;
C

H
I,

ch
ro

n
ic

H
IV

-i
n

fe
ct

ed
in

d
iv

id
u

al
s;

H
N

,
H

IV
-n

eg
at

iv
e

h
ea

lt
h

y
in

d
iv

id
u

al
s;

P
H

I,
p

ri
m

ar
y

H
IV

-i
n

fe
ct

ed
in

d
iv

id
u

al
s;

N
,

n
u

m
b

er
o

f
in

d
iv

id
u

al
s;

N
K

,
n

at
u

ra
l

ki
ll

er
;

n
d

,
n

o
t

d
o

n
e.

1
M

ed
ia

n
(2

5t
h

an
d

75
th

p
er

ce
n

ti
le

s)
.

� 2009 Blackwell Publishing Ltd, Immunology, 129, 220–233 225

Involvement of NK cell subsets in HIV-1 infection



T
ab

le
2.

C
o

m
p

ar
is

o
n

o
f

im
m

u
n

o
lo

gi
ca

l
an

d
vi

ro
lo

gi
ca

l
p

ar
am

et
er

s
in

h
ig

h
ly

ac
ti

ve
an

ti
re

tr
o

vi
ra

l
th

er
ap

y
(H

A
A

R
T

)-
tr

ea
te

d
an

d
u

n
tr

ea
te

d
p

ri
m

ar
y

H
IV

-1
-i

n
fe

ct
ed

in
d

iv
id

u
al

s
at

b
as

el
in

e
an

d
d

u
ri

n
g

fo
ll

o
w

-u
p

T
im

e
H

A
A

R
T

N

V
ir

ae
m

ia
C

D
3+

C
D

4+
T

ce
ll

s
C

D
3+

C
D

8+
T

ce
ll

s
C

D
4+

/C
D

8+
C

D
3)

C
D

56
+

N
K

ce
ll

s

(l
o

g 1
0

co
p

ie
s/

m
l)

1
A

b
s1

%
1

A
b

s1
%

1
R

at
io

1
A

b
s1

%
1

T
im

e
0

Y
es

16
5�

54
(4
�8

8–
5�

91
)

40
0

(2
75

–
45

6)
15
�9

(1
0�

4–
18
�6

)
17

62
(1

23
2–

24
10

)
63
�6

(5
6�

0–
75
�9

)
0�

30
(0
�1

3–
0�

35
)

24
0

(1
58

–3
63

)
9�

0
(6
�8

–
13
�7

)

N
o

18
4�

68
(4
�4

1–
4�

98
)

79
0

(4
31

–
88

6)
29
�4

(1
6�

7–
36
�9

)
10

42
(8

90
–1

35
0)

44
�4

(3
9�

4–
63
�4

)
0�

66
(0
�2

6–
0�

91
)

19
1

(9
1–

38
0)

8�
5

(5
�1

–
11
�5

)

P
=

0�
00

22
P

=
0�

00
22

P
=

0�
00

32
P

=
0�

02
82

P
=

0�
00

42
P

=
0�

02
32

P
=

n
s2

P
=

n
s2

W
ee

k
4

Y
es

15
3�

84
(3
�2

5–
4�

61
)

58
9

(3
65

–
74

2)
23
�7

(1
7�

9–
28
�1

)
15

03
(9

42
–1

80
6)

56
�6

(4
1�

4–
63
�3

)
0�

42
(0
�2

8–
0�

59
)

22
2

(9
9–

36
4)

9�
4

(7
�1

–
13
�5

)

N
o

15
4�

55
(3
�8

8–
4�

92
)

75
6

(5
24

–
11

50
)

31
�8

(2
3�

6–
42
�0

)
92

6
85

63
–

12
46

)
44
�4

(4
0�

2–
55
�0

)
0�

66
(0
�4

–
1�

0)
23

3
(1

69
–3

29
)

9�
6

(6
�7

–
12
�9

)

P
=

0�
00

02
2

P
=

n
s2

P
=

n
s2

P
=

n
s2

P
=

0�
01

42
P

=
n

s2
P

=
n

s2
P

=
n

s2

W
ee

k
24

Y
es

12
U

n
d

et
ec

ta
b

le
63

8
(4

80
–

86
6)

28
�2

(2
5�

1–
34
�2

)
73

0
(6

39
–1

30
4)

41
�3

(3
5�

0–
46
�2

)
0�

66
(0
�4

8–
0�

96
)

29
4

(2
48

–4
07

)
15
�8

(1
2�

8–
19
�4

)

N
o

13
4�

40
(3
�8

5–
4�

74
)

67
4

(4
46

–
81

7)
34
�3

(2
5�

4–
36
�5

)
96

0
(6

28
–1

26
2)

43
�5

(3
5�

1–
47
�2

)
0�

74
(0
�5

4–
1�

04
)

15
8

(1
20

–2
62

)
8�

1
(5
�0

–
9�

8)

P
=

0�
00

08
2

P
=

0�
01

62
P

=
0�

00
42

P
=

0�
02

92
P

=
0�

00
12

P
=

0�
00

52
P

=
0�

00
21

2
P

=
0�

00
04

2

W
ee

k
48

Y
es

13
U

n
d

et
ec

ta
b

le
68

2
(4

98
–

86
7)

29
�3

(2
6�

1–
33
�9

)
89

8
(6

50
–1

39
2)

37
�2

83
4�

2–
49
�4

)
0�

75
(0
�5

6–
0�

98
)

28
8

(2
60

–4
50

)
15
�9

(1
1�

8–
20
�5

)

N
o

12
4�

21
(3
�8

6–
4�

56
)

79
1

(4
76

–
98

3)
37
�2

(2
9�

3–
39
�6

)
11

05
(6

86
–1

17
8)

44
�2

(3
9�

3–
48
�8

)
0�

82
(0
�6

0–
0�

94
)

15
3

(1
36

–2
23

)
6�

1
(5
�3

–
11
�5

)

P
=

0�
00

07
2

P
=

0�
01

32
P

=
0�

02
42

P
=

0�
08

2
P

=
0�

00
52

P
=

0�
02

42
P

=
0�

00
71

2
P

=
0�

00
25

2

a
n

o
v

a
:

P
T

h
er

ap
y

0�
01

1
0�

21
0�

05
0�

4
0�

4
0�

2
0�

1
0�

03
4

T
im

e
0�

00
01

0�
00

1
<

0�
00

01
0�

04
8

<
0�

00
01

<
0�

00
01

0�
7

0�
2

T
im

e
·

th
er

ap
y

0�
00

09
0�

07
0�

02
0�

1
0�

00
02

0�
00

5
0�

03
7

0�
00

7

A
b

s,
ab

so
lu

te
n

u
m

b
er

;
a

n
o

v
a

,
an

al
ys

is
o

f
va

ri
an

ce
fo

r
re

p
ea

te
d

m
ea

su
re

s;
H

A
A

R
T

,
h

ig
h

ly
ac

ti
ve

an
ti

re
tr

o
vi

ra
l

th
er

ap
y;

N
,

n
u

m
b

er
o

f
in

d
iv

id
u

al
s;

N
K

,
n

at
u

ra
l

ki
ll

er
;

n
s,

n
o

t
si

gn
ifi

ca
n

t.
1
M

ed
ia

n
(2

5t
h

an
d

75
th

p
er

ce
n

ti
le

s)
.

2
T

re
at

ed
ve

rs
u

s
u

n
tr

ea
te

d
in

d
iv

id
u

al
s.

226 � 2009 Blackwell Publishing Ltd, Immunology, 129, 220–233

P. Mantegani et al.



individuals than in HN individuals (Fig. 4a, bottom). It is

worth noting that NKp46 receptors were expressed on

100% of the CD56bright cells in all of the PHI individuals,

a significantly higher percentage than that found in the

CHI and HN groups (PHI > HN �CHI). There were

no between-group differences in the percentages of

NKG2D+ and NKp44+ cells, although the percentage of

the latter was moderately, but not significantly, higher in

PHI individuals than in CHI or HN individuals.

There were no significant differences in the percentages

of CD56dim or CD56bright cells bearing NCRs between

HAART-treated and untreated PHI individuals at baseline

or during follow-up (Fig. 4b).

The expression of NKp46 and NKG2D receptors on
the surface of NK cells is lower in CHI than in HN
individuals

The function of NK cells depends not only on the presence

of particular NKRs, but also on their surface density. We

therefore evaluated the surface density of the different

NKRs on NK cells, expressed as mean fluorescence intensity

(MFI).

The MFIs of NKp46 and NKG2D (but not NKp30)

receptors were significantly lower on NK cells of CHI

individuals than on those of HN individuals (Fig. 3c); no

differences in the other NKRs were found (data not shown).

In PHI individuals, the MFI of NKp46 was similar to

that found in HN individuals, and that of NKG2D was

similar to that found in CHI individuals. At baseline,

there were no significant differences between treated and

untreated individuals, but HAART induced a significant

increase in the MFI of NKG2D over time (P = 0�016).

The percentage of KIR+ CD56bright NK cells increases
with disease progression, and PHI individuals show a
higher percentage of NKG2A+ cells than the other
groups

KIRs and NKG2A are the main class-I-restricted NKRs.

We therefore analysed their expression on both CD56dim

and CD56bright NK subsets.
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Figure 3. Frequency of CD56dim and CD56bright subsets in CD3) CD56+ blood natural killer (NK) cells. (a, b) Proportion of CD56dim and

CD56bright subsets among the CD3) CD56+ NK cells analysed in (a) chronic HIV-infected (CHI) individuals, primary HIV-infected (PHI) indi-

viduals and HIV-negative (HN) healthy individuals, and in (b) PHI individuals treated with highly active antiretroviral therapy (HAART) and

not treated with HAART (No HAART) at baseline (T0) and during follow-up at weeks 4, 24 and 48 (w4, w24 and w48, respectively). (c) Surface

density of NKp46 and NKG2D molecules, expressed as mean fluorescence intensity (MFI), in the three groups, and in the treated (HAART) and

untreated (No HAART) PHI individuals at baseline (T0) and during follow-up (w4, w24 and w48). Data are expressed as median values, with

25th and 75th percentiles.
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The percentage of CD56dim cells with CD158b, CD158e

or NKG2A inhibitory receptors was similar in the three

groups, whereas that of cells with the CD158i activating

receptor was higher in CHI individuals than in PHI or

HN individuals (P = 0�034 and P = 0�05, respectively;

Fig. 5, top).

Interestingly, a small percentage of CD56bright cells

expressed KIRs, with significant differences among groups

(CHI > PHI = HN for CD158b; CHI = PHI > HN for

CD158e; CHI > HN = PHI for CD158i); the percentage

of NKG2A+ cells was significantly higher in PHI individu-

als than in CHI and HN individuals (Fig. 5, bottom).

Thus, the greatest differences among groups were

observed within the CD56bright subset also in terms of

expression of KIRs and NKG2A receptors.

The percentages of CD56dim and CD56bright cells with

KIRs or NKG2A were similar in the HAART-treated and

untreated PHI individuals at baseline and during follow-

up (data not shown).

Functional capacity of NK subsets

In order to determine whether the among-group

differences in the expression of activating receptors on NK

subsets corresponded to functional differences, we analysed

the expression of CD107a (a marker of degranulation

that correlates with the lytic potential of cytotoxic cells31)

on CD56dim and CD56bright cells co-cultured with the

K562, or P815 cell lines after cross-linking of NKp46,

NKp30, NKp44 or NKG2D receptors. Baseline PBMCs

taken from four CHI individuals, seven PHI individuals

(four receiving HAART and three untreated; two HAART-

treated and two untreated patients were also tested at week

48) and eight HN individuals were cultured with rIL-2
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Figure 4. Frequency of NKp30+, NKp46+, NKp44+ and NKG2D+ cells in CD56dim and CD56bright blood natural killer (NK) cell subsets. Gating

on CD3) CD56dim or CD3) CD56bright NK subsets, we analysed the proportion of CD56dim cells (a and b, top) or CD56bright cells (a and b, bot-

tom) showing the surface expression of NKp30, NKp46, NKp44 or NKG2D receptors. (a) Chronic HIV-infected (CHI) individuals, primary
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overnight to stimulate the cytotoxic activity of the

CD56bright cells also, and to induce the expression of

NKp44 receptors.

The expression of CD107a was significantly lower on

the CD56dim cells of CHI individuals co-cultured with

K562 cells than on those of PHI or HN individuals

(P = 0�0035; Fig. 6a, top). There was no difference for

CD56bright cells, although the percentage of CD107a+ cells

was high and comparable with that of CD56dim cells from

HN individuals (Fig. 6a, bottom).

There was no among-group difference in the functional

activity of the activating receptors on CD56dim cells

(Fig. 6a, top), but the functional activity of NKp30,

NKp44 and NKG2D receptors on CD56bright cells was sig-

nificantly greater in the HIV-infected individuals than in

HN individuals (P = 0�0486, P = 0�0129 and P = 0�0045,

respectively); that of NKp46 was also increased, but not

significantly (Fig. 6a, bottom). Interestingly, baseline

CD107a expression on the CD56bright cells co-cultured

with P815 cells was significantly higher in PHI individuals

than in CHI or HN individuals (P = 0�0059).

There were no differences in baseline CD107a expres-

sion on the CD56dim or CD56bright subsets between the

HAART-treated and untreated PHI individuals under any

of the experimental conditions (Fig. 6b). However, after

the engagement of activating receptors on CD56bright cells

there was a reduction in CD107a expression at week 48

in comparison with baseline that correlated with the

reduction in the percentage of CD56bright cells with

activating receptors in the two tested HAART patients,

but not in the untreated patients (Fig.6c). There was no

difference in CD107a expression on the CD56dim cells

taken from either subject (data not shown).

Discussion

We investigated the distribution of the principal circulat-

ing NK cell subsets, and the expression of their activating

and inhibitory receptors, in HAART-treated and

untreated PHI individuals at baseline and during 1-year

of follow-up, and compared the results with those

observed in treatment-naı̈ve CHI individuals and HN

individuals. To the best of our knowledge, this is the first

study to analyse the distribution of NK cell receptors and

their cytolytic capacity on CD56dim and CD56bright subsets

at different stages of HIV-1 infection.

Our findings indicate a marked perturbation of the

NK cell compartment that is multifaceted, starts early,

progressively increases, primarily involves the CD56bright

subset, and is only partially corrected by effective HAART.

We found that the percentage and number of circulating

CD3) CD56+ NK cells decreased with the progression of

HIV infection, depending on both CD56dim and particu-

larly CD56bright subsets, while the percentage and number

of the anergic CD16+ CD56) subset increased. Further-

more, PHI subjects with high viraemia and a low number

of CD4+ T lymphocytes (the HAART-treated group, under-

going therapy during the 1 year of follow-up) had a lower

percentage and number of CD56bright cells (with values

close to those of CHI individuals, but significantly different

KIR2DL2+

CD158b+

50 25

20

15

10

5

0

50

40

30

20

10

0

70

60

50

40

30

40

30

20

10
CHI PHI HN CHI PHI HN CHI PHI HN CHI PHI HN

KIR3DL1+

CD158e+

KIR2DS4+

CD158i+

NKG2A+

P = 0·05

P = 0·0003
P = 0·06

P = 0·034

C
D

56
di

m
 c

el
ls

 (
%

)

15

10

5

CHI PHI HN

P = 0·023
P = 0·032

P = 0·04
10·0

7·5

5·0

2·5

CHI PHI HN CHI

25

15

5

PHI HN

P = 0·0009 P = 0·01

CHI

100

95

90

85

80
PHI HN

C
D

56
br

ig
ht

 c
el

ls
 (

%
)
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from those of HN individuals) than those with low

viraemia and a high number of CD4+ T lymphocytes

(the untreated group, who remained untreated during

follow-up), who showed values close to those of HN

individuals, but significantly different from those of CHI

individuals.

The involvement of the CD56bright subset in HIV-1

infection was highlighted when the analysis was performed

within CD3) CD56+ NK cells, with the proportion of the

CD56bright subset decreasing and, conversely, that of

the CD56dim subset increasing, with disease progression.

Again, the levels in PHI individuals were intermediate

between those in CHI and HN individuals, with the

HAART group showing levels similar to those in CHI and

the NO HAART group to HN individuals. At baseline,

PHI subjects receiving therapy show a decreased propor-

tion of CD56bright cells compared with those who remained

untreated. Thus, the CD56bright NK subset is the one pri-

marily involved in the early stages of HIV-1 infection.

These observations confirm previous reports on the

variations of CD56dim and CD16+ CD56) subsets during

HIV infection. In contrast, CHI patients showed higher

proportion of CD56bright subset24–26,32 than HN

individuals. The reasons for this discrepancy may be

related to the high number of treatment-naı̈ve CHI indi-

viduals in our study, differences in the virological and

immunological features of the patients, or the fact that

some of these studies phenotyped CD3) CD56+ cells23,31
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Figure 6. Functional capacity of natural killer (NK) cell subsets. Expression of CD107a on CD56dim (a and b, top) and CD56bright (a and b, bot-

tom) NK cell subsets after co-culturing interleukin (IL)-2-stimulated peripheral blood mononuclear cells with the K562 cell-line or the P185 cell-

line in the presence or absence of anti-NKp46, anti-NKp30, anti-NKp44 or anti-NKG2D monoclonal antibodies (mAbs) was determined. (a)

Chronic HIV-infected (CHI) individuals (n = 4), primary HIV-infected (PHI) individuals (n = 7), and HIV-negative (HN) healthy individuals

(n = 8). (b) PHI individuals treated with highly active antiretroviral therapy (HAART; n = 4) and not treated with HAART (No HAART; n = 3)

at baseline. Data are expressed as mean values plus standard deviation. (c) Percentage of CD56bright NK cells expressing CD107a molecules in

four representative PHI individuals treated with HAART (HAART) or untreated (No HAART) at baseline and after 48 weeks of follow-up. IL-2-

stimulated peripheral blood mononuclear cells were co-cultured with the P815 cell line in the presence of anti-NKp46 (black), anti-NKG2D

(grey), anti-NKp30 (white) or anti-NKp44 (hatched) mAbs.
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and others selected CD56+ NK cells,24,25 whereas we anal-

ysed both.

The HIV progression-related decrease in the CD56bright

subset was not merely attributable to the decrease in the

total NK cell population, because this was the only subset

in which such a decrease was found. Recent findings sug-

gest that secondary lymphoid tissue (SLT) may provide a

unique site for the development of CD56bright NK cells,33

and as SLT is the principal site of early HIV replication

and spread,34 and its architecture is progressively dis-

rupted during disease progression,35 the maturation and

production of CD56bright cells might also be involved.

Early and effective antiretroviral therapy might benefit

CD56bright cells by reducing SLT damage.

NK cell function is finely modulated by the engagement

of inhibitory and activating receptors. Previous studies

found a decrease in NK cells displaying NCRs in viraemic

CHI individuals, associated with decreased cytolytic func-

tion, without any change in NKG2D expression.25,28,36

We have shed light on and extended these observations

by showing that the reduced percentage of NKp46+ and

NKp30+ NK cells in CHI individuals compared with HN

individuals is restricted to the CD56dim subset, with PHI

individuals showing intermediate values. Furthermore, in

comparison with HN individuals, surface NKp46 and

NKG2D receptors were down-modulated in CHI individ-

uals. The expression of NKG2D in PHI individuals was

comparable to that in CHI individuals, with therapy

inducing a significant up-regulation over time. Various

factors might be responsible for these effects, including

transforming growth factor (TGF)-b, which has been

reported to modulate the expression of NKG2D recep-

tors37 and to be increased in the plasma of HIV-infected

individuals,38 or direct engagement of the Toll-like recep-

tors expressed by NK cells.39

Conversely, the proportion of NKp46+ and NKp30+

cells within the CD56bright subset was significantly higher

in the HIV-infected individuals than in the HN individu-

als, and it is worth noting that 100% of the CD56bright

cells of all of the PHI individuals expressed NKp46 recep-

tors, indicating that this phenotype can be considered a

hallmark of early infection. The proportion of

CD56bright NKp44+ cells was higher in the PHI individu-

als than in the other groups (although not significantly),

whereas there was no difference in the proportion of

CD56bright NKG2D+ cells. The induced expression of

NCRs is considered to be a marker of NK cell activa-

tion,13 and so our results corroborate previous observa-

tions of the early activation of NK cells during HIV

infection, mainly restricted to the CD56bright subset.36

Another peculiarity of HIV-1 infection, to our knowl-

edge never reported before, was the significant increase in

CD56bright cells displaying KIRs in CHI individuals, and

the higher percentage of NKG2A+ cells in PHI individu-

als, in comparison with HN individuals. Resting

CD56bright NK cells residing in the SLT can interact with,

and be activated by, incoming pathogen-capturing DCs.

At the same time, activated CD56bright cells stimulate DCs

by means of cell–cell contacts, thus representing an

important bridge between innate and adaptive immune

responses.40,41 After activation, CD56bright cells may leave

SLT and start to express perforin, KIRs, NCRs and hom-

ing receptors for inflamed tissues, where they accumulate

and perform effector functions.13,14,42 The increase in cir-

culating NCR+ and KIR+ CD56bright NK cells in PHI indi-

viduals, as well as the high percentage of NKG2A+ cells,

confirms their early activation and release from SLT.

However, it is possible that CD56bright cells derive directly

from activated CD56dim cells.

Conversely, there were no significant among-group dif-

ferences in the percentages of KIR+ and NKG2A+ cells

within the CD56dim subset. Mavilio et al.25 have reported

a decrease in the percentage of NKG2A+ cells among the

enriched NK cells of HIV viraemic patients in comparison

with aviraemic patients and healthy controls, whereas,

consistent with our results, Ravet et al.43 found no differ-

ences in the levels of CD56+ NKG2A+ NK cells among

HIV-infected individuals, exposed uninfected individuals

and healthy controls. Once again, it is necessary to ana-

lyse NK subsets in a larger number of selected individuals

before drawing any final conclusions.

Consistent with previous observations,25,28–30,44,45 we

found that CHI individuals showed reduced NK cell

functional activity (reduced CD107a granule exocytosis)

against K562 targets in comparison with PHI and HN

individuals, and this was restricted to the CD56dim subset.

This may be partially explained by the reduction in the

percentage of CD56dim NK cells with NCRs that occurs

with the progression of HIV infection, as well as by the

reduced surface expression of NKG2D and NKp46

receptors.

IL-2-stimulated CD56bright cells taken from HIV-

infected individuals and HN individuals, and co-cultured

with K562 cells, showed conserved granule exocytosis,

whereas the CD56bright cells of HIV-infected individuals

co-cultured with P815 cells after the engagement of acti-

vating receptors showed increased granule exocytosis in

comparison with those of HN individuals. These find-

ings are consistent with the activation of CD56bright cells

and the high percentage of cells displaying NCRs. More-

over, the CD56bright cells of PHI individuals showed

more spontaneous granule exocytosis than those of CHI

or HN individuals, which correlates with their higher

percentage of NKp46+ cells. As reported previously,

NKp46 engagement by ligands expressed on P815 cells is

responsible for their spontaneous NK-mediated killing.46

Interestingly, CD56bright cells from two PHI patients on

HAART (but not those from two untreated patients)

showed a reduction in CD107a expression at the end of

the 1-year follow-up period, which is consistent with a
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reduced percentage of cells bearing activating receptors

(Fig. 6c).

Our functional results should be considered preliminary

because of the small number of individuals included, but

they do seem to support the hypothesis that CD56bright NK

cells play a particular role in HIV-1 infection.

In conclusion, our findings confirm that there is an

early and progressive perturbation of the NK cell

compartment during HIV-1 infection, mainly involving

the CD56bright subset. Early ad hoc antiviral and/or

immune-based therapies capable of strengthening the NK

cell compartment may therefore play a significant role in

controlling HIV infection, as recently suggested by

others.47,48
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