
Increased number and function of natural killer cells in human
immunodeficiency virus 1-positive subjects co-infected with herpes

simplex virus 2

Introduction

Natural killer (NK) cells are critical effectors of the innate

immune response to viral infections, including infection

with human immunodeficiency virus 1 (HIV-1; reviewed

in ref. 1). NK cell function is regulated by a balance of

activating and inhibitory signals received through distinct

families of cell surface receptors. These receptors are seg-

regated into several molecular groups, including the killer

cell immunoglobulin-like receptors (KIRs), the C-type

lectin receptors NKG2A, NKG2C, NKG2D and CD161,

and a family of natural cytotoxicity receptors containing

NKp30, NKp44 and NKp46.2 KIRs themselves may be

activating or inhibitory, and are critical for recognition of

cells that have down-regulated major histocompatibility

complex (MHC) class I expression, the basis for the miss-

ing self hypothesis.3 Genetic studies linking the com-

pound genotype of KIR3DS1 and human leucocyte

antigen (HLA)-Bw4-80I with delayed disease progression

in HIV-infected individuals,4 and the more recent finding

that alleles of KIR3DL1 encoding proteins expressed at

high levels on NK cells5 or the presence of KIR3DS1
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Summary

Natural killer (NK) cells bridge the interface between innate and adaptive

immunity and are implicated in the control of herpes simplex virus 2

(HSV-2) infection. In subjects infected with human immunodeficiency

virus 1 (HIV-1), the critical impact of the innate immune response on

disease progression has recently come into focus. Higher numbers of NK

cells are associated with lower HIV-1 plasma viraemia. Individuals with

the compound genotype of killer cell immunoglobulin-like receptor (KIR)

3DS1 and human leucocyte antigen (HLA)-Bw4-80I, or who have alleles

of KIR3DL1 that encode proteins highly expressed on the NK cell surface,

have a significant delay in disease progression. We studied the effect of

HSV-2 co-infection in HIV-1-infected subjects, and show that HSV-2

co-infection results in a pan-lymphocytosis, with elevated absolute

numbers of CD4+ and CD8+ T cells, and NK cells. The NK cells in

HSV-2 co-infected subjects functioned more efficiently, with an increase

in degranulation after in vitro stimulation. The number of NK cells

expressing the activating receptors NKp30 and NKp46, and expressing

KIR3DL1 or KIR3DS1, was inversely correlated with HIV-1 plasma viral

load in subjects mono-infected with HIV-1, but not in subjects co-infected

with HSV-2. This suggests that HSV-2 infection mediates changes within

the NK cell population that may affect immunity in HIV-1 infection.

Keywords: CD107; herpes simplex virus 2; human immunodeficiency virus;

killer cell immunoglobulin-like receptor; natural killer cells

186 � 2009 Blackwell Publishing Ltd, Immunology, 129, 186–196

I M M U N O L O G Y O R I G I N A L A R T I C L E



alone6 influences both HIV-1 viral load and disease pro-

gression, further highlight the importance of NK cells in

HIV-1 infection. There is evidence for NK cell-mediated

control of HIV-1 in both primary and chronic HIV-1

infection, as well as in perinatally infected children, where

the expression of particular NK cell receptors correlates

with disease severity.7 Therapeutic intervention with cyto-

kine treatment, including treatment with interleukin

(IL)-2, boosts both the number and function of circulat-

ing NK cells.8

Infection with herpes simplex virus 2 (HSV-2) has

become an important consideration for the clinical man-

agement of HIV-1 infection, where 50–90% of HIV-1-

infected subjects are seropositive for HSV-2.9 HSV-2

infection is associated with increased genital shedding of

HIV-1 and increases HIV-1 transmissibility.10,11 Valacy-

clovir (a nucleoside analogue) therapy to treat HSV-2

infection significantly reduces HIV-1 RNA levels in both

plasma and genital secretions.12

Previous studies have shown the involvement of NK

cell function in containment of HSV-2 infection, and case

studies correlate severe HSV-2 pathology with absent or

defective NK cells.13,14 Interestingly, the NK cell response

to herpesvirus infections may impact susceptibility to bac-

terial infections. In a mouse model of gamma-herpesvirus

infection, latent infection was associated with elevated lev-

els of interferon (IFN)-c production and enhanced basal

activation of innate immune cells, rendering the mice

resistant to infection with certain bacterial pathogens.15

Evidence from mouse models also suggests that NK cells

are of importance for protection from HSV infection.16–18

IL-15-deficient mice lack NK cells and are not protected

from infection by immunization with recombinant HSV-2

glycoprotein-G.19 In this case, protection is deficient

despite both similar levels of specific antibody production

and CD8+ T-cell function, but is restored upon reconsti-

tution of the NK cell population with recombinant IL-15

(rIL-15).

In a previous study of HIV-1-seropositive subjects in

São Paulo, Brazil, we observed that subjects co-infected

with HSV-2 maintained higher numbers of circulating

CD4+ T cells.20 As immune protection from HSV-2

infection might be dependent upon NK cells, we rea-

soned that the effect on circulating CD4+ T-cell num-

bers might, in part, be mediated by the NK cell

response to HSV-2 infection. Although most HSV-2-

infected individuals are asymptomatic, nearly all contin-

uously shed HSV-2 virions in mucosal genitalia,9,21

suggesting latent HSV-2 infection may have properties

of a subclinical infection. Significantly, a higher rate of

mucosal HSV-2 shedding is associated with increased

HIV-1 viral load and decreased CD4+ T-cell counts.11

Here, we sought to examine the effects of HSV-2 co-

infection in the NK cell population of HIV-1-infected

individuals.

Materials and methods

Study subjects

We examined CD4+ and CD8+ T-cell counts, HIV-1 viral

load, and NK cell number and function in a cohort of 31

treatment-naı̈ve HIV-1-positive subjects identified during

early HIV-1 infection (study entry within 170 days of sero-

conversion) by serologic testing algorithm for recent HIV

seroconversion (STARHS).22 These patients were enrolled

and followed at the Federal University of São Paulo, São

Paulo, Brazil. We collected information on participant age

and gender, and determined HSV-2 co-infection serology

using an indirect enzyme-linked immunosorbent assay

(ELISA) (Dia Sorin, Saluggia, Italy) as previously

described.20 Of these patients, 16 were serologically positive

for HSV-2. Symptomatic genital herpes was not reported at

the time of sample collection. Subjects were followed over

time and removed from the study at the time at which they

started antiretroviral therapy or were lost to follow-up. Ten

age-matched HIV-1-seronegative subjects residing in Brazil

were used as controls. Complete blood counts (CBCs) were

performed at the time of sample collection, and the results

were subsequently used to calculate the absolute number of

NK cells following flow cytometric analysis. Ethical

approval was obtained from the Federal University of São

Paulo IRB, and patients gave informed consent.

Cell culture and antigenic stimulation

Cryopreserved peripheral blood mononuclear cells

(PBMCs) were thawed and used for measurements of NK

cell frequency, number and receptor expression. The

thawed cells were washed with RPMI-1640 medium supple-

mented with 15% fetal bovine serum (FBS) before staining

or stimulation. NK cell function was assessed by cytokine

flow cytometry (CFC). To measure NK cell function,

PBMCs were cultured in medium alone, or stimulated with

K-562 cells (10 : 1 effector to target ratio). The PBMCs cul-

tured in medium alone were taken as a measure of ‘sponta-

neous’ NK cell function. Briefly, 100 ll of thawed PBMCs

was stimulated at 5 · 106 cells/ml in 96-well plates

(5�0 · 105/well) in the presence of 10 lg/ml fluorescein

isothiocyanate (FITC)-conjugated anti-CD107a antibody

for 24 hr; during the last 6 hr of culture, monensin and

brefeldin-A were added to block trans-Golgi transport and

allow intracellular accumulation of cytokines. The cells

were then harvested, washed in buffer and prepared for

antibody staining and flow cytometry.

Cell staining and flow cytometric analysis

Cryopreserved specimens were used for measurements of

NK cell frequency, number and receptor expression. The

thawed cells were washed with phosphate-buffered saline
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(PBS) supplemented with 1% bovine serum albumin

(BSA) and 2 mM ethylenediaminetetraacetic acid (EDTA)

[fluorescence-activated cell sorting (FACS) buffer] before

staining. For staining, 5 · 105 cells were incubated with

purified human immunoglobulin G (IgG; 100 lg/ml) to

block non-specific binding. For the gating strategy, dou-

blets were excluded based on forward scatter (FSC) height

and FSC area (Fig. 1a). A broad PBMC gate was then used
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Figure 1. Flow cytometric analysis, lymphocyte numbers, and natural killer (NK) cell subset distribution. (a) Cryopreserved peripheral blood

mononuclear cells (PBMCs) were stained with a panel of monoclonal antibodies to distinguish NK cells from other lymphocytes and monocytes.

Cells were gated using forward scatter (FSC-H) versus area (FSC-A), and live PBMCs were gated using FSC-H and side scatter (SSC-A). Monocyte

and lymphocyte populations were defined using the combination of SSC-A and CD3, CD14 and CD19. NK cells were gated as CD3-negative,

CD19-negative lymphocytes, and further defined using CD56 and CD16. NK cells were then further subgrouped based on the level of CD56

staining (CD56bright, CD56dim or CD56neg) as shown in the lower right panel. (b) Human immunodeficiency virus 1 (HIV-1) viral load and the

numbers of NK cells and CD4+ and CD8+ T cells were compared among HIV-1-seronegative (n = 11), HIV-1 mono-infected (n = 15), and HIV-1

and herpes simplex virus 2 (HSV-2) co-infected subjects (n = 16). (c) NK cell subgrouping among subjects. A Mann–Whitney U-test was used to

determine differences between the means. Significance is indicated by asterisks: *P < 0�05; **P < 0�01; ***P < 0�001.
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based on FSC height and side light scatter (SSC). Mono-

cytes, B cells and T cells were excluded based on CD14,

CD19 and CD3 gating, respectively (Fig. 1a). NK cells were

gated from the CD14-, CD19-, CD3-negative lymphocyte

population and were then subdivided into CD56bright,

CD56dim and CD56neg populations and analysed for the

expression of the NK cell activating receptors NKp30 and

NKp46, and for CD107 expression. We used commercially

available anti-KIR antibodies DX9 and Z27 to further phe-

notype the NK cells (BD Biosciences, San Jose, CA). Fluo-

rescence minus one (FMO) samples were prepared for

each fluorochrome to facilitate gating. All cells were analy-

sed by flow cytometry using a two-laser FACSCanto

instrument running FACS-DIVA software (BD Biosciences).

Anti-mouse IgG-coated beads (BD Biosciences) were

stained with each fluorochrome separately and used for

software-based compensation. Data analysis was carried

out using FLOWJO flow cytometric analysis software (FlowJo

Software; Tree Star, Ashland, OR). Statistical analysis was

performed using GRAPHPAD PRISM statistical software

(GraphPad Software, San Diego, CA). Non-parametric

Mann–Whitney U-tests were used to determine differences

between groups of subjects, and a two-tailed Spearman

correlation at the 95% confidence interval was used to

assess the relationship between two groups of variables.

Results

Pan-lymphocytosis in HIV-1-infected subjects
seropositive for HSV-2

We examined the number of NK cells and CD4+ and

CD8+ T cells in a Brazilian cohort of HIV-1-seropositive

subjects. The cohort included 31 HIV-1-infected patients,

of whom 16 patients were seropositive for HSV-2. A

description of the cohort may be found in Table 1. These

subjects were subdivided into individuals who were

seropositive (n = 15) or seronegative (n = 16) for HSV-2

(HSV-2-negative subjects are hereafter referred to as

‘HIV-1 mono-infected’). Although there was no difference

in the mean HIV-1 plasma viral load between these two

groups, subjects co-infected with HSV-2 showed a pan-

lymphocytosis, with elevated numbers of NK cells, CD4+

T cells, and CD8+ T cells relative to HIV-1 mono-infected

subjects, but this difference was not significant except for

CD4+ T cells (Fig. 1b). The numbers of both NK cells

and CD4+ T cells were not significantly different for HIV-

1-seronegative controls. Similar to our previous study,20

we observed a significantly elevated number of CD4+ T

cells in subjects co-infected with HSV-2 relative to HIV-1

mono-infected subjects (mean = 859 cells/ll versus

474 cells/ll for HIV-1 mono-infected patients;

P = 0�002). Furthermore, the number of CD8+ T cells

was higher than for seronegative controls for both HIV-1

mono-infected subjects (558 cells/ll versus 866 cells/ll;

P = 0�017) and HSV-2 co-infected subjects (1215 cells/ll;

P = 0�006). As a result, NK cell and T-cell levels in

HSV-2 co-infected subjects were increased beyond the

elevated levels seen in HIV-1 mono-infected subjects.

We next evaluated the subset distribution of NK cells

with respect to the level of CD56 expression. NK cells

were separated into CD56bright CD16neg; CD56dim

CD16pos; or CD56neg CD16pos subsets. The last group has

been described as both increased in number and dysfunc-

tional in HIV-1-infected subjects.23 The frequency of

these populations was examined as a percentage of total

NK cells, and no significant difference was detected in the

mean subset frequencies between subject groups (data not

shown). We then used this percentage to calculate the

absolute number of NK cells present in these subsets. The

results of this calculation demonstrate that the elevated

number of total NK cells is primarily attributable to an

increase in the number of CD56dim NK cells (Fig. 1c).

HIV-1 mono-infected subjects had a decreased mean

number of CD56dim NK cells (227 cells/ll) relative to

uninfected controls (354 cells/ll; P = 0�009), and HSV-2

co-infected subjects (331 cells/ll; P = 0�026). Interest-

ingly, the number of CD56bright NK cells was reduced in

Table 1. Clinical characteristics and demographics of patients in the study cohort at study entry

Controls HIV-1+ HIV-1+/HSV-2+

Number 10 15 16

Demographics

Sex (male:female) 5 : 5 14 : 1 15 : 1

Age (years) [mean (± SD)] 35�2 (± 9�4) 32�4 (± 5�9) 35�8 (± 11�6)

Blood T-cell counts (cells/ll)

CD4+ T lymphocytes [median (IQR)] 1064 (776�0, 1258�0) 408 (353�0, 570�0) 772 (605�5,1141)

CD8+

T lymphocytes [median (IQR)] 477 (466�5, 603�5) 856 (559�0, 927�0) 1079 (841�5, 1347)

HIV-1 RNA concentrations

Plasma HIV-1 RNA (log10 copies/ml) [median (IQR)] NA 3�98 (2�890, 4�630) 3�74 (3�318, 4�910)

IQR, interquartile range; NA, not applicable; SD, standard deviation.
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the both the HIV-1 mono-infected group (10 cells/ll)

and the HSV-2 co-infected group (8 cells/ll) relative to

uninfected controls (17 cells/ll; P = 0�032 for HSV-2

co-infected versus uninfected) (Fig. 1c). As CD56dim NK

cells are the major population of NK cells, it was not

surprising to find reduced numbers in the HIV-1 mono-

infected group, mirroring the results obtained for total

NK cells (Fig. 1b). Although previous studies have indi-

cated an increase in the frequency of CD56neg NK cells in

HIV-1-infected subjects,23 we did not observe either an

elevated number (Fig. 1c) or an elevated frequency (data

not shown) in this population of Brazilian subjects, either

with or without concomitant HSV-2 infection.

Increased number of functional NK cells in HSV-2
co-infection

It is well established that NK cells are important in the

immune response controlling herpesviruses. In particular,

HSV pathogenesis in both humans and mouse models is

enhanced in the absence of NK cells, when NK cell func-

tion is inhibited, or when innate accessory cells required

for activation of dendritic cells (DCs), plasmacytoid DCs

and macrophages are absent or dysfunctional. In HIV-1

infection, alterations in the number and function of NK

cells have been described previously.1,24–29 We evaluated

the function of NK cells from HIV-1 mono-infected sub-

jects, HSV-2 co-infected subjects, and healthy HIV-1-

seronegative controls. We stimulated PBMCs from these

individuals by co-culture with the MHC class I-deficient

K-562 erythroleukemia cell line.30 K-562 cells do not

express MHC class I proteins (HLA-A, HLA-B, HLA-C,

HLA-E or HLA-G) on their surface; therefore, they fail to

express any known ligands for the inhibitory and activat-

ing KIRs. We detected an increased absolute number of

degranulating NK cells, as indicated by levels of CD107

antibody staining (Fig. 2). The number of CD107+ NK

cells in HSV-2 co-infected subjects was increased relative

to HIV-1 mono-infected subjects in stimulated cultures

(263 cells/ll versus 195 cells/ll, respectively; P = 0�018)
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Figure 2. Functional analysis of natural killer

(NK) cells. Cryopreserved peripheral blood

mononuclear cells (PMBCs) were cultured

overnight without stimulation or were stimu-

lated with K-562 cells. Brefeldin-A and Monen-

sin were added for the last 5 hr, and cells were

stained with the panel of antibodies described

in Fig. 1a. A fluorescence minus one (FMO)

control was used to set the CD107 gate (upper

left), and the percentage of CD107+ NK cells

was determined (upper right). The percentage

of CD107+ cells was used to calculate the abso-

lute number of CD107+ NK cells per ll of

whole blood. Differences in the number of

CD107+ NK cells are shown for each group

without stimulation (lower left) and following

K-562 cell stimulation (lower right). Mann–

Whitney U-test results are shown. Significance

is indicated by asterisks: *P < 0�05; **P < 0�01;

***P < 0�001.

Figure 3. Correlation of NKp30- and NKp46-expressing natural killer (NK) cells and human immunodeficiency virus 1 (HIV-1) viral load. (a) A

fluorescence minus one (FMO) control was used to set the gates for NK cells expressing NKp30 and NKp46 (left panels), and the frequency of

receptor-positive cells was determined (right panel). The frequencies were used to calculate the number of NKp30- and NKp46-positive NK cells,

and no significant difference was observed among the subject groups (b) Spearman correlation of the number of NKp30-expressing NK cells and

log10 HIV-1 viral load shown for HIV mono-infected and HIV-1 and herpes simplex virus 2 (HSV-2) co-infected groups. (c) Spearman correla-

tion for NKp46-expressing NK cells and log10 HIV-1 viral load.
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and was not different from that in HIV-1-seronegative

healthy control subjects. Furthermore, in cultures with no

stimulation, the number of functional NK cells was signif-

icantly depressed in HIV-1 mono-infected subjects com-

pared with healthy control subjects (121 cells/ll versus

198 cells/ll, respectively; P = 0�007).

4000

(a)

(b)

(c)

3000

2000

S
S

C
-A

1000

0
0

NKp30
102 103 104 105

103 104 105

4000

150

Frequency NKp30+

Frequency NKp46+

100

50

0

HIV+ HIV+

HSV-2+
Sero-

negative

HIV+ HIV+

HSV-2+
Sero-

negative

3000

2000

0·93%

4000

3000

2000

S
S

C
-A

N
K

p3
0+

 c
el

ls
/µ

l
N

K
p4

6+
 c

el
ls

/µ
l

1000

250

P = 0·179

Spearman R = –0·366

P = 0·849

Spearman R = –0·054

P = 0·046

Spearman R = –0·525

P = 0·929
Spearman R = –0·025

200

200

150

100

50

0

150

100

50

0

N
K

p4
6+

 c
el

ls
/µ

l

200

150

100

50

0

N
K

p3
0+

 c
el

ls
/µ

l

250

200

150

100

50

0

Log
10

 HIV-1 viral load
2 3 4 5 6 7

Log10 HIV-1 viral load
2 3 4 5 6 7

Log10 HIV-1 viral load
2 3 4 5 6 7

Log
10

 HIV-1 viral load

2 3 4 5 6 7

0
0

NKp46

HIV+

HIV+ HIV+ HSV-2+

HIV+ HSV-2+

*

NKp46
103 104 105

0·91%

4000

3000

2000

S
S

C
-A

1000

0
0 103 104 105

25·7%

19·6%

S
S

C
-A

N
K

 c
el

ls
/µ

l

150

100

50

0
N

K
 c

el
ls

/µ
l

1000

0
0

NKp30
102

� 2009 Blackwell Publishing Ltd, Immunology, 129, 186–196 191

HSV-2 changes NK cell function in HIV-1 infection



NKp30- and NKp46-expressing NK cells are
negatively correlated with viral load in HIV-1
mono-infected subjects

We assessed the relationship between HIV-1 plasma viral

load and the number of NK cells expressing the natural

cytotoxicity receptors NKp30 and NKp46 in HIV-1 mono-

infected and HSV-2 co-infected subjects (Fig. 3). Although

there was no difference in the mean number or frequency of

NKp30- or NKp46-positive cells between groups (Fig. 3a),

or in HIV-1 plasma viral load (Fig. 1a), an inverse correla-

tion was observed in HIV-1 mono-infected subjects for

both NK cells receptors (Fig. 3b,c). This correlation was

not observed in HSV-2 co-infected subjects. In HIV-1

mono-infected subjects, this inverse correlation was signifi-

cant for NKp46 (P = 0�046). Consequently, the number of

NKp30+ and NKp46+ NK cells correlates with reduced

viral load in HIV-1 mono-infected subjects, yet this does

not appear to be the case in subjects co-infected with

HSV-2.

KIR expression pattern on NK cells affects viral load

The presence of particular combinations of HLA and KIR

genes impacts the rate of HIV-1 disease progression.4–6 In

particular, the combination of KIR3DS1 with HLA-Bw4

molecules possessing isoleucine at position 80 (Bw4-80I)

is linked with a delayed progression to AIDS.4 More

recently, our group has published data indicating that the

presence of KIR3DS1 alone may be sufficient to affect NK

cell function in HIV-1 infection.6 The issue is further

complicated by data suggesting that the presence of alleles

of KIR3DL1 encoding proteins expressed at high levels on

the cell surface of NK cells in combination with HLA-

Bw4-80I is strongly associated with delayed HIV-1 disease

progression.5

Previous studies have suggested that the presence of

alleles for KIR3DS1 or KIR3DL1 may also lead to delayed

HIV-1 disease progression. KIR3DS1 is expressed at the

cell surface, and can be discriminated from KIR3DL1 by

flow cytometry with the use of two KIR-specific antibod-

ies (i.e. DX9 and Z27).31 As we do not know the KIR

genotype of this cohort of Brazilian subjects, and certain

alleles of KIR3DL1 that are expressed in low amounts

(similar to KIR3DS1) can be misassigned as KIR3DS1, we

have used nomenclature to reflect the relative levels of

binding of the DX9 and Z27 antibodies. In previous stud-

ies in which the KIR genotype was known, NK cells that

were DX9-negative and Z27-low were defined as

KIR3DS1+ cells, whereas NK cells positive for DX9 only,

or both DX9 and Z27, were defined as KIR3DL1+.

Although this is probably correct, we have chosen to

define our populations as KIR3D-positive to reflect either

DX9 and/or Z27 binding, and segregated this group into

populations that are KIR3Dhigh or KIR3Dlow based on

Z27 staining characteristics (Fig. 4a). No significant dif-

ferences were seen in the number or frequency of KIR3D+

NK cells among seronegative, HIV-1 mono-infected, and

HIV-1 and HSV-2 co-infected subjects (Fig. 4b). How-

ever, we then correlated the number of KIR3D+ NK cells

with HIV-1 viral load and noted an inverse correlation

(Fig. 4c). The number of KIR3D+ NK cells correlated

inversely with HIV-1 viral load in all HIV-positive sub-

jects combined, and this correlation became significant

when the HIV-1 mono-infected subjects were segregated

as a group (P = 0�029). However, this correlation was lost

in the HSV-2 co-infected group (P = 0�634). When

KIR3D+ NK cells were segregated into KIR3Dhigh and

KIR3Dlow expression groups, a stronger inverse correla-

tion with viral load was observed in the KIR3Dlow popu-

lation (P = 0�043 and P < 0�1 for all groups and HIV-1

mono-infected individuals, respectively), and this correla-

tion was again lost in the HSV-2 co-infected group

(P = 0�969).

Discussion

We show here that HSV-2 co-infection of HIV-1-infected

subjects has a considerable impact on the number of

circulating peripheral NK cells, and that these NK cells

display increased function in response to stimulation.

Previous studies have shown that the frequency and abso-

lute numbers of NK cells are decreased in chronic HIV

infection and the function of remaining NK cells is

impaired.32,33 In the current study, increased numbers of

NK cells correlated with increased NK cell function, and

we found greater numbers of CD107+ NK cells in HSV-2

co-infected subjects. Of greatest interest is that the num-

ber of NK cells expressing the receptors NKp30, NKp46

and low-level KIR3D was strongly and inversely correlated

with viral load in HIV-1-infected subjects. This suggests

that increased numbers of functional NK cells negatively

Figure 4. (a) Phenotypic flow cytometric analysis of natural killer (NK) cells using killer cell immunoglobulin-like receptor 3D (KIR3D)-specific

antibodies DX9 and Z-27. DX9 antibody binds the proteins encoded by most alleles of KIR3DL1, whereas Z-27 binds both KIR3DL1 and

KIR3DS1. Gates were drawn to differentiate the level of KIR3D expression defined as KIR3Dhigh or KIR3Dlow. From the left to right, the panels

depict NK cells taken from a patient with no KIR3D expression, a patient with predominantly KIR3Dhigh expression, a patient with predomi-

nantly KIR3Dlow expression, and a patient expressing both KIR3Dhigh and KIR3Dlow. Numbers indicate the frequency of NK cells. (b) Total num-

ber of KIR3D-expressing NK cells, and number of KIR3Dlow and KIR3Dhigh NK cells among subject groups. (c) Spearman correlations of total

KIR3D, KIR3Dlow and KIR3Dhigh NK cells with log10 HIV-1 viral load. Significance is indicated by asterisks: *P < 0�05; **P < 0�01; ***P < 0�001.
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impact HIV-1 viral load, and that NK cells might mediate

some level of control of HIV-1, although this will require

further study to determine causality and potential mecha-

nisms. Conversely, in the context of HSV-2 co-infection,

there are greater numbers of functional NK cells, yet this

increase in NK cell functional capacity has no impact on
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HIV-1 viral load, as the correlation with the numbers of

NK cells expressing activating receptors is lost. These data

suggest a model whereby HSV-2 co-infection results in an

increased number of functional NK cells, but this

increased function is possibly directed towards HSV-2 at

the expense of HIV-1 recognition and control. In this

model, prophylactic control of HSV-2 infection may allow

NK cells to resume effective control of HIV-1 viraemia,

resulting in reduced HIV-1 viral load. Importantly,

however, we have not formally demonstrated either

HIV-1 or HSV-2 specificity of NK cell function, leaving

our results open to other interpretations.

In previous studies of HSV-2 co-infection in HIV-1-

positive subjects, reactivation of HSV-2 was associated

with increased HIV-1 viral load, and was more common

in subjects with lower CD4+ T-cell counts.21,34 Con-

versely, no significant correlation was observed between

HIV-1 viral load and HSV-2 infection in the absence of

HSV-2 lesions. Subjects infected with HSV-2 are at

greater risk for HIV-1 acquisition,35 providing the impe-

tus for the study of HSV-2 prophylaxis in preventing

HIV-1 infection. However, treatment with acyclovir has

not been demonstrated to be effective in preventing

HIV-1 acquisition in HSV-2-positive subjects,36 but was

effective in reducing HIV-1 viral load in co-infected

women.37 More recent evidence has shown that acyclovir

itself strongly inhibits HIV-1 reverse transcriptase, and

may account for the reduced HIV-1 viral load observed

in response to HSV-2 prophylaxis.38 In the previous study

evaluating CD4+ T-cell numbers in co-infected subjects

by Barbour et al.,20 it was noted that subjects who had

acquired HSV-2 prior to HIV-1 infection had elevated

numbers of CD4+ T cells; however, this was not the case

in subjects who acquired HSV-2 subsequent to HIV-1

infection. This led to speculation that HSV-2 infection

has a lasting effect on the immune system, and that the

higher numbers of CD4+ T cells in HSV-2-infected

subjects may increase the risk for HIV-1 acquisition by

providing a greater number of potential target cells. As it

is likely that HSV-2 infection preceded HIV-1 acquisition

in the subjects included in the current study, the

elevated number of NK cells we observed may be attribut-

able to an imprinting effect of HSV-2 on the immune

system that remains throughout the early stages of HIV-1

infection.

Herpesvirus infection can have significant and sustained

effects on the expression of NK cell receptors on both NK

cells and CD8+ T cells. Studies examining the effects of

infection with cytomegalovirus (CMV), a b herpes virus,

have noted an imprinting effect resulting in a lasting

increase in the frequency of NK cells expressing the acti-

vating receptor NKG2C.39 More recently, a longitudinal

study of subjects recently exposed to CMV revealed

increased expression of both activating and inhibitory NK

receptors on CMV-specific CD8+ T cells that remained

for at least 1 year following the acute phase of the infec-

tion.40 These results raise the possibility that HSV-2 infec-

tion may be having immunomodulatory effects on NK

cells that affect the host response to HIV-1.

Several mouse models of HSV infection have shown

that NK cells are involved in the immune control of

HSV, and severe HSV-2 infection has been described in

human case studies of persons lacking functional NK

cells.13,14 NK cells are effector lymphocytes of the innate

immune response important for recognition of virally

infected and transformed cells. Further, in HIV-1 infec-

tion, alterations in the number and function of NK cells

have been described previously.1,24–29 As essential early

effector cells, one of their critical functions is the produc-

tion of cytokines to support the development of antigen-

specific cellular immunity. Production of IFN-c by NK

cells promotes the development of T helper type 1 (Th1)

cytotoxic T lymphocyte (CTL) responses and eventual

development of immune memory. A recent study of

mouse gamma-herpesvirus infection demonstrates that

latent infection imparts enhanced IFN-c secretion by NK

cells, and renders the mice resistant to bacterial infec-

tions.15 In this model, latent herpesvirus infection

increases the basal activation state of NK cells, protecting

the host from subsequent infections. As nearly all humans

become infected with HSVs during their lifetime, it has

been suggested that HSV infection, and the resulting

increase in basal activation, may encompass part of the

natural function of the host immune system. Although no

such role has been established for HSV-2, it may none-

theless be the case that minimal levels of HSV-2 replica-

tion elevate the basal activation status of innate immune

cells, such as NK cells. This enhanced activation may pro-

duce benefits for subjects infected with HIV-1, such as

the pan-lymphocytosis described here, or alternatively

may distract immune effector cells away from HIV-1-

infected targets. The factors leading to increased numbers

of lymphocytes are not clear, and require further study.

Additionally, more investigation is needed to define how

HSV-2 infection might modulate HIV-1 pathology.
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