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Virus-specific CD8� T cells play a central role in the control of viral infections, including human immuno-
deficiency virus type 1 (HIV-1) infection. However, despite the presence of strong and broad HIV-specific CD8�

T-cell responses in chronic HIV-1 infection, these cells progressively lose critical effector functions and fail to
clear the infection. Mounting evidence suggests that the upregulation of several inhibitory regulatory receptors
on the surface of CD8� T cells during HIV-1 infection may contribute directly to the impairment of T-cell
function. Here, we investigated the role of killer immunoglobulin receptors (KIR), which are expressed on NK
cells and on CD8� T cells, in regulating CD8� T-cell function in HIV-1 infection. KIR expression was
progressively upregulated on CD8� T cells during HIV-1 infection and correlated with the level of viral
replication. Expression of KIR was associated with a profound inhibition of cytokine secretion, degranulation,
proliferation, and activation by CD8� T cells following stimulation with T-cell receptor (TCR)-dependent
stimuli. In contrast, KIR� CD8� T cells responded potently to TCR-independent stimulation, demonstrating
that these cells are functionally competent. KIR-associated suppression of CD8� T-cell function was indepen-
dent of ligand engagement, suggesting that these regulatory receptors may constitutively repress TCR activa-
tion. This ligand-independent repression of TCR activation of KIR� CD8� T cells may represent a significant
barrier to therapeutic interventions aimed at improving the quality of the HIV-specific CD8� T-cell response
in infected individuals.

The immune response to infection relies on a highly coor-
dinated set of events involving a variety of cell subsets. The
cellular immune response to viruses relies heavily on cytotoxic
CD8� T lymphocytes (CTLs). Despite the efficacy of CD8�

T-cell responses in reducing viral loads in acute human immu-
nodeficiency virus type 1 (HIV-1) infection (21), viral replica-
tion persists at a viral set point throughout chronic HIV-1
infection (14). In contrast to the setting of cleared viral infec-
tions, CD8� T cells are not able to eliminate HIV-1 completely
(24).

Accumulating evidence suggests that several aspects of a
normal CTL response are altered during chronic HIV infec-
tion (12, 22, 24) due to exposure to persistent viral replication.
During chronic infection, changes within the T-cell compart-
ment include a significant skewing of the hierarchy of the
immune response (1, 38), improper maturation of effector T-
cell populations (10), and changes in both the phenotypic and
the functional quality of the HIV-specific CTL (7). Subjected
to the protracted exposure to high doses of antigen, HIV-
specific T cells have evolved elaborate homeostatic mecha-
nisms that allow them to resist elimination while, simulta-
neously, they attempt to dampen immunopathogenesis (36).

While the activation of T cells is dependent on the recogni-
tion of specific major histocompatibility complex (MHC)/pep-

tide complexes by the T-cell receptor (TCR), the outcome of
this interaction is modulated by a vast array of additional
receptor-ligand interactions such as those involved in the ad-
hesion and costimulation of T cells by the target cell (32).
Recent studies have shown that a significant subset of CD8� T
cells appears to upregulate inhibitory receptors typically ex-
pressed on NK cells following an encounter with antigen (4, 5,
8, 11, 13, 27, 28, 36). These receptors include members of the
killer immunoglobulin-like receptors (KIR) that can be both
inhibiting and activating (4, 8, 31). In humans, peripheral blood
KIR� CD8� T cells represent nearly 5% of T cells in a normal
healthy adult and can reach up to 30% in elderly subjects (3,
36); these cells become enriched in the setting of infections
with influenza virus (19), lymphocytic choriomeningitis virus
(28), Listeria monocytogenes (28), hepatitis C virus (8), and
HIV (4, 13, 33).

A small number of studies have demonstrated that KIR
expression is elevated on CD8� T cells in asymptomatic HIV-1
infection, predominantly on memory CD8� T cells, associated
with a reduced ability to kill target cells (4, 13, 33). However,
the extent of KIR-induced dysregulation at different stages of
HIV-1 infection is poorly understood. Here, we demonstrate
that KIR expression is dramatically enriched on CD8� T cells
from subjects with ongoing HIV-1 replication. KIR expression
was associated with reduced cytokine secretion, proliferation,
activation, and killing by antigen-specific CD8� T cells follow-
ing stimulation via the TCR. However, stimulation of T cells
that did not depend on signals delivered via the TCR (phorbol-
12-myristate-13-acetate [PMA]) resulted in potent stimulation
of the T cells, suggesting a specific defect in TCR-mediated
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stimulation of KIR� CD8� T-cell function and not a general-
ized T-cell defect. Furthermore, KIR-associated repression of
CD8� T-cell function occurred in subjects that did or did not
possess the respective KIR ligands, demonstrating a ligand-
independent repression of CD8� T-cell function. Thus, these
studies demonstrate a generalized suppression of TCR-medi-
ated activity of KIR� CD8� T cells during HIV-1 infection via
a ligand-independent blockade of TCR activation.

MATERIALS AND METHODS

Subjects. A total of 50 subjects were recruited for this study, including 10
healthy HIV-1-negative control subjects; 10 untreated viremic HIV-1-infected
subjects with an average viral load of 148,270 copies HIV-1 RNA per ml of
plasma (range, 8,010 to �750,000 copies per ml) and an average CD4 count of
273 cells per mm3 (range, 42 to 483 cells per mm3); 10 HIV-1-infected subjects
receiving highly active antiretroviral therapy (HAART), with undetectable viral
loads (�50 copies) and an average CD4 count of 611 cells per mm3 (range, 278
to 803 cells per mm3); 10 subjects that spontaneously control HIV-1 infection
without antiretroviral therapy, with an average viral load of 137 copies of RNA
per ml plasma (range, �50 to 1,800 copies) and an average CD4 count of 704
cells per mm3 (range, 375 to 1,305 cells per mm3); and 10 acutely HIV-1-infected
individuals with an average viral load of 1,526,125 copies per ml (range, 94,000
to �750,000 copies) and an average CD4 count of 715 cells per mm3 (range, 398
to 985 cells per mm3) (Table 1). The MGH institutional review board approved
the study, and each subject gave written informed consent for participation in the
study.

Phenotyping. The frequency and phenotype of KIR-expressing CD8� T cells
were assessed by flow cytometry. Peripheral blood mononuclear cells (PBMC)
were stained with KIR (CD158a, CD158b, and NKB1)-fluorescein isothiocya-
nate (FITC), CD3-Pacific Blue, CCR7 PECy7 (Becton Dickinson, San Jose, CA),
CD45RA PECy5.5 (Caltag, Burlingame, CA), CD4 Qdot655, and CD8 Qdot605
(Custom Conjugates). For the coexpression of inhibitory molecules, PBMC
were stained with PD-1–allophycocyanin (APC), CD57-biotin, KIR (CD158a,
CD158b, and NKB1)-phycoerythrin (PE), CD3-Pacific Blue, and CD8-APCCy7
(BD Biosciences); washed and stained with streptavidin Cascade Yellow (In-
vitrogen); washed, fixed, and permeabilized; and then stained with CTLA-4-PE
(BD Biosciences). A minimum of 2 � 105 cells was acquired on an LSRII
cytometry system, and data were analyzed with FlowJo.

TCR staining. To determine whether KIR� CD8� T cells expressed TCR ��
or ��, PBMC were stained with KIR (CD158a, CD158b, and NKB1)-PE,
TCR��-APC, TCR��-FITC, CD3-Pacific Blue (Becton Dickinson, San Jose,
CA), CD4 Qdot655, and CD8 Qdot605 (Custom Conjugates). A minimum of
2 � 105 cells was acquired and then analyzed with FlowJo software.

Intracellular cytokine staining. The proportion of cytokines secreting and
degranulating CD8� T cells was quantified by multiparameter intracellular cy-
tokine staining. One million cells were stimulated with peptides corresponding to
HIV-1 epitopes (2 	g/ml), the CEF peptide pool (cytomegalovirus [CMV]-,
Epstein-Barr virus [EBV]-, and influenza virus-optimal epitopes) (NIH AIDS
Reagent Bank) (2 	g/ml), or staphylococcal enterotoxin B (SEB; Sigma Aldrich,
St. Louis, MO) (2 	g/ml); medium alone served as the negative control, and
PMA (2.5 	g/ml) and ionomycin (0.5 	g/ml) served as a positive control. Brefel-
din A (Sigma, St. Louis, MO) (5 	g/ml), Golgi Stop (3 	g/ml), anti-CD28 (1
	g/ml), anti-CD49d (1 	g/ml), and anti-CD107a-PECy5 (10 	g/ml) (BD Bio-
sciences, San Jose, CA) were added to cells, which were then incubated for 6 h
at 37°C in 5% CO2. PBMC were stained for surface markers with KIR (CD158a,
CD158b, and NKB1)-PE, CD3-Pacific Blue, (Becton Dickinson, San Jose, CA),
CD4 Qdot655, and CD8 Qdot605 (Custom Conjugates) (Caltag, Burlingame,

CA) for 30 min. Samples were then fixed and permeabilized according to the
manufacturer’s directions (Caltag, Burlingame, CA) and stained for intracellular
gamma interferon (IFN-�)-PECy7, interleukin-2 (IL-2)-APC, and tumor necro-
sis factor (TNF)-Alexa 700 (Becton Dickinson, San Jose, CA) for an additional
30 min. After cells were washed, they were resuspended in 1% paraformaldehyde
(Sigma, St. Louis, MO) until acquisition was performed on an LSRII (BD
Biosciences, San Jose, CA) system.

T-cell activation assay. Differences between the activation of KIR� CD8� T
cells and that of KIR
 CD8� T cells were assessed by the quantification of CD69
expression on the surface of CD8� T cells following stimulation. One million
cells were stimulated with SEB (2 	g/ml; Sigma Aldrich, St. Louis, MO), anti-
CD3 (OKT3; Biolegend), medium alone (as a negative control), and PMA (2.5
	g/ml) and ionomycin (0.5 	g/ml) (as a positive control). Anti-CD28 (1 	g/ml)
and anti-CD49d (1 	g/ml; BD Biosciences, San Jose, CA) were added, and the
samples were incubated for 6 h at 37°C in 5% CO2. The cells were then stained
with KIR (CD158a, CD158b, NKB1)-FITC, CD3-Pacific Blue, CD8-APCCy7,
and CD69-PECy7 (BD Biosciences San Jose, CA) for 30 min. Samples were then
fixed in 1% paraformaldehyde (Sigma, St. Louis, MO) until four-color flow
cytometry analysis was performed on an LSRII instrument (BD Biosciences, San
Jose, CA). Two hundred thousand to 106 events were acquired and analyzed
using FlowJo software.

Proliferation assay. PBMC were resuspended to 106 cells/ml in phosphate-
buffered saline (PBS) and incubated at 37°C for 7 min with 0.25 	M carboxy-
fluorescein succinimidyl ester (CFSE; Molecular Probes). After the cells received
serum and were washed with PBS, they were resuspended at 106 cells/ml in
RPMI medium supplemented with glutamine, 10% fetal calf serum, penicillin,
and streptomycin. No exogenous cytokines were added to the medium. Pools of
overlapping HIV-1-specific peptides representing the entire amino acid sequence
of either Gag, Nef, or Pol were then added at a concentration of 20 ng/ml per
peptide. Phytohemagglutinin (PHA; Sigma, St. Louis, MO) and SEB (Sigma, St.
Louis, MO) were used as positive controls, and medium alone served as the
negative control. On day 6, cells were harvested, washed with PBS, and stained
with purified KIR (CD158a, CD158b, NKB1)-PE, CD3-Pacific Blue, CD4-
Qdot655, and CD8-Qdot605. Cells were then fixed in 1% paraformaldehyde and
acquired on an LSRII machine. The mean background proliferation was calcu-
lated based on the proliferation fraction of cells in the negative wells containing
medium alone. Thus, the antigen-specific proportion of proliferating cells was
calculated by subtracting the proportion of proliferating cells in unstimulated
samples from the proliferating fraction in the stimulated wells.

Chromium release cytotoxicity assay. The ability of CD8� T cells to kill
HLA-matched B cell lines was examined using a standard chromium release
cytotoxicity assay. A CD8� T-cell clone specific for the HLA-B51-restricted
epitope (TAFTIPSI [TI8]) in HIV-1 HXB2 that expressed CD158b (specific for
KIR2DL2/L3/S3 but not the other KIR2DL2/L3/S3 ligand CD158a or NKB1)
was sorted into CD158b� and CD158b
 CD8� T cells as the cells were labeled
with the CD158b-PE antibody and then sorted into the two populations using
Miltenyi magnetic beads directed at the PE stain (Miltenyi Biotech, Auburn,
CA). The resulting separation resulted in an average purity range of 93.2 to
97.4% in the CD158b� cells and only 0.1 to 0.3% contamination of these cells in
the CD158b
 cells remaining in the eluted sample. The abilities of these two
populations of sorted CD8� T cells to kill peptide-loaded HLA-matched B cell
lines were compared to that of the bulk B51-TI8-specific CD8� T-cell clone.
Target cells included 2 � 106 HLA-C1/C1, -C2/C2, or -C1/C2 HLA-B51-matched
B cells which were labeled with 50 	Ci of 51CrO4-Na2 (1 Ci � 37 GBq; New
England Nuclear) for 1 h at 37°C in 5% CO2. B51-TI8-specific T cells were added
as effectors at effector-to-target (E:T) ratios of 10:1 and 25:1. Supernatant was
harvested after a 4-h incubation at 37°C in 5% CO2. The percentage of lysis was
calculated as (sample count 
 spontaneous release)/(maximal release 
 spon-
taneous release) � 100.

HIV inhibition assay. The antiviral effects of KIR� and KIR
 CD8� T cells
were assessed using the viral inhibition assay. Two CD8� T-cell clones were
employed. The first was an HLA-B51-restricted T-cell clone directed at TI8, and
the second was a CD8� T-cell clone that recognizes the B27 epitope KRWIIL
GLNK (KK10) in HIV-1 HXB2. A small population of both clones expressed
CD158b (specific for KIR2DL2/L3/S3) but not CD158a or NKB1. PBMC from
the same donor from which the clones were generated were thawed and resus-
pended in 10 ml of R10 medium supplemented with 0.5 	g/ml of a bispecific
antibody directed at CD3 and CD8 in the presence of 50 units/ml of IL-2. After
4 days, the resulting suspension was composed largely of activated, pure CD4�

T cells. The cells were counted and infected at a multiplicity of infection of 0.1
with the R5 virus JRCSF or the X4 virus IIIB for 3 h. In parallel, the clones were
sorted into KIR� and KIR
 populations, using a FACSAria cell sorting system.
The resulting purity was �98% (range, 97.5 to 99.1%) for both clones. HIV-

TABLE 1. Patient characteristics

Patients Mean CD4 count
(cells/	l � SD)a

Mean viral load
(RNA copies/ml � SD)

Healthy controls N/A N/A
Untreated chronic 273 � 204 148,270 � 294,908
Treated chronic 611 � 277 �50
Controllers 704 � 204 137 � 199
Acute 715 � 310 1,526,125 � 1,459,987

a N/A, not applicable. SD, standard deviation.
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infected CD4� T cells were then cocultured for 14 days in the presence or the
absence of autologous KIR� or KIR
 CD8� T cells at an E:T ration of 1:1.
Supernatant was then collected every 3 to 4 days for 14 days. The level of viral
replication was then quantified by p24 enzyme-linked immunosorbent assay. The
overall capacity of T cells to inhibit viral replication was calculated as the
difference between the p24 production in wells containing CD8� T cells and that
in wells where HIV-infected CD4� T cells were cultured alone.

Statistical analysis. Analysis of variance was employed to analyze differences
among groups. A post hoc Tukey’s test was then employed for comparisons that
were significant. P values of less then 0.05 were considered significant.

RESULTS

Increased KIR� expression on CD8� T cells in viremic
HIV-1 infection. Profound changes in the phenotype of CD8�

T cells occur during HIV-1 infection (10). These changes ap-
pear to differ among subjects who are treated with suppressed
viral replication and those who exhibit persistent viral replica-
tion. Previous work has demonstrated a modulation of KIR
expression on CD8� T cells; however, these studies were per-
formed with small groups of subjects with quite different clin-
ical characteristics (4, 13, 33), making it difficult to ascertain
the precise level of NK cell receptor accumulation on CD8� T
cells during different stages of HIV-1 infection. Thus, we com-
pared the levels of KIR
 expression, using a pool of KIR
antibodies (CD158a for KIR2DL1/2DS1, CD158b for
KIR2DL2/L3/S3, and NKB1 for KIR3DL1), on the surface
of CD8� T cells from subjects with treated aviremic, viremic,
and controlled HIV-1 infection, as well as those from HIV-1-
negative subjects (Table 1). An average of 12.2% (range, 4.23
to 19.1%), 8.2% (range, 3.7 to 13.2%), 6.4 (range, 1.11 to
15.8%), and 2.1% (range, 0.58 to 7.6%) of CD8� T cells
expressed KIR in subjects with chronic viremic infection,
treated aviremic infection, and spontaneous controlled infec-
tion compared to HIV-1-negative control subjects, respectively
(P � 0.05 for all comparisons) (Fig. 1B). Furthermore, the
proportion of KIR� CD8� T cells correlated with the level of
HIV-1 replication, suggesting that the level of viral replication
drives the expansion of larger proportions of KIR� CD8� T
cells (r � 0.73; P � 0.0001) (Fig. 1C). Interestingly, despite the
reduction of viral loads to undetectable levels with antiretro-
viral therapy, the proportion of KIR� CD8� T cells in HIV-
positive subjects never reached the levels of those seen in
HIV-1-uninfected controls (Fig. 1B). Similarly, despite low
levels of detectable HIV-1 replication in controllers, the pro-
portion of KIR� CD8� T cells was significantly expanded
compared to that of HIV-1-uninfected controls (P � 0.05,
KIR) (Fig. 1B). These data suggest that populations of KIR�

CD8� T cells are induced in the setting of active viral replica-
tion and may persist in the settings of HAART and spontane-
ous control due to the continued low-level replication of the
virus in tissue compartments, resulting in a significant contin-
uous expansion of KIR� CD8� T cells in chronic HIV infec-
tion.

Longitudinal accumulation of KIR� CD8� T cells. The
above-reported data demonstrated the accumulation of KIR�

CD8� T cells in chronic HIV-1 infection and are in line with
previous data (4, 13, 33). However, it is uncertain at what point
during the infection these KIR� T cells begin to expand. To
determine whether these cells are present from the time of
infection or whether they expand due to exposure to viral
replication, we quantified the proportion of KIR� CD8� T

cells in a group of 10 acutely HIV-1-infected individuals who
all had less than three bands by Western blotting at diagnosis.
KIR� CD8� T cells were observed to be at significantly lower
proportions during acute HIV-1 infection than that in individ-
uals with chronic, untreated HIV-1 infection (P � 0.008) (Fig.
1D). Furthermore, longitudinal quantification of the accumu-
lation of KIR� CD8� T cells starting in acute HIV-1 infection
was performed with five untreated individuals (Fig. 1E). The
proportion of KIR� CD8� T cells accumulated steadily over
the first year of infection, suggesting that persistent viral rep-
lication may have contributed to the steady increase of this
subset of CD8� T cells (Fig. 1E).

KIR� CD8� T cells are enriched in HIV-specific memory
CD8� T cells. As described previously, KIR expression is re-
stricted to memory CD8� T cells (4, 29). These observations
were confirmed in the context of HIV infection (Fig. 2A).
Additionally, some but not all KIR� CD8� T cells expressed
several additional markers of anergy/exhaustion, including pro-
grammed death receptor 1 (PD-1), CD57, and CTLA-4 (Fig.

FIG. 1. Increased expression of KIR on CD8� T cells occurs with
persistent viral replication. (A) The flow plots demonstrate the dra-
matic increase of KIR� CD8� T cells in a representative HIV-positive
subject (right panel) compared to that in a negative control (left
panel). (B) The dot plot represents the overall size of the KIR� CD8�

T-cell population in subjects at different stages of HIV-1 infection,
demonstrating significantly higher proportions of KIR� CD8� T cells
in subjects with untreated HIV-1 infection and reduced but not normal
levels of these cells in treated chronic infection subjects or controllers
than in HIV-negative controls. (C) The proportion of KIR� CD8� T
cells correlates with the level of viral replication. (D) The dot plot
shows the size of the KIR� CD8� T-cell population in subjects in the
acute and chronic untreated infection groups, demonstrating that
these cells accumulate with progressive infection. (E) The line graph
shows the delayed accumulation of KIR� CD8� T cells with disease
progression in a total of five subjects in the acute HIV infection group
(less than three bands in the Western blot analysis). *, P � 0.05.
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2D) (9, 12, 20). Furthermore, given that KIR expression was
restricted primarily to memory CD8� T cells, we were inter-
ested in determining whether these receptors were preferen-
tially expressed on HIV-specific CD8� T cells. Thus, KIR
expression was assessed on the surface of tetramer-positive
populations from a total of four HIV-positive individuals.
Chronically infected individuals who exhibited strong CD8�

T-cell responses to the HLA-B8-restricted Nef epitope FL
KEKGGL (FL8) were identified by use of an IFN-� enzyme-
linked immunospot (ELISpot) assay (34). The expression of
KIR on the surface of B8-FL8-specific CD8� T cells was
heterogeneous among the four individuals. KIR was expressed
at an average of 38.3% (range, 18 to 64.1%) of the tetramer-
positive antigen-specific cells. Only tetramer-positive KIR


HIV-specific CD8� T cells were able to produce IFN-� fol-
lowing stimulation compared to that of tetramer-positive
KIR� cells (P � 0.001) (Fig. 2C). Similar results were obtained
with the B27-KK10-specific CD8� T cells and the B57-KF11-
specific CD8� T cells (data not shown). Overall, KIR was
expressed on a subset of HIV-specific CD8� T cells that re-
spond poorly to antigenic stimulation.

KIR� CD8� T cells are functionally compromised. Antigen-
specific CD8� T-cell function becomes progressively compro-
mised in chronic viral infections (22, 23). Given that KIR�

CD8� T cells appear to accumulate with progressive infection
and are antigen specific but respond poorly to stimulation with
peptide, we were intrigued to determine whether the expres-
sion of KIR on CD8� T cells was associated with different
levels of CD8� T-cell dysfunction in response to a variety of
different stimuli. Thus, multiparameter flow cytometry was
performed with PBMC stimulated with various antigens.
PBMC were stimulated with pools of overlapping HIV-Gag,
-Nef, -Env, -Pol, accessory proteins (Tat, Rev, Vpu, Vif, Vpr),
and envelope peptide pools. Expression of KIR on the surface
of CD8� T cells was associated with a significant reduction in
CD107a and IFN-� (Fig. 3A and B) (P � 0.05 for all compar-
isons) and in MIP-1� and a complete loss of TNF-� and IL-2
(data not shown) following stimulation with peptide pools and
PHA. Thus, overall, the expression of KIR on CD8� T cells
was associated with a significant decline in cytokine secretion
and degranulation following stimulation with peptides or PHA.

Given the remarkably low level of effector activity of KIR�

CD8� T cells, we were interested in determining whether
CD8� T cells that expressed these NK cell receptors were
unable to respond to more potent stimuli, such as the immu-
nodominant pool of CEF, PHA, SEB, or PMA. To eliminate
the confounding factor of HIV-1 infection-induced T-cell dys-
function and look at the pure effect of KIR expression on

FIG. 2. KIR is expressed on memory HIV-specific CD8� T cells. (A) The flow cytometric plots show the effector memory phenotype of KIR�

CD8� T cells from a representative subject. (B) The plots depict the gating strategy employed to gate on tetramer-positive CD8� T cells (top line),
which show the reduced potential of B8-FL8-specific CD8� T cells expressing KIR to secrete cytokines following stimulation (lower line). (C) The
bar graph demonstrates the overall reduced capacity of tetramer-positive CD8� T cells that express KIR to secrete cytokines. (D) The flow plots
depict the distribution of the additional inhibitory receptors PD-1, CD57, and CTLA-4 on KIR
 and KIR� CD8� T cells from a representative
individual. (E) The overall expression proportions of the receptors PD-1, CD57, and CTLA-4 are shown in the bar graph for a group of
HIV-negative individuals (n � 6), showing a trend toward elevated levels of CD57 on KIR� CD8� T cells.
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CD8� T-cell function, we examined the ability of KIR� CD8�

T cells from HIV-uninfected controls to respond to these stim-
uli. Stimulation with either PHA or SEB induced potent de-
granulation and secretion of cytokines by KIR
 CD8� T cells
(Fig. 3C). Interestingly, all the cells that responded to CEF
also belonged to the KIR
 CD8� T-cell population, implying
that virus-specific cells that are not chronically exposed to
antigen express lower levels of KIR. In contrast, CD8� T cells
expressing KIR were unable to respond to stimulation with
either of these stimuli that are delivered via the TCR (Fig. 3C).
Surprisingly, both KIR� and KIR
 CD8� T cells secreted
cytokines and degranulated in response to stimulation with
PMA (Fig. 3C), which occurs independently of TCR engage-
ment. Furthermore, the population of KIR� CD8� T cells
responded more potently than the negative CD8� T cells did
to stimulation with PMA, likely due to the fact that these cells

belong to an effector memory phenotype. These data demon-
strate that the defect in KIR� CD8� T-cell activity is specific
to stimulation through the TCR and is not an intrinsic defect
in cell function.

Antigen-specific proliferation is an additional critical func-
tional readout of T-cell function that is lost with progressive
infection (22). To determine whether KIR expression affects
the ability of T cells from healthy controls to proliferate fol-
lowing stimulation with the pool of CEF peptides, SEB, or
PHA, we measured CFSE dilution following 6 days of in vitro
stimulation in six HIV-1-negative controls. Similar to the de-
fect observed with respect to cytokine secretion and degranu-
lation, KIR� CD8� T cells exhibited a markedly reduced pro-
liferative capacity following stimulation, while KIR
 CD8� T
cells from the same individuals proliferated readily (Fig. 3D).
These data demonstrate that additional critical effector CD8�

FIG. 3. KIR expression results in reduced TCR-mediated CD8� T-cell activation. (A) The flow plots demonstrate the reduced capacity of KIR� CD8� T
cells from a representative HIV-positive subject to secrete cytokines following stimulation with HIV peptide pools. (B) The dot plots show the level of IFN-�
secretion (left panel) and CD107a upregulation (right panel) on KIR� and KIR
 CD8� T cells following stimulation with peptide pools spanning individual HIV
gene products. (C) Flow plots depict the ability of KIR� and KIR
 CD8� T cells to secrete IFN-� following stimulation via the TCR (CEF, PHA, and SEB)
and PMA, which activates T cells outside the TCR in a single representative subject. (D) The diagram shows the level of CFSE dilution in KIR� and KIR
 CD8�

T cells following stimulation and demonstrates that proliferation is also impaired in KIR� CD8� T cells.
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T-cell functions are also suppressed in KIR� CD8� T-cell
subpopulations.

KIR� CD8� T cells express normal levels of ��-positive
TCR. KIR can be expressed on both �� and �� T cells (15).
Given that �� T cells have been shown to accumulate in
chronic HIV-1 infection (16, 35), we sought to determine
whether the accumulation of KIR was due simply to the accu-
mulation of �� T cells in chronic HIV-1 infection. Thus, PBMC
were stained with antibodies against both �� and �� in a group
of six HIV-positive individuals. As described previously, KIR


expression was observed on the surface of both �� and ��
CD8� T cells. The distribution of KIR on the surface of both
T-cell subsets varied greatly among subjects, but the larger
populations of KIR� T cells always appeared to belong to the
��� T-cell populations (Fig. 4A). Thus, the accumulation of
KIR in chronic HIV-1 infection is due to the upregulation of
these molecules on ��� T cells rather than to the accumula-
tion of �� T cells.

Given that KIR� T cells were especially impaired in their
ability to respond to stimuli elicited through the TCR, we
speculated that KIR� T cells might express reduced levels of
TCR on their surfaces. Thus, we compared levels of expression

of �� TCR on the surfaces of KIR� and KIR
 T cells. There
was no difference in the level of �� TCR mean fluorescence
intensity on the surface of KIR� T cells compared to that on
the surface of KIR
 T cells from a total of six subjects (Fig.
4B). These data demonstrate that reduced activation in KIR�

T cells is due to an active suppression of TCR signaling rather
than to a constitutive downregulation of TCR expression in the
presence of these innate immune receptors.

KIR expression is associated with reduced TCR-mediated
activation of CD8� T cells. Inhibitory molecules can block
T-cell activation at different levels of the signaling cascade,
affecting the effector functions differentially. To determine
whether KIR expression blocked only downstream activity
(i.e., cytokine secretion and degranulation) while sparing T-
cell activation (CD69 expression), we compared the ability of
KIR� T cells to upregulate CD69 with that of KIR
 T cells
following stimulation. Stimuli elicited via the TCR did not
activate KIR� CD8� T cells to upregulate CD69 (Fig. 4C),
while KIR
 CD8� T cells were potently activated. In contrast,
nearly all KIR� CD8� T cells upregulated CD69 following
stimulation with PMA/ionomycin, which drives T-cell activa-
tion in a TCR-independent manner. These data demonstrate

FIG. 4. Normal expression of �� TCR on KIR� CD8� T cells. To evaluate whether KIR� CD8� T cells were unable to respond to stimulation
due to reduced TCR levels or to the expression of the �� TCR, we evaluated TCR expression on KIR� T cells. (A) The proportion of �� and ��
TCR� CD8� T cells was assessed on bulk CD8� T cells (left panel) and KIR� CD8� T cells (right panel) from two subjects. (B) The mean
fluorescence intensity (MFI) of �� TCR was evaluated on the surfaces of KIR� and KIR
 CD8� T cells from a single representative subject (left
panel) and from six separate individuals (right panel), demonstrating that reduced T-cell activation is not attributable to lower TCR expression.
(C) The potential of KIR� and KIR
 CD8� T cells to become activated following stimulation via the TCR (SEB and anti-CD3 antibody) or outside
of the TCR with PMA/ionomycin was evaluated by the upregulation of CD69 in a representative subject.
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that KIR� CD8� T-cell dysfunction occurs early in the T-cell
activation cascade, prior to the generation of signals to induce
cytokine secretion or degranulation.

KIR� CD8� T cells exhibit poor antiviral activity. Ulti-
mately, to date the most critical measure of an antiviral CD8�

T-cell response hinges on its capacity to suppress HIV-1 rep-
lication in vitro. Thus, to determine whether any differences
existed between the antiviral activity of KIR� and that of
KIR
 CD8� T cells derived from the same clone (Fig. 5A), we
performed a viral inhibition assay with these two separate cell
groups. Thus, KIR� and KIR
 CD8� T cells from two differ-
ent CD8� T-cell clones, B51-TI8 and B27-KK10, were sorted
and cocultured with HIV-1-infected autologous purified CD4�

T cells. The levels of viral replication of the KIR� CD8� T
cells were compared with those of the KIR
 CD8� T cells
from each clone and with the levels of viral replication ob-
served for the wells containing CD4� T cells alone. KIR
 and
not KIR� CD8� T cells suppressed viral replication in autol-
ogous CD4� T cells (Fig. 5B). These data suggest that the
expression of KIR is associated with a loss of antiviral activity
that is exhibited by the KIR
 CD8� T-cell clones.

KIR-associated functional blockade is independent of li-
gand expression. Previous studies suggested that the inhibition
of CD8� T-cell activity by KIR is mediated in a ligand-depen-
dent manner (17, 18). Thus, in these studies KIR� CD8� T
cells were able to lyse B cell targets that did not express the
KIR
 ligand, whereas targets expressing the ligand were not
lysed, suggesting that engagement of KIR to its ligand was
necessary to suppress TCR activation. However, in our larger
ex vivo intracellular staining data set, we observed a general-
ized suppression of KIR� T-cell activity following stimulation

via TCR, despite the fact that not all individuals possessed
ligands for all their KIR. Thus, to try to understand whether
KIR
 ligand interaction was critical, we selected a subgroup of
six HIV-negative individuals based on their genotype that ex-
pressed KIR2DL1 in the presence of a group HLA-C2 allele
(n � 3) or that expressed KIR2DL1 in the absence of
any group C2 alleles (n � 3) (the ligand for KIR2DL1 is
HLA-C2 alleles). PBMC from these individuals were then
stimulated with CEF, SEB, PHA, and PMA/ionomycin and
monitored for cytokine production and degranulation of
CD158a (KIR2DL1/2DS1)�, CD158b (KIR2DL2/3/2DS2)�,
and NKB1 (KIR3DL1)� subpopulations. There were no dif-
ferences between the levels of degranulation or cytokine se-
cretion among individuals that expressed the KIR ligand and
those who did not, for all stimuli tested (Fig. 6A and B). These
data suggest that the presence of the ligand was not required to
block T-cell activation.

To further determine whether KIR engagement was re-
quired for the inhibition of T-cell killing of target cells, an
HIV-specific HLA-B51-restricted CD8� T-cell clone specific
for the TI8 epitope in HIV-1 HXB2 that expressed CD158b
(KIR2DL2, KIR2DL2/KIR2DS2) in the absence of CD158a
(KIR2DL1/2DL2/2DS1) and NKB1 (KIR3DL1) was sorted
into two populations, one that expressed CD158b and one that
did not express CD158b. Three different B cell lines were used
as targets: an HLA-B51 � HLA-C2 homozygous, an HLA-
B51 � HLA-C2/C1 heterozygous, and an HLA-B51 � HLA-
C1 homozygous B cell line. Peptide-loaded target cells were
labeled with chromium and cocultured for a total of 6 h in the
presence of the bulk, CD158b� and CD158b
 HLA-B51-re-
stricted CD8� T cells specific for TI8. CD158b� T-cell clones
killed all target cells poorly compared to both the bulk and the
KIR
 CD8� T-cell clones, irrespective of the HLA-C alleles
on the target cell (Fig. 6C). Although we observed a slight
reduction in the ability of CD158b� T cells to kill target cells
that expressed the C1 ligand, the difference was not statistically
significant compared to that of the C2 homozygous and the
heterozygous cell lines. These data suggest that ligand inter-
action is not necessary for the inhibition of KIR� T-cell killing.

DISCUSSION

Despite the presence of significant numbers of HIV-specific
CD8� T cells during active chronic HIV-1 infection, mounting
evidence has demonstrated that these cells become progres-
sively impaired (22, 23). Recently, it has been suggested that
the upregulation of inhibitory receptors on the surface of
CD8� T cells may contribute to the gradual dysregulation of
cellular function (12). In the absence of infection, these inhib-
itory receptors are upregulated on CD8� T cells progressively
with age and have also been observed to expand in the setting
of other viral infections (4). Here we demonstrate that a family
of receptors that are normally expressed on NK cells, killer
immunoglobulin-like receptors, are significantly expanded with
progressive HIV-1 infection on the surfaces of CD8� T cells
and that the level of KIR expression appears to be driven by
the level of viral replication in vivo. KIR expression was ob-
served to be upregulated preferentially on the surface of mem-
ory antigen-specific CD8� T cells and was associated with
significantly reduced secretion of MIP-1�, TNF-� and IFN-�,

FIG. 5. KIR� CD8� T-cell clones suppress viral replication poorly.
To determine whether KIR expression affects the quality of CD8�

T-cell clone-mediated control of viral replication in autologous HIV-
infected CD4� T cells, we performed a viral inhibition assay using
KIR� and KIR
 T cells derived from two clones, a B51-TI8-specific
clone (left panel) and a B27-KK10-specific clone (right panel). (A) The
plots show the gating strategy used to sort KIR� and KIR
 CD8� T
cells derived from two separate clones (at left, B51-TI8; at right,
B27-KK10). (B) The level of viral replication was measured by p24
enzyme-linked immunosorbent assay and was monitored over the
course of 2 weeks in wells containing CD4� T cells alone (solid gray),
cocultures of KIR
 CD8� T cells with CD4� T cells (filled), and KIR�

CD8� T cells with CD4� T cells (dashed line). Reduced levels of viral
replication were observed in cocultures containing KIR
 but not KIR�

clones, demonstrating that the expression of KIR on CD8� T-cell
clones is associated with a loss of antiviral HIV-specific control in vitro.
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impaired degranulation, obstructed cell proliferation, and
reduced T-cell activation in response to TCR-mediated stim-
ulation. In contrast, PMA/ionomycin stimulation resulted in
potent KIR� CD8� T-cell activation. Furthermore, the expres-
sion of KIR was associated with a loss of the potential to
suppress viral replication in vitro. Interestingly, impaired T-cell
function was observed for the absence of KIR ligand engage-
ment, suggesting that ligation of the receptor is not required
for the inhibition of T-cell function. Overall, these data dem-
onstrate that KIR is upregulated over time on CD8� T cells in
the presence of protracted exposure to HIV-1 replication and
is associated with a generalized blockade of TCR signaling.

Unlike cells of the innate immune system that proliferate in
response to infection and then perish upon resolution, antigen-
specific cells of the adaptive immune system must persist to
maintain a memory response. Thus, T cells have developed a
number of different homeostatic mechanisms to prevent their
elimination following antigenic stimulation. These include
downmodulation of TCR (25), dephosphorylation of signaling
molecules (30), and upregulation of inhibitory receptors that
prevent chronic activation-induced cell death (12, 36). In the
case of the last mechanism, several inhibitory receptors have
been identified recently on the surface of virus-specific T cells
in the setting of persistent viral replication (37), while these
molecules are normally observed only transiently following
peak viral replication in the setting of a resolved acute infec-

tion (6). These molecules are therefore likely to play a critical
role in the homeostatic control of virus-specific memory and
are involved in protecting virus-specific cells from activation-
induced cell death, which would result in clonal deletion of
antigen-specific T cells. These molecules include PD-1,
CTLA-4, CD85J, NKG2A, and KIR (4, 12, 20, 36).

Inhibitory NK cell receptor expression has been described
on the surface of CD8� T cells in HIV-1-negative individuals
and accumulates significantly with age (3, 36). Previous studies
have demonstrated an increase of KIR expression on CD8� T
cells in HIV-1-infected individuals (4, 13, 33); however, these
studies were performed with small groups of poorly clinically
defined patient populations. We quantified the expression of
KIR (including KIR2DL1/2DS1/2DL2/2DS2/2DL3/3DL1) on
the surface of CD8� T cells from a group of 50 well-charac-
terized subjects. Here we demonstrate a significant upregula-
tion of KIR on CD8� T cells of subjects with ongoing viral
replication and show that the expression of KIR correlates with
the level of HIV-1 replication, suggesting that the virus itself or
the associated immune activation directly drives the expansion
of these cells. Interestingly, KIR expression declined in avire-
mic subjects receiving HAART; however, the levels of this
receptor never reached those levels seen in HIV-1-negative
controls. Similarly, the level of KIR was elevated in individuals
who spontaneously controlled viral replication at very low lev-
els, suggesting that some persisting low-level viral replication

FIG. 6. KIR-associated inhibition of CD8� T-cell activity is independent of the presence of its ligand. To understand whether KIR ligation was
required for T-cell inactivation, we evaluated the level of KIR� CD8� T-cell activation in subjects that did or did not express the ligand, HLA-C2
alleles, for KIR2DL1. (A) The flow plot shows the ability of KIR� CD8� T cells to secrete IFN-� following stimulation with SEB in an individual
that is homozygous for the KIR2DL1 ligand HLA-C2 (left panel) compared with that of an individual that does not express the ligand (right panel).
(B) The dot plot shows the levels of IFN-� secretion (top left), CD107a upregulation (top right), TNF-� secretion (bottom left), and IL-2 secretion
(bottom right) by KIR� and KIR
 CD8� T cells (n � 6), three of which were homozygous for HLA-C2, and three of which did not express the
ligand. (C) The bar graph shows the percent of lysis of HLA-B51� B cells loaded with the HIV-B51-restricted epitope TI8 that either coexpressed
or did not express HLA-C2, by autologous KIR� and KIR
 CD8� T-cell clones specific to the B51-TI8 peptide. These data demonstrate the
ligand-independent impairment of KIR� CD8� T cells.
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in tissue compartments such as the gut or lymph nodes may
continue to drive the persistence of these markers on the
surface of antigen-specific CD8� T cells.

KIR expression on CD8� T cells was associated with a loss
of multiple effector functions, including cytokine secretion,
degranulation, proliferation, activation, killing of target cells,
and inhibition of viral replication in vitro. Remarkably, func-
tional blockade by these markers was observed only for stimuli
that were mediated via the TCR. Stimulation of PBMC with
PMA/ionomycin elicited potent stimulation of KIR� CD8� T
cells at levels significantly higher than those observed for KIR


CD8� T cells, suggesting that these cells are not exhausted but
rather blocked. It is likely that increased responsiveness to
PMA/ionomycin is due to the fact that the KIR� CD8� T cells
display an effector memory phenotype and are therefore
primed to respond potently upon stimulation. Furthermore,
inhibition of TCR activation was independent of whether the
signal was administered in a conventional MHC/peptide-de-
pendent manner or whether they were administered on the
outside of the binding groove by PHA cross-linking or super-
antigen ligation, demonstrating an antigen-independent re-
pression of TCR signaling. Thus, KIR� T cells are not inher-
ently exhausted, as they respond potently to TCR-independent
stimuli but are unable to respond to stimuli administered via
the TCR.

Previous studies that examined the role of the KIR blockade
on TCR function utilized a limited number of T-cell clones to
address whether KIR ligand engagement was necessary for
inhibitory KIR activity (17). However, KIR ligand expression is
variable within a population. Thus, according to these previous
studies, KIR� CD8� T cells should be repressed only in the
context of ligand expression. However, CD158a� (which rec-
ognizes KIR2DL1/S1/S2) CD8� T cells were unresponsive to
stimulation with peptides, PHA, and SEB in both subjects that
were homozygous for the ligand (HLA-C2), as well as in sub-
jects that did not carry genes to code for the ligand. We there-
fore hypothesized that in contrast to previous data suggesting
ligand-induced repression of KIR� CD8� T cells, KIR expres-
sion induced a blockade of T-cell function in a ligand-indepen-
dent manner. To further confirm this phenomenon, we sorted
an HIV-1-specific HLA-B51-restricted CD8 T-cell clone that
expressed only HLA-C binding KIR recognized by the CD158b
antibody (KIR2DL2/L3/S3) and sorted these cells into a pop-
ulation that expressed KIR and a population that did not
express this KIR. To further eliminate the confounding factor
of HLA-E binding inhibitory receptors, we ensured that the
sorted cell populations did not express NKG2A. HLA-
matched peptide-loaded B cell lines expressing C1 or C2
HLA-C alleles were lysed effectively by both the bulk CD8�

T-cell clones and the KIR
 CD8� T-cell clones, but the KIR�

CD8� T-cell clones lysed all peptide-loaded HLA-matched B
cell clones ineffectively, irrespective of the HLA-C expressed
on their surface. It is possible that differences reported in this
study and the previous studies may reflect differences in tech-
niques employed to cultivated CD8� T-cell clones. However,
our data demonstrate that fresh ex vivo KIR� CD8� T-cell
function is blocked even in the absence of KIR ligands and that
sorted KIR� CD8� T-cell clones are unable to kill peptide-
loaded target cells irrespective of ligand expression on the
target cells. These data suggest that KIR represses TCR sig-

naling in a constitutive manner without the need for ligand
interaction.

Two potential models that could explain the interference of
KIR with TCR activation are conceivable. The first model
would involve the exclusion of TCR from engagement with
MHC-class I alleles, as KIR also binds to these alleles and
could therefore mask MHC from engaging and activating
TCR. However, this scenario is unlikely as SEB and PHA
engagement occur on the outside of the MHC-class I binding
groove and because KIR affinity for MHC is significantly lower
than that of TCR (26). The second and more likely scenario is
that KIR may be recruited into the TCR synapse upon engage-
ment with MHC-class I by TCR. Due to the constitutive asso-
ciation of KIR with the phosphatases SHP-1 and -2, KIR may
draw these phosphatases in sufficient proximity to the TCR and
thus block downstream signaling events. The latter scenario
may also account for the ligand-independent effect of KIR, as
ligand engagement is not always required for the association of
KIR with SHP1/2 (2) and can therefore block the activation of
T cells at the synapse without the requirement of ligand inter-
action.

Thus, overall, HIV-1 infection results in a significant accu-
mulation of KIR on the surface of HIV-1-specific CD8� T
cells. This homeostatic mechanism that may be aimed at re-
ducing unabated CD8� T-cell activity might contribute to the
overall generalized dysfunction observed for HIV-specific
CD8� T cells during chronic HIV infection. The fact that these
receptors have the potential to repress T-cell activation in the
absence of ligand interaction poses a difficult obstacle for im-
munotherapeutic interventions designed to overcome T-cell
dysfunction and suggests that interventions that target inhibi-
tory receptor signaling might be needed to reconstitute T-cell
function in chronic persistent viral infections.
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