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ABSTRACT Several studies support a role for specific killer immunoglobulin-like re-
ceptor (KIR)–HLA combinations in protection from HIV infection and slower progres-
sion to AIDS. Natural killer (NK) cells acquire effector functions through education, a
process that requires the interaction of inhibitory NK cell receptors with their major
histocompatibility complex (MHC) class I (or HLA class I [HLA-I]) ligands. HLA-C allo-
types are ligands for the inhibitory KIRs (iKIRs) KIR2DL1, KIR2DL2, and KIR2DL3,
whereas the ligand for KIR3DL1 is HLA-Bw4. HIV infection reduces the expression of
HLA-A, -B, and -C on the surfaces of infected CD4 (iCD4) T cells. Here we investi-
gated whether education through iKIR-HLA interactions influenced NK cell responses
to autologous iCD4 cells. Enriched NK cells were stimulated with autologous iCD4
cells or with uninfected CD4 cells as controls. The capacities of single-positive (sp)
KIR2DL1, KIR2DL2, KIR2DL3, and KIR3DL1 NK cells to produce CCL4, gamma inter-
feron (IFN-�), and/or CD107a were assessed by flow cytometry. Overall, we observed
that the potency of NK cell education was directly related to the frequency of each
spiKIR� NK cell’s ability to respond to the reduction of its cognate HLA ligand on
autologous iCD4 cells, as measured by the frequency of production by spiKIR� NK
cells of CCL4, IFN-�, and/or CD107a. Both NK cell education and HIV-mediated
changes in HLA expression influenced NK cell responses to iCD4 cells.

IMPORTANCE Epidemiological studies show that natural killer (NK) cells have anti-
HIV activity: they are able to reduce the risk of HIV infection and/or slow HIV disease
progression. How NK cells contribute to these outcomes is not fully characterized.
We used primary NK cells and autologous HIV-infected cells to examine the role of
education through four inhibitory killer immunoglobulin-like receptors (iKIRs) from
persons with HLA types that are able to educate NK cells bearing one of these iKIRs.
HIV-infected cells activated NK cells through missing-self mechanisms due to the
downmodulation of cell surface HLA expression mediated by HIV Nef and Vpu. A
higher frequency of educated than uneducated NK cells expressing each of these
iKIRs responded to autologous HIV-infected cells by producing CCL4, IFN-�, and
CD107a. Since NK cells were from non-HIV-infected individuals, they model the con-
sequences of healthy NK cell–HIV-infected cell interactions occurring in the HIV
eclipse phase, when new infections are susceptible to extinction.
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Natural killer (NK) cells are components of the innate immune system with impor-
tant roles in antiviral and antitumor responses (1). They respond to viruses at early

stages of infection by secreting cytokines and chemokines and by degranulating, which
results in target cell killing and viral control (1–4). NK cell function depends on the
integration of signals received from inhibitory and activating NK cell receptors (NKRs)
(5). Among NKRs, killer immunoglobulin-like receptors (KIRs) are a large family of
receptors expressed on NK cells and other lymphocyte subsets (6). KIR ligands include
major histocompatibility complex (MHC) class I or HLA antigens, expressed on all
nucleated cells. The binding of inhibitory KIRs (iKIRs) to their HLA ligands prevents NK
cells from responding to healthy HLA-expressing self-cells. NK cells acquire their
effector functions through a process called education. NK cell education occurs when
iKIR� NK cells interact with self HLA� cells during development. Educated NK cells are
primed for activation when they encounter target cells with reduced levels of HLA
ligands due to virus infection or tumor transformation. The iKIR� NK cell subsets that
are unable to interact with self HLA during development remain uneducated and are
hyporesponsive to target cell stimulation (7–12).

KIR and HLA genes are highly polymorphic and map to different chromosomes.
Thus, educated and uneducated NK cells can coexist, as can NK cells with various levels
of education and responses to stimulation, due to KIR and HLA allelic variation (13–16).

KIR2DL1, KIR2DL2, and KIR2DL3 recognize HLA-C allotypes, which can be classified
into C1 and C2 groups. C1 allotypes have an asparagine at position 80 of the heavy
chain and are ligands for KIR2DL3. C2 group allotypes have a lysine at this position and
are ligands for KIR2DL1 and KIR2DS1 (14, 17, 18). KIR2DL2 is an intermediate receptor
that also binds C1 allotypes. However, based on assays measuring the binding of KIR-Fc
fusion molecules to HLA class I (HLA-I)-coated microbeads, KIR2DL2 recognizes some C2
allotypes (14, 19).

KIR haplotypes can be divided into A and B, based on KIR gene content (5, 20, 21).
KIR haplotype A includes framework KIR genes and genes encoding mostly iKIRs. KIR B
haplotypes include various numbers of genes encoding activating KIRs (aKIRs) in
addition to the genes present in KIR haplotype A. The genes encoding KIR2DL2 and
KIR2DL3 are alleles at the same locus. KIR2DL2 allotypes encoded by centromeric KIR
haplotype B (Cen B) alleles have a greater avidity for C1 group HLA than those encoded
by centromeric KIR haplotype A (Cen A) alleles. KIR2DL3 variants encoded by Cen A
alleles have a higher avidity for C1 allotypes than those encoded by Cen B alleles (13).
KIR2DL1 receptors are encoded by a separate KIR locus present in both Cen A and Cen
B. The Cen A allele-encoded KIR2DL1 receptors bind C2 group antigens more avidly
than the Cen B allele-encoded allotypes (13). In general, KIR2DL1� NK cells are educated
through the binding of KIR2DL1 to C2, whereas KIR2DL2� and KIR2DL3� NK cells are
educated through the binding of these receptors to C1 ligands.

The iKIR KIR3DL1 interacts with a subset of HLA-A and -B antigens containing Bw4
motifs (22–24). Allotypes belonging to the Bw4 group differ from HLA-Bw6 variants at
amino acids 77 to 83 of the HLA heavy chain (23, 25). Bw4 allotypes can have an
isoleucine (80I) or a threonine (80T) at position 80 of the HLA heavy chain, which
influences the avidity of KIR3DL1 binding to its ligands. In general, Bw4*80I allotypes
have a higher avidity than Bw4*80T subtypes for KIR3DL1, leading to more-potent
education and responsiveness (15, 16, 26–28). Bw6 allotypes do not interact with
KIR3DL1, and KIR3DL1� NK cells from Bw6 homozygotes (hmzs) remain uneducated.
The high level of polymorphism of KIR genes influences their gene products’ cell
surface expression, avidity, and specificity for HLA ligands. Boudreau et al. have shown
that the expression levels of both KIR3DL1 and Bw4 and the strength of receptor-ligand
binding predict NK education and responses to HLA-null cells and autologous HIV-
infected CD4 (iCD4) T cells (26). So far, 77 allotypes have been identified for KIR3DL1
and are categorized into four groups based on their surface expression. These include
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KIR3DL1-null allotypes, with no detectable cell surface expression, KIR3DS1, KIR3DL1-
low, and KIR3DL1-high allotype groups (29–31). The presence of the homozygous
KIR3DL1 genotype encoding at least one KIR3DL1-high allotype (KIR3DL1*h/*y) cocar-
ried with HLA-B*57, which encodes a Bw4*80I isoform (*h/*y�B*57), is associated with
slower progression to AIDS and lower HIV loads in infected individuals, and with more
protection from HIV infection, than observed for carriers of the receptor or ligand alone,
or neither (32, 33). NK cells expressing combinations of KIR3DL1-high allotypes with
Bw4*80I allotypes, such as HLA-B*51, -B*52, and -B*57, have a higher functional capacity
to produce gamma interferon (IFN-�) when stimulated with HLA-null cells (34–38).

HIV infection downmodulates the expression of HLA-A, -B, and -C (39–41). Therefore,
it is expected that iKIR� NK cells educated through these HLA molecules will have
higher responses to autologous iCD4 cells than their uneducated counterparts. We
tested this hypothesis by stimulating NK cells with autologous iCD4 cells and examining
the induction of CCL4, IFN-�, and CD107a functions in educated versus uneducated
single-positive (sp) KIR2DL1�, KIR2DL2�, KIR2DL3�, and KIR3DL1� NK cells. These
educated spKIR2DL1�, spKIR2DL2�, and spKIR2DL3� NK cells exhibited higher re-
sponses to iCD4 cells than their uneducated counterparts. The expression levels of both
KIR3DL1 and its Bw4 ligand, as well as the avidity of receptor-ligand binding, influenced
spKIR3DL1� NK cell education potency and iCD4 cell responsiveness.

RESULTS
HLA-C1 and HLA-C2 are downmodulated on iCD4 cells. HIV infection down-

modulates cell surface HLA-A, -B, and -C expression (39, 41–45). However, HIV-
dependent downmodulation of HLA-C is virus strain dependent (41, 43, 46). To inves-
tigate whether HIVJR-CSF downmodulated HLA-C expression on iCD4 cells, we stained
uninfected CD4 (unCD4) and iCD4 cells with monoclonal antibody (MAb) DT9.
Figure 1A shows the staining of unCD4 and iCD4 cells with DT9. The mean fluorescence
intensity (MFI) of DT9 staining of iCD4 cells was significantly lower than that of unCD4
cells from 23 subjects (Fig. 1B). HLA-C2 expression trended toward being lower in iCD4
cells than in unCD4 cells (P, 0.062 by the Wilcoxon matched pairs test [Fig. 1C]), while
C1 expression was significantly lower on iCD4 cells than on unCD4 cells (P, �0.001 by
the Wilcoxon test [Fig. 1D]). Thus, infection of CD4 cells with HIVJR-CSF downmodulated
HLA-C expression.

A lower frequency of uneducated than educated spKIR2DL1�, spKIR2DL2�,
and spKIR2DL3� NK cells responded to iCD4 cells. HLA-C2 group antigens are
ligands for KIR2DL1, while HLA-C1 antigens are ligands for KIR2DL2 and KIR2DL3. We
questioned whether reduced HLA-C expression on iCD4 cells was enough to abrogate
inhibitory signaling through KIR2DL1–HLA-C2, KIR2DL2–HLA-C1, and KIR2DL3–HLA-C1
interactions. The strategy used to gate on spKIR2DL1�, spKIR2DL2�, and spKIR2DL3�

NK cells and their functional profiles following iCD4 cell stimulation are shown in

FIG 1 HLA-C is downmodulated on CD4 cells infected with HIVJR-CSF. (A) MFI of HLA-C expression on uninfected and HIV-infected CD4 cells. Shown is staining
for HLA-C on uninfected (filled histogram) and infected (shaded histogram) CD4 cells and on isotype control cells (open histogram). (B) MFI of HLA-C staining
on uninfected (HIV–) and HIV-infected (HIV�) CD4 cells from 23 subjects. (C) MFI of HLA-C staining on HIV– and HIV� CD4 cells from 5 HLA-C2 hmzs. (D) MFI
of HLA-C staining on HIV– and HIV� CD4 cells from 11 HLA-C1 hmzs.
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Fig. 2A to D. The frequencies of iCD4 cell-stimulated educated and uneducated
spKIR2DL1�, spKIR2DL2�, and spKIR2DL3� NK cells displaying each of seven possible
functional profiles characterized by CCL4, IFN-�, and CD107a production, total function,
total CCL4, total IFN-�, and total CD107a functions are shown in Fig. 3.

In general, as the number of HLA-C ligands available to educate these three types
of spiKIR� NK cells increased, so did the frequency of functional spiKIR� NK cells. The
results were significant after correction for multiple comparisons for spKIR2DL1�

functional subsets characterized by CCL4 alone, total CCL4 secretion, and total function
(P, �0.001 for all by Spearman correlation tests [Fig. 3A, D, and E]). The frequency of
spKIR2DL2� NK cell functional subsets also increased significantly with increasing
ligand copy number following iCD4 cell stimulation. Results were significant for func-
tional subsets characterized by secretion of CCL4 alone and IFN-� alone; production of
CCL4 with CD107a, CCL4 with IFN-� and CD107a, total CCL4, and total IFN-�; and the
sum of all functions tested (P, �0.02 for all by the Spearman test [Fig. 3B and H to J]).
Among iCD4 cell-stimulated spKIR3DL3� NK cells, all the functional subsets that
included CCL4 production, i.e., those that were trifunctional, CCL4� IFN-��, CCL4�

CD107a�, positive for CCL4 only, total CCL4, and the sum of all functions as well as
IFN-� secretion only, increased in frequency with increasing ligand copy number (P, �0.03
for all by Spearman tests [Fig. 3C, L, and M]).

We next compared the frequencies of functional NK cells bearing each of these
spiKIRs based on whether they were educated or not (i.e., by either one or two
educating ligands). A higher frequency of educated than uneducated spKIR2DL1� NK
cells produced CCL4 alone, the sum of all functions, total CCL4, total IFN-�, and total
CD107a (P, �0.04 for all by Mann-Whitney tests [Fig. 3A and D to G]). More iCD4
cell-induced educated than uneducated spKIR2DL2� NK cells produced CCL4 only, the
sum of all functions tested, and total CCL4 (P, �0,006 for all by Mann-Whitney tests [Fig.
3B, H, and I]). A higher percentage of educated than uneducated KIR2DL3� NK cells
responded to autologous iCD4 cells by secreting CCL4 only and by producing CCL4,
IFN-�, and CD107a, total CCL4, and the sum of all functions tested (P, �0.04 for all by
Mann-Whitney tests [Fig. 3C, L and M]).

FIG 2 Strategy used to gate on spKIR2DL1�, spKIR2DL2�, spKIR2DL3�, and spKIR3DL1� NK cells. (A) Live, singlet lymphocytes were gated on; from these, CD3�

CD56dim cells were selected. spKIR2DL1 NK cells were gated from KIR2DL2–, KIR2DL3–, KIR2DS2–, KIR3DL2–, NKG2C–, NKG2A–, KIR3DL1–, and KIR2DS1– NK cells.
(B) spKIR2DL2 and spKIR2DL3 NK cells were gated from NKG2C–, KIR3DL2–, KIR3DL1–, NKG2A–, KIR2DL1–, KIR2DS1–, and KIR2DS2– NK cells. (C) spKIR3DL1 NK
cells were gated on from KIR2DL2–, KIR2DL3–, KIR2DS2–, KIR2DL1–, KIR2DS1–, NKG2A–, NKG2C–, and KIR3DL2– NK cells. SSC-A, side scatter area; FSC-A, forward
scatter area; FSC-H, forward scatter height; 2DL3, KIR2DL3; 2DL2/L3/S2, KIR2DL2/KIR2DL3/KIR2DS2; 3DL2, KIR3DL2; 3DL1, KIR3DL1; 2DL1, KIR2DL1; 2DL1/S1,
KIR2DL1/KIR2DS1. (D) spiKIR� cells were examined for all possible combinations of CCL4, CD107a, and IFN-� expression by Boolean gating.
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Next, comparisons were made between the frequencies of functional cells induced
by iCD4 cell stimulation of spiKIR� NK cells that were not educated and of those that
were educated by one or two ligands. Kruskal-Wallis tests were used to determine
whether there were significant differences between cells from carriers of the three
possible HLA-C ligand genotypes in terms of the ability of spiKIR� cells to respond to
iCD4 cell stimulation. Dunn’s posttests were performed when Kruskal-Wallis tests were
significant. The frequencies of iCD4 cell-stimulated spKIR2DL1� NK cells from subjects
producing CCL4 alone, total function, total CCL4, total IFN-�, and total CD107a were
significantly lower in cells from uneducated C1/C1 subjects than in cells from educated
C2/C2 subjects (P, �0.05 for all by Dunn’s posttests [Fig. 3A and D to F]). As well, fewer
iCD4 cell-induced spKIR2DL1� NK cells from C1/C1 than from C1/C2 subjects were
positive for CCL4 alone and total CCL4 production (P, �0.5 for all by Dunn’s posttests
[Fig. 3A and E]).

A higher frequency of iCD4 cell-activated spKIR2DL2� NK cells from educated C1/C1
carriers than from uneducated C2/C2 carriers produced CCL4 alone, IFN-� alone, the
sum of all functions, total CCL4, and total IFN-� (P, � 0.05 for all by Dunn’s posttests
[Fig. 3B and H to J]). This was also the case for spKIR2DL3� NK cells secreting CCL4
only or both CCL4 and IFN-�, and for those producing CCL4 with CD107a, total
function, and total CCL4 (P, �0.05 for all by Dunn’s posttests [Fig. 3C, L, and M]).
More activated spKIR2DL2� and spKIR2DL3� NK cells from educated C1/C2 subjects

FIG 3 The frequency of spKIR2DL1�, spKIR2DL2�, or spKIR2DL3� NK cells responding to autologous HIV-infected CD4 cells increases with increasing ligand copy
number. (A to C) The y axes show the frequencies of functional spKIR2DL1� (A), spKIR2DL2� (B), and spKIR2DL3� (C) cells characterized by the seven possible
combinations of CCL4 secretion, IFN-� secretion, and CD107a expression. The presence of each of these functions in the seven functional subsets studied is
indicated by a plus sign under the graph. Each point represents a separate individual. Bar heights show median values for the data sets. P values indicated above
the bars linking the data sets being compared were generated using Dunn’s posttests. *, P � 0.05; **, P � 0.01. (D to O) The y axes show the frequencies of
functional spKIR2DL1� (D to G), spKIR2DL2� (H to K), and spKIR2DL3� (L to O) cells exhibiting the sum of all functions tested (D, H, and L), total CCL4 secretion
(E, I, and M), total IFN-� secretion (F, J, and N), and total CD107a expression (G, K, and O). For spKIR2DL1 results, cells from 26 donors were included; 10 were
from subjects not educated through KIR2DL1, and 8 each were from subjects educated through KIR2DL1 by 1 or 2 HLA-C2 ligands, respectively. For spKIR2DL2
results, cells from 20 donors were included; 5 were from subjects not educated through KIR2DL2, and 9 and 6 were from subjects educated through KIR2DL2
by 1 or 2 HLA-C1 ligands, respectively. For spKIR2DL3 results, cells from 27 donors were included; 6 were from subjects not educated through KIR2DL3, while
12 and 9 were from subjects educated through KIR2DL3 by 1 or 2 ligands, respectively. All results from C1/C1 donors are represented by white bars, from C1/C2
donors by light pink bars, and from C2/C2 donors by dark pink bars. Each point represents results for a single individual. For each data set, the bar height and
error bars show the median and interquartile range, respectively. P values given above the bars linking the data sets being compared were generated using
Mann-Whitney tests for comparison of results from uneducated versus educated subjects and by Dunn’s posttests for comparison of results from carriers of
C1/C1, C1/C2, and C2/C2 genotypes. Fnx, function; –/–, uneducated NK cell condition; –/�, educated by one ligand; �/�, educated by two ligands; Pkw, P value
generated by a Kruskal-Wallis test.
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than from uneducated C2/C2 subjects produced CCL4 alone (P, �0.05 by Dunn’s
posttest [Fig. 3B]).

In summary, downmodulation of both C1 and C2 antigens on iCD4 cells was enough
to interrupt inhibitory signals mediated by KIR2DL1–C2, KIR2DL2–C1, and KIR2DL3–C1
interactions and to reverse inhibition by educated spiKIR� NK cells. Furthermore,
increasing the C2 and C1 copy numbers was associated with augmented education
potency, which translated into an increased frequency of functional spiKIR� cells
responding to autologous iCD4 cells.

Comparisons of the iCD4 cell responsiveness of within-individual spiKIR2DL�

NK cells. KIR2DL2 is proposed to have a higher avidity for C1 than KIR2DL3 (13). We
explored whether differences in spiKIR receptor avidity for HLA-C would lead to
variances in the frequency of functional cells responding to autologous iCD4 cells.
For this analysis, we used NK cells from KIR2DL2/KIR2DL3 heterozygotes from C1 carriers
to examine within-subject differences in the frequency of iCD4 cell-stimulated func-
tional spKIR2DL2� and spKIR2DL3� NK cells. The frequency of iCD4 cell-stimulated
spKIR2DL2� NK cells was higher than that of spKIR2DS3� NK cells for the sum of all
functions and CCL4 secretion, although only the differences in CCL4 secretion achieved
statistical significance (P, 0.04 by Wilcoxon tests [Fig. 4A and B]). This finding is
consistent with the conclusions arrived at by others using KIR-Fc fusion proteins based
on wild-type KIR2DL2 and KIR2DL3 and single-amino-acid variants for HLA-C allotype-
coated microbeads, as well as inhibition-of-cytotoxicity assays using HLA-null 721.221
cells and panels of 721.221 cells transduced with single HLA-C variants (13, 47). On the
other hand, comparison of the frequencies of iCD4 cell-induced functional, educated
spKIR2DL1� NK cells with those of spKIR2DL2� or spKIR2DL3� NK cells originating from
the same person showed that they did not differ significantly from each other (Fig. 4C
and D).

KIR2DL1 allotypes mapping to Cen A have a higher avidity for C2 antigens than
those mapping to Cen B, while KIR2DL2 allotypes mapping to Cen B bind C1 antigens

FIG 4 Comparison of the responses to autologous iCD4 cells of spKIR2DL1�, spKIR2DL2�, and spKIR2DL3� NK cells from the same donor and the influence of
their allotypes on responses to iCD4 cells. (A to D) The y axes show the frequencies of functional cells characterized by the sum of all functions (A, C, and D)
or CCL4 secretion (B) for 10 pairs of educated spKIR2DL2� and spKIR2DL3� NK cells (A and B), 5 pairs of educated spKIR2DL1� and spKIR2DL2� NK cells (C),
and 5 pairs of educated spKIR2DL1� and spKIR2DL3� NK cells (D) from the same donors. The significance of within-individual differences was assessed using
Wilcoxon matched pairs tests. (E) Frequencies of iCD4 cell-stimulated functional spKIR2DL1� NK cells generated by donors cocarrying a noneducating C1/C1
genotype or educating C2/* genotypes. The frequency of functional cells was compared for donors cocarrying C2/* with KIR2DL1 genotypes where both alleles
mapped to the centromeric KIR haplotype A (Cen A), one allele mapped to Cen A and the other to the centromeric KIR haplotype B (Cen B), or both alleles
mapped to Cen B. (F) Frequencies of iCD4 cell-stimulated functional spKIR2DL2� NK cells generated when donors cocarried a noneducating C2/C2 genotype
or an educating C1/* genotype. The frequency of functional cells was compared for donors cocarrying C2/* with KIR2DL2 genotypes where both alleles mapped
to Cen A or Cen B. Each point represents results for a single individual. For each data set, the bar height and error bars show the median and interquartile range,
respectively. P values are given above the bars linking the data sets being compared. 2DL1, spKIR2DL1�; 2DL2, spKIR2DL2�; 2DL3, spKIR2DL3�; C1/*, either
C1/C1 or C1/C2; C2/*, either C1/C2 or C2/C2.
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with a higher avidity than those mapping to Cen A (13). Since iKIR receptor–HLA ligand
avidity affects education potency, we asked whether responsiveness to iCD4 cells
differed on the basis of the spKIR2DL1, -L2, or -L3 allotype. Similar frequencies of
functional cells from Cen A KIR2DL1 hmzs, Cen B KIR2DL1 hmzs, and Cen A/Cen B KIR2DL1
heterozygotes responded to iCD4 cells (Fig. 4E). So, too, similar frequencies of
spKIR2DL2 NK cells from Cen A and Cen B hmzs responded to iCD4 cells (Fig. 4F). Since
all the allotypes for spKIR2DL3� NK cells mapped to Cen A, we were unable to evaluate
the influence of the KIR2DL3 allotype on the frequency of functional cells responding
to iCD4 cells.

Expression of HLA-Bw4 and KIR3DL1 allotypes on the surfaces of CD4 and NK
cells. Bw4 subtypes have variable cell surface expression densities (26). We confirmed
this by staining donor CD4 cells with a MAb specific for HLA-Bw4 (Fig. 5A). Cells from
Bw6 hmzs had background levels of staining, which were significantly lower than those
on cells from Bw4/Bw6 heterozygotes expressing only one Bw4 allotype and on cells
from Bw4 hmzs (Fig. 5B). KIR3DL1 allotypes are expressed at different intensities on the
surfaces of NK cells (16, 31). Table 1 shows the KIR3DL1/KIR3DS1 (KIR3DL1/S1) genotypes
and allotypes of the study population. The MFI of binding by MAb Z27 to KIR3DS1
allotypes on NK cells is lower than, and distinct from, that to KIR3DL1-low and
KIR3DL1-high allotypes on NK cells. Using MAb Z27 to stain NK cells from KIR3DL1/S1
heterozygotes and KIR3DL1 hmzs, we observed that KIR3DL1-high allotypes had a
significantly higher MFI than KIR3DL1-low allotypes on NK cells (Fig. 5C).

Extent of HLA-Bw4 downmodulation on iCD4 cells compared to unCD4 cells.
HIV Nef downmodulates HLA-A and -B from the surfaces of infected cells (39, 44, 45).
We questioned whether there was a difference between Bw4*80I and Bw4*80T allo-
types in terms of the extent to which they were downmodulated on iCD4 cells
compared to unCD4 cells. For this analysis, we included donors expressing either
Bw4*80I or Bw4*80T isoforms. HIV infection reduced the expression of Bw4*80I to a
greater extent than that of Bw4*80T (Fig. 6A to C).

KIR3DL1–Bw4 NK cell education potency influences the frequency of iCD4
cell-stimulated functional KIR3DL1� NK cells. Bw4*80I molecules have a higher
avidity for KIR3DL1 than Bw4*80T subtypes (15, 16, 26–28). Boudreau et al. demon-
strated that the expression levels of KIR3DL1 and HLA-Bw4, in addition to their affinity
for each other, predicted the frequency of NK cells that express CD107a in response to
HLA-null and iCD4 cell stimulation (26). We extended these observations by examining
the frequencies of KIR3DL1� NK cells responding to autologous iCD4 cells by producing
all possible combinations of CCL4, IFN-�, and CD107a, as well as the sum of all
functions, total CCL4, total IFN-�, and total CD107a. We assumed that the greater
downmodulation of Bw4*80I than Bw4*80T ligands by HIV Nef would interrupt inhib-
itory signals through KIR3DL1–Bw4*80I interactions to a greater extent than those from

FIG 5 HLA and KIR3DL1 allotypes are expressed at distinct intensities on CD4 T cells and NK cells, respectively. (A) The y axis shows the mean fluorescence
intensity (MFI) of expression of HLA-Bw4 antigens from individuals carrying distinct HLA genotypes by use of a MAb specific for HLA-Bw4. (B) The y axis shows
the MFI generated by staining CD4 T cells from Bw6 hmzs, Bw4/Bw6 heterozygotes, and Bw4 hmzs with the HLA-Bw4-specific MAb. (C) The y axis shows the
MFI of expression of KIR3DL1-high allotypes versus KIR3DL1-low allotypes on spKIR3DL1� NK cells. Each point indicates results for a single individual. For each
data set, the bar height and error bars show the median and interquartile range, respectively.
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KIR3DL1–Bw4*80T interactions. To verify this, we stratified subjects into four groups:
group 1, Bw6 hmzs (regardless of KIR3DL1 allotype) as a negative control for KIR3DL1�

cell education; group 2, the KIR3DL1-low–Bw4*80I combination; group 3, the KIR3DL1-
high–Bw4*80T combination; group 4, the KIR3DL1-high–Bw4*80I combination. The

TABLE 1 KIR2DL1, KIR2DL2, KIR2DL3, KIR3DL1/S1, and HLA genotypes and allotypes of the study populationa

a2DL1, KIR2DL1; 2DL2, KIR2DL2; 2DL3, KIR2DL3; 3DL1/S1, KIR3DL1/KIR3DS1.

FIG 6 The extent of HIV-mediated downmodulation of HLA-B predicts the frequency of KIR3DL1� NK cells stimulated by autologous iCD4 cells. (A to C) HIV
infection of CD4 cells downmodulates HLA-Bw4*80I to a greater extent than HLA-Bw4*80T. (A and B) A Bw4-specific MAb was used to stain iCD4 (shaded
histograms) and unCD4 (filled histograms) T cells from a subject who expressed HLA-Bw4*80I (A) or HLA-Bw4*80T (B). (C) The y axis shows the MFI of
HLA-Bw4*80I expression (left) and HLA-Bw4*80T expression (right) on uninfected (HIV–) and HIV-infected (HIV�) CD4 cells. (D to H) The y axes show the
frequencies of spKIR3DL1� NK cells responding to autologous iCD4 cells by expressing the seven possible functions characterized by secretion of CCL4,
secretion of IFN-�, and expression of CD107a (D), the sum of all functions tested (E), total CCL4 secretion (F), total IFN-� secretion (G), and total CD107a
expression (H). Each point represents a separate individual. For each data set, the bar height and error bars represent the median and interquartile range,
respectively. P values indicated above the bars linking the data sets being compared were generated using Kruskal-Wallis tests with Dunn’s posttests (*, P �
0.05; **, P � 0.01). 80I, a KIR3DL1 allotype with an isoleucine at position 80; 80T, a KIR3DL1 allotype with a threonine at position 80; MFI, mean fluorescence
intensity; Fxn, function; 3DL1�, spKIR3DL1� NK cells; Pkw, P value generated by a Kruskal-Wallis test.
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frequency of iCD4 cell-induced spKIR3DL1� NK cells was highest for those originating
from group 4 and was significantly different from that of the Bw6 hmz group for CCL4
only, the sum of all functions, and total CCL4 secretion (P, �0.05 for all by Dunn’s
posttest [Fig. 6D to F]). Although the frequencies of iCD4 cell-induced spKIR3DL1�

functional subsets did not differ significantly among the other groups, there was a
significant linear trend for increased function as the avidity and number of Bw4 ligands
for KIR3DL1 increased (r, 0.77, 0.81, and 0.76 [P � 0.0001] for CCL4 only, total functions,
and CCL4 functions, respectively, by Spearman tests [Fig. 6D to F]).

DISCUSSION

We studied the functional responses of four types of spiKIR� NK cells to autologous
iCD4 cells. Overall, a higher frequency of educated spiKIR� NK cells than of their
uneducated counterparts responded to iCD4 cells by producing CCL4 and, to a lesser
extent, IFN-� and CD107a. The frequency of iCD4 cell-stimulated functional spKIR� NK
cells increased as the ligand copy number increased. For spKIR3DL1� NK cells, a higher
frequency of functional KIR3DL1-high� cells from HLA-Bw4*80I� subjects than of those
from subjects from the Bw6 hmzs group responded to iCD4 cells. KIR3DL1/HLA-Bw4
genotypes encoding either a KIR3DL1-low receptor, an HLA-Bw4*80T ligand, or both
responded to autologous iCD4 cells with a frequency that was intermediate between
that of NK cells from carriers of spKIR3DL1-high–HLA-Bw4*80I combinations and those
from Bw6 hmzs. Both the potency of NK cell education and HIV-mediated changes in
HLA expression levels on iCD4 cells affect NK cell responses to autologous iCD4 cells.
These observations illustrate how educated NK cells exert anti-HIV activity.

NK cells acquire their functional potential through education mediated by iNKR
interactions with their HLA-I ligands during NK cell development. NK cell education is
influenced by the expression levels of iNKRs on the surfaces of NK cells and of HLA-I on
stimulatory/target cells, receptor-ligand avidity, and the number of iNKRs to self HLA
class I ligands (14, 26, 35, 38, 48). NK cell activation occurs when inhibitory signals
mediated through iNKR–HLA-I interactions are interrupted as a result of the down-
modulation of self HLA-I ligands on iCD4 target cells.

HIV infection reduced the expression levels of HLA-A, -B, and -C on iCD4 cells. This
has been shown by others (39, 41, 44, 45). HLA-C expression on iCD4 cells is down-
modulated in a Vpu-dependent manner (41). While HIV strains differ in their abilities to
reduce HLA-C expression on iCD4 cells, we confirmed that HIVJR-CSF, the isolate used to
infect CD4 cells, decreased the densities of both HLA-C1 and -C2 subtypes on the
surfaces of iCD4 cells (41, 43, 46). The reduction in the density of HLA-C2 on the surfaces
of iCD4 cells did not achieve statistical significance, likely due to the small number
(n � 5) of study subjects tested who were C2/C2 hmzs. C1 expression was significantly
lower on the surfaces of iCD4 cells than on those of unCD4 cells.

Functional, educated spKIR2DL1�, -L2�, and -L3� NK cells from donors carrying two
copies of an educating ligand responded to iCD4 cell stimulation with higher frequen-
cies than those of their one-ligand-educated and uneducated counterparts. Thus, C2
and C1 downmodulation was enough to reduce or reverse inhibitory signals mediated
by spiKIR–HLA-C interactions and to shift the balance of inhibitory and activating
signals received toward activation in response to iCD4 cell stimulation. Thus, a deter-
minant of iCD4 cell-induced spiKIR2DL function is the presence or absence of an
educating iKIR–ligand pair. Whether one or two copies of ligands for iKIR are present
also influences education potency and NK cell responsiveness to iCD4 target cells with
downmodulated ligand expression.

Moesta and colleagues reported that KIR2DL2 and KIR2DL3 are less specific for C1
subtypes than KIR2DL1 is for C2 subtypes (14, 49). So, too, KIR2DL2 is reported to be less
specific for C1 ligands than KIR2DL3 (49). We found no evidence that uneducated
spKIR2DL2� NK cells from carriers of promiscuous C2 subtypes previously reported to
interact with KIR2DL2 had higher responses to autologous iCD4 cells than those from
carriers of nonpromiscuous C2 subtypes. These findings were limited by the small size
of the study population available for this analysis. However, our results may differ from
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those predicted by others due to differences in the experimental conditions used.
Moesta et al. measured cytotoxicity using NK cell clones transduced with KIRs cocul-
tured with the HLA-null cell line 721.221 transfected with a panel of HLA-C allotypes
(14). They also evaluated the avidity of the binding of KIR-Fc fusion proteins to HLA
isotype-coated beads (13, 49). We used primary NK cells, iCD4 cell stimulation of NK
cells, and flow cytometry gating strategies to ascertain the frequency of functional
spiKIR� cells. Alter et al. showed that HIV peptides alter KIR–HLA binding and can shift
responses from inhibition to activation and vice versa (50). HIV epitopes that affect
receptor-ligand binding may be present under our experimental conditions, whereas
such peptides would be absent in binding assays and inhibition-of-cytotoxicity assays
performed by others (14, 47).

The frequencies of iCD4 cell-induced functional cells from KIR2DL2/KIR2DL3
heterozygotes were higher among spKIR2DL2� than among spKIR2DL3� cells. Both
these NK cell subsets were educated in the same host by the same HLA-C1 antigens,
reducing between-subject differences in educating HLA-I antigens. This is in line with
KIR2DL2 having a higher avidity than KIR2DL3 for C1 antigens, due to differences in
amino acids in the D1 and D2 domains of these two receptors (13, 18, 47). A comparison
of the iCD4 cell-induced responses of educated spKIR2DL1� NK cells with those of
educated spKIR2DL2� or spKIR2DL3� NK cells from the same individual failed to detect
differences in the frequency of responsive NK cells, even though KIR2DL1–C2 is a
stronger binding pair than KIR2DL2–C1 and KIR2DL3–C1 (47, 51).

The Ab panel and gating strategy we used allowed us to assess the functions of
exclusively gated KIR2DL1�, -L2�, and -L3� primary NK cells stimulated with autolo-
gous iCD4 cells. Because there are no KIR2DL2-specific Abs available, we used a MAb
combination that included DX27 (KIR2DL2, -L3, and -S2 specific), 180701 (KIR2DL3
specific), and 1F12 (KIR2DL3 and -S2 specific) to distinguish between spKIR2DL2�,
spKIR2DL3�, and spKIR2DS2� NK cells. These were detected using a gating strategy
described by us and others (52–54). Work by others using either KIR2DL2-transduced
NK clones or inclusively gated KIR2DL2 NK cells coexpressing other NKRs demonstrated
that NKRs other than KIR2DL2 can affect the education of KIR2DL2� NK cells (53).
KIR2DS2 is particularly important to consider in this regard. The KIR2DS2 gene is in a
close linkage disequilibrium with KIR2DL2, and all carriers of KIR2DL2 also carry KIR2DS2
genes. The gating strategy we used in this report to isolate and study spKIR2DL2� NK
cell responses to iCD4 cells minimized the possibility that these responses were due to
coexpression of KIR2DS2 and many other NKRs coexpressed on this subset of NK cells.

Several studies have shown the importance of specific KIR3DL1–HLA-B allotype
combinations in slower progression to AIDS, HIV viral load control, inhibition of HIV
replication, and a reduced risk of HIV infection in HIV-exposed seronegative subjects
(32, 33, 37, 38, 55–57). NK cells respond rapidly to HIV infection without the need for
prior priming or a lengthy period of differentiation into activated cells (58). The NK cells
we used in this study originated from non-HIV-infected donors. Their interactions with
autologous HIV-infected cells reflect the way in which healthy NK cells respond to
recently infected self CD4 cells that would be generated soon after HIV infection. If
present during the eclipse phase of infection, such NK cells would have the potential
to contribute to the extinction of small foci of HIV-infected cells present at the portals
of entry where NK cells have been reported to be present (59, 60). Such activity has the
potential to prevent the establishment of infection. Our results suggest that not only do
KIR3DL1� cells respond to autologous HIV-infected cells but that KIR2DL1�, -L2�, and
-L3� NK cells do so as well. It is worth noting that each of the spiKIR populations we
worked with represents a small subset of the total NK cell population, on the order of
�5% of NK cells (34, 61). Although NK cell populations other than spiKIRs likely also
contribute to HIV control, investigation of the responses of spiKIRs to autologous iCD4
cells is useful for dissecting the roles of NK cell education and HLA downmodulation by
HIV Nef in the activation of these cells for antiviral activity.

Our results for the functional responsiveness of spKIR3DL1� NK cells to iCD4 cells
are in line with those reported by Boudreau et al. (26), with some differences. Among
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these was the assessment of CCL4 secretion, which made up the bulk of the functional
responses assessed. CCL4 secretion is an important anti-HIV function that blocks the
infection of new target cells (62). NK cells from carriers of the KIR3DL1-high–Bw4*80I
combination responded to iCD4 cells with the highest frequency of functional cells. The
functionality of NK cells from Bw6 hmz donors was the lowest, given that Bw6 is not a
ligand for KIR3DL1.

Some of the limitations of this study merit noting. The size of the study population
limited our ability to detect a broader range of between-group differences. Also, we did
not stain for all NK cell receptors. The LSR II Fortessa X-20 instrument that we used for
data acquisition detected fluorochromes in as many as 18 channels. It is possible that
other NKRs, either activating or inhibitory, were differentially expressed on the NK cell
subsets we focused on and could have contributed unequally to NK cell function.
Questions to investigate in future studies include the contributions of the activating
natural cytotoxicity receptors and NKG2D to anti-HIV activity or to modulation of the
anti-HIV activities of KIR2DL1�, -L2�, and -L3� and KIR3DL1� NK cells.

In conclusion, we demonstrated the impact of education through iKIR–HLA pairs on
NK cell responsiveness to autologous iCD4 cells. The higher frequencies of educated
than uneducated NK cells responding to iCD4 cells by secreting CCL4 in all cases (for
KIR2DL1�, -L2�, and -L3� and KIR3DL1� cells) and by producing IFN-� and CD107a in
a subset of comparisons highlight the potential role of educated NK cells in viral control
by inducing the production of CC chemokines, which compete with HIV to bind to the
CCR5 coreceptor for HIV entry; by eliciting the secretion of IFN-�, an important antiviral
cytokine; and by inducing the expression of CD107a, an NK cell degranulation marker
(37, 62).

MATERIALS AND METHODS
Ethics statement. This study was conducted in accordance with the principles expressed in the

Declaration of Helsinki. It was approved by the Institutional Review Boards of the Comité d’Éthique de
la Recherche du Centre Hospitalier de I’Université de Montréal and the Research Ethics Board of the
McGill University Health Center. All subjects were healthy adults who provided written informed consent
for specimen collection and subsequent analyses.

Study population. The study population included 35 subjects. All were healthy HIV-negative
individuals recruited from the St. Luc cohort or from the Chronic Viral Illness Service at the McGill
University Health Centre in Montreal, QC, Canada. Table 1 shows the HLA allotypes of the 35 subjects;
whether KIR2DL1, KIR2DL2, and KIR2DL3 genes were present; and if so, the alleles present at these loci as
well as at the KIR3DL1/S1 locus.

Genotyping. Genomic DNA was extracted from peripheral blood mononuclear cells (PBMCs) or from
Epstein-Barr virus-transformed cells using QIAamp DNA Blood minikits (Qiagen, Mississauga, ON, Canada)
according to the manufacturer’s instructions. Typing for HLA class I (HLA-I) was performed by sequencing
using commercial reagents (Atria Genetics, Inc., South San Francisco, CA). KIR gene content determina-
tion and allele typing were carried out using the ScisGo KIR v3 typing kit (Scisco Genetics Inc., Seattle,
WA) according to the manufacturer’s protocol. Briefly, the method, modified from the approach
described by Nelson et al. (63), employs an amplicon-based two-stage PCR, followed by sample pooling
and sequencing using a MiSeq v2 PE500 system (Illumina, San Diego, CA). Results were assembled using
custom software supplied as an adjunct to the ScisGo KIR v3 typing kit.

Cells. PBMCs were isolated from leukapheresis samples by density gradient centrifugation (Lympho-
cyte Separation Medium; Wisent Bioproducts, St-Jean-Baptiste, QC, Canada) and were cryopreserved in
10% dimethyl sulfoxide (Sigma-Aldrich, St. Louis, MO)–90% fetal bovine serum (FBS; Wisent, Inc.). CD4
and NK cells were isolated from frozen PBMCs by negative selection using EasySep human CD4� T cell
isolation kits and EasySep human NK cell enrichment kits for CD4 and NK cell isolation, respectively
(Stemcell Technologies, Inc., Vancouver, BC, Canada). Purity, verified by flow cytometry, was an average
of 99.1% for CD4 cells and 96.3% for NK cells.

Preparation of HIV-infected CD4 T cell stimulators. Isolated CD4 cells were stimulated with
CD3/CD28 tetramers (ImmunoCult Human CD3/CD28 T Cell Activator; Stemcell Technologies, Inc.) and
100 IU/ml of recombinant human interleukin-2 (hrIL-2; Cedarlane, Burlington, ON, Canada) in RPMI 1640
medium containing 10% FBS, 2 mM L-glutamine, 100 IU/ml penicillin and 100 mg/ml streptomycin (all
from Wisent), and 100 IU hrIL-2 (R10-100) for 4 days at 37°C in a humidified 5% CO2 incubator. On day
4, stimulated CD4� T cells were infected with HIV-1JR-CSF-VSVG in R10-100 for 4 h. iCD4 cells were washed
and were cultured for 3 days in R10-100. On day 3, the median (interquartile range) frequency of
HIV-infected cells that were HIV p24� and CD4� was 12% (9.9%, 15%). unCD4 cells were cultured in
parallel with iCD4 cells for 3 days in R10-100. On day 3, both unCD4 and iCD4 cells were used to stimulate
NK cells.

Detection of HLA-A, -B, and -C on the surfaces of CD4 cells. Expression levels of HLA-I Bw4 and
C were measured on unCD4 and iCD4 cells by use of MAb REA274, specific for HLA-Bw4 (Miltenyi Biotec,
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Auburn, CA), and MAb DT9, specific for HLA-C (Millipore Sigma, St. Louis, MO). The viabilities of unCD4
and iCD4 cells were determined using UV LIVE/DEAD fixable dead cell stain kits, followed by surface
staining using either unconjugated DT9 or fluorochrome-conjugated Abs of the following specificities:
CD3–BV785 (OKT3), CD4 –BV421 (OKT4), CD8 –PC7 (SK1), and HLA-A/B/C–fluorescein isothiocyanate
(FITC) (W6/32) (all from BioLegend, San Diego, CA). After surface staining, cells were washed, fixed with
2% paraformaldehyde (PFA), and permeabilized for intracellular staining (ICS) for HIV Gag p24 using a
phycoerythrin (PE)-conjugated anti-p24 MAb (KC57; Beckman Coulter, Atlanta GA). DT9 binding was
detected by adding a BV605-conjugated goat anti-mouse secondary Ab (BioLegend). Cells were fixed and
permeabilized before ICS with PE-conjugated anti-p24; they were then washed before resuspension in
2% PFA until acquisition within 1 h. A total of 5 � 105 to 1 � 106 cells were acquired using an LSRFortessa
X-20 flow cytometer (BD Biosciences, Mississauga, ON, Canada). The MFI of Bw4 and HLA-C staining and
the frequency of p24� cells among both unCD4 and iCD4 cells were assessed.

NK cell stimulation and staining. A total of 1 � 106 overnight-rested NK effector (E) cells were
cocultured in duplicate with either unCD4 or iCD4 target (T) cells at an E:T ratio of 1:1 in R10 for 6 h at
37°C in a humidified 5% CO2 incubator. BV711-conjugated anti-CD107a (H4A3; BioLegend) was added at
the beginning of the coculture. Brefeldin A (24 �g/ml; Sigma-Aldrich, Oakville, ON, Canada) and monen-
sin (3 �g/ml; BD Biosciences) were added 1 h after coculture initiation. NK cells cultured in R10 alone
served as an unstimulated negative control. An aliquot of NK cells from each study subject was tested,
in parallel, for their ability to respond to stimulation with 5.8 �g/ml phorbol 12-myristate 13-acetate
(PMA) and 1.2 �g/ml ionomycin (Sigma-Aldrich); all responded to this positive-control stimulus. Cells
were first stained for viability using UV LIVE/DEAD staining (Thermo Fisher Scientific, St. Laurent, QC,
Canada) and were then stained for cell surface markers for 25 min at 4°C using fluorochrome-conjugated
Abs: CD3–BV785 (OKT3), CD14 –BV785 (M5E2), CD19 –BV785 (HIB19), and CD56 –BV605 (HDC56)
(BioLegend), KIR2DL1–allophycocyanin (APC)–Vio770 (REA284; Miltenyi Biotec), KIR2DL3–FITC (180701;
R&D Systems), KIR2DS2/L3–Alexa Fluor 647 (1F12) (54), KIR3DL2–Alexa Fluor 594 (DX31) (64), KIR3DL1/
S1–PE (REA168), NKG2C–PE–Vio770 (REA205), and NKG2A-biotin (REA110) (the last three from Miltenyi
Biotec). Next, Abs to KIR2DL2/L3/S2–peridinin chlorophyll-A protein (PerCP)–Cy5.5 (DX27; BioLegend)
and KIR2DL1/S1–VioBlue (REA1010; Miltenyi Biotec) were added for 15 min at 4°C. After washing, Qdot
655 streptavidin conjugate was added to the cells for 20 min at 4°C; they were then washed, fixed with
2% PFA, permeabilized, and subjected to ICS with anti-CCL4 –AF700 (D21-1351) and anti-IFN-�–BV510
(B27) (both from BD Biosciences). Samples were then prepared for acquisition within 1 h. A list of the Abs
and reagents used in this panel is available upon request.

Flow cytometry analysis. A total of 1.5 � 106 to 1.8 � 106 events were acquired for each sample
using an LSRFortessa X-20 instrument. Results were analyzed using FlowJo software v10.3 (Tree Star, Inc.,
Ashland, OR). Single-stained beads (Comp Beads; BD) were used to calculate compensation. We mea-
sured the frequency of NK cells exhibiting the sum of the frequencies of all functions tested (total) and
the sum of the frequencies of each functional subset secreting CCL4, secreting IFN-�, and expressing
CD107a, as well as all possible combinations of these functions, i.e., trifunctional cells, three combinations
of bifunctional cells, and three kinds of monofunctional cells. These functional subsets were assessed
within spKIR2DL1, spKIR2DL2, spKIR2DL3, and spKIR3DL1 NK cell populations. The data presented were
background subtracted using results for the matched unCD4 cell control condition.

Statistical analysis. GraphPad Prism 6 (GraphPad Software, La Jolla, CA) was used for data analysis
and graphical presentation. Mann-Whitney and Wilcoxon matched pairs tests were used to assess the
statistical significance of differences between two unmatched and matched groups, respectively. Kruskal-
Wallis tests with Dunn’s posttests were used to assess the significance of differences among more than
two unmatched groups. When multiple comparisons were performed, a Bonferroni correction was
employed.
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