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Here we show that the number of activating killer cell immunoglobulin-like receptor (KIR) copies in rhesus monkeys is associ-
ated with the extent of release of cytotoxic granules by cytolytic NK cells during primary simian immunodeficiency virus SIV-
mac251 infection. These findings suggest that NK cells expressing high levels of activating KIRs efficiently kill SIVmac251-in-
fected cells, and this efficient killing contributes to the NK cell-mediated control of replication of this virus during early
infection.

While it is well established that NK cells play a central role in
the early control of a number of viral infections (11, 18, 22,

23), their role in containing HIV-1 replication is only now being
clarified. Studies have shown that activating killer cell immuno-
globulin-like receptors (KIRs) that are expressed on NK cells are
involved in controlling HIV-1 replication and slowing HIV-1 dis-
ease progression (1, 2, 15, 17). While there is reason to suppose
that NK cells affect HIV-1 replication early following infection,
these cells are difficult to study during primary infection because it
is difficult to obtain early blood samples from infected individuals.
The simian immunodeficiency virus (SIV)-infected rhesus mon-
key provides an important nonhuman primate animal model for
studying NK cell biology during a primary AIDS virus infection.
We have recently demonstrated an association between specific
NK cell subpopulations and the early containment of SIV replica-
tion in rhesus monkeys and a contribution of activating KIRs in
stimulating NK cells to control the spread of SIV (8). In that study,
we evaluated copy number variation (CNV) of KIR3DH, which
represents an activating KIR receptor family in rhesus monkeys (4,
9), and showed that KIR3DH copy numbers were negatively asso-
ciated with SIV replication at the time of the early peak of viral
replication in Mamu-A*01� rhesus monkeys that express restric-
tive TRIM5 alleles. This observation implicated NK cells that ex-
press activating KIRs in controlling viral replication during early
SIV infection. However, the mechanism underlying this phenom-
enon remains unclear.

The present study was initiated to determine how activating
KIRs might affect SIV replication during primary infection. One
important function of NK cells is to kill virus-infected target cells,
and the present study assessed whether the cytolytic activity of NK
cells is affected by KIR3DH CNV. In this study, the cytotoxicity of
peripheral blood NK cells of Mamu-A*01� rhesus monkeys was
evaluated by measuring intracellular granzyme B and perforin lev-
els and assessing CD107a surface expression on NK cells following
in vitro stimulation with K562 cells, a cell line that does not express
major histocompatibility complex (MHC) class I molecules (3, 13,
14). Peripheral blood mononuclear cells (PBMCs) were isolated
from EDTA-anticoagulated whole blood by Ficoll-Paque (GE
Healthcare, Piscataway, NJ) gradient separation and either stained
immediately or cryopreserved in liquid nitrogen. After thawing,
cryopreserved cells were rested at 37°C and 5% CO2 for 6 h. The

viability of these thawed cells was �90%. For measuring intracel-
lular granzyme B and perforin levels, PBMCs were first stained
with monoclonal antibodies specific for cell surface molecules that
delineate NK cells (CD3, CD8�, NKG2A, CD56, and CD16). Cells
were then fixed and permeabilized with Cytofix/Cytoperm solu-
tion (BD Biosciences, Franklin Lakes, NJ) and stained with mono-
clonal antibodies specific for granzyme B and perforin. CD107a
surface expression on NK cells was measured following exposure
of the NK cells to K562 cells. PBMCs were incubated in the pres-
ence of RPMI 1640 medium (Cellgro, Manassas, VA) supple-
mented with 10% fetal calf serum (Thermo Fisher Scientific,
Foster City, CA) alone (unstimulated), with K562 at an effector-
to-target ratio of 10:1, or with phorbol myristate acetate (PMA)
and ionomycin (both Sigma-Aldrich, St. Louis, MO) as a positive
control. An anti-CD107a antibody was directly added to each
sample. The cells were incubated for 1 h at 37°C and 5% CO2.
Then monensin (GolgiStop; BD Biosciences) and brefeldin
(GolgiPlug; BD Biosciences) were added to all samples and the
cells were incubated for an additional 5 h at 37°C. Cells were next
stained with monoclonal antibodies specific for the cell surface
molecules CD3, CD8�, NKG2A, CD56, and CD16. The viability
of cells was evaluated using the LIVE/DEAD fixable aqua dead cell
stain kit (Invitrogen, Carlsbad, CA), which allowed the distinction
of live and dead cells in all flow cytometric analyses. Labeled cells
were acquired using an LSR II flow cytometer (BD Biosciences)
and analyzed using FlowJo software (TreeStar Inc., Ashland, OR).

Using these assays, we first evaluated degranulation by circu-
lating NK cells from naïve Mamu-A*01� rhesus monkeys. PBMCs
were stained intracellularly for granzyme B, and the geometric
mean of the fluorescence intensity (GMF) of granzyme B staining
in peripheral blood NK cells was determined. Rhesus monkey NK
cells were defined as CD3� CD8�� NKG2A� and were further
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delineated into subsets by their expression of CD56 and CD16 (19,
24). These NK cell subsets differ in their effector functions:
CD16� NK cells have high cytotoxic potential, CD56� NK cells
produce large amounts of cytokines, and double-negative (DN)
NK cells mediate both of these functions, producing cytokines and
mediating cytotoxicity (19). Due to these functional differences, it
is possible that an effect of KIR3DH CNV on NK cell function may
be observed only in particular NK cell subsets, and therefore, these
NK cell subsets were evaluated individually. Copy numbers of the
activating KIR3DH genes were determined using a quantitative
real-time PCR assay (qPCR), as previously described (8). First, we
determined the GMF of granzyme B in CD16�, CD56�, and DN
NK cells of naïve rhesus monkeys (Fig. 1). Consistent with their
expected cytotoxic function, CD16� NK cells expressed the high-
est levels of granzyme B (19), DN NK cells expressed intermediate
granzyme B levels, and CD56� NK cells expressed low levels of
granzyme B. There was, however, no association between
KIR3DH copy numbers and granzyme B content in any of the
three NK cell subsets sampled from naïve rhesus monkeys using

linear regression analysis. Intracellular perforin levels or CD107a
expression on stimulated NK cells was also not associated with
KIR3DH copy numbers (data not shown). These findings suggest
that KIR3DH copy numbers do not influence the intracellular
levels of cytolytic proteins in NK cells from naïve rhesus monkeys.

We then assessed the relationship between KIR3DH copy
numbers and granzyme B expression by NK cells during the
course of an SIV infection. We first sampled blood from Mamu-
A*01� rhesus monkeys during the chronic phase of SIVmac251
infection and measured the intracellular granzyme B levels of NK
cells. Sampling was done at the set point of the infection (day 70
postinfection) (Fig. 2A) and late during chronic infection (days
231 to 259 postinfection) (Fig. 2B). The GMF of granzyme B stain-
ing is shown for the CD16�, CD56�, and DN NK cell subsets. We
observed no association between KIR3DH copy numbers and in-
tracellular granzyme B levels in any of the NK cell subsets in rhesus
monkeys that were chronically infected with SIVmac251 in a lin-
ear regression analysis. Perforin content and CD107a expression
on NK cells were also not associated with KIR3DH copy numbers

FIG 1 KIR3DH copy number is not associated with intracellular granzyme B levels in NK cell subsets of naïve rhesus monkeys. Peripheral blood NK cells from
naïve rhesus monkeys were evaluated for their intracellular granzyme B content by monoclonal antibody staining and flow cytometric analysis. The association
between KIR3DH copy numbers and the geometric mean of the fluorescence intensity (GMF) of granzyme B in each of three rhesus monkey NK cell subsets,
CD16�, CD56�, and double-negative (DN) NK cells, was evaluated using linear regression analysis. Each dot represents one animal.

FIG 2 KIR3DH copy number is not associated with intracellular granzyme B levels in NK cell subsets of rhesus monkeys during chronic SIV infection. GMF of
granzyme B staining was assessed in peripheral blood NK cells on day 70 (A) and days 231 to 259 (B) following SIVmac251 infection in three NK cell subsets in
rhesus monkeys, CD16�, CD56�, and DN NK cells. Associations were analyzed using linear regression models. Each dot represents one animal.
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during this late phase of SIVmac251 infection (data not shown).
These results indicate that KIR3DH CNV does not affect NK cell
content of cytolytic proteins during chronic SIV infection.

We finally assessed the cytotoxicity of NK cells during primary
SIV infection. We sampled PBMCs from Mamu-A*01� rhesus
monkeys on day 28 following SIVmac251 infection and stained
these cells for intracellular granzyme B and perforin as well as
CD107a surface expression following K562 stimulation. The GMF
of granzyme B and perforin staining and the percentage of
CD107a� cells were determined in the CD16�, CD56�, and DN
subsets of NK cells. Strikingly, we observed a significant negative
association between intracellular granzyme B levels and KIR3DH
copy numbers using linear regression analysis in both CD16�

(P � 0.04) and DN (P � 0.03) NK cells (Fig. 3), the two rhesus
monkey NK cell subsets that mediate strong cytotoxicity. No as-
sociation between KIR3DH copy numbers and expression levels of
granzyme B was observed in the CD56� NK cells of these monkeys
(P � 0.74). Interestingly, while the intracellular granzyme B levels
were associated with KIR3DH copy numbers in CD16� and DN
NK cells, the percentages of granzyme B-positive CD16� NK cells
and granzyme B-positive DN NK cells did not associate with dif-
ferences in KIR3DH copy numbers (data not shown), a finding
which may suggest that lower intracellular levels of granzyme B
were the consequence of an increased release of granzyme B dur-
ing primary SIV infection rather than the expansion of NK cells
lacking granzyme B expression. In contrast to the expression of
granzyme B, only low levels of intracellular perforin were detected
in these three NK cell subsets, a finding which is consistent with
observations reported in the literature (19). KIR3DH copy num-
bers were not associated with perforin content in CD16� and DN

NK cells. KIR3DH copy numbers were not associated with the
percentage of CD107a� cells in the CD16� or DN NK cell subset
following in vitro stimulation with K562 cells. We also evaluated
the in vitro inhibition of SIV replication in CD4� T cells after
coculture with autologous, bulk NK cells from rhesus monkeys
with different KIR3DH copy numbers but did not observe a sta-
tistically significant association between KIR3DH copy numbers
and inhibition of SIV replication in CD4� T cells (data not
shown). These findings suggest that higher copy numbers of
KIR3DH are associated with decreased intracellular levels of gran-
zyme B in cytotoxic NK cells during primary SIV infection.

In the present study, we demonstrated that granzyme B con-
tent was significantly lower during primary SIVmac251 infec-
tion in cytotoxic NK cells from rhesus monkeys with high num-
bers of KIR3DH copies than in the same NK cell subsets from
rhesus monkeys with low numbers of KIR3DH copies. These
findings suggest that higher numbers of KIR3DH copies are
associated with a greater release of granzyme B by cytotoxic NK
cells during primary SIV infection, resulting in lower levels of
intracellular granzyme B content during this early phase of SIV
infection. Hence, NK cells from animals with high KIR3DH
copy numbers have increased cytolytic activity, and copy num-
bers of the activating KIR3DH directly affect the functionality
of cytolytic NK cells.

In contrast to the negative association in rhesus monkeys be-
tween KIR3DH copy numbers and intracellular granzyme B levels
in the two cytotoxic NK cell subsets CD16� and DN, there was no
association between KIR3DH copy numbers and NK cell function
in CD56� NK cells, the subset of NK cells that produces large
amounts of cytokines. This observation is consistent with studies

FIG 3 Higher KIR3DH copy numbers are associated with lower intracellular granzyme B levels in CD16� and DN NK cells of rhesus monkeys during acute SIV
infection. Peripheral blood NK cells from rhesus monkeys evaluated for their granzyme B and perforin content. PBMCs from these monkeys were also stimulated
with K562 cells at an effector-to-target ratio of 10:1 and stained for CD107a. GMF of the granzyme B and perforin staining and the percentages of CD107a� cells
were measured on day 28 post-SIVmac251 infection for each of three rhesus monkey NK cell subsets, CD16�, CD56�, and DN NK cells. Scatter plots show an
association between GMF of granzyme B and KIR3DH copy numbers in CD16� (P � 0.04, R2 � 0.29) and DN (P � 0.03, R2 � 0.33) NK cells during acute SIV
infection using linear regression. For the CD107a staining, insufficient CD56� NK cells could be acquired to allow this analysis. Each dot represents one animal.
The 95% confidence interval is indicated by dashed lines.
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of humans showing that KIRs are expressed predominantly on the
cytotoxic CD16� NK cells (6). Our results are also consistent with
a study by Huntington et al. that suggested that cytokine produc-
tion by NK cells might be independent of interactions between
KIRs and their ligands while NK cell cytotoxicity is regulated by
KIRs that are expressed on NK cells (10).

Since there is no KIR3DH-specific monoclonal antibody avail-
able, KIR3DH CNV was used as an indirect measure of KIR3DH
surface expression. We used a qPCR assay that recognized a con-
served region of the KIR3DH genes that encodes the transmem-
brane domain of the KIR3DH proteins to determine KIR3DH
copy numbers. In addition, we used this assay to quantify the
expression of KIR3DH alleles that contain a transmembrane do-
main, molecules that are likely to be expressed on the surface of
the NK cell, and we have previously shown that higher KIR3DH
copy numbers were positively associated with higher KIR3DH
transcript levels (8). Higher KIR3DH copy numbers therefore
likely result in increased surface expression of KIR3DH on sub-
populations of NK cells, as reported for the activating KIR3DS1 in
humans (12, 16). These latter studies showed that individuals with
higher gene counts of KIR3DS1 had higher percentages of
KIR3DS1-expressing NK cells. The association between KIR3DH
copy numbers and the intracellular granzyme B levels in the
cytotoxic NK cell subsets therefore suggests that NK cells with
increased surface expression of activating KIR receptors degranu-
lated more potently than other NK cells in response to SIV-in-
fected cells. This finding is consistent with a report that the surface
density of the activating NK cell receptor NKp46 directly corre-
lated with efficient cytolytic activity against NK cell-sensitive tar-
get cells (21).

While we observed a negative association between the intra-
cellular granzyme B levels and KIR3DH copy numbers, there
was no significant association between KIR3DH copy numbers
and intracellular perforin levels or K562-stimulated CD107a
surface expression by NK cells. While our inability to demon-
strate associations between perforin levels or CD107a expres-
sion and KIR3DH copy numbers may reflect true NK cell biol-
ogy during primary SIVmac251 infection, it may also be a
consequence of the assays used to evaluate these cell popula-
tions. Intracellular levels of perforin are much lower than
intracellular levels of granzyme B in NK cells of naïve and SIV-
infected rhesus monkeys (19). A loss of intracellular perforin
following NK cell activation would therefore likely not be as
readily demonstrable as a loss of granzyme B. The low baseline
intracellular stores of perforin might make it difficult to show
the effects of activating KIRs on perforin release by NK cells
during a primary SIVmac251 infection. Our inability to dem-
onstrate an association between activating KIR copy numbers
and NK cell surface expression of CD107a may be a conse-
quence of the method used to evaluate CD107a cell surface
expression. While KIRs recognize MHC class I molecules as
their ligands, K562 is an NK cell-sensitive cell line that lacks
MHC class I surface expression (3, 13, 14). Therefore, the co-
cultivation of NK cells with K562 cells may not allow the acti-
vation of NK cells through their activating KIRs, but rather
through non-MHC class I-binding receptors (5, 7, 20). The
absence of an association between activating KIR CNV and the
percentage of CD107a� NK cells in the evaluated monkeys
might therefore be a consequence of an absence of interactions

of the activating KIRs with their ligands on the target cells used
in these assays.

Lower granzyme B content in the cytolytic NK cell subsets from
monkeys expressing higher numbers of KIR3DH copies was ob-
served during primary SIV infection. These findings are consistent
with our previous observations that KIR3DH copy numbers were
associated with plasma viral load during the acute phase of
SIVmac251 infection (8). A study of SIV-infected monkeys
showed that intracellular granzyme B levels increased during SIV
infection in the three primary NK cell subsets (19). Whereas that
study assessed subpopulations of NK cells during chronic infec-
tion, the present study evaluated NK cells during primary SIV
infection and is therefore potentially a more accurate representa-
tion of the physiological role of NK cells in SIV infection. More-
over, we compared granzyme B contents of NK cells expressing
high and low copy numbers of activating KIRs within each NK cell
subpopulation, without respect to a potential overall increase of
granzyme B levels in the NK cell subsets. In contrast, we show that
cytolytic NK cell subsets from monkeys with high copy numbers
of KIR3DH genes contained low levels of granzyme B, which may
indicate an increased cytotoxicity of these NK cell subsets and may
further suggest that the mechanism underlying an effect of
KIR3DH copy numbers on plasma SIV RNA levels during acute
SIV infection that we previously described (8) may be a more
efficient killing of SIV-infected target cells by cytotoxic NK cell
subpopulations, with a consequent decrease in SIV replication.

Taken together, the novelty of the presented studies is that
copy numbers of KIR3DH directly affect the function of cytolytic
NK cell subsets during primary SIV infection, with higher
KIR3DH copy numbers being associated with decreased granzyme
B content. These findings further emphasize the importance of
KIR expression in modulating NK cell responses during the earli-
est phase of SIV infection.
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