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ABSTRACT

Recent evidence suggests that even in treated infections, human immunodeficiency virus (HIV) and simian immunodeficiency
virus (SIV) replication may continue in lymph nodes (LN), serving as a potential virus reservoir. Here we investigated the effects
of lentivirus infection on natural killer (NK) cell frequencies, phenotypes, and functions in naive and acutely or chronically
SIVmac239-infected rhesus macaques. Compared to that in naive animals, we observed a 3-fold-greater frequency of cytotoxic
CD16� CD56� NK cells in LN of chronically infected macaques. However, NK cells did not appear to be trafficking to LN, as
homing markers CD62L and CCR7 did not increase on circulating NK cells during infection. LN NK cells demonstrated en-
hanced cytotoxicity in acute infection, with 2-fold increases in perforin expression and 3-fold increases in CD107a expression
following mitogen stimulation. Lysis of K562 cells by LN NK cells from acutely infected animals was greater than lysis by prein-
fection samples from the same animals. LN NK cells from chronically infected animals lysed K562 cells more efficiently than LN
NK cells from uninfected animals, but importantly, surrogate markers of cytotoxicity in infected macaques were disproportion-
ately greater than ex vivo killing. Furthermore, Tim-3, an indicator of activation and/or exhaustion, was upregulated 3-fold on
LN NK cells in chronically infected animals. Collectively, these data suggest that LN NK cells are skewed toward a cytotoxic phe-
notype during SIV infection but may become dysfunctional and exhausted in chronic disease.

IMPORTANCE

The accumulation of CD16� CD56� NK cells in the SIV-infected lymph node without changes in NK homing to the LN could
suggest that these cells are differentiating in situ. Surprisingly, this increase in frequency of the cytotoxic subset of NK cells is
not accompanied by an increase of similar magnitude in the cytolytic function of LN lymphocytes. This functional modulation,
together with the higher Tim-3 expression observed on LN NK cells isolated from chronically infected animals than on those
from naive macaques, is indicative of an exhausted phenotype. This exhaustion could contribute to the robust replication of HIV
and SIV in the LN during acute and chronic stages of infection, allowing the survival of infected cells and maintenance of a viral
reservoir.

Natural killer (NK) cells are cytotoxic effector cells that can lyse
virus-infected and malignant cells without prior exposure to

antigen. Genetic evidence suggests that these cells are essential for
the control of immunodeficiency virus infections, as some NK cell
receptors coexpressed with their ligands are associated with de-
layed progression to AIDS in human immunodeficiency virus
(HIV) infection (1, 2). Furthermore, the immune pressure exerted
by NK cells upon this virus is demonstrated by mutations in HIV
that are associated with expression of certain NK cell receptors (3).
NK cell activation by HIV-infected cells is dependent on Nef-
mediated downregulation of major histocompatibility complex
(MHC) class I surface expression, which decreases availability of
these ligands for inhibitory NK cell receptors (4, 5). In addition to
this lessening of inhibition, Vpr-mediated upregulation of UL16-
binding proteins (ULBPs) 1, 2, and 3 on HIV-infected cells can
trigger lysis through the activating NKG2D receptor (6, 7). NK
cells activated by immunodeficiency virus-infected cells can in-
hibit viral replication by lysis of infected cells (8) and secretion of
chemokines CCL3, CCL4, and CCL5, which inhibit HIV entry (9).

Infection with HIV or simian immunodeficiency virus (SIV) in
turn affects NK cell distribution and function. During acute HIV
infection, the cytotoxic CD56dim CD16� NK cell subset expands

in peripheral blood mononuclear cells (PBMC), whereas cyto-
kine-producing CD56bright NK cells contract in this compartment
(10). Likewise, in SIV infection of rhesus macaques, CD16� NK
cells become more prevalent in the periphery, while CD56� NK
cells accumulate in the gut and acquire a more cytotoxic pheno-
type (11, 12). In HIV infection, further viral replication causes the
rise of abnormal CD56� CD16� NK cells that are anergic, exhib-
iting low CD107a degranulation responses (10, 13). Functional
impairment of NK cells during progressive HIV or SIV infection
also includes diminished antibody-dependent cellular cytotoxic
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(ADCC) function (14, 15) and cytokine secretion (16, 17),
whereas chemokine secretion is unaffected (9, 18). Lymph node
(LN) NK cells, conversely, become more activated during HIV
infection (19).

Secondary lymphoid tissues (LTs), including LN, are impor-
tant sites of viral replication during HIV and SIV infection (20,
21). Resting CD4� T cells (22, 23), T follicular helper cells (24),
and extracellular trapped virus on follicular dendritic cells (25, 26)
all represent potential reservoirs for immunodeficiency virus in-
fection in the LTs. Compartmentalization of infected cells within
LTs has been demonstrated in SIV-infected macaques, in which
most SIV-producing cells are located in the follicular zone during
chronic infection prior to the onset of AIDS and in the extrafol-
licular zone away from SIV-specific cytotoxic T lymphocytes
(CTLs) during AIDS (27). Replication of HIV within LTs contin-
ues even under antiretroviral therapy in HIV-infected individuals
(28). The importance of LTs in disease pathogenesis has also been
demonstrated by the prevalence of LN-specific gene expression
changes, beginning in acute infection and sustained to high levels
in chronic infection, that are unique to pathogenic hosts of SIV
infection (29).

In this study, we sought to examine NK cell subset distribution,
phenotype, and function in the LN compartment. We find that
accumulation of CD16� CD56� NK cells of the cytotoxic subset in
LNs of chronically infected rhesus macaques are not accompanied
by a similar increase in cytolytic LN lymphocyte function, perhaps

due to exhaustion of these NK cells. These findings have implica-
tions for the persistence of HIV and SIV replication in LTs during
all stages of infection and under antiretroviral therapy.

MATERIALS AND METHODS
Animals and SIV infections. Animals were housed at the New England
Primate Research Center or at the National Cancer Institute, National
Institutes of Health, according to the standards of the American Associa-
tion for Accreditation of Laboratory Animal Care. Protocols, including all
procedures performed, were approved by the Harvard Medical School
Animal Care and Use Committee and the National Institute of Allergy and
Infectious Diseases, National Institutes of Health. Animals were moni-
tored daily by veterinary staff, and those showing signs of significant
weight loss, disease, or distress were provided dietary supplementation
and medication as necessary. Euthanization with an overdose of barbitu-
rates was carried out in accordance with the guidelines of the American
Veterinary Medical Association.

Tissue samples from 26 Indian rhesus macaques were analyzed in this
study, including 12 SIV-naive animals, 6 acutely infected animals, and 8
animals chronically infected with SIVmac239. PBMC data from addi-
tional naive and SIV-infected macaques on which we have previously
published (12) are included in Fig. 2. For pooled LN and PBMC samples,
some preinfection samples are included in the naive group. Animals were
infected intravenously, and acutely infected animals were sacrificed and
tissue samples harvested at day 14 postinfection. Chronically infected an-
imals were sacrificed between 162 and 707 days postinfection, with a me-
dian duration of infection of 372 days. Chronic viral loads at time of
necropsy were between 1.7 and 6.4 log10 copies of viral RNA/ml plasma,

FIG 1 Frequency of NK cell subsets in LNs from naive and SIV-infected macaques. (A) Representative gating for CD16 and CD56 subsets of CD45� HLA-DR�

CD3� NKG2a� NK cells. (B) The frequency of NK cells among CD45� lymphocytes is shown for lymphocytes isolated from the MLNs (black), PaLNs (blue),
and PLNs (red). (C and D) Frequencies of three NK cell subsets among total CD45� lymphocytes (C) and as a fraction of bulk NK cells (D) as defined by CD16
and CD56 expression from LN of naive (green), acutely infected (purple), and chronically infected (orange) animals. Horizontal bars indicate median values, and
asterisks indicate significant differences by the Mann-Whitney U test (*, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001).
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with a median of 5.1 log10 copies of viral RNA/ml plasma. CD4� T cell
frequencies in blood were between 54% and 22% of T cells (median,
39%), and absolute CD4� T cell counts were between 23 and 445 cells/�l
(median, 225 cells/�l). The acutely SIV-infected animal cohort is de-
scribed elsewhere (30, 31). All animals were free of simian retrovirus type
D or simian T-lymphotropic virus type 1.

Tissue collection and processing. Axillary and inguinal lymph node
(PLN), mesenteric lymph node (MLN), and pararectal/paracolonic
lymph node (PaLN) tissues were collected from humanely euthanized
macaques at the indicated time points. Preinfection PLN biopsy speci-
mens were taken from animals in the acute infection group at day 14

before infection. PBMC were isolated by density gradient centrifugation
of EDTA-treated blood over lymphocyte separation medium (MP Bio-
medicals, Solon, OH), followed by lysis of red blood cells using a hypo-
tonic ammonium chloride solution.

Antibodies and flow cytometry. Antibodies to the following antigens
were used in this study and were obtained from BD Biosciences unless
otherwise specified: active-caspase-3-Alexa 647 (clone C92-605), CCR7-
Alexa 700 (clone 150503; R&D Systems), CD3-allophycocyanin (APC)-
Cy7 (clone SP34.2), CD8�-Qdot605 (clone T8/7Pt-3F9; NIH Nonhuman
Primate Reagent Resource Program), CD8�-APC-Cy7 (clone SK1),
CD16-Alexa 700 (clone 3G8), CD45-fluorescein isothiocyanate (FITC)

FIG 2 Comparison of LN homing markers on blood NK cells from naive and SIV-infected macaques. (A and B) Frequencies of CCR7� (A) and CD62L� (B) cells
among NK cells in PBMC. (C and D) Frequencies of CCR7� (C) and CD62L� (D) expression on NK cell subpopulations as defined by CD16 and CD56
expression from naive (green), acutely infected (purple), and chronically infected (orange) animals. Horizontal bars indicate median values, and asterisks
indicate significant differences by the Mann-Whitney U test (*, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001).

FIG 3 Comparison of perforin, caspase-3, and Ki-67 expression in LN NK cells in naive and SIV-infected macaques. (A to C) Mean fluorescence intensity (MFI)
of perforin (A) and caspase-3 (B) staining and frequency of Ki-67� cells (C) among NK cells isolated from the MLNs (black), PaLNs (blue), and PLNs (red). (D
to F) MFI of perforin (D) and caspase-3 (E) staining and frequency of Ki-67� cells (F) among NK cell subpopulations. Horizontal bars indicate median values,
and asterisks indicate significant differences by the Mann-Whitney U test (*, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001).
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(clone D058-1283), CD45-peridinin chlorophyll protein (PerCP)-Cy5.5
(clone Tu116), CD56-phycoerythrin (PE)-Cy7 (clone NCAM16.2),
CD62L-FITC (clone SK11), NKG2A-PE (clone Z199; Beckman-Coulter),
NKG2A-Pacific Blue (clone Z199, in-house custom conjugate; Beckman-
Coulter), Ki67-FITC (clone B56), and perforin-Pacific Blue (in-house
custom conjugate, clone Pf-344; Mabtech). Samples were acquired on an
LSR II instrument (BD Biosciences, La Jolla, CA), and analysis was con-
ducted with FlowJo (version 9.6.4; Tree Star Inc., Ashland, OR).

NK stimulation assay. Mononuclear cells were incubated with phor-
bol myristate acetate (PMA) (50 ng/ml) and ionomycin (1 �g/ml) or
cultured in RPMI 1640 medium containing 10% fetal bovine serum (FBS)
(R10) alone. For all samples, anti-CD107a (PerCP-Cy5, clone H4A3) was
included at a concentration of 20 �l/ml, and GolgiPlug (brefeldin A) and
GolgiStop (monensin) were included at 6 �g/ml. Samples were incubated
for 12 h at 37°C in 5% CO2 and then permeabilized using Fix & Perm
reagents (Invitrogen) and stained intracellularly with anti-MIP-1� (FITC

FIG 4 Functional activity of LN NK cells from naive and SIV-infected macaques. Lymphocytes were isolated from the MLNs (black), PaLNs (blue), and PLNs
(red) and were stimulated by treatment with PMA and ionomycin. IFN-� (A), TNF-� (B), and MIP-1� (C) production and CD107a expression (D) by NK cells
are shown. Horizontal bars indicate median values, and asterisks indicate significant differences by the Mann-Whitney U test (**, P � 0.01).

FIG 5 LN NK cell cytotoxicity is enhanced during SIV infection. (A) Lymphocytes were isolated from naive or chronically SIV-infected macaque PLNs and
incubated with PKH26-stained K562 cells and CFSE-stained RAJI cells overnight at the indicated total E:T ratios. Flow cytometry analysis of the frequency of
Aqua dye-positive cells among PKH26� cells was used to identify lysed K562 cells. Mean percent specific lysis with error bars indicating standard errors of the
means (SEM) is shown for experiments using cells from at least eight different animals per group. (B) Comparison of paired pre- and postinfection PLN samples
from animals sacrificed during acute infection. The P values shown were determined by the Wilcoxon matched-pairs test; P values of �0.05 are considered
significant.
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conjugate, clone 24006; R&D Systems), anti-gamma interferon (anti-
IFN-�) (PE-Cy7 conjugate, clone B27; Invitrogen), and anti-tumor ne-
crosis factor alpha (anti-TNF-�) (Alexa 700 conjugate, clone Mab11).

Cytotoxicity assay. Lymphocytes isolated from LNs were incubated
overnight in R10 at 37°C in 5% CO2 with equal numbers of carboxyfluo-
rescein succinimidyl ester (CFSE)-stained RAJI and PKH26-stained K562
target cells at total effector-to-target cell (E:T) ratios ranging from 5:1 to
40:1. Cells were stained with Aqua vital dye, and lysis of K562 cells was
quantified by the frequency of Aqua� cells among PKH26� cells. NK-
resistant RAJI cells were included as controls to determine the frequency
of lysed K562 cells. Specific lysis was calculated as (percent sample lysis �
percent background lysis)/(100 � percent background lysis).

Statistical analyses. Prism 6.0 software (GraphPad Software Inc., La
Jolla, CA) was used for all graphical and statistical analyses. Two-tailed
Mann-Whitney U tests were used where indicated, and a P value of �0.05
was considered statistically significant.

RESULTS AND DISCUSSION

Lymphocytes were isolated from LNs of naive and acutely or
chronically SIV-infected rhesus macaques, and live NK cells were
identified as Aqua dye-negative CD45� CD3� HLA-DR�

NKG2a� as shown in Fig. 1A. First we examined the frequency of
NK cells among CD45� cells and found a significantly lower fre-
quency during acute infection (Fig. 1B) (P 	 0.01, Mann-Whitney
U test). These data are consistent with the overall decline in NK
cells during acute SIV disease (31). We then evaluated the fre-
quencies of the three main subsets of rhesus NK cells defined by
expression of CD16 and CD56: CD16� CD56� (CD56�), CD16�

CD56� (CD16�), and CD16� CD56� (DN). Whereas the fre-
quency of CD56� NK cells among CD45� cells was lower in acute
and chronic SIV infection than in naive animals, the frequency of
CD16� NK cells was higher in chronically SIV-infected animals
than in naive or acutely infected macaques (Fig. 1C). Similar
changes in NK cell subpopulations were observed when analyzed
as a fraction of the bulk NK cell population (Fig. 1D). Together
these data suggest that the transient decrease in bulk NK cell fre-
quency during acute infection may be a result of the loss of CD56�

NK cells, whereas the rebound of bulk NK cells in chronic infec-
tion may be due largely to the increased frequency of CD16� NK
cells.

We next sought to determine whether the changes observed in
LN NK cell frequency were a consequence of differences in NK cell
trafficking during infection. We examined the frequency of sur-
face expression of LN homing markers CCR7 and CD62L on NK

cells in peripheral blood of naive and acutely or chronically SIV-
infected macaques. Both CCR7 and CD62L were downregulated
on NK cells in circulation and generally on all NK cell subpopu-
lations, most notably during acute SIV infection (Fig. 2A to D).
This result suggests that decreased trafficking to the LNs may in
part account for the low frequency of LN NK cells during acute
infection but does not inform the high frequency of CD16� NK
cells observed in chronic infection. This agrees with previous find-
ings that peripheral NK cells increase trafficking to the gut, not the
LNs, during SIV infection (11).

We then evaluated phenotypic properties and turnover of LN
NK cells in uninfected and SIV-infected animals. Intracellular
staining for perforin demonstrated that expression is higher in LN
NK cells isolated from acutely infected macaques than in those
from naive macaques and is higher still in those from chronically
infected animals (Fig. 3A). Caspase-3 expression was also higher
in LN NK cells from infected animals of both the acute and
chronic groups than in those isolated from naive animals (Fig.
3B). Finally, the frequency of Ki-67� NK cells in LNs was higher in
acutely infected animals than in naive or chronically infected an-
imals (Fig. 3C). In general, the increases in perforin were found
among all subsets of NK cells, but increases in Ki67 and caspase-3
were most pronounced in CD56� and DN NK cells, which could
be indicative of turnover in these precursor populations (Fig. 3D
to F). The correlation of this turnover with increasing cytotoxic
arming of these NK cells with progressive infection, as suggested
by perforin staining, points to a highly activated NK cell compart-
ment.

To investigate the function of the LN NK cells isolated from
animals with different SIV infection statuses, we then conducted
an NK cell stimulation assay. Lymphocytes isolated from LNs were
mitogen stimulated to determine their cytokine expression and
activation potential ex vivo. These cells were stained for the de-
granulation marker CD107a and cytokines IFN-�, TNF-�, and
MIP-1�. Although cytokine expression was equivalent among LN
NK cells isolated from naive and SIV-infected macaques (Fig. 4A
to C), the frequency of CD107a� LN NK cells was significantly
higher in acutely and chronically SIV-infected animals than in
uninfected animals (Fig. 4D). This increase in frequency is consis-
tent with the higher perforin expression in LN NK cells of infected

TABLE 1 Correlation of cytotoxic NK cell parameters

Group Parameter

Correlation with:

Perforin CD107a

Naive CD107a r 	 0.538, P 	 0.050
Lysisa r 	 0.894, P � 0.001 r 	 0.894, P � 0.001

Acute infection CD107a r 	 �0.270, P 	 NSb

Lysis r 	 �0.042, P 	 NS r 	 �0.036, P 	 NS

Chronic
infection

CD107a r 	 �0.257, P 	 NS
Lysis r 	 0.138, P 	 NS r 	 0.271, P 	 NS

Total CD107a r 	 0.461, P 	 0.003
Lysis r 	 0.280, P 	 NS r 	 �0.505, P 	 NS

a Specific lysis from the 40:1 killing assay.
b NS, not significant.

FIG 6 Tim-3 expression is upregulated on PLN NK cells during chronic SIV
infection. The frequencies of Tim-3� cells among bulk NK cells and NK cell
subsets are shown. Bars indicate mean � SEM from experiments using cells
from at least three different animals per group. Asterisks indicate significant
differences by the Mann-Whitney U test (*, P � 0.05).
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animals and again suggests a more active NK cell population with
cytolytic potential in these LNs.

To directly evaluate the cytolytic activity of LN NK cells, we
used a flow cytometry-based cytotoxicity assay. Briefly, lympho-
cytes isolated from the LNs of macaques were coincubated with
red fluorescent-labeled (PKH26) MHC class I-deficient K562
cells. Using this functional assay, we found that cells from chron-
ically SIV-infected animals were more lytically active at all E:T
ratios than those from naive animals, reaching a 50% increase at
the 40:1 ratio (Fig. 5A). Although these data did not reach statis-
tical significance, there was a clear trend in increasing cytotoxicity.
It should be noted that due to the construction of the assay, which
measures cell loss by Aqua dye, we could in fact be underestimat-
ing the number of lysed cells that have become necrotic and are no
longer detectable. The availability of both pre- and postinfection
samples from the six acutely infected animals in this study enabled
animal-matched analysis of the effect of acute infection on LN NK
cell lytic function. We observed higher lytic activity in all samples
isolated in acute infection than in those isolated from the same
animals preinfection (Fig. 5B). However, the higher cytolytic ac-
tivity of LN NK cells in acute infection than in preinfection was
much less dramatic than the difference in perforin and CD107a
staining observed between LN NK cells from naive and acutely
infected macaques. Furthermore, the greater cytolytic activity of
LN NK cells from chronically infected animals compared to naive
animals is less than would be expected based on the magnitude of
the increase in frequency of the cytolytic subset of CD16� NK cells
in the LNs of chronically infected animals. Collectively, these data
indicate that the cytotoxic potential of accumulating LN NK cells
does not necessarily correlate with actual target cell killing (Table
1). Dysregulation of NK cell cytotoxicity begins early in HIV in-
fection and eventually results in accumulation of dysfunctional
CD16� CD56� NK cells (10), which could be analogous to the
CD16� LN NK cells observed in our chronic studies.

Since our cytotoxicity assays suggested that the accumulating
CD16� NK cells might not be fully functional, we next examined
Tim-3 expression on LN NK cells as a potential marker for differ-
entiation, exhaustion, and/or anergy. We observed that the fre-
quency of Tim-3� cells among bulk NK cells was higher in chron-
ically infected animals than in uninfected macaques, with a similar
trend toward higher expression on the individual NK cell subsets
analyzed (Fig. 6). These data are consistent with recent findings by
Amancha et al. showing that Tim-3 is also increased on circulating
NK cells during SIV infection (32). The increase in LN NK Tim-3
expression indicates that the functional differences observed be-
tween naive and SIV-infected animals may in part be due to the
development of anergy, such that an increased frequency of
CD16� NK cells and enhanced perforin expression do not result
in similar increases in cytolytic function. Although Tim-3 expres-
sion can actually delineate mature cytotoxic NK cells, its engage-
ment results in suppression of cytotoxicity (33). Indeed, the ligand
for Tim-3, Gal-9, is increased in HIV patients, and the continued
exposure of Tim-3� NK cells to ligands leads to exhaustion and/or
anergy (34), which could explain our observations. Recent reports
specific to SIV-infected macaques indicate that Tim-3 also delin-
eates exhausted T cells in SIV infection and that they accumulate
in lymph nodes during disease (35). Together these data could
suggest that, like T cells, NK cells could accumulate and become
functionally exhausted in SIV-infected LNs, likely driven by low-
level virus replication. Alternatively, some reports contest that

Tim-3 expression does not necessarily delineate lymphocyte ex-
haustion, but rather delineates cell activation, particularly on an-
tigen-specific cells (32, 36). Therefore, while these data are com-
pelling, additional experiments will be needed to fully ascertain
the role of Tim-3 on NK cells during HIV and SIV infection.

This study of LN NK cells in naive and SIV-infected rhesus
macaques reveals that despite a higher prevalence of CD16� NK
cells in the LNs of chronically infected macaques, the cytolytic
function of LN NK cells is not similarly enhanced in chronic SIV
infection. Although initial activation of NK cells in acute disease
may limit virus replication, low-level virus replication in the LNs
could be associated with eventual NK cell anergy, resulting in a
loss of control of replicating virus. These findings could have
broad implications for persistence of HIV and SIV replication in
the LNs of infected individuals and the virus reservoir. Interest-
ingly, Tim-3 blockade has already been shown to reverse NK cell
exhaustion and promote tumor lysis in anticancer studies (37, 38).
Prevention of the development of NK cell anergy or stimulation of
function during chronic infection could similarly be of interest in
developing strategies to eradicate HIV and SIV reservoirs.
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