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a b s t r a c t
NKT cells are key mediators of antiviral and anticancer immunity. Experiments in mice have
demonstrated that activation of NKT cells in vivo induces the expression of multiple effector
molecules critical to successful immunity. Human clinical trials have shown similar responses,
although in vivo activation of NKT cells in humans or primate models are far more limited in
number and scope. Measuring ex vivo activation of NKT cells by the CD1d-restricted glycolipid
ligand α-Galactosylceramide (α-GalCer) through cytokine expression profiles is a useful
marker of NKT cell function, but for reasons that are unclear, this approach does not appear to
work as well in humans and non-human primate macaque models in comparison to mice. We
performed a series of experiments on human and macaque (Macaca nemestrina) fresh whole
blood samples to define optimal conditions to detect NKT cell cytokine (TNF, IFNγ, IL-2) and
degranulation marker (CD107a) expression by flow cytometry. We found that conditions
previously described for mouse splenocyte NKT cell activation were suboptimal on human or
macaque blood NKT cells. In contrast, a 6 h incubation with brefeldin A added for the last 4 h,
in a 96-well plate based assay, and using an α-GalCer concentration of 1 μg/ml were optimal
methods to stimulate NKT cells in fresh blood from both humans and macaques. Unexpectedly,
we noted that blood NKT cells from macaques infected with SIV were more readily activated
by α-GalCer than NKT cells from uninfected macaques, suggesting that SIV infection may have
primed the NKT cells. In conclusion, we describe optimized methods for the ex vivo antigenspecific activation of human and macaque blood NKT cells. These assays should be useful in
monitoring NKT cells in disease and in immunotherapy studies.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
NKT cells are lymphocytes of the innate immune system
that are important in viral and antitumor immunity through
their ability to be rapidly activated and express a wide range
of effector molecules (Lindqvist et al., 2009; Motohashi et al.,
2009; Brigl and Brenner, 2010; Fujii et al., 2010). NKT cells
are activated via an antigen-specific T cell receptor (TCR).
Improved methodologies to assess the activation of NKT cells
ex vivo should assist dissecting the importance of these
immune cells in humans and non-human primates.
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Type I or semi-invariant NKT cells express an invariant TCRα chain (Vα14-Jα18 in mice, Vα24-Jα18 in humans) and are
restricted by the MHC-class Ib molecule, CD1d, expressed on
APCs presenting lipid based antigens such as glycolipid
antigens (Exley et al., 1997). Lipid based antigens are presented
to NKT cells by direct ligation onto surface CD1d molecules or
internalized into endosomes where loading onto CD1d occurs
and subsequent membrane surface presentation on a lipid raft
(Venkataswamy and Porcelli, 2010). NKT cells respond to a
broad variety of lipid-based antigens including self and foreign
glycolipid and phospholipid antigens (Venkataswamy and
Porcelli, 2010). α-galactosylceramide (α-GalCer) is a synthetic
glycosphingolipid derived from the marine sponge, Agelas
mauritianus, and is commonly used in mice and human NKT
studies as a potent activator of NKT cells in vivo or in vitro
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(Kawano et al., 1997). α-GalCer has immunomodulatory
effects in cancer immunotherapy (Giaccone et al., 2002;
Chang et al., 2005; Uchida et al., 2008; Kunii et al., 2009;
Motohashi et al., 2009; Schneiders et al., 2011; Yamasaki et al.,
2011; Vivier et al., 2012), autoimmunity (Novak and Lehuen;
Hong et al., 2001; Wu and Van Kaer, 2009), bacterial (Brigl and
Brenner, 2010; Emoto et al., 2010), and viral infections
(Guillonneau et al., 2009; Lindqvist et al., 2009; Schneiders
et al., 2011).
Upon activation with α-GalCer, NKT cells produce large
amounts of Th1, Th2 and Th17 cytokines such as IFNγ, TNF,
IL-2, IL-4, IL-10, IL-13, IL-17, IL-21 and IL-22 (Godfrey et al.,
2010). The cytokines produced by NKT cells trigger the
activation of other cells of the immune system such as NK
cells, T and B cells and DCs (Fujii et al., 2003; Cerundolo et al.,
2009). The detection of the expression of these cytokines by
intracellular cytokine staining and flow cytometry permits an
analysis of NKT cell functional status.
Studies on α-GalCer activation of mice NKT cells often
involve in vivo activation, where α-GalCer induced cytokine
production by NKT cells, and indirectly downstream by NK
cells, is measured in serum (Sullivan et al., 2010), or directly
ex-vivo following α-GalCer administration in vivo (Wilson et
al., 2003; Uldrich et al., 2005). In the latter case mice are
administered α-GalCer, organs such as spleen, liver or lymph
node are harvested a few hours after challenge and the
relevant cells placed in culture with a protein transport
inhibitor, without any further activation. Alternatively, the
global mitogen-induced activation of NKT cells ex vivo is
often assessed by PMA/ionomycin stimulation. Such mitogenic stimulation, while providing information on the total
functional potential of NKT cells, may not reflect the in vivo
capacity of NKT cells when interacting with antigen presented by CD1d. Furthermore, activation with PMA/ionomycin poses difficulties in enumerating intracellular cytokine
production from NKT cell subsets as the CD4 surface marker
is downregulated upon mitogenic stimulation (O'NeilAndersen and Lawrence, 2002). Many other studies have
assessed activation of mouse NKT cells ex vivo with α-GalCer
in combination with protein transport inhibitors such as
monensin to detect intracellular cytokines produced in vitro
(Uldrich et al., 2005; Patel et al., 2011).
It is important to translate advances in understanding
NKT cell biology in mice towards more directly relevant nonhuman primate models and humans. For example, there is
considerable interest in harnessing the antiviral activity of
NKT cells in the setting of chronic viral infections such as HIV
infection of humans or SIV infection of macaques (Fernandez
et al., 2009; Snyder-Cappione et al., 2009). However, such
studies require ex vivo/in vitro analysis of NKT cells, yet at
present the literature is lacking in clearly defined optimized
methods for acute ex-vivo activation of NKT cells with
α-GalCer either in humans or macaques. The relative ability
of fresh blood NKT cells to respond to acute ex vivo activation
with cognate ligands such as α-GalCer has not been studied
in HIV infection, or SIV infection, compared to naïve SIV
uninfected macaques. Such assays would be useful in
immunotherapy or vaccine clinical or pre-clinical trials
designed to harness NKT cell based immunity. In this study
we assessed ex vivo NKT function upon stimulation of human
and macaque blood with α-GalCer under a variety of
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experimental conditions to optimize methods for NKT cell
activation.
2. Methods
2.1. Healthy human subjects and animals
For all studies on optimized NKT cell activation methods
(Figs. 2–5) we studied subjects and animals as detailed
below. Healthy HIV uninfected human volunteers (n = 5
aged 23–48 years; four females, one male) with varying
frequencies of peripheral NKT cells (range of 0.03%-0.23%)
were recruited for this study. We also studied a total of 9
juvenile pigtail macaques (Macaca nemestrina) aged 2 to
6 years. Five macaques were infected with SIVmac251 intravaginally and were 21–28 weeks post infection at the time of
this study. Four SIV-uninfected healthy pigtail macaques
were also studied. Macaques were sedated with ketamine
(10 mg/kg monkey weight) and intravenous peripheral
blood was drawn from macaques or humans. Spleens from
two naïve C57BL/6 mice were also harvested for mononuclear cells. All studies were approved by the relevant
institutional human and animal research ethic committees.
2.2. Activation of macaque or human NKT cells with α-GalCer or
PMA/ionomycin
Lyophilised α-Galactosylceramide (Sapphire Biosciences,
catalog number SL-232) was resuspended to 200 μg/ml in
PBS containing 56 mg/ml sucrose, 7.5 mg/ml L-histidine, 0.5%
tween-20 by step-wise addition of the buffer interspersed
with sonication, vortexing and heating at 60 °C. Unless
otherwise stated NKT cells within macaque or human
peripheral blood (200 μl) were activated with 5 μg/ml αGalCer for 6 h at 37 °C, 5% CO2 in a 96-well U-bottom plate
followed by the addition of brefeldin A (BFA) at 10 μg/ml for
the last 4 h of activation. Mouse anti-human CD107a (clone
H4A3, BD) was added at the beginning of the activation
period. PMA/ionomycin activation of macaque NKT cells was
carried out with 10 ng/ml phorbol 12-myristate 13-acetate
(Sigma) and 3 μM ionomycin calcium salt (Sigma) for 4 h at
37 °C, 5% CO2 with the addition of a protein transport
inhibitor for the last 2 h of activation. Unstimulated samples
(Figs. 2–5) were incubated in PBS buffer containing sucrose,
histidine and tween at concentrations given above. Selected
experiments used mouse IgG1, κ isotype control antibody
(APC-H7-clone MOPC-21, BD) as negative staining control for
the CD107a surface stain (Supplementary Fig. 1).
2.3. α-GalCer activation of mouse splenic NKT cells
Spleens were harvested from mice into PBS containing 2%
fetal bovine serum, filtered through 70 μm filters and
centrifuged at 350 g for 4 min. Red blood cell lysis was
conducted using 4 ml Red Blood Cell Lysing Buffer (Sigma) at
room temp for 4 min. Live splenocytes were enumerated
with trypan blue dye exclusion in a heamocytometer. NKT
cell activation was performed as previously described in the
literature (Uldrich et al., 2005; Patel et al., 2011). Splenocytes
were incubated with 0.1 μg/ml α-GalCer in 4 wells of a 96well U-bottom plate at 0.5 × 10 6 splenocytes per well for 8 h
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at 37 °C, 5% C02, with the addition of monensin (GolgiStop,
BD) at 2 μM for the last 4 h. The assay was conducted in
duplicate.
2.4. Reagents and NKT cells analyses
Human or macaque samples: At the end of the activation
period, macaque or human peripheral blood cells were
incubated at 4 °C overnight and further surface stained with
a cocktail containing mouse CD1d tetramer (produced inhouse with a baculovirus-based CD1d expression system
originally derived from M. Kronenberg, (La Jolla Institute for
Allergy and Immunology) loaded with α-GalCer, kindly
provided by P. Savage (Brigham Young University) (C 24:1
PBS-44), mouse anti-human antibodies to CD3 (clone SP34-2,
BD), CD4 (Clone L200, BD) and CD8 (clone SK1, BD), with or
without CD161 (clone DX12, BD for staining human samples
or clone HP-3 G10, eBioscience, for macaque samples) for
30 min at room temperature, whereupon red blood cell lysis
was conducted at 10 min at room temperature with 10-fold
volume of BD FACS lysing solution. A fixable live-dead cell
stain (Aqua stain, Invitrogen) was added to unstimulated or
1 μg/ml α-GalCer activated healthy human or SIV-uninfected
macaque blood samples in addition to the above reagents in
selected experiments to show that the activated NKTs were
live cells (Supplementary Fig. 2). All washes in the following
steps were carried out with FACS wash buffer containing 0.5%
(w/v) bovine serum albumin and 2 mM EDTA in phosphate
buffered saline, at 500 g for 7 min. The reaction was
inactivated by the addition of an equal volume of FACS
wash buffer. Cells were centrifuged and then permeabilized
with 0.5 ml 1× BD FACS Perm for 10 min at room temperature. The reaction was stopped with 3.5 ml FACS wash
buffer, centrifuged and decanted completely. Intracellular
cytokine staining was performed with a cocktail containing
mouse anti-human antibodies to TNF ( l MAb11, BD), IFNγ
(clone B27, BD), and rat anti-human IL-2 (clone MQ1-17 H12,
BD) for 30–60 min at room temperature. In selected experiments where a fixable live-dead cell stain was included
(described above, Supplementary Fig. 1), mouse IgG1 κ
isotype control antibodies to TNF (clone PE-Cy7-MOPC-21,
BD), and IFNγ (clone Alexa Fluor 700-MOPC-21, BD) and rat
IgG2a, κ isotype control antibody to IL-2 (clone APC-R35-95,
BD) were added instead. Cells were subsequently washed
with 4 ml FACS wash buffer then resuspended in 30 μl
stabilizing fixative (BD) prior to analysis on an LSR II flow
cytometer (BD). NKT cells were gated as singlet lymphocytes
double positive for CD3 and CD1d tetramer loaded with
α-GalCer (Fig. 1A shows the gating strategy).
Mouse samples: At the end of the activation period, four
replicate wells of mouse splenocytes were pooled into
V-bottom FACS tubes, washed twice with Wash buffer (2%
fetal bovine serum in phosphate buffered saline) at 350 g for
4 min at 4 °C. All washes and centrifugation steps on mice
splenic cells were either carried out with Wash buffer as
above or with Perm/Wash (BD). Cells were surface stained
with hamster anti-mouse TCR beta, rat anti-mouse B220,
CD1d tetramer loaded with α-GalCer (as described above),
and 7-AAD to discriminate live from dead cells on ice for
30 min. Cells were washed twice with Wash buffer, fixed and
permeabilized with 150 μl Cytofix/Cytoperm (BD) solution

for 30 min on ice and washed twice with Perm/Wash (BD).
Cells were stained intracellularly with rat anti-mouse TNF,
IFNγ, and IL-4 for 30 min on ice. Following two further
washes with Perm/Wash (BD) cells were resuspended in
150 μl Wash buffer and analyzed immediately on an LSR II
flow cytometer (BD). NKT cells were gated as lymphocytes
double positive for TCR beta and CD1d tetramer loaded with
α-GalCer, and negative for 7-AAD and B220.
2.4.1. Statistical analyses
Statistical analyses were performed using SPSS version 20
(IBM, Chicago, IL, USA). Data were analyzed by two-way
ANOVA in conjunction with Bonferroni post hoc test.
Analyses of individual data sets pertaining to a particular
cytokine type was done using one-way ANOVA with
Bonferroni post hoc test as indicated in Figure legends.
Where necessary, (Fig. 2A IL-2 data set from SIV infected
macaques and Fig. 2B) log10 transformation before ANOVA
was performed for the data to pass or tend towards Levene's
test for equal variances. Where the data had unequal
variances a more stringent significance level of P b 0.01 was
used (Fig. 2B).
3. Results
3.1. Activation of NKT cells in macaques using standard
conditions studied in mice
Our goal was to develop reliable conditions to assess
antigen-specific NKT cell activation in macaque or human
blood samples. To assess the ability of primate NKT cells to
respond to α-GalCer-induced activation ex vivo, we first
assayed the effectiveness of the same experimental conditions used in mouse lymphoid cells (Uldrich et al., 2005; Patel
et al., 2011) on the ex vivo activation of pigtail macaque or
human peripheral blood NKT cells. We gated on NKT cells as
previously described (Fernandez et al., 2009) (Fig. 1A).
Lymphocytes that double stained for CD1d:α-GalCer tetramer and CD3 were analyzed for the intracellular production
of TNF, IFNγ, and IL-2 and upregulation of a surface
degranulation marker CD107a. Under the standard conditions suitable for activation of mouse splenocyte NKT cells, of
0.1 μg/ml α-GalCer in a 6–8 h incubation with the addition of
monensin for the last 4 h, we observed intracellular expression of multiple cytokines from mouse splenocytes (Fig. 1B).
However, negligible amounts of cytokines were detected
from NKT cells within either macaque or human peripheral
blood (Fig. 1B).
3.2. Comparison of monensin and brefeldin A for intracellular
cytokine staining of macaque or human NKT cells
It has previously been reported that the protein transport
inhibitor monensin is inhibitory to the production of TNF
from T cells upon PMA/ionomycin stimulation (O'NeilAndersen and Lawrence, 2002). We first studied the effect
of 2 protein transport inhibitors, monensin (GolgiStop, BD),
alone at 2 μM (MN), brefeldin A (BFA) alone at 10 μg/ml, or a
combination of both reagents each at a half strength
concentration (BFA/MN), upon PMA/ionomycin activation of
NKT cells within peripheral blood samples derived from 9

C.S. Fernandez et al. / Journal of Immunological Methods 382 (2012) 150–159

153

A

B

Fig. 1. Poor stimulation of human and macaque blood NKT cells using conditions reported for mouse splenocyte NKT cell activation. (A) Gating strategy used in
flow cytometry of intracellular staining of cytokines expressed by α-GalCer activated NKT cells. Macaque or human NKT cells are defined as lymphocytes double
positive for α-GalCer analog loaded CD1d tetramer and CD3. (B) Dot plots showing expression of cytokines and a degranulation marker (CD107a) from NKT cells
of mouse splenocytes, macaque peripheral blood and human peripheral blood upon activation with 0.1 μg/ml α-GalCer for 8 h with the addition of monensin for
the last 4 h. Numbers in each rectangular gate indicate the percentage of background subtracted positive cells within the NKT population. IL-4 was substituted for
CD107a in the mouse assay. Data representative of 2–5 similar experiments using 2–5 samples per experiment.

pigtail macaques (Fig. 2A). High levels of TNF or IFNγ (>74%
NKT cells expression of either cytokine for each animal) were
observed in the PMA/ionomycin-activated, BFA-treated peripheral blood NKT cells from SIV-infected monkeys. In
contrast, NKT cells from blood of SIV-uninfected macaques
produced significantly lower levels of all three cytokines
(p b 0.0001). In the SIV infected macaques, the effect of
monensin alone (MN) was significantly (p = 0.001) less
effective on the intracellular accumulation of all three
cytokines, particularly TNF and IL-2. In SIV-uninfected
animals, either BFA/MN or BFA alone were effective reagents
for intracellular accumulation while BFA alone was better for
SIV-infected macaques.
We next assessed the effect of these protein transport
inhibitors using macaque and human NKT cells activated
with α-GalCer (Fig. 2B and C). Similar to the results obtained
in the PMA/ionomycin activation assays above, we found a
reduction of cytokine accumulation by α-GalCer stimulation
of NKT cells in the presence of MN (Fig. 2B; p b 0.001). This
effect was seen across both macaque and human peripheral
blood samples. Overall, cytokine levels were lower with
α-GalCer activation compared to mitogenic activation. Interestingly, cytokine levels detected from healthy human NKT

cells were significantly higher than in healthy macaques
(p b 0.001). BFA alone (p = 0.001 for SIV-infected), or a
combination of BFA/MN (p = 0.021 for SIV-uninfected), was
effective in the optimal detection of α-GalCer activation of
NKT cells from SIV-infected or SIV-uninfected animals while
BFA alone was significantly superior to BFA/MN (p = 0.020)
or MN (p b 0.001) for the detection of cytokines from fresh
human NKT cells. Overall, we again observed that healthy
SIV-uninfected macaques produced less cytokines than SIVinfected macaques (p b 0.001).
3.3. Environment of ex vivo NKT cell activation
Cells of the immune system commonly require proximal
contact for formation of immunological synapses and activation (Kuylenstierna et al., 2011). We therefore investigated
the effect of different culture conditions on ex vivo α-GalCer
induced activation of NKT cells (Fig. 3). NKT cells from
peripheral blood of SIV-infected or -uninfected macaques, or
healthy humans, were incubated in a 96-well U-bottom plate
(diameter = 5–6 mm) or the larger surface area of a round
bottom FACS tube (diameter = 9–10 mm). The plate incubation generally improved the cytokine expression from NKT
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Fig. 2. Differential effects of protein transport inhibitors on cytokine production from NKT cells. (A) Peripheral blood from SIV-infected macaques (n = 5),
SIV-uninfected macaques (n = 4) or healthy humans (n = 5) were activated with PMA/ionomycin in the presence of 10 μg/ml brefeldin A (BFA), 5 μg/ml BFA
together with 1 μM Golgi stop containing monensin (BFA/MN) or 2 μM Golgi stop only (MN) in a 4 hour assay with the addition of the relevant protein transport
inhibitor for the last 2 h. Bar graphs show the proportion of NKT cells positive by intracellular cytokine staining. Error bars, standard error of mean; one-way
ANOVA with Bonferroni post hoc test between BFA alone and MN alone groups (*** = b 0.001, ** = 0.007, ns = not significant). (B) Similar to (A) but stimulated
with 5 μg/ml α-GalCer for 6 h with the addition of a protein transport inhibitor for the last 4 h. (C) Flow cytometric analysis of expression of intracellular
cytokines and degranulation marker from NKT cells from one SIV-infected macaque after α-GalCer activation. Unstim, unstimulated samples; naïve macaques,
SIV-uninfected macaques. Data representative of 2–6 similar experiments using the number of subjects given above.

cells compared to the FACS tube incubation as better NKT cell
activation was observed in humans (p = 0.018 in a two-way
ANOVA with Bonferroni post hoc test), whilst a trend in the
same direction was seen in samples from SIV-infected or
-uninfected macaques. A 96-well plate format was therefore
used for subsequent optimization experiments below.
3.4. Duration of activation of NKT cells
The optimal duration of ex vivo antigen-specific activation
of NKT cells for detection of cytokines is unclear, with most
T cell-based activation assays running for 4–6 h with BFA
added for either the whole duration or after the first 2 h of
activation (Dale et al., 2004). We therefore investigated
the time required to activate NKT cells optimally with
α-GalCer by incubating at 37 °C for 4 or 6 h with the addition
of BFA either for the whole duration of the incubation or the
last 4 h of incubation (Fig. 4). In both the SIV infected and
uninfected macaques a 6-hour incubation demonstrated a
trend towards modestly better NKT activation than a 4-hour
incubation, although the differences were not statistically
significant. In human blood NKT cells there was significantly

greater NKT cell activation in a 6-hour incubation, regardless
of when BFA was added, compared to a 4-hour incubation
(p = 0.001).
3.5. Dose responsiveness of α-GalCer-induced NKT cell activation
Thus far we have developed optimized conditions for
α-GalCer activation of NKT such as choice of protein transport
inhibitor, and duration and surface area of activation. Mouse
studies on purified splenocytes usually use 0.1 μg/ml α-GalCer,
but macaque or human NKT cells within whole blood may have
altered sensitivity to α-GalCer ex vivo, which may partly be due
to the abundance of red blood cells present that may nonspecifically take up some of the antigen. We therefore sought to
determine an appropriate dose of α-GalCer suitable for maximal
cytokine or degranulation responses using whole blood. NKT
cells were activated with 2–5 fold increasing doses of α-GalCer
and assayed for intracellular cytokines (Fig. 5A and B). Human
NKT cells showed a significantly elevated cytokine response
to α-GalCer concentrations ≥1 μg/ml (pb 0.001). Similarly
NKT cells from SIV-infected or uninfected macaques exhibited
increased cytokine production in response to doses >0.1 μg/ml.
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Fig. 3. The effect of the milieu of activation on cytokine production from NKT cells. Peripheral blood cells from SIV-infected macaques, naïve macaques or healthy
humans were activated with (A) 5 μg/ml α-GalCer in a 6 hour assay with the addition of 10 μg/ml brefeldin A (BFA) at the beginning of the assay, in a 96-well
U-bottom plate or a tube. Bar graphs show the proportion of NKT cells positive by intracellular cytokine staining. Error bars, standard error of mean; two-way
ANOVA performed on untransformed data. (B) Flow cytometric analysis of expression of intracellular cytokines and degranulation marker from NKT cells from
one SIV-infected macaque upon α-GalCer activation. Unstim, unstimulated samples. Data representative of 2–6 similar experiments.

For NKT cells from both macaques and humans there was
no difference between 1 μg/ml to 10 μg/ml α-GalCer, suggesting
that saturating levels could be achieved at 1 μg/ml α-GalCer
in this assay. If anything, there was a trend towards lower
cytokine production at 10 μg/ml α-GalCer in some samples
studied.

As observed earlier (Fig. 2) we again noticed a marked
difference in levels of cytokine expression between the three
groups studied with human NKT cells being more efficient
cytokine producers than healthy, SIV-uninfected macaque
NKT cells (p b 0.001 for TNF or IFNγ expression). SIVuninfected macaque NKT cells produced less TNF or IFNγ

B

A

Fig. 4. The effect of duration of a-GalCer activation on cytokine production from NKT cells. Peripheral blood from SIV-infected macaques, naïve macaques or
healthy humans were activated with (A) 5 μg/ml α-GalCer: for 6 h with the addition of 10 μg/ml BFA for the last 4 h (black bars), 6 h with the addition of BFA at
the beginning of activation (grey bars), or 4 h with the addition of BFA at the beginning of incubation (white bars). Bar graphs show the proportion of NKT cells
positive by intracellular cytokine staining. Error bars, standard error of mean. (B) Flow cytometric analysis of expression of intracellular cytokines and
degranulation marker from NKT cells from one SIV-infected macaque stimulated with α-GalCer. Unstim, unstimulated samples. Data representative of 2–6 similar
experiments.
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B

Fig. 5. Enhanced cytokine production from NKT cells with >0.1 μg/ml α-GalCer. (A) Expression of intracellular cytokines and degranulation marker from NKT
cells following a 6 hour stimulation of peripheral blood from SIV-infected macaques, SIV-uninfected macaques or healthy humans with 10-, 5-, 1-, or 0.1 μg/ml
α-GalCer, followed by the addition of 10 μg/ml BFA for the last 4 h of incubation. Error bars, standard error of mean; one-way ANOVA on human TNF or IFNγ
expression levels with Bonferroni post hoc test (for TNF samples p = 0.015 between 10- and 0.1 μg/ml α-GalCer, p = 0.008 between 5- and 0.1 μg/ml α-GalCer,
p = 0.027 between 1- and 0.1 μg/ml α-GalCer doses; for IFNγ samples p = 0.001 between 10- and 0.1 μg/ml α-GalCer, p = 0.001 between 5- and 0.1 μg/ml
α-GalCer, p = 0.005 between 1- and 0.1 μg/ml α-GalCer doses). (B) Flow cytometric analysis of intracellular cytokine expression from NKT cells from one
SIV-infected macaque stimulated with α-GalCer. Unstim, unstimulated samples. Data representative of 2–6 similar experiments.

than NKT cells from SIV-infected macaques across all
α-GalCer doses studied (p b 0.001).
To exclude the possibility of non-specific staining of
intracellular cytokines within NKT cells, particularly from
healthy macaques where cytokine expression levels are
lower, we also stained samples with a fixable live/dead
stain and isotype control antibodies. Blood from NKT cells
from 5 SIV uninfected macaques or 5 humans, activated with
1 μg/ml α-GalCer under optimal conditions defined thus far,
were stained with the appropriate isotype control antibodies
and a fixable live-dead cell stain. Isotype control staining did
not reveal any non-specific staining of NKT cells in either
human or macaque blood samples (Supplementary Fig. 1).
Further, there was no statistically significant difference in
intracellular cytokine accumulation when dead cells were
gated or not gated out of the analyses (Supplementary Fig. 2).

3.6. Effect of α-GalCer activation on NKT cell subsets
Phenotypic expression of NKT surface molecules can
change during long term in vitro activation with α-GalCer
(Rout et al., 2010), but it is not clear if this also occurs during
the short 6-hour in vitro activation process we studied. We
therefore analyzed the surface expression of CD161, CD4, and
CD8 on NKT cells of healthy humans or SIV-uninfected
macaques in blood samples ex vivo, or following a 6 hour in
vitro culture with or without α-GalCer activation (Fig. 6). In
both macaque and human blood samples there was no
statistical difference in the expression of the CD161, CD4 or
CD8 surface markers in ex vivo blood compared to cultured
blood. Further we observed a trend towards lower CD161
expression in macaque NKT cells after a 6-hour culture,
although this difference was statistically insignificant. Interestingly we observed much lower levels of CD161 positive
NKT cells in macaques than in human (p b 0.001).

4. Discussion
The ability of NKT cells to rapidly respond with production of a variety of cytokines and other effector functions is
key to their potent antiviral and anti-tumor properties. The
study of antigen-driven NKT cell activation in macaque and
human whole blood samples is hampered by relatively weak
cytokine responses, compared to similar assays using mouse
NKT cells. We refined and optimized methods to study
activation of human or macaque NKT cells with the
prototypic ligand, α-Galactosylceramide. We also assessed
the effectiveness of NKT cell activation techniques, as well as
studying the dose responsiveness of α-GalCer itself on NKT
cells. Human or macaque ex vivo NKT cell activation studies
using antigenic stimulation have variously used free αGalCer at the standard concentration of 0.1 μg/ml with or
without CD28 co-stimulation, α-GalCer loaded dendritic
cells, or CD1d dimer loaded with α-GalCer (Chang et al.,
2005; Moll et al., 2009; Snyder-Cappione et al., 2009).
However, careful comparative methods for ex vivo activation
of primate NKT cells are not clearly defined in the literature.
Our data reveal that ex vivo activation of macaque or
human NKT cells in fresh peripheral blood with free α-GalCer
is best achieved at a dose of 1–5 μg/ml. The addition of BFA
for the intracellular accumulation of expressed cytokines
over a 6-hour incubation period was superior to monensin,
consistent with previous literature (O'Neil-Andersen and
Lawrence, 2002). Further, we suggest the use of a 96-well Ubottom plate and the addition of BFA 2 h after the
commencement of incubation also enhances conditions for
detected NKT cell activation by α-GalCer. It is possible that
NKT cells activated with ‘free’ α-GalCer prefer close contact
with APCs for maximal stimulation. The choice of using plates
or tubes has practical advantages and limitations. Assay setup could be done more efficiently in 96-well plates than in
tubes, however, subsequent intracellular staining and flow
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Fig. 6. The effect of α-GalCer activation on NKT cell subsets. (A) The expression of CD161, CD4 single positive and CD8 single positive markers on blood of NKT
cells from 5 SIV-uninfected macaques or 5 healthy humans was analyzed ex vivo, cultured for 6 h without α-GalCer activation, or activated for 6 h with 1 μg/ml
α-GalCer. Error bars, standard error of mean. (B) Flow cytometric analysis of CD1d:αGalCer tetramer staining on lymphocytes, CD1d expression on gated NKT
cells, and CD4 or CD8 single positive NKT cell subsets on ex vivo, or α-GalCer stimulated or unstimulated blood from one SIV-uninfected macaque. Intracellular
cytokine expression from NKT cells in shown in the last panel. The data shown are representative of 2 similar experiments.

cytometric analyses usually requires the cells to be transferred to FACS tubes.
Our initial studies on ex vivo activation of macaque NKT
cells were carried out on macaque peripheral blood with
0.1 μg/ml free α-GalCer stimulation with the addition of
Golgi stop (containing monensin) for intracellular cytokine
accumulation. This resulted in negligible NKT cell activation,
despite the fact that macaque NKT cells are capable of robust
cytokine production when activated through mitogenic
stimuli. In contrast, analysis of mouse splenic NKT cells
under similar conditions revealed substantially higher intracellular cytokine staining, suggesting a greater sensitivity to
ex vivo α-GalCer activation in these ex vivo assays (Patel et al.,
2011). The CD1d molecules on APCs are conserved evolutionarily between mice, macaques and humans, as mouse
CD1d tetramers loaded with α-GalCer readily detect human
and macaque NKT cells (Matsuda et al.; Benlagha et al.,

2000; Fernandez et al., 2009). It would be interesting to study
α-GalCer-mediated activation of macaque splenic NKT cells
cultured in the above conditions to determine any activation
differential between NKT cells from peripheral blood and
spleen. However, given the relative difficulty in obtaining
macaque (or human) splenocyte samples, particularly for
longitudinal studies, optimized methods for studying peripheral blood NKT cells will be more practical for future research
purposes.
As previously reported for conventional T cells, we found
monensin to be less effective for the intracellular accumulation of TNF from PMA- or α-GalCer activated macaque or
human NKT cells (O'Neil-Andersen and Lawrence, 2002). The
intracellular accumulation of IFNγ or IL-2 was also lower in
NKT cells treated with monensin alone. Unlike human or
macaque NKT cells, intracellular accumulation of cytokines
such as TNF, IFNγ or IL-4 in mouse spleen NKT cells activated
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ex vivo with α-GalCer in the presence of BFA was either
similar or slightly elevated compared to that of monensinonly treated cells (data not shown). Nylander et al. (Nylander
and Kalies, 1999) have shown that PMA/ionomycin stimulated mouse splenic T cells treated with BFA or monensin
produced similar levels of intracellular IFNγ. It has also been
reported that monensin is more toxic to human monocytes in
peripheral blood (Schuerwegh et al., 2001) or mouse T cells
in spleen preparations (Nylander and Kalies, 1999) resulting
in lower viability after in vitro stimulation. Another factor to
consider in choosing between monensin or BFA treated
peripheral blood is the ease of lysis of red blood cells. We
find that mitogen-stimulated macaque peripheral blood
preparations lyse with greater efficiency when treated with
monensin rather than BFA (data not shown).
Our study analyzed fresh blood samples as only a small
volume of blood is required to detect these relatively rare
NKT cells (200 μl/test) and variable loss of viability or
intercurrent activation could occur through preparing, storing and thawing PBMC. When we studied a live-dead cell
gating strategy we found this was not necessary in the fresh
blood samples we studied, however this may be much more
important when frozen cells are analyzed. For many clinical
studies, assaying fresh blood samples will not be practical
and in the future, it will be important to optimize NKT cell
activation conditions on thawed PBMC. One study showed
that approximately 30% of healthy human PBMC NKT cells
expressed IFNγ after an overnight activation with 0.1 μg/ml
α-GalCer using both monensin and an anti-CD28 antibody
(Chang et al., 2005). We performed overnight cultures for
NKT cell activation but found that downregulation of the T
cell receptor occurred, making it difficult to gate accurately
on NKT cells (data not shown).
This study focused on the use of free α-GalCer to activate
NKT cells as this measures the capability of NKT cells to
respond to endogenous antigen presenting cells presenting
α-GalCer. Recent studies have successfully used a CD1d
dimer fused to immunoglobulin (Dimer X, BD) loaded with
α-GalCer as the antigen-specific stimulant for human NKT
cells (Snyder-Cappione et al., 2009). We also find that human
or macaque NKT cells can be activated with as little as 5 ng/ml
Dimer X:α-GalCer, with optimal activation at 714 ng/ml (data
not shown). Future studies of the ability of blood NKT cells to
respond to either free α-GalCer or CD1d dimer-presented
α-GalCer are likely to be complementary and potentially reveal
insights into the primary blood cell presentation of α-GalCer to
NKT cells.
We found that pigtail macaque NKT cells express low
levels of the NK cell marker, CD161, in contrast to adult
human NKT cells (Gumperz et al., 2002; Eger et al., 2006).
Our finding accords with that of healthy rhesus macaque
peripheral blood lymphocytes where only 0.4% NKT cells are
CD161 positive (Gansuvd et al., 2003), and furthermore only
9% healthy sooty mangabey NKT lymphocytes express CD161
(Rout et al., 2010). We also saw a trend towards lower NKT
cell CD161 expression after a 6 hour culture, irrespective of
α-GalCer activation, consistent with rhesus macaque data
where CD161 expression was lost in both short- and longterm cultures (Gansuvd et al., 2003), but in contrast to sooty
mangabeys NKT cultured cells where the mean CD161
expression of clones was 53% (Rout et al., 2010).

We made the surprising finding that blood NKT cells from
SIV-infected macaques were significantly more capable of ex
vivo activation and cytokine expression in response to αGalCer than those of healthy control animals. This was
consistent at all doses of α-GalCer studied and a variety of
in vitro conditions analyzed, with higher intracellular expression of all three TNF, IFNγ and IL-2 cytokine profiles. SIV
infection of macaques or HIV infection of human conventional T or B cells typically leads to dysfunctional responses
(McElrath et al., 2008; Klatt et al., 2011). NKT cells of pigtail
macaques or humans can readily be infected and loss of the
CD4-expressing subset of NKT cells is observed in chronic
infection (Sandberg et al., 2002; van der Vliet et al., 2002;
Fernandez et al., 2009). The remaining NKT cells (primarily
CD8+ NKT cells) in SIV infected macaques clearly maintain
the capacity to undergo high levels of activation ex vivo,
potentially reflecting their response to the ongoing infection
and/or inflammation. This raises the possibility that CD8+
NKT cells could be important in maintaining partial control of
SIV infection or disease during chronic infection. Further
studies on the functional capacity of NKT cell subsets during
SIV infection of macaques and HIV infection of humans
should be illuminating.
In summary, we define optimal conditions to analyze
antigen-specific ex vivo NKT activation in blood samples from
both humans and macaques. We found that SIV infected
macaques had higher levels of NKT activation than uninfected macaques. Our results suggest these assays should be
useful in monitoring NKT cell function during disease and
throughout immunotherapy studies.
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