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NKT cell depletion in humans during early HIV
infection
Caroline S Fernandez1, Anthony D Kelleher2,3, Robert Finlayson4, Dale I Godfrey1 and Stephen J Kent1
Natural killer T (NKT) cells bridge across innate and adaptive immune responses and have an important role in chronic viral
infections such as human immunodeficiency virus (HIV). NKT cells are depleted during chronic HIV infection, but the timing,
drivers and implications of this NKT cell depletion are poorly understood. We studied human peripheral blood NKT cell levels,
phenotype and function in 31 HIV-infected subjects not on antiretroviral treatment from a mean of 4 months to 2 years after
HIV infection. We found that peripheral CD4 þ NKT cells were substantially depleted and dysfunctional by 4 months after HIV
infection. The depletion of CD4 þ NKT cells was more marked than the depletion of total CD4 þ T cells. Further, the early
depletion of NKT cells correlated with CD4 þ T-cell decline, but not HIV viral levels. Levels of activated CD4 þ T cells correlated
with the loss of NKT cells. Our studies suggest that the early loss of NKT cells is associated with subsequent immune
destruction during HIV infection.
Immunology and Cell Biology (2014) 92, 578–590; doi:10.1038/icb.2014.25; published online 29 April 2014

The lack of a highly effective vaccine or immunotherapy for human
immunodeficiency virus-1 (HIV-1) necessitates the urgent need to
better understand and enhance immunity to HIV in humans. There is
growing interest in innate immune responses to HIV as both a
mechanism to control rapidly viral replication and to enhance the
generation of adaptive immunity.
Natural killer T (NKT) cells comprise a small fraction of the
T-lymphocyte population in human peripheral blood and respond to
glycolipid and phospholipid antigens presented by the major histocompatibility complex class I-like molecule, CD1d, rather than
peptide fragments presented by major histocompatibility complex
class I or II molecules.1 NKT cells are regarded as a bridge between the
innate and adaptive arms of the immune system. They respond
rapidly to antigenic stimulation without prior need for priming and
clonal expansion, yet develop in the thymus based on a randomly
generated T-cell receptor (TCR) repertoire.2,3 The most widely
studied NKT cells are known as type I NKT cells, which in humans
express an invariant TCR a-chain comprising a Va24-Ja18
rearrangement, typically paired with a range of Vb11 þ TCR bchains.4 In contrast, type II NKT cells are also restricted to CD1d, but
they do not express the invariant TCR a-chain and they respond to a
different range of lipid antigens compared with type I NKT cells.5–7
NKT cells are activated either directly through TCR stimulation or
indirectly via pattern recognition receptors and cytokines.8,9
A key feature of NKT cells is their ability to produce an array of
potent effector molecules upon stimulation, such as interferon-g
(IFNg), tumor necrosis factor (TNF), interleukin-4 (IL-4), IL-10,

IL-13, IL-17, IL-21 and IL-22.3 These effector molecules in turn
influence downstream immune responses triggered by NK cells,
T cells or B cells.7,10 NKT cells have immunomodulatory effects in
cancers, autoimmunity and microbial infections.11,12
NKT cells in humans comprise CD4 þ , double-negative (DN) and
CD8 þ subsets that express cytokines associated with different arms of
the immune response. CD4 þ NKT cells typically express T helper
type 1- and 2-associated cytokines, whereas CD4  NKT cells express
a more Th1-biased cytokine profile.13,14 Some NKT cells also express
the NK cell-associated maturation marker CD161.15 Both CD161 þ
and CD161  subsets of adult peripheral NKT cells are capable of
expressing cytokines in response to mitogenic stimulation.16
HIV infection substantially influences NKT cell numbers and
function. NKT cells that express the CD4 marker are depleted during
HIV17–20 and simian immunodeficiency virus (SIV) infection.21–23
The proliferative and cytokine-producing abilities of NKT cells are
impaired during chronic HIV infection.24,25 The reduced numbers of
NKT cells in the peripheral blood of HIV-infected humans and the
impairment in function are partially reversed following effective
antiretroviral therapy (ART).26,27
There remain several outstanding questions regarding the role of
NKT cells in HIV infection. One longitudinal study18 on the
Amsterdam cohort found depletion of NKT cells at 1 year after
seroconversion with further depletion at 5 years after seroconversion,
but what happens to NKT cell numbers within months after therapynaive HIV infection remains unknown. Furthermore, it is unclear
whether there are any associations between NKT cell numbers and
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HIV disease progression. In one study,18 no correlation was detected.
However, another study on HIV-infected subjects, most of whom
were on ART, found an association between higher levels of CD4 þ
NKT cells and lower plasma viraemia.20 A more recent study suggests
a correlation between an increased risk of cancer in HIV-infected
people who have lower levels of NKT cells.28 However, van der Vliet
et al.18 found that the size of the NKT cell pool, at 1–5 years after
seroconversion, was not predictive of a better outcome. The effect of
the generalized immune activation that occurs during HIV infection29–34 on NKT cell depletion is not well studied either.
In this study, we investigated the kinetics of NKT cell depletion in
ART-naive humans with early HIV infection, and the association of
NKT cell frequency with HIV disease progression. We found that
NKT cells are depleted very early (median 4 months from the
estimated date of infection) in HIV infection relative to uninfected
controls, and that further depletion of NKT cells occurs during
chronic infection. The loss of CD4 þ NKT cells early in HIV infection
declined concomitantly with the loss of total CD4 þ T cells during
chronic infection. However, the depletion of CD4 þ NKT cell
occurred more rapidly than that of total CD4 þ T cells. Importantly,
the loss of CD4 þ NKT cells correlated with increased CD4 þ T-cell
activation. These findings have important implications for HIV
pathogenesis.
RESULTS
Characteristics of the HIV-infected subjects
NKT cells are depleted early in HIV infection,18,27 yet it is unknown
whether NKT cell frequencies measured early after HIV infection are
predictive of disease progression. We conducted a longitudinal study
of peripheral blood mononucleated cells (PBMCs) from ART-naive
HIV-infected subjects early after HIV-1 infection (Table 1). Most
(77%) of the PBMC samples were collected within 6 months of the
estimated date of infection; the mean and median time from the
estimated date of infection was 4.6 and 4 months, respectively, with a
range of 1–11 months. We obtained PBMC samples from 37 subjects,
although only 31 subjects had sufficient viable cells for cell surface
phenotyping (Supplementary Figure 1). The cohort had a median age
of 35 years (range 25–62; 95% male). The early blood sample of this
cohort (early HIV cohort, n ¼ 31) had a median viral load of 4.1 log10
copies per ml plasma (range 2.0–5.9) and a median CD4 þ T-cell
count of 676 per ml blood (range 168–1220). A second blood sample
from most of the same patients (chronic HIV cohort; n ¼ 30) was
analysed approximately 21 months later during chronic infection for
the above parameters, and had a median viral load of 4.2 log10 copies
per ml plasma (range 1.7–5.3) and a median CD4 þ T-cell count of

569 per ml blood (range 76–800). PBMCs from HIV  healthy donors
(HIV  or healthy control cohort, n ¼ 27; median age of 32 years; 50%
male) were used as controls.
Total T-cell frequencies and activation status in the cohorts
As a comparator, we first characterised the T cells of these cohorts for
levels of CD4 þ T-cell depletion and activation. In this study, we
defined total T cells as CD3 þ lymphocytes that do not bind the
a-galactosylceramide (a-GalCer):CD1d tetramers. Frozen PBMCs
from the above three cohorts were analysed phenotypically by flow
cytometry for CD3 þ T cells. Live lymphocytes were identified based
on backgating of CD3 þ staining and the absence of live-dead
staining, followed by CD4/CD8 subset identification (Figure 1a).
The frequencies of CD4 þ and CD8 þ subsets of total T cells
(excluding NKT cells) were measured (Figure 1b). As expected, the
CD4 þ T-cell frequency was lower in the early HIV (circles) and
chronic HIV (squares) cohorts relative to healthy controls (triangles),
along with a concomitant rise in the mean proportion of CD8 þ
T cells. HIV infection leads to widespread activation of the immune
system. Upregulation of the activation markers HLA-DR and CD38
on T cells correlates with disease progression.34,35 As expected, we
found that the frequencies of CD4 þ and CD8 þ T cells coexpressing
CD38 and HLA-DR were significantly higher in the early HIV or
chronic HIV cohorts relative to healthy controls (Figures 1c and d).
Depletion of CD4 þ NKT cells during early HIV infection and
further depletion during chronic infection
We analysed the total NKT cell frequency in PBMC samples from this
cohort by identifying lymphocytes that were double-positive for CD3
and CD1d tetramer loaded with a-GalCer (Figure 2a). We measured
frequencies of CD4 þ , CD8 þ and DN NKT cells—the major subsets
of NKT cells (Figure 2b). Peripheral NKT cells were depleted early
during HIV infection relative to uninfected controls (P ¼ 0.015), with
a median frequency of 0.022% of all T cells in the early HIV cohort
(Figure 2c and Table 1). There was a further significant reduction in
the median frequency of NKT cells 21 months later during chronic
HIV infection at 0.014%, by Wilcoxon’s signed-rank test on the 26
matched subjects (P ¼ 0.047; Figure 2c, right panel). The median
NKT cell frequency of the controls was 0.063%, with an expected
wide range of 0.005–1.09% and a mean of 0.126%. The ranges of
NKT cell frequencies of the HIV-infected cohort were substantially
narrower with 0.004–0.204% in the early HIV cohort and 0.002–
0.278% in the chronic HIV cohort, respectively (Table 1).
We then studied the frequency of each major subset of NKT cells,
both as a proportion of total NKT cells (Figure 2d, left panels) and as

Table 1 Characteristics of HIV-infected subjects and healthy controls
HIV status

Cohort
Early HIVa (n ¼ 31)

Chronic HIV (n ¼ 30)

Healthy controls (n ¼ 27)

35 (25–62)
4.13 (2–5.88)

37 (27–64)
4.20 (1.69–5.32)

32 (22–60)
ND

676 (168–1220)
39 (8–61)

569 (76–800)
36 (8–63)

ND
58 (36–75)

Median %CD38 þ HLA-DR þ T cells (range)
Median %NKT cells as a proportion of total T cells (range)

3.3 (0.7–18.2)
0.022 (0.004–0.204)

3.5 (0.8–11.3)
0.014 (0.002–0.278)

0.2 (0.1–2.2)
0.063 (0.005–1.09)

Median %CD4 þ NKT cells as a proportion of T cells (range)

0.006 (0.001–0.028)

0.004 (0–0.022)

0.029 (0.002–0.124)

Median age (years) (range)
Median viral load (log10 copies per ml plasma) (range)
Median CD4 þ T-cell count per ml blood (range)
Median %CD4 þ T cells (by flow cytometry) (range)

Abbreviations: HIV, human immunodeficiency virus; ND, not done; NKT, natural killer T; PBMC, peripheral blood mononucleated cell.
aIncludes only subjects who had sufficient viable PBMCs to assess NKT cells; 26 of the subjects in the chronic HIV cohort are matched to the early HIV cohort.
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Figure 1 Characteristics of T cells during HIV infection. (a) Gating strategy used to identify T cells as doublet excluded, live lymphocytes, with NKT cells
excluded, that are CD3 þ . T cells were further phenotyped for CD4 þ and CD8 þ subsets. Shown is an example of T-cell subset distribution in PBMCs from a
healthy control compared with an HIV chronically infected subject. (b) Scatter plots of frequencies of CD4 þ T cells and CD8 þ T cells from PBMCs of
healthy controls (triangles, n ¼ 27), HIV patients sampled within 6 months after estimated date of infection (early HIV, circles, n ¼ 31), and approximately
27 months after infection (chronic HIV, squares, n ¼ 30). (c) Representative flow cytometry plots of activated CD3 þ T cells double-positive for CD38 and
HLA-DR. (d) Scatter plots of CD4 þ T cells or CD8 þ T cells expressing both CD38 and HLA-DR. Bars represent medians. Kruskal–Wallis with Dunn’s
posttest was applied to each data set. P ¼ NS between early HIV and chronic HIV cohorts of each graph.
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Figure 2 CD4 þ but not CD8 þ or double-negative NKT cells are depleted early in HIV infection. (a) Representative flow cytometry plots of NKT cells
identified as lymphocytes double-positive for CD1d tetramer loaded with a-GalCer analogue and CD3. Frequencies shown are NKT cells as a proportion of
T cells. (b) Example of plots of CD4 þ , CD8 þ and DN subsets of NKT cells. (c) Proportion of NKT cells within the CD3 þ population, shown in linear (left
panel) or log10 scale (middle panel), of all subjects studied. The right panel analyses only paired samples from the same subjects studied during early and
chronic HIV infection, by Wilcoxon’s signed-rank test. (d) Frequencies of CD4 þ , CD8 þ and DN NKT cell subsets expressed as a proportion of NKT cells
(left panels), or as a proportion of T cells (middle panels). Subjects with fewer than 14 events within the NKT gate were excluded from subset analysis.
Bars represent medians. Kruskal–Wallis with Dunn’s posttest was applied to each data set. The right panel analyses only paired samples from the same
subjects studied during early and chronic HIV infection by Wilcoxon’s signed-rank test.

a proportion of T cells (Figure 2d, middle panels). Subjects with very
few NKT cells were excluded from major subset analysis as the low
number of events was likely to provide unreliable proportions of
subsets (Supplementary Figure 1). Marked depletion of the CD4 þ
subset of NKT cells relative to healthy controls was observed for both
early HIV and chronic HIV cohorts (Po0.001 between early HIV or

chronic HIV and healthy controls; Figure 2d and Table 1). As
lymphocyte numbers are often depleted in HIV infection, we would
expect that absolute numbers of CD4 þ NKT cells per ml of blood to
also be low, although we did not accurately measure lymphocyte
numbers in our control group to assess this directly. Although the
frequencies of CD8 þ or DN NKT cells as a proportion of total NKT
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cells were elevated during HIV infection owing to depletion of the
CD4 þ NKT cell subset, the actual frequencies of these subsets within
the larger milieu of T cells were unchanged relative to that of the
controls (P ¼ NS for CD8 þ or DN NKT cell subsets). As expected,
there was further significant depletion of CD4 þ NKT cells within the
chronic HIV cohort compared with the matched samples of the early
HIV cohort (P ¼ 0.001 by Wilcoxon’s signed-rank test on 18 matched
samples; Figure 2d, right panel).
CD161 and CD16 expression on NKT cells
CD161, a traditional NK cell marker, is expressed on T and NKT cells,
and is a maturation marker on NKT cells.15,36 We measured CD161
expression by NKT cells from our HIV-infected cohort. The gating
strategy to identify CD161 þ NKT cells is shown in Figure 3a (left
panels). We found that CD161 þ NKT cell frequencies, expressed as a
proportion of T cells, were significantly decreased during HIV
infection relative to healthy controls (Figure 3b, top panel). The loss
of CD161 þ NKT cells was significantly localised to CD4 þ NKT cells
only (P ¼ 0.004 between early HIV and healthy control cohorts, and
P ¼ 0.042 between early HIV and healthy control cohorts by Kruskal–
Wallis; Figure 3b, second panel), and not to the CD8 þ or DN subsets
of NKT cells (Figure 3b, third and fourth panels). This is likely due to
the depletion of CD161-expressing CD4 þ NKT cells during HIV
infection. An analysis of CD161 expression as a proportion of NKT
cells showed most NKT cells expressed high frequencies of CD161,
and there was no significant difference in the expression levels
between the cohorts (Figure 3b, bottom panel). There was a
concomitant loss of CD161  CD4 þ NKT cells with a median (range)
of CD161  CD4 þ NKT cells (as a proportion of T cells) of 0.005
(0.001–0.018) in the healthy controls, 0.002 (0–0.007 in the early HIV
cohort and 0.002 (0.001–0.003) in the chronic HIV cohort.
Another NK marker that has been reported on T cells of peripheral
blood is CD16 (FcgRIII).37,38 There are inconsistencies in the
literature on whether surface expression of CD16 can be detected
on NKT cells by flow cytometry.17,39,40 We determined whether CD16
is present on NKT cells and if its surface expression alters during HIV
infection. CD16 þ NKT cell frequencies were first analysed as
proportions of T cells (Figure 3c). Our data showed that CD16 can
be identified on NKT cells in both the healthy controls and in HIVinfected subjects, but that the proportions of cells expressing this
marker were not different during HIV infection (Figure 3c, top
panel). An examination of NKT cell CD4 þ , CD8 þ or DN subsets
revealed no differences in CD16 expression on NKT cell subsets
during HIV infection relative to healthy controls (Figure 3c, middle
panels). However, an analysis of CD16 as a proportion of NKT cells
revealed a significant difference between the early HIV and healthy
controls cohort (P ¼ 0.031) and chronic HIV and healthy control
cohorts (Po0.001). In addition, there was negligible activation of the
CD4 þ or CD4  NKT cells based on CD38 and HLA-DR expression
(mean, 0.5%, median, 0%, range, 0–9.2% in healthy control cohort;
mean, 0.9%, median, 0%, range, 0–10.5% in early HIV cohort; mean,
0.3%, median, 0%, range, 0–5.8% in chronic HIV cohort; data not
shown).
NKT cell frequencies early in HIV infection correlate with CD4
T-cell depletion
Both peripheral CD4 þ T-cell frequencies and plasma viraemia are
markers of HIV disease progression.41 We determined whether
peripheral CD4 þ NKT cell frequencies correlated with or predicted
disease progression (Figure 4). Early in HIV infection, the CD4 þ
NKT cells were depleted concomitantly with total CD4 þ T cells
Immunology and Cell Biology

(P ¼ 0.002; Figure 4a). However, we found that the early loss of
CD4 þ NKT cells is not predictive of chronic total CD4 þ T-cell
depletion (P ¼ 0.105; Figure 4b). Moreover, later in infection, the
depletion of CD4 þ NKT cells is disconnected to that of total
peripheral CD4 þ T-cell levels in the chronic HIV cohort
(P ¼ 0.185, not shown). In addition, we found that NKT cell
frequencies early in HIV infection do not correlate with early or
chronic plasma viraemia (Figures 4c and d), and peripheral NKT cells
during chronic infection do not correlate with chronic viraemia
(P ¼ 0.56, not shown).
CD4 þ NKT cells are depleted more rapidly than total CD4 þ
T cells in vivo
In vitro, HIV preferentially depletes CD4 þ NKT cells over CD4 þ
conventional T cells,17,20 although this has not been analysed in NKT
cells in vivo. We studied the levels of depletion of CD4 þ NKT cells
compared with that of total T cells during early and chronic HIV
infection. As there are no preinfection CD4 þ T-cell or CD4 þ NKT
cell data from this cohort, we estimated depletion by using the
median CD4 þ NKT cell and the median CD4 þ T-cell frequencies of
the healthy controls (Figure 5). We found that depletion of CD4 þ
NKT cells was positively, albeit modestly, associated with depletion of
CD4 þ T cells during early infection (r ¼ 0.53, P ¼ 0.004; Figure 5a,
left panel), but not during chronic HIV infection (r ¼ 0.26, P ¼ 0.26,
Figure 5a, right panel).
We noted that the slope of the association in the above correlations
between depletion of CD4 þ NKT cells and total CD4 þ T cells
favoured more marked depletion of CD4 þ NKT cells. We therefore
analysed the difference in relative depletion of CD4 þ NKT cells or
CD4 þ total T cells. We observed that the depletion of CD4 þ NKT
cells was more pronounced than the depletion of CD4 þ T cells
during both early and chronic infection (Figure 5b). There were many
more subjects with greater estimated CD4 þ NKT cell depletion
compared with CD4 þ T-cell depletion (Figure 5b) at both timepoints
of HIV infection. When the data set was restricted only to the paired
CD4 þ T-cell and CD4 þ NKT cell events, there remained a
significantly greater depletion of total CD4 þ T cells than CD4 þ
NKT cells (Po0.001 by Wilcoxon’s signed-rank test; Figure 5c).
Relationship between activated CD4 þ T cells and depletion of total
CD4 þ T cells and CD4 þ NKT cells during HIV infection
We observed that NKT cells were depleted during early and chronic
HIV infection in this cohort. Activated T cells, defined as CD38 þ
HLA-DR þ T cells, have been reported to be strongly associated with
CD4 þ T-cell depletion in both untreated and ART-treated HIVinfected subjects.34,42 However, this association has not been
rigorously studied with peripheral NKT cell depletion.43 We
therefore sought to identify the relationship between activated total
T-cell and NKT cell frequencies (Figure 6). Initially, we examined the
relationship between total T cells coexpressing CD38 and HLA-DR
and total CD4 þ T-cell frequencies. During early HIV infection, there
was a significant correlation between increased frequencies of
activated total T cells and CD4 þ T-cell loss (P ¼ 0.008; Figure 6a).
An analysis of activated T-cell subsets showed that a higher frequency
of activated CD4 þ (P ¼ 0.001; Figure 6b) and not activated CD8 þ T
cells (P ¼ 0.498, not shown) correlated significantly with CD4 þ T-cell
depletion. During chronic HIV infection, there was also a significant
correlation between increased frequencies of activated total T cells
and CD4 þ T-cell loss (P ¼ 0.004, r ¼ 0.516; data not shown),
driven by the activated CD4 þ T cells of the cohort (P ¼ 0.003,
r ¼ 540; not shown).
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Figure 3 Reduced CD161 and unaltered CD16 expression on NKT cells in HIV infection. (a) Representative flow cytometry plots of NKT cells expressing the
NK cell markers CD161 or CD16. CD16 NKT cells were identified based on a minus anti-CD16 antibody sample for each subject. Frequencies shown in (a)
are percentages of NKT cells. (b) Scatter plots of total NKT cells, CD4 þ NKT cells, CD8 þ NKT cells or DN NKT cells expressing CD161 as a percentage of
T cells (top four panels of b) or a percentage of NKT cells (bottom panel of b). (c) Scatter plots of total NKT cells, CD4 þ NKT cells, CD8 þ NKT cells or DN
NKT cells expressing CD16 as a percentage of T cells (top four panels of c) or a percentage of NKT cells (bottom panel of c). Bars represent medians.
Kruskal–Wallis with Dunn’s post hoc test was applied to each graph. P ¼ NS between early HIV and chronic HIV cohorts of each graph. Total CD161 þ NKT
cells or CD16 þ NKT cells: healthy controls (n ¼ 27), early HIV (n ¼ 28) and chronic HIV (n ¼ 21). CD4/CD8/DN subsets of CD161 þ NKT cells: healthy
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Figure 4 Early but not chronic depletion of NKT cells in HIV infection correlates with early depletion of total CD4 þ T cells. Correlation plots between
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We then analysed the association between activated T cells and
NKT cell depletion. An increase in activated total T cells showed a
trend towards correlation with CD4 þ NKT cell depletion (P ¼ 0.079;
Figure 6c), albeit not statistically significant. However, there was a
significant association between increased activated CD4 þ T cells and
CD4 þ NKT cell depletion early in HIV infection (P ¼ 0.010;
Figure 6d). During chronic infection, no association was found
between activated T cells and CD4 þ NKT cell depletion (P ¼ 0.653,
not shown).
a-GalCer induced activation of NKT cells during HIV infection
The prototypical NKT cell ligand, a-GalCer, is routinely used to study
NKT cell functional responses.2 Antigen-presenting cells (APCs), such
as dendritic cells, which present CD1d/a-GalCer presentation to NKT
cells, could potentially be impaired in HIV infection.44 To circumvent
the need for functional APC to activate NKT cells, we used an aGalCer-loaded CD1d dimer (DimerX:a-GalCer), previously reported
to stimulate NKT cells ex vivo.25
To determine an optimal concentration of DimerX:a-GalCer for
ex vivo activation of NKT cells, sequential titration of this reagent was
assayed using frozen PBMCs of four donors from the healthy control
cohort (Supplementary Figure 2). NKT cells downregulate their TCR
transiently following a-GalCer stimulation45,46 as seen in the lower
mean fluorescence intensity of gated NKT events following a 6-h
activation (Figure 7a). Total NKT cells expressing intracellular IFNg
or CD107a were determined as shown in a representative flow
cytometry plot (Figure 7a). There was a trend towards lower
frequencies of gated NKT cell events with increasing concentrations
of DimerX:a-GalCer owing to TCR downregulation (Supplementary
Figure 2a). NKT cell expression of either CD107a, a degranulation
marker, and IFNg generally tapered off at DimerX:a-GalCer concentrations lower than 179 ng ml 1, whereas the expression levels of
both effector molecules were more consistently higher between
Immunology and Cell Biology

concentrations of 179–1429 ng ml 1 (Supplementary Figures 2b and
c). Therefore, we used 714 ng ml 1 DimerX:a-GalCer to stimulate
optimally NKT cells for subsequent activation assays. There were
minimal levels of IFNg and CD107a expression in unstimulated NKT
cells (data not shown).
NKT cells within PBMC samples of the healthy controls, early HIV
and chronic HIV cohorts were activated with DimerX:a-GalCer and
assayed for intracellular expression of CD107a and IFNg (Figure 7b).
We found that NKT cells from HIV-infected subjects were significantly defective in their ability to express simultaneously both IFNg
and CD107a effector molecules (Figure 7b, top panel), both during
early and chronic HIV infection, relative to healthy controls
(P ¼ 0.010 for early HIV, Po0.001 for chronic HIV). When the data
set was restricted to the 11 paired samples from early and chronic HIV
infection, we found no significant impairment of simultaneous
CD107a and IFNg expression by NKT cells during chronic HIV
infection (P ¼ 0.128 by Wilcoxon’s signed-rank test; Figure 7b, bottom
panel). When we analysed the total expression of IFNg and CD107a
molecules separately, we found that NKT cells of HIV-infected
subjects both early and later in HIV infection were impaired in their
ability to express IFNg, but not CD107a (top panels of Figures 7c and
d). Analyses of the paired samples between early and chronic HIV
infection of IFNg and CD107a expression also showed no further
impairment in IFNg expression during chronic HIV infection
(P ¼ 0.80 by Wilcoxon’s signed-rank test; Figure 7c, bottom panel).
Although CD107a expression was unaltered during HIV infection
(Figure 7d), we found a nonsignificant trend towards reduced
degranulation during chronic HIV compared with early HIV infection
(P ¼ 0.051 by Wilcoxon’s signed-rank test; Figure 7d, bottom panel).
Functionally distinct subsets of human NKT cells have been
described previously.13,14,16,47 Since we found a defect in a-GalCeractivated IFNg expression from total NKT cells in HIV infection, we
analysed NKT cell subsets to determine whether the CD4 þ or CD4 
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Figure 5 CD4 þ NKT cells are depleted more rapidly than CD4 þ T cells. The degree of depletion of the CD4 þ fraction of NKT cells (as a proportion of
T cells) or of total T cells in the early HIV or chronic HIV cohorts was estimated as follows: as there is no preinfection CD4 data from this cohort, the
median %CD4 þ T cells and the median %CD4 þ NKT cells of the healthy controls cohort (Table 1) were taken as the estimated preinfection frequencies.
The CD4 þ NKT cell or CD4 þ T-cell frequency of each infected subject was expressed as a percentage of the above median frequency of the healthy control
cohort, respectively, and subtracted from 100. Negative values indicate no depletion from the assumed median. (a) Correlations with linear regression
analysis and 95% confidence bands were carried out on the estimated depletion frequencies for each cohort. (b) Comparisons between the estimated
depletion frequencies of the CD4 þ T cells and CD4 þ NKT cells of the early HIV or chronic HIV cohorts. Positive values indicate greater depletion. Bars
represent medians. (c) Paired analyses of the estimated depletion frequencies of the CD4 þ T cells and CD4 þ NKT cells of the early HIV or chronic HIV
cohorts, by Wilcoxon’s signed-rank test.

subset was dysfunctional in IFNg expression (Figure 7e). Both the
CD4 þ and CD4  subsets of NKT cells of the early HIV and chronic
HIV cohorts expressed significantly less IFNg relative to that of the
controls. There were no significant differences in CD4 þ or CD4 
NKT cell IFNg expression between the matched early HIV or chronic
HIV cohorts (P ¼ 0.484 for CD4 þ and P ¼ 0.275 for CD4  subsets
by Wilcoxon’s signed-rank test).
We also investigated NKT cell subsets based on expression of the
maturation marker CD161. Previous studies have reported differential
cytokine expression from CD161 þ and CD161  NKT cell subsets
after a-GalCer or phorbol 12-myristate 13-acetate/ionomycin activation ex vivo.16,25 Activated total NKT cells were analysed for the
expression of each of CD107a and IFNg by gating on
CD161 þ effector þ or CD161 effector  quadrants. a-GalCerinduced IFNg expression was almost exclusively confined to the

CD161 þ NKT cells of all three cohorts (healthy controls, early HIV
and chronic HIV cohorts), with minimal CD107a and IFNg
expression in the CD161  NKT cells of any of the cohorts (data
not shown).
DISCUSSION
We investigated whether peripheral NKT cell frequencies quantified
early after HIV infection could predict HIV disease outcomes. We
found that levels of CD4 þ NKT cells early in HIV infection correlated
with the loss of total CD4 þ T cells, but were not predictive of
subsequent loss of total CD4 þ T cells during chronic HIV infection.
We also found that increased numbers of activated CD4 þ T cells
correlated with peripheral NKT cell depletion during early HIV
infection. We showed that peripheral CD4 þ NKT cells were
preferentially depleted over peripheral CD4 þ total T cells early in
Immunology and Cell Biology
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Figure 6 Activated CD4 þ T cells coexpressing CD38 and HLA-DR correlate with total CD4 þ T-cell depletion and CD4 þ NKT cell depletion. (a and b)
Correlations between CD4 þ T-cell frequencies (expressed as percentages of T cells) of the early HIV cohort and activated total T cells or activated CD4 þ
T cells of the early HIV cohort. (c and d) Correlations between CD4 þ NKT cell frequencies of the early HIV cohort with activated total T cells or with
activated CD4 þ T cells of the early cohort. R-values are Spearman’s correlation coefficients.

HIV infection. Furthermore, the NKT cells that remain in circulation
during HIV infection were functionally impaired in IFNg expression.
Previous studies measuring NKT cell frequencies in HIV infection
have traditionally identified NKT cells as Va24 þ Vb11 þ T cells,18 or
Va24 þ CD1d tetramer þ T cells,20 or Va24 þ CD161 þ T cells.17 These
alternate approaches may potentially underestimate NKT cell
frequencies because of the existence of subsets of NKT cells that
bind to a-GalCer:CD1d tetramers, but utilise different Va chains to
invariant NKT cells48,49 or that are heterogeneous for CD161
expression.13–16 Here, we identified NKT cells as lymphocytes
reactive to a-GalCer-loaded CD1d tetramer and coexpressing
CD3.21,50 We found that CD1d tetramer þ NKT cells were already
severely depleted by around 4 months after infection, and that further
depletion of NKT cells occurred approximately 21 months later. We
observed that significant depletion occurred only in the CD4 þ NKT
cell subset in HIV infection, in support of earlier studies on NKT cells
in SIV infection of macaques21,23 and in vitro studies on HIV
infection.17,20 However, this finding was in contrast to a previous
study on HIV chronically infected subjects where significant depletion
was also observed in the CD4  NKT cell subset.51 This study adds
substantially to previous studies of total NKT cell levels in HIVinfected humans.17,18,20,27 A recent study by Ibarrondo et al.43 found
significant preferential depletion of CD4 þ NKT cells in the gut of
HIV-infected subjects relative to uninfected controls, and a trend
towards significant CD4 þ NKT cell depletion in the blood.
In our study of associations between NKT cell frequencies and
disease progression, we sought to determine whether early changes in
circulating NKT cells after HIV infection in untreated subjects could
predict subsequent disease outcome. We found that the early
depletion of NKT cells correlated with the loss of total CD4 þ
T cells during early but not chronic HIV infection. In addition,
Immunology and Cell Biology

NKT cell depletion did not predict subsequent HIV viral load. Our
study concurs with both Motsinger et al.20 and Sandberg et al.,17 who
found that depletion of NKT cell, either total or CD4 þ NKT cells,
correlated with either loss of CD4 þ T-cell counts and/or increased
plasma viral load. The ART status of these subjects and duration of
HIV infection were not clearly defined in these studies. However, our
study contrasts with that of van der Vliet et al.,18 in which subjects
were followed longitudinally, early in HIV infection, and no
association was found between NKT cell frequencies and any
marker of disease progression. We speculate that NKT cell depletion
may have a more substantial impact on immune destruction or
depletion than on viraemia.
We observed a correlation between increased activated CD4 þ
T cells and depletion of the CD4 þ subset of NKT cells in
HIV-infected individuals. This correlation was apparent during early
but not chronic HIV infection. Despite comprising a smaller fraction
of total activated T cells, activated CD4 þ T cells and not the larger
fraction of activated CD8 þ T cells associated significantly with CD4 þ
NKT cell depletion. Our finding is consistent with a recent report
characterising SIV infection in macaques where CD4 þ NKT cell
decline correlated strongly with increased activated, memory CD4 þ
T cells.23 We cannot be certain that there is either an indirect
relationship between activated total CD4 þ T-cell and CD4 þ NKT
cell depletion shown in Figure 6, or, if the relationship is causal, which
is the primary driver of this relationship. It can be argued that the loss
of the immunoregulatory function of NKT cells as they are depleted
results in greater T-cell activation. Equally, it can be argued that the
activation status of total CD4 þ T cells occurs either directly or
indirectly as a result of enhanced HIV replication, leading to greater
depletion of NKT cells. The authors of the SIV-infected macaque
study found impaired expression of anti-inflammatory molecules by
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Figure 7 Early in HIV infection, NKT cells are impaired in their capacity to express IFNg upon a-GalCer stimulation. PBMCs from the three cohorts were
activated with 714 ng ml DimerX:a-GalCer in in vitro stimulation assays. (a) An example of the gating strategy used to gate on total NKT cells expressing the
effector molecules CD107a and IFNg in an intracellular cytokine assay in response to unloaded CD1d:DimerX (left panels) or a-GalCer-loaded CD1d:DimerX
(right panels). (b) The frequency of NKT cells bi-functional for CD107a and IFNg expression both for all subjects studied (top panel) and in a paired
analysis of 11 subjects with early and chronic HIV (bottom panel). (c) NKT cells expressing any IFNg (with or without CD107a expression) in all subjects
studied (top panel) and in a paired analysis of 11 subjects with early and chronic HIV (bottom panel) (d) NKT cells expressing any CD107a (with or without
IFNg expression) in all subjects studied (top panel) and in a paired analysis of 11 subjects with early and chronic HIV (bottom panel). Bars represent
medians. Kruskal–Wallis with Dunn’s posttest was applied to each graph, except for the paired analyses, where Wilcoxon’s matched-pair signed-rank test
was used. P ¼ NS between early HIV and chronic HIV cohorts of each graph. (e) Both CD4 þ and CD4  NKT cell subsets are dysfunctional in IFNg
expression in HIV infection. The proportion of total CD4 þ NKT cells or total CD4  NKT cells expressing CD107a or IFNg is shown. Two-way analysis of
variance with Bonferroni post hoc test was applied. Bars represent mean±s.e.m. Comparisons without a P-value reported are not significant.

NKT cells, suggesting that NKT cell depletion could contribute to
enhanced immune activation.23 Ibarrondo et al.43 demonstrated that
gut CD4 þ NKT cell depletion correlated with increased activation of

T cells both in the gut and in the blood, although the association was
with activated CD8 þ T cells, perhaps reflecting the different site
studied.
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We found that the estimated depletion of peripheral CD4 þ NKT
cells is greater than the estimated depletion of peripheral CD4 þ
T cells, suggesting preferential depletion of NKT cells over total
CD4 þ T cells in HIV infection. NKT cells can be productively
infected in vitro to form replication-competent virions.17,20 It is not
known if NKT cell depletion in vivo is due to direct infection or
depletion by apoptosis. A previous study found levels of Fas to be
significantly elevated on NKT cells of HIV-infected subjects relative to
controls.18 The authors of the study propose the Fas/Fas ligand
pathway as a mechanism for the apoptotic depletion of NKT cells in
HIV infection.18 Although NKT cell depletion could enhance immune
activation, an alternate hypothesis is that activated T cells may be
drivers of NKT cell depletion by creating a proapoptotic
environment.52–54 It should be noted that HIV preferentially infects
and eliminates memory CD4 þ T-cell subsets. As CD4 þ NKT cells are
largely memory T cells, they may be more susceptible to greater
depletion than total CD4 þ T cells, as total CD4 þ T cells will contain
a larger fraction of naive T cells. Our analyses should also be treated
with some caution as we relied on the median frequencies of CD4 þ
T cells and NKT cells in healthy controls as a representation of the
preinfection frequencies in our HIV cohort. It is also possible, for
example, that subjects with low preinfection levels of NKT cells are
more susceptible to NKT cell depletion.
Finally, we show here that NKT cells are impaired in a-GalCerinduced IFNg expression very early in HIV-1 infection. Our results
are consistent with previous studies in humans with various stages of
HIV infection24,27 and with an SIV-infected rhesus macaque study.23
In contrast, mitogen-induced activation of NKT cells was not
different in HIV/SIV infection compared with controls.23,43 We
found that this dysfunction is present in both the CD4 þ and
CD4  subset compartments of CD161 þ NKT cells.
There are several limitations to this study that warrant further
investigation. The first limitation is the lack of preseroconversion data
on these subjects. van der Vliet et al.18 found that preseroconversion
of peripheral NKT cell frequencies of the Amsterdam cohort were
significantly lower than those of uninfected study controls. Another
limitation of this study is the use of frozen PBMCs with limited viable
cell counts, rather than fresh samples, to enumerate NKT cell
frequencies. This approach could potentially skew frequencies,
although we applied rigorous criteria for inclusion of samples in
the final analysis. A third limitation is the lack of larger numbers of
postacute timepoints for a more thorough analysis of temporal
decline in NKT cell numbers during chronic infection. However,
the marked depletion of NKT cells during early HIV infection leaves
fewer NKT cells to be analysed for ongoing depletion during chronic
infection. A limitation of the activation studies is that we cannot
formally exclude that some activated cells are lost in the culture owing
to TCR downregulation, even though we carefully titrated the
activation conditions. However, we would expect as many or more
activated cells to also be lost from the control population and we
believe that our finding of impaired a-GalCer-induced IFNg
expression very early in HIV infection is an important observation.
In summary, we demonstrate that in HIV infection, early depletion
of peripheral CD4 þ NKT cells correlates with disease progression,
CD4 þ NKT cells decline with increased peripheral CD4 þ T cell
activation and CD4 þ NKT cells are preferentially depleted over total
CD4 þ T cells. Taken together, our results suggest that the loss of NKT
cells may have a significant role in the immunopathogenesis of HIV
infection and depletion of total CD4 þ T cells. Future studies on the
manipulation of NKT cells either during HIV infection in humans or
before SIV infection in macaques are warranted.
Immunology and Cell Biology

METHODS
Study subjects and healthy control donors
In this study, we analysed frozen PBMC samples from 37 HIV-infected donors
from the Core01/Phaedra cohort recruited from Australia. PBMC samples were
collected early after the estimated time of infection (median 4 months, range
1–11), and a second PBMC sample from the same donors was collected
approximately 21 months later (median 25 months, range 18–34; Table 1 and
Supplementary Figure 1). The date of HIV infection was estimated from either
the last HIV  test or from the characteristic evolution of HIV seroconversion
on western blot with or without the appearance of seroconversion symptoms.
None of the subjects commenced ART during the period of the study.
HIV  donors (healthy controls; n ¼ 27) were recruited from laboratory
volunteers and PBMC samples were also stored in liquid nitrogen
before analysis. Ethics approval was obtained from the relevant institutional
committee of St Vincent’s Hospital Sydney or the University of Melbourne.

Thawing of PBMC samples
PBMC samples were thawed at 37 1C and placed into ambient RF10 media
consisting of RPMI 1640 media (Life Technologies, Grand Island, NY, USA)
supplemented with 10% (v v 1) foetal bovine serum (Serana, Bunbury, WA,
Australia), 100 U ml 1 of penicillin G sodium, 100 mg ml 1 of streptomycin
sulphate and 292 mg ml 1 L-glutamine (Life Technologies). Samples were
centrifuged at 500 g for 7 min at room temperature, and then washed again
with ambient RF10 and recentrifuged as above. The resultant pellet of PBMC
was resuspended in 1 ml RF10 and enumerated for viability using Trypan Blue
(Sigma-Aldrich, St Louis, MO, USA) exclusion. Approximately a quarter of
each sample was allocated for phenotypic analysis as described below
(approximately 4  105 PBMCs per tube). The remainder of the sample was
resuspended in a further volume of RF10 (3–5 ml) to a concentration of
1  106–2  106 PBMC per ml RF10, and incubated at 37 1C for 2–5 h to rest
the cells before use in the NKT cell in vitro activation assay described below.

Phenotyping of lymphocytes
PBMC samples were further divided into two aliquots for staining, initially,
with a fixable live-dead cell dye (Life Technologies) for excluding dead cells by
flow cytometry. PBMC samples were incubated with live-dead fixable Aqua
(1 ml; Invitrogen, Carlsbad, CA, USA) in 0.5 ml phosphate-buffered saline
(PBS) containing 2 mM ethylenediaminetetraacetic acid (15–30 min), washed
with PBS/ethylenediaminetetraacetic acid as above, followed by antibody
phenotyping (20–30 min). The antibody panel was validated, initially, by
staining frozen PBMCs from healthy control donors. Live-dead fixable Aqua,
CD1d tetramer-PE loaded with a-GalCer with a C24:1 acyl chain (PBS-44; a
kind gift from Prof Paul Savage, Brigham Young University, Provo, UT, USA),
CD3-Pacific Blue clone SP34-2 (BD Biosciences, San Diego, CA, USA), CD8PerCP clone SK1 (BD Biosciences) and CD161-APC clone HP-3G10 (BioLegend, San Diego, CA, USA) as described previously,50 formed the core
antibody panel to which antibodies to CD4-qdot 605 clone T4/19Thy5D7
(NIH non-human primate reagent resource), CD16-APC-H7 clone 3G8
(BD Biosciences), CD38-Alexa Fluor 700 clone HIT2 (BioLegend) and HLADR-PE-CF594 clone G46-6 (BD Biosciences) were individually added,
stepwise, using the respective fluorescence minus one sample to determine
valid staining. Adequate compensation to correct for fluorescence spillover was
monitored at each of the above stages.
Following antibody staining, the samples were washed once with FACS wash
buffer containing 0.5% (w v 1) bovine serum albumin (Sigma-Aldrich) and
2 mM ethylenediaminetetraacetic acid in PBS at 500 g for 5 min, followed by
fixation in 1% (v v 1) methanol-free formaldehyde (Polysciences, Warrington,
PA, USA).

In vitro activation of NKT cells and intracellular cytokine staining
A commercially available reagent, DimerX I: recombinant-soluble dimeric
human CD1d:Ig fusion protein (BD Biosciences) was loaded with a-GalCer
(KRN7000; Sapphire Biosciences, Waterloo, NSW, Australia), and used to
activate NKT cells in vitro. a-GalCer (2.5 mg), prepared as described previously,50 was loaded onto CD1d:DimerX (10 mg) as described in SnyderCappione et al.25 in PBS to a total volume of 50 ml, and incubated overnight at
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37 1C, followed by the addition of 160 ml PBS. The CD1d:DimerX:a-GalCer
reagent was used without prior removal of unbound a-GalCer. A titration of
this reagent (based on the concentration of CD1d:DimerX added to the assay)
was carried out on frozen PBMCs from four healthy control donors
(Supplementary Figure 2); subsequently, the reagent was used at 714 ng ml 1
in in vitro activation assays. Unloaded CD1d:DimerX (714 ng ml 1) was used
on each PBMC sample, in parallel, as an unstimulated, background control.
PBMC samples that had been rested as described above were centrifuged at
500 g for 7 min at room temperature and resuspended in 0.4 ml RF10. The
activation assay was carried out on 200 ml PBMCs (approximately 2.6  105
PBMCs; range, 7.5  104–6.6  105) containing 2 ml mouse anti-human
CD107a-APC-H7 (clone H4A3; BD Biosciences), 714 ng ml 1 CD1d:DimerX:a-GalCer or unloaded counterpart, with 10 mg ml 1 brefeldin A
(Sigma-Aldrich) in a 96-well round-bottom plate for 6 h at 37 1C, and then
stored at 4 1C. Cells were surface stained with live-dead fixable Aqua (Life
Technologies), CD1d tetramer-PE loaded with a-GalCer with a C24:1 acyl chain
(PBS-44; a kind gift from Prof Paul Savage, Brigham Young University), CD3Pacific Blue, CD8-PerCP, CD4-qdot 605 and CD161-APC for 30 min at room
temperature. Cells were fixed with FACS lysing solution (BD Biosciences) for
10 min, washed with FACS wash buffer and centrifuged at 500 g for 5 min. Cells
were then permeabilised with 0.5 ml 1  FACS Perm (BD Biosciences) for
10 min at room temperature, and washed as above with FACS wash buffer.
Intracellular cytokine staining was performed with mouse anti-human antibody to IFNg-Alexa Fluor 700 (clone B27; BD Biosciences) for 30–60 min at
room temperature, followed by the addition of FACS wash buffer and
centrifugation as above. Samples that were not viable or with fewer than 14
gated NKT events were excluded from analysis (Supplementary Figure 1). Final
numbers of subjects analysed in the activation assay were n ¼ 19 in the early
HIV cohort, n ¼ 15 in the chronic HIV cohort and n ¼ 25 in the healthy
control cohort.

Flow cytometry and software analysis
Polychromatic flow cytometry analysis was performed on an 18-parameter
LSR-Fortessa instrument (BD Biosciences). Analysis of acquired events was
carried out using FlowJo version 9.6 (Tree Star, Ashland, OR, USA).
In the phenotypic assay, PBMC samples with low viability were excluded
immediately from any analysis, whereas samples with fewer than 14 NKT
events located in the NKT gate were excluded from NKT cell major subset
analysis, as indicated in the figure legends. Furthermore, samples with o10
events within either of the CD4 þ NKT, CD8 þ NKT or DN NKT cell gates, or
o10 NKT , CD16 þ NKT events or CD161 þ NKT events were excluded from
CD16 or CD161 sub-population subset analysis as indicated in the legends of
Figures 2 and 3.
Similarly, in the activation assay, samples with low numbers of gated NKT
events following a-GalCer stimulation were excluded from the analysis. NKT
cells were determined to be positive for expressing effector molecules if
percentages were at least 2.5 times above unstimulated controls for the
respective effector of the respective sample.

Statistical analyses
Statistical analyses were carried out using SPSS Statistics Version 20 (IBM,
Armonk, NY, USA). The statistical analysis tests used are described in the
legend of each figure. Correlation analyses of Figures 4 and 6 were performed
using Prism GraphPad Version 6 (GraphPad, La Jolla, CA, USA) using
Spearman’s correlations. Linear regressions with 95% confidence band
surrounding the best-fit line (Figure 5) were performed using Prism GraphPad
as above. Graphs were created with Prism GraphPad as above.
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