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MAIT cells are depleted early but retain functional
cytokine expression in HIV infection
Caroline S Fernandez1, Thakshila Amarasena1, Anthony D Kelleher2,3, Jamie Rossjohn4,5,6, James McCluskey1,
Dale I Godfrey1,7 and Stephen J Kent1
Mucosal-associated invariant T (MAIT) cells home to mucosal sites and exert antimicrobial activity against bacteria and other
microorganisms. HIV infection leads to early depletion of gut T cells and translocation of bacterial products. There are reports
that MAIT cells, deﬁned by coexpression of Vα7.2 and CD161, are depleted during HIV infection and residual MAIT cells are
functionally impaired. However, one study suggested that MAIT cells might remain after HIV infection but evade detection
through CD161 downregulation. Thus, the impact of HIV infection on MAIT cells is unclear. We studied longitudinal blood
samples from 31 HIV-infected subjects for MAIT cell numbers, phenotype and function using both standard Vα7.2/CD161
surface markers and an MR1 tetramer. We found that MAIT cells were depleted early during HIV infection, and although there
was a concomitant rise in Vα7.2+CD161– cells, these were MR1 tetramer negative, indicating that these are unlikely to be
altered MAIT cells. Antigen-mediated activation of residual MAIT cells showed that they remained functional out to 2 years
following HIV infection. Although MAIT cells are depleted in HIV infection, residual and functionally active MAIT cells persist
and may still be able to assist in controlling bacterial translocation during HIV infection.
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Human Immunodeﬁciency Virus type 1 (HIV-1) infection is characterised by high viraemia, rapid depletion of CD4+ T cells from
various compartments and widespread activation of cells of the
immune system.1–3 Substantial early depletion of CD4+ T cells occurs
in the gut and leads to a loss of an intact gastrointestinal -tract
barrier.4,5 There is a relationship between loss of CD4+ T cells in the
gut and translocation of microbial products from the lumen of the
gut.2,6 Markers of microbial translocation such as lipopolysaccharide
are typically elevated in the peripheral blood of HIV-infected
individuals and correlate with numbers of activated T cells.6–8 Thus,
microbial translocation can drive chronic immune activation, which
occurs irrespective of the stage of infection and can persist despite
combination antiretroviral therapy.9,10
Mucosal-associated invariant T (MAIT) cells are a population of
T cells capable of antimicrobial activity against bacteria and yeasts11,12
that utilise the riboﬂavin metabolic pathway.13–16 MAIT cells are
found in most tissues where T cells reside, including blood, liver, gut
lamina propria and mesenteric lymph nodes17,18 and they typically
comprise 1–10% of human peripheral blood T cells.11,19,20 They have
an effector memory phenotype19,20 and express tissue-homing markers
such as C–C chemokine receptor (CCR)6, CXCR6 and CCR5.19,21,22
MAIT cells are restricted to MHC-related protein 1 (MR1).13,18,23–25

MAIT cells are usually deﬁned by a Vα7.2Jα33 (Vα19Jα33 in mice)
semi-invariant T-cell antigen receptor (TCR) α chain, paired with a
limited selection of TCR Vβ chains, typically Vβ2 or Vβ13 (Vβ6 or
Vβ8 in mice).11,26,27 A recent study has shown that human MAIT cells
can also utilise other TCR Jα and Vβ genes.28
Human MAIT cells have previously been identiﬁed as CD4− T cells
coexpressing Vα7.2 and either CD161 or IL-18Rα.19 Phenotypically,
MAIT cells are CD8+ (either CD8αα or CD8αβ)28,29 and double
negative (DN) for CD4 and CD8, with low levels of CD4
expression.20,28 An MR1 tetramer has recently been developed to
identify MAIT cells based on their TCR speciﬁcity.16,28
Three reports have provided data showing the disappearance of
circulating MAIT cells, deﬁned by coexpression of Vα7.2 and CD161,
in HIV infection21,22,30 and one determined that MAIT cells appear to
be depleted by 3 weeks after the estimated date of infection.22
However, one of these studies provided evidence that, rather than
being depleted, many MAIT cells had changed their surface phenotype
by downregulating CD161, thus evading detection.30 Furthermore,
residual MAIT cells appeared to be functionally impaired, unable to
produce cytokines upon activation, suggesting exhaustion.30 In vitro
studies have demonstrated the inability of viruses to directly activate
MAIT cells, which is attributable to viruses not furnishing a MAIT cell
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ligand,11 and that HIV does not preferentially infect or activate MAIT
cells.21 It has also been hypothesised that in HIV infection, MAIT cells
home to the gut, where substantial microbial translocation from the
gut lumen occurs, and undergo apoptosis through the activation of
caspase-3.21 Accordingly, although there appear to be signiﬁcant
changes in the MAIT cell compartment-associated with HIV infection,
the extent of MAIT-cell depletion, and the responsiveness of residual
MAIT cells, remains unclear.
We report on the characteristics of peripheral MAIT cells and its
subsets during early HIV infection. MAIT cells were depleted during
early HIV infection, and while we also observed an increase in another
population of Vα7.2+CD161– T cells, these did not appear to be
altered MAIT cells as they failed to bind MR1 tetramer. In sharp
contrast with an earlier study,30 in our cohort of patients, peripheral
MAIT cells appeared to be signiﬁcantly less activated than conventional T cells during HIV infection and their function was not
impaired.
RESULTS
The HIV-infected cohort
MAIT cells may have a role in controlling microbial translocation in
the gut during HIV infection, but the response of MAIT cells to HIV
infection remains unclear,21,22,30 and furthermore, no studies have
investigated large-cohort longitudinal samples early after primary
infection.
This study of MAIT cells in HIV infection involved analyses of
frozen peripheral blood mononuclear cell (PBMC) from HIV-infected
subjects recruited in Australia. The cohorts were ﬁrst analysed for
Vα7.2+CD161+ (MAIT cells), Vα7.2+CD161– T cells and total T cells
for comparison (Supplementary Figure 1). The HIV-infected cohort
comprised 97% males who were antiretroviral ART-naive, and from
whom PBMC samples were collected early after HIV infection. In the
Early HIV cohort, 77% of subjects were within 6 months of the
estimated date of infection (mean, 4.6; median, 4; range 1–11 months).
A second PBMC sample (Chronic HIV cohort) was collected from
most of the subjects in the Early HIV cohort after an interval of
~ 21 months (median 25 months; range 18–34 months). PBMC
collected from laboratory volunteers were used as control samples
(healthy controls or HIV negative; 50% males).
Characteristics of Vα7.2+ T cells in early HIV infection
To understand the response of MAIT cells and their potential to
modulate cell surface CD161 during HIV infection, we ﬁrst analysed
T cells coexpressing Vα7.2 and CD161 in PBMC samples (Figure 1a).
Live, doublet-excluded CD3+ lymphocytes coexpressing Vα7.2 and
CD161 were identiﬁed in the Healthy controls, Early HIV and Chronic
HIV cohorts. This population was further subdivided into three
populations based on CD161 staining intensity: Vα7.2+CD161+
(MAIT cells), Vα7.2+CD161dim and Vα7.2+CD161– (Figure 1a). The
Vα7.2+CD161+ MAIT-cell population was already signiﬁcantly
depleted by ~ 4 months after HIV infection (Figure 1b left panel;
median, 1.1%; range, 0.3–5.5% of T cells) relative to the Healthy
controls (median, 1.8%; range 0.1–4.3% of T cells; P = 0.013). The
degree of depletion was greater in the Chronic HIV cohort (median,
0.9%; range, 0.1–3.0% of T cells; Po0.001). Analysis of the 26
matched samples in the Early HIV and Chronic HIV cohorts revealed
a signiﬁcant further depletion later in HIV infection (P = 0.029
between Early HIV and Chronic HIV cohorts by Wilcoxon-matched
pairs signed-rank test). We observed a progressive decrease in Vα7.2+
CD161+ MAIT cells during HIV infection when expressed as absolute
cells numbers per microliter of blood (Figure 1c, left panel). The
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Vα7.2+CD161dim population was not different between the HIVinfected and uninfected subjects (Figures 1b and c, middle panels).
A previous report showed an increase in a Vα7.2+CD161– T cell
population during chronic HIV infection and suggested that these may
represent MAIT cells that had downregulated CD161.30 Although we
did not observe a signiﬁcant increase in these cells in early HIV
infection, we also found these Vα7.2+CD161– T cells were increased,
as a proportion of T cells, in chronic HIV infection (Figure 1b right
panel). We did not, however, observe a signiﬁcant change in Vα7.2+
CD161– T cells during HIV infection when expressed as absolute cells
per microliter (Figure 1c right panel).
MAIT cell and Vα7.2+CD161– T-cell subset distribution
There is little information on the distribution of subsets of peripheral
Vα7.2+CD161+ MAIT cells during early HIV infection. We
analysed the frequencies of the CD4+, CD8+ and DN subsets
of this population in the three cohorts studied (Figure 2a). We ﬁrst
assessed the proportion of Vα7.2+CD161+ T cells deﬁned by the
carriage of CD4, CD8 or DN for both (Figure 2b). The CD4+ subset
comprised the smallest fraction with a mean frequency of ~ 2.4% of
Vα7.2+CD161+ T cells across all three cohorts. The CD8+ cells
comprised the largest fraction, with median frequencies of 75%,
65% and 65% of Vα7.2+CD161+ T cells in the Healthy controls, Early
HIV and Chronic HIV cohorts, respectively. The DN subset comprised a smaller fraction of Vα7.2+CD161+ T cells, but was substantially larger than the CD4+ subset, with medians of 21%, 29% and
34% in the Healthy controls, Early HIV and Chronic HIV cohorts,
respectively (Figure 2b).
A study of the above subsets within the total T-cell population
revealed several interesting features (Figure 2c). Depletion of the small
CD4+ subset of Vα7.2+CD161+ T cells occurred slowly during HIV
infection. There was no signiﬁcant depletion observed early after HIV
infection (P = 0.585), but mild depletion occurred later (Figure 2c, top
panel). Narrowing the subject cohorts to only the 26 matched samples
of the Early HIV and Chronic HIV cohorts revealed no signiﬁcant
difference when expressed as a % of T cells (P = 0.056, Figure 2d, top
panel), with a similar ﬁnding when expressed as numbers of cells μl–1
(P = 0.059, Supplementary Figure 2b, top panel). A pronounced and
sustained depletion of the percentage of CD8+ Vα7.2+CD161+ T cells
was observed at both the early and chronic time points of HIV
infection relative to the Healthy controls (Figure 2c, centre panel), and
there was no difference between the matched samples from the Early
HIV and Chronic HIV cohorts (P = 0.073; Figure 2d centre panel). A
similar pattern of depletion was observed when expressed as numbers
of CD8+ Vα7.2+CD161+ T cells μl–1 (Supplementary Figure 2a, middle
panel). However, signiﬁcant depletion was observed at the chronic
time point in the matched samples when absolute numbers were
analysed (Supplementary Figure 2b, middle panel). In contrast, the
DN subset of Vα7.2+CD161+ MAIT cells was not signiﬁcantly depleted
early (P = 0.178), but showed signiﬁcant depletion (P = 0.034) later in
HIV infection (Figure 2c, bottom panel), although there was no
difference between the matched samples (P = 0.316; Figure 2d). When
expressed as numbers of DN Vα7.2+CD161+ T cells μl–1
(Supplementary Figures 2a and b, lower panels), depletion occurred
in both the Early HIV and Chronic HIV cohorts relative to the
Healthy controls, although there was no further depletion at the
chronic time point.
Given our observation that total Vα7.2+CD161+ T cells were
depleted, although the frequencies, but not absolute numbers, of
Vα7.2+CD161– T cells were increased in chronic HIV infection
(Figure 1b), we ﬁrst determined if the frequencies of Vα7.2+ cells
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Figure 1 Characteristics of MAIT cells (Vα7.2+CD161+) and Vα7.2+CD161dim/– T cells during HIV infection. (a) Live, double-excluded CD3+ T cells were
further phenotyped as Vα7.2+CD161+ (Vα7.2+CD161bright), Vα7.2+CD161dim or Vα7.2+CD161– within a Healthy control and a matching subject from the
Early and Chronic HIV cohorts. (b) Scatter plots of the frequencies of the above three populations within the Healthy controls (HIV negative; triangles,
n = 27), Early HIV (circles, n = 31) or Chronic HIV (squares, n = 30) cohorts. (c) Absolute numbers of the above three populations were calculated by
multiplying the frequency of each population (in b. above) by the number of lymphocytes present by full blood examination (in the HIV-infected samples) or
by the average lymphocyte count in blood in the controls. Bars represent medians. Kruskal–Wallis with Dunn’s post test was applied to each data set.

among total T cells of the three cohorts were different (Figure 3a).
The overall frequencies and ranges of total Vα7.2+ T cells were not
different between the three cohorts (Figure 3b). We reasoned that the
apparent expansion in the frequencies of the Vα7.2+CD161– population was due to depletion of the CD4+ subset of this population in
HIV-infected subjects, thus distorting the frequency of the pool of
available T cells. Therefore, we analysed the distribution of subsets
within the Vα7.2+CD161– T-cell population expressed as proportions
as well as absolute numbers of T cells. The CD4+ subset of Vα7.2
+CD161– T cells showed signiﬁcant depletion early in HIV infection,
while signiﬁcant expansion was observed in both the CD8+ and DN
subsets of this population (Figure 3c top panels). However, as would
be expected given the effects of HIV infection on CD4+ T cells, when
absolute counts were analysed, only the CD4+ subset of Vα7.2
+CD161– T cells was signiﬁcantly altered during the course of HIV
infection (Figure 3c bottom panels).

MAIT cells are not as highly activated as total T cells
MAIT cells have been reported to be highly activated in chronic
HIV infection.30 We therefore studied the activation status and
frequency of activated MAIT cells (Vα7.2+CD161+ T cells) during
early HIV infection, and in comparison with total T cells and
Vα7.2+CD161– T cells (Figure 4). Enumeration of T cells coexpressing
CD38 and HLA-DR is a better indicator of immune activation
during HIV infection than single expression of either marker.31
Initially, we examined activation of total T cells in each of the
three cohorts (Figure 4a). High levels of activated T cells were
observed in the Early HIV and Chronic HIV cohorts relative to
Healthy controls. Both CD8+ and DN subsets of total T cells
were activated relative to the Healthy controls (data not shown).
The frequencies of activated MAIT cells in the HIV-infected
subjects were higher than in the Healthy controls, but much
lower compared with activated total T cells, at a median of 0.2% for
Immunology and Cell Biology
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each of the Early HIV and Chronic HIV cohorts (Figure 4b). A
delineation of MAIT cell subsets expressing these activation markers
demonstrated a similar degree of activation in the CD8+ and DN

subsets of MAIT cells (data not shown). In contrast, the Vα7.2
T cells displayed high levels of activation, similar to total
T cells (Figure 4c).
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Figure 2 Early depletion of CD8+ and later depletion of CD4–CD8– (double negative or DN) MAIT cells in HIV infection. (a) Representative ﬂow cytometry
plots of the proportions of CD4+, CD8+, double positive (DP or CD4+CD8+) and double negative (DN or CD4–CD8–) subsets within Vα7.2+CD161+ T cells of
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subsets within the Vα7.2+CD161+ T-cell population. (c) The proportion of Vα7.2+CD161+ cells within total CD4+, CD8+ or DN T cells, expressed as a
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data set in (c). Bars represent medians. Kruskal–Wallis with Dunn’s post test was applied to each data set, except where indicated otherwise.
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Figure 3 Expansion of Vα7.2+CD161– T cells early in HIV infection. (a) Gating strategy to phenotype CD3+ T cells expressing total Vα7.2 in a Healthy control
and a matching subject from the Early and Chronic HIV cohorts. (b) Scatter plots of total Vα7.2+ T cells in the Healthy controls, Early HIV or Chronic HIV
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panels) or the absolute counts of Vα7.2+CD161– T cells among each subset (bottom panels). Bars represent medians. Kruskal–Wallis with Dunn’s post test
was applied to each data set.

MAIT cell frequencies and HIV disease progression
MAIT cells respond to some bacteria/yeasts rather than viral products;
however, they may be depleted during HIV infection.11 We investigated whether depletion of Vα7.2+CD161+ MAIT cells early in
infection correlated with plasma viraemia, blood CD4 T cell counts
or T-cell activation (Supplementary Figure 3).
Total MAIT cell frequencies in the Early HIV cohort tended to
correlate inversely with early plasma viral load (Supplementary Figure
3a; r = − 0.305, P = 0.095). When the same correlations were done
with the CD8+ or DN subsets of MAIT cells, we found no signiﬁcant
correlation with either subset (Supplementary Figures 3b and 4c).
Early MAIT cell frequencies were not predictive of chronic plasma
viral load (Supplementary Figure 3d; r = − 0.104, P = 0.612). Analyses
of MAIT cell frequencies of the Early HIV cohort and early CD4+
T-cell counts or early activation levels of total T cells demonstrated no
signiﬁcant relationship (Supplementary Figures 3e and f). Similarly,
early MAIT cell frequencies were not predictive of chronic CD4+

T-cell counts or chronic T-cell activation levels (Supplementary
Figures 3g and h). This concurs with previous studies where no
correlation between HIV viraemia and peripheral MAIT cell levels was
observed.21,22,30
MR1-tetramers do not bind to Vα7.2+CD161– T cells
The depletion of Vα7.2+CD161+ T cells and expansion in the
frequency of Vα7.2+CD161– T cells raised the possibility that CD161
was simply being downregulated on MAIT cells as proposed in a
recent study.30 During the course of our studies, an MR1-tetramer
reagent16 became available to identify MAIT cells based upon their
TCR speciﬁcity. This reagent was used to directly investigate whether
the Vα7.2+CD161– T cells were MAIT cells. We stained a subset of 10
frozen PBMC samples from the Chronic HIV cohort and the Healthy
controls simultaneously with Vα7.2, CD161 and the MR1-tetramer
loaded with the MAIT cell antigen 5-(2-oxopropylideneamino)-6-Dribitylaminouracil (MR1:5-OP-RU) or the control MR1 tetramer
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Figure 4 MAIT cells are activated in HIV infection, but less activated compared with conventional T cells. (a) Representative density plots from a healthy
control and an Early HIV subject. Coexpression of the activation markers CD38 and HLA-DR on total T cells (b), total MAIT cells (c), and Vα7.2+CD161–
T cells (d). Bars represent medians. Kruskal–Wallis with Dunn’s post test was applied to each data set.
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loaded with the MAIT non-activating antigen 6-FP (MR1:6-FP;
Figure 5a). The MR1:5-OP-RU tetramer for MAIT cells was highly
speciﬁc for CD161+ T cells and did not bind CD161– T cells in either
HIV+ subjects (Figure 5b; median, ~ 0.083% of T cells) or Healthy
controls (not shown; median, 0.052% of T cells). An MR1tet+ low

staining population that is not evident in the MR1:6-FPtet plot was
found to be negative for Vα7.2, indicating this population is not
MAIT cells (Figure 5c). An average of over 95% of Vα7.2+CD161+
T cells were MR1:5-OP-RU tetramer+ in both Healthy controls and
the Chronic HIV cohorts (Figure 5d). MR1:5-OP-RU tetramer+
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Figure 5 Vα7.2+CD161– T cells do not bind MR1 tetramers. (a) Representative density plots of lymphocytes from one subject in the Chronic HIV cohort
positive for CD3 and MR1 tetramers loaded with 5-(2-oxopropylideneamino)-6-D-ribitylaminouracil (MR1:5-OP-RU) or 6-formyl pterin (MR1:6-FP).
(b) Expression of T cells positive for MR1:6-FP tetramer or MR1:5-OP-RU tetramer, Vα7.2 and CD161 was determined. (c) There is negligible background
staining of T cells with MR1:6-FP tetramer as evidenced by Vα7.2 binding. (d) The majority of Vα7.2+CD161+ T cells are MAIT (MR1:5-OP-RUtet+CD161+)
cells. (e) Depletion of MR1:5-OP-RUtet+ MAIT cells in the Chronic HIV cohort. (f) Nonsigniﬁcant depletion of CD4+ MAIT cells in the Chronic HIV cohort
relative to controls. A Mann–Whitney test was used in (e) and (f).
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MAIT cells of the HIV+ subjects are signiﬁcantly depleted compared
with those of healthy controls (P = 0.009; Figure 5e).
We found that only ~ 30% of CD4+Vα7.2+CD161+ T cells were
positive for the MR1:5-OP-RU tetramers (medians of 31% and 28%;
range, 10–78% and 4–66%, respectively, of the Healthy controls and
Chronic HIV cohorts). In agreement with a previous report,28 only
~ 1% of all MR1:5-OP-RU tetramer binding MAIT cells were CD4+
(range, 0.3–2.8% in Healthy controls and 0.2–1.7% in Chronic HIV).
Interestingly, analysis of the frequencies of the CD4+ MR1:5-OP-RU
tetramer+ MAIT cell subset within total T cells revealed no signiﬁcant
depletion in the Chronic HIV cohort relative to the Healthy controls
(P = 0.089 by Mann–Whitney Rank Sum U test; Figure 5f). This
suggests that the depletion of CD4+Vα7.2+CD161+ T cells observed in

Healthy control

the Chronic HIV cohort (Figure 2c top panel) is driven mainly by
non-MAIT cells.
MAIT cells have reduced CCR6 expression in HIV infection
A characteristic of MAIT cells is their homing to the gut via
chemokine receptors such as CCR6.19,21 We therefore analysed
MR1:5-OP-RU tetramer+ MAIT cells for their expression of CCR6.
CCR6 expression level was reduced on MAIT cells in PBMC samples
from subjects with chronic HIV infection compared with the healthy
controls (Figures 6a and b). This reduction in CCR6 expression on
MAIT cells was reﬂected both in the proportion of MAIT cells
expressing CCR6 and the mean ﬂuorescent intensity of CCR6
expression (Figure 6b). In contrast, the Vα7.2+CD161– non-MAIT
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Figure 6 MAIT cells are deﬁcient in CCR6 expression in chronic HIV infection. (a) Representative density plots of CCR6 expression within MR1:5-OP-RU
tet+CD161+ MAIT cells and Vα7.2+CD161– non-MAIT cells in a Healthy control and a Chronic HIV subject. (b) CCR6 expression among MR1:5-OP-RUtet+
CD161+ MAIT cells in Healthy controls and Chronic HIV subjects, expressed as percentages or mean ﬂuorescent intensities (MFI). (c) CCR6 expression
among Vα7.2+CD161– non-MAIT cells in Healthy controls and Chronic HIV subjects, expressed as percentages or MFI. Bars represent medians. A Mann–
Whitney test was applied to each data set.
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population were nearly all CCR6– and were unchanged in the chronic
HIV setting (Figures 6a and c).
MAIT cells from HIV-infected subjects have normal function
MAIT cell function against Escherichia coli has been reported to be
impaired in subjects with chronic HIV infection compared with
healthy controls.30 The availability of the MAIT cell ligand, synthetic
rRL-6-CH2OH (or 6-HM for simplicity) as well as the MAIT

non-activating ligand 6-formyl pterin (6-FP)28,32 allowed us to study
functional responses to these synthetic ligands. Activation-induced
TCR downregulation has previously been described for innate
lymphocytes such as NKT cells.33–35 To circumvent the apparent loss
of MAIT cells due to TCR downregulation, we gated on total
lymphocytes positive for MR1:5-OP-RU tetramer and expressing high
levels of CD161 (Figure 7a). MAIT cells were then further phenotyped
for intracellular expression of IFNγ or TNF (Figure 7b). Expression of
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Figure 7 MAIT cells are fully functional in chronic HIV infection. (a) MAIT cells were identiﬁed as lymphocytes double positive for MR1:5-OP-RU tetramer
and CD161. (b) Gating of 6-HM-activated MAIT cells expressing IFNγ or TNF. (c) Intracellular IFNγ or TNF expression from MAIT cells in the Healthy control
or Chronic HIV cohort. Values are background subtracted from 6-FP-stimulated samples. (d) Ratio of CD69 expression in 6-HM/6-FP stimulated samples
among the MR1:5-OP-RUtet+CD161+(high) lymphocytes. Bars represent medians. A Mann–Whitney analysis was applied to each data set.
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cytokines from MAIT cells of HIV chronically infected subjects was no
different to that of healthy controls (Figure 7c). Further, HIV-infected
subjects upregulated the activation marker CD69 to a similar degree as
healthy controls (Figure 7d). Although CD69 upregulation in the two
cohorts was comparable, we observed that cytokine expressing
MAIT cells (MR1:5-OP-RUtet+ lymphocytes) of the healthy controls
downregulated CD161 (CD161dim) more readily (Supplementary
Figures 4a and b top and bottom panels). MR1:5-OP-RUtet
+CD161– lymphocytes expressed negligible amounts of either cytokine
(data not shown).
As MAIT cells are CD3+, the conventional method of identifying
MAIT cells is to gate on CD3+ lymphocytes followed by further gating
on MR1:5-OP-RUtet+ CD161+ T cells (Supplementary Figure 4c). We
found that such a gating strategy resulted in signiﬁcantly lower IFNγ
or TNF expression (P = 0.011 and P = 0.041, respectively) in the
Chronic HIV cohort compared with the Healthy controls cohort
(Supplementary Figure 4d(i)). However, analyses of MAIT cell
numbers revealed no signiﬁcant difference in cytokine expression
(Supplementary Figure 4d(ii)). When cytokine expression from
MR1:5-OP-RUtet+CD161+ lymphocytes (Figure 7b) was back-gated
onto total lymphocytes we observed that the CD3– lymphocyte
population expressed the greatest amount of cytokines, consistent
with activation-induced CD3 downregulation of the MAIT cells
(Supplementary Figure 4e).
DISCUSSION
MAIT cells are innate T cells that utilise a semi-invariant T-cell
receptor to recognise riboﬂavin metabolites derived from many
different bacteria and yeasts.15,36 The response of MAIT cells to viral
infections such as HIV is currently unclear.21,22,30 We found blood
MAIT cells were depleted early after infection, and this impacted on
both the CD8+ and DN MAIT cell subsets. We observed a
concomitant expansion in the frequency, but not the absolute
numbers, of a Vα7.2+CD161– T-cell population that was previously
proposed to represent MAIT cells that may have downregulated
CD161.30 In addition, using a MAIT-cell-speciﬁc tetramer, we found
that this Vα7.2+CD161– population did not contain MAIT cells.
Further, in contrast with a previous report,30 we report that
MAIT cells in chronic HIV-infected patients only moderately upregulated activation markers compared with other T cells and were fully
capable of producing cytokines.
The massive depletion of CD4+ T lymphocytes in the gut and the
subsequent disruption of the gastrointestinal mucosal barrier enables
microbial pathogens and their products to enter the blood of HIV/
SIV-infected subjects.6–8 MAIT cells express gut-homing markers and
are thought to migrate to the gut during HIV infection, resulting in
their apparent loss from the periphery during HIV infection.21
MAIT cells upregulate activation markers such as CD69 and CD25,
and expand in response to bacterial infection in vitro.11,21 It was
therefore unexpected that our data showed lower levels of activated
peripheral MAIT cells compared with other T cells, considering the
microbial translocation occurring in HIV infection.6–8 Future studies
could correlate markers of microbial translociation with MAIT-cell
activation and loss. Highly activated MAIT cells may migrate to
mucosal sites and undergo apoptosis, although we also found a loss of
the tissue-homing marker CCR6 in chronic HIV infection. A previous
study found MAIT cells in the rectal mucosal biopsies of chronically
HIV-infected subjects30 and that frequencies of CD8+ and DN Vα7.2+
CD161+ T cells, were similar between HIV-infected and -uninfected
subjects, suggesting either a de novo preservation of mucosal
MAIT cells or an inﬂux of these cells from peripheral blood. In
Immunology and Cell Biology

support of the latter notion, MAIT cells appear to migrate from the
blood of subjects with bacterial infections, such as tuberculosis, and
accumulate at the sites of infections.11,12 A recent report shows
MAIT cells are reduced in the colon of subjects with chronic HIV
infection, which were restored after antiretroviral therapy.37 Thus, the
mechanism of MAIT-cell depletion from peripheral blood in HIV
infection is currently unclear. An advantage of our study over earlier
reports is that we studied longitudinal samples from a median of
~ 4 months (early) to ~ 2 years (chronic) after seroconversion,
whereas previous studies were cross-sectional in nature.
We speculate that the early loss of gut integrity, translocation of
microbial products into the bloodstream during early HIV infection
results in increased activation induced cell death of MAIT cells in the
periphery and that this progressively worsens over time. Thus, the level
of depletion in our cohort of chronic HIV individuals at ~ 2 years was
not as severe as that reported in the study from Leeansyah et al.30 at
~ 6–8 years post infection . This, combined with increased migration
of MAIT cells from the blood to the gut, would result in depletion of
peripheral blood MAIT cells as observed in this and previous
studies.21,22,30
An important difference between our study and the previous
report30 is that our subjects were followed without antiretroviral
therapy for a median of over 2 years and we did not ﬁnd functional
impairment of MAIT cells in response to activation. We utilised a
speciﬁc ligand in conjunction with identifying MAIT cells using the
brightly staining MR1 tetramer reagent. Leeansyah et al.30 demonstrated signiﬁcant MAIT-cell functional impairment in therapy-naive
subjects infected with HIV for ~ 6–8 years using a whole-bacterial
stimulation assay, identifying MAIT cells as Vα7.2+CD161+ T cells.30
This may suggest that MAIT cells become functionally impaired later
in HIV infection (that is, between 2 and 6–8 years). However, we
found that downregulation of surface CD3/TCR markers on
MAIT cells upon stimulation in vitro can make it difﬁcult to accurately
identify MAIT cells in these assays.
In conclusion, we found that peripheral blood MAIT cells were
depleted early in HIV infection, but that remaining cells retain functional
cytokine expression in response to activation. Furthermore, the Vα7.2+
CD161– T cells that accumulate following infection do not appear to be
MAIT cells as deﬁned by MR1-tetramer staining. The depletion of
antimicrobial MAIT cells at an early stage following HIV infection has
important implications for the immunopathogenesis of this disease.
METHODS
Study subjects
The HIV-infected PBMC samples analysed were collected from antiretroviral
therapy-naive subjects in the Core01/Phaedra cohort recruited from Australia.
Brieﬂy, PBMC samples were collected from 37 HIV-infected subjects, donors of
whom 77% were within 6 months of seroconversion (mean, 4.6; median, 4;
range, 1–11 months; Early HIV cohort). The time from infection was
interpolated as either midpoint between a negative and positive enzymelinked immunosorbent assay, or 3 month prior to a positive detuned enzymelinked immunosorbent assay. A second PBMC sample was collected from most
of the same donors after an interval of ~ 21 months (median 25; range, 18–
34 months; Chronic HIV cohort). Some PBMC samples from each cohort were
non-viable following thawing and a small number of samples were excluded
from each cohort prior to data analyses (Supplementary Figure 1). Final
numbers of subjects in each cohort were as follows: n = 31 subjects in the Early
HIV cohort, n = 30 subjects in the Chronic HIV cohort (with 26 subjects
matched to the Early HIV cohort), and n = 27 subjects in the Healthy controls
(HIV negative) cohort recruited from laboratory volunteers (Supplementary
Figure 1). Ethics approval was obtained from the relevant institutional
committee of St Vincent’s Hospital, Sydney or the University of Melbourne.
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Phenotyping of lymphocyte populations
PBMC were phenotyped with the following panel of markers: Live-dead-Aqua
(Life Technologies, Grand Island, NY, USA), CD3-Paciﬁc Blue clone SP34-2
(BD Biosciences, San Diego, CA, USA), CD8-APC-H7 clone SK1 (BD
Biosciences), CD161-APC clone HP-3G10 (BioLegend, San Diego, CA, USA),
Vα7.2-FITC clone 3C10 (BioLegend) CD4-qdot 605 clone T4/19Thy5D7 (NIH
nonhuman primate reagent resource), CD38-Alexa Fluor 700 clone HIT2
(BioLegend), HLA-DR-PE-CF594 clone G46-6 (BD Biosciences) for 30 min,
followed by washing with ﬂuorescence-activated cell sorting wash buffer (0.5%
w/v bovine serum albumin, 2 mM ethylene diamine tetraacetic acid in
phosphate-buffered saline) and ﬁxation with formaldehyde (1% v/v) prior to
ﬂow cytometry analysis.
When the second generation MR1tetramers16 became available during this
study, a second sample from 10 subjects in the Chronic HIV cohort
was phenotyped with MR1-PE tetramers loaded with either 5-(2-oxopropylideneamino)-6-D-ribitylaminouracil (5-OP-RU) (the MAIT activating ligand)
or 6-formyl pterin (6-FP, MAIT non-activating ligand) in conjunction with
Live-dead-Aqua, CD3, CD8, CD161, CD4, CD38, HLA-DR and Vα7.2 as above
and CCR6-PE-Cy7 clone 11A9 (BD Biosciences) for 30 min on ice followed by
washing and ﬁxation as above.

Activation of PBMC
PBMC (4 × 105) were incubated with C1R cells expressing MR1 (2 × 105) as
previously described,13 and stimulated with 0.0152 μM reduced synthetic
6-hydroxymethyl-8-D-ribityllumazine (rRL-6-CH2OH or 6-HM; activating
ligand) or 0.0152 μM 6-FP (non-stimulatory ligand) for 12 h, 37 °C. Brefeldin
A (5μg ml–1) was added 1 h post activation. Prior to permeabilisation, PBMC
were stained with Live-dead-Aqua, MR1-PE tetramers loaded with 5-OP-RU,
CD3, CD8, CD161 and CD4 as above and ﬁxed. Cells were permeabilised with
ﬂuorescence-activated cell sorting PERM (BD Biosciences) and intracellularly
stained with IFNγ-Alexa Fluor 700 clone B27 (BD Biosciences), TNF-PE-Cy7
clone MAb11 (BD Biosciences) and CD69-PerCP clone L78 (BD Biosciences).

Flow cytometry
Polychromatic ﬂow cytometry analysis was performed on an 18-parameter
LSR-Fortessa instrument (BD Biosciences) and analysed with FlowJo version
9.6 (Tree Star, Ashland, OR, USA). The large number of samples were
phenotyped and analysed by ﬂow cytometry in batches on different days. The
position of the majority of CD4+ Vα7.2+CD161+ MAIT cells of each sample
was used to guide placement of the gates. Absolute numbers of MAIT cells and
subsets in the blood of the HIV-infected subjects were calculated by multiplying
the % of MAIT cells within the lymphocyte gate by the number of lymphocytes
present in the same blood sample through a diagnostic full blood examination.
As there was no full blood examination on the same sample of the control HIVnegative healthy donors, the average number of lymphocytes in blood on the
basis of standard reference ranges (2750 μl–1) was used to calculate the
approximate number of MAIT cells and MAIT subsets.

Statistical analyses
Graphs were created using Prism GraphPad Version 6 (La Jolla, CA, USA).
Statistical analyses were done with SPSS Statistics Version 20 (IBM, Armonk,
NY, USA) and described in each ﬁgure legend.
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