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Abstract

Mucosal-associated invariant T (MAIT) cells are characterized by the combined expression of the semi-invariant T cell
receptor (TCR) Va7.2, the lectin receptor CD161, as well as IL-18R, and play an important role in antibacterial host defense of
the gut. The current study characterized CD161" MAIT and CD161 TCRVa7.2* T cell subsets within a large cohort of HIV
patients with emphasis on patients with slow disease progression and elite controllers. Mononuclear cells from blood and
lymph node samples as well as plasma from 63 patients and 26 healthy donors were analyzed by multicolor flow cytometry
and ELISA for IL-18, sCD14 and sCD163. Additionally, MAIT cells were analyzed after in vitro stimulation with different
cytokines and/or fixed E.coli. Reduced numbers of CD161" MAIT cells during HIV infection were detectable in the blood and
lymph nodes of all patient groups, including elite controllers. CD161" MAIT cell numbers did not recover even after
successful antiretroviral treatment. The loss of CD161* MAIT cells was correlated with higher levels of MAIT cell activation; an
increased frequency of the CD161 TCRVa7.2°T cell subset in HIV infection was observed. In vitro stimulation of MAIT cells
with IL-18 and IL-12, IL-7 and fixed E.coli also resulted in a rapid and additive reduction of the MAIT cell frequency defined by
CD161, IL-18R and CCRé6. In summary, the irreversible reduction of the CD161" MAIT cell subset seems to be an early event
in HIV infection that is independent of later stages of the disease. This loss appears to be at least partially due to the
distinctive vulnerability of MAIT cells to the pronounced stimulation by microbial products and cytokines during HIV-
infection.
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Introduction invariant T (MAIT) cells, can be identified by the surface
expression of CD161 and the invariant TCRVa7.2 segment [1].
In general, MAIT cell responses are restricted by the conserved
Immune activation, immune dysregulation, high T cell turnover MHC-related-molecule-1 (MR1) that presents riboflavin precur-
and a gradual decline of CD4" T cells through infection and sors derived from bacteria and yeasts predominantly in the gut

bystander activation induced apoptotic death [1]. The transloca- [3]. The MAIT cell defining surface marker CD161 is a C-type
tion of microbial products from the gastrointestinal (GI) tract to

portal and systemic circulation has been proposed as a major

Chronic untreated HIV infection is characterized by general

lectin-like membrane receptor that can bind its ligand, the
lectin-like transcript 1 (LLT1), with yet unclear function [4,5].
MAIT cells exhibit a tissue-targeting memory phenotype and
express high levels of cytokine receptors for IL-18, IL-12 and

A recently described T cell subset with limited receptor diversity IL-23 [4,6-8]. Moreover, MAIT cells exhibit specific effector
and high abundance in mucosal tissues has been shown to recognize activities such as TNF-o, IFN-y, IL-17 production as well as

microbial products. These cells, termed mucosal-associated

driver of the generalized chronic immune activation that is
associated with HIV disease progression [2].

granzyme B secretion [4,6,7].
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Figure 1. CD161"TCRV07.2* MAIT cells are severely reduced in the blood of HIV-infected patients. A) Gating Strategy for CD161 and
TCRVa7.2 based MAIT cell characterization in the CD4 CD3*T cell subset. All FACS analyses were performed on frozen PBMC samples. Depicted are
representative plots from healthy control PBMCs (upper panel). Gating of the MAIT cell subsets comparing a healthy donor (HC) and an HIV patient
(lower panel). B) Cumulative display of CD161"TCRVa7.2" MAIT cell frequencies, CD161 TCRVa7.2* and total TCRVa7.2* cells in % of CD3™ T cells
comparing PBMC samples derived from healthy controls (HC n=20), untreated patients with high viral loads (high VL n=20), patients receiving
antiretroviral treatment for a at least one year (ART n=12), elite controller (EC n=10) and patients with very low viremia and slow progression (<
5000 copies/ml; LTNP n=12). C) Absolute MAIT cell counts, CD161 TCRVa7.2* and total TCRVa7.2" cells per ul peripheral blood, calculated based on
absolute CD3" T cell counts (available for 12 HC, 11 high VL, 6 ART, 8 EC and 6 LTNP). All groups were tested for normal distribution with the
Kolmogorov-Smirnov test and were compared by the adequate test, ANOVA followed by Tukey's multiple comparisons test or Kruskal-Wallis followed
by multiple comparison test, respectively. P-values smaller than 0.05 were considered significant, where *, ** and *** indicate p-values between 0.01
to 0.05, 0.001 to 0.01 and 0.0001 to 0.001, respectively. Bars and lines indicate median, 25% and 75% quartiles. D) Representative FACS plots and the
percentages of cells that produce the cytokines IL-17 and INF-y upon stimulation with PMA/ionomycin among MAIT cells and CD161 TCRVa7.2" cells
are shown. PBMC samples derived from healthy donors (n=22) and HIV-infected patients (ART treated and untreated with high viral loads, n=10)

were analyzed. Asterisks indicate the results of Wilcoxon matched-pairs signed-rank tests.

doi:10.1371/journal.pone.0111323.g001

Recent reports describe a significant loss of CD1617 MAIT cells
from the circulation of HIV- infected patients [9-12]. It is thought
that the decrease of these cells not only weakens the defense
against bacterial pathogens like Escherichia coli, Candida albicans
and Mycobacterium tuberculosis (MTB) [1-4], but could also
further enhance the intestinal translocation of microbial products,
which is related to the chronic activation and exhaustion of the
immune system associated with HIV-infection [2,6,9,11,12].
However, the timing, kinetics and mechanisms behind the
reduction of peripheral CD161" MAIT cells in patients with
HIV-infection and different disease course has not been fully
elucidated. On the one hand, activation induced cell death and
accumulation in tissues could explain the severe reduction of
MAIT cells. On the other hand a change of phenotype in terms of
down-regulation of marker molecules such as CD161 following
activation and exhaustion have been suggested as alternative
explanation [5—7]. Limited data on the tissue distribution of
MAIT cells are available so far, especially with regard to
secondary lymphoid tissues. Furthermore, there are extant
questions about the early kinetics of MAIT cells during acute
infection, and whether patients who exhibit natural control of HIV
have spared MAIT cells [8] [11]. In particular, the loss and
exhaustion of MAIT cells could have important implications for
the mucosal defense against bacterial pathogens in the gut of HIV-
infected patients. Latest studies contradict earlier assumptions [9]
and show that HIV elite controllers (EC) show activated innate
immune responses in comparison to healthy controls despite
controlling plasma HIV viremia [13-15]; therefore, these results
are consistent with an impaired mucosal barrier.

In the current study, MAIT cells, defined as CD161" TCR
Va7.2" CD4 T cells as well as CD161 TCR Va7.2" CD4 ™ T cells
are characterized ex vivo and after in vitro stimulation in a large
cohort of HIV patients with emphasis on patients with slow disease
progression and elite controllers (EC). This study aimed to gain
further insight into the kinetics as well as possible mechanisms of
MAIT cell decline during HIV-infection including the important
compartment of lymphoid tissue.

Results

CD161* MAIT cells are severely reduced in the blood and
lymph nodes of HIV-infected patients independently of
their disease status

The aim of this study was to comprehensively analyze MAIT
cell subsets in the peripheral blood as well as in the lymph node
compartment of a large cohort of patients with different HIV
disease status.

We first determined the frequency of CD1617 MAIT cells in the
peripheral blood in a cohort of healthy, HIV-negative donors
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(Fig. 1). The vast majority of the CD3"CD161"TCRVa7.2"
MAIT cell population (>90%) either expresses CD8otot or CD80lf3,
whereas a smaller subset (<10%) is CD8 CD4 and only a
negligible fraction of these cells expresses the CD4 molecule [10].
For simplicity and for better comparability with previous studies
we defined MAIT cells as CD161"TCRVa7.2"CD4 CD3* T cell
population. This gating strategy allowed us to exclude the effect of
general CD4" T cell depletion from the analysis. Our gating
strategy is depicted in Fig. 1A. Healthy controls displayed a broad
range of MAIT cell frequencies, quantified in two ways: i) as
percentage of CD3" T cells (median =2.1%, IQR =1.12-3.06%)
and ii) as percentage of CD4 T cells (mean =8.12%, IQR =5.6—
12.25%; data not shown) (Fig. 1B). This was reflected in a pattern
of similar variation of the absolute number of CD161" MAIT cells
per pl of blood (Fig. 1C) and thus is not merely a consequence of
varying parent population sizes. Our results are consistent with
previous results from studies that determined MAIT cell frequen-
cies in healthy subjects [5,11,12].

In accordance with previous studies [5-7,13] we observed a
severe reduction of the peripheral CD161" MAIT cell subset of
untreated and treated HIV-infected patients (median HC =2.1%,
IOR=1.12-3.06% vs. median high VL=0.52%, IQR =0.22—
1.06% and median ART=0.42%, IQR =0.22-1.1%, ANOVA
followed by Tukey’s multiple comparison test: p<<0.001 and p<
0.01, respectively) (Fig. 1B, C).

Importantly, we extended the results of the aforementioned
studies by characterizing the frequency and function of MAIT cells
in a group of elite controllers (n=10) and long-term nonpro-
gressors (n=12) (Table 1) to answer the question whether
spontaneous viral control or slower disease progression are
associated with the preservation of peripheral MAIT cells.
Throughout this study LTNPs were defined as: HIV Patients
with low viremia (<5000 copies/ml) that maintain a favourable
course of infection (CD4 counts>350 cells/pl) over 5 years in the
absence of therapy.

Interestingly, we observed a reduction of the CD161" MAIT
cell subset in both groups of patients (LTNP as well as EC)
compared to healthy controls (median HC =2.1%, IQR =1.12—
3.06% vs. median EC =0.62%, IQR =0.21-1.37% and median
LTNP=0.61, IQR=0.14-2.0%) (Fig. 1B). This reduction was
slightly less pronounced in EC and not statistically significant for
LTNP (ANOVA followed by Tukey’s multiple comparison test:
p<0.05 for EC).

In previously published studies, it has been hypothesized that
the disappearance of MAIT cells from the peripheral blood in
chronic HIV infection might be best explained by a combination
of activation induced cell death and/or homing of MAIT cells to
different tissues and the gut [7]. Thus, in order to advance the
understanding of possible tissue redistributions of MAIT cells in
the course of the HIV infection, we extended our analysis by
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inclusion of lymph nodal MAIT cells. As natural killer T cells
MAIT cells might have an important role in B cell help [14-16].
Previously, high expression of CCR6 and low expression of CCR7
have been observed on MAIT cells, indicating that these cells are
mainly tissue circulating T' cells [17].

We also found that lymph node samples of healthy controls and
HIV patients (Table 2) generally showed a significantly lower
frequency of MAIT cells compared to PBMC of unpaired
samples of the same groups (p<<0.0l in HC and p<<0.0001 in
HIV patients, Mann-Whitney tests), while the frequencies of
CD161 TCRVa7.2" T cells were not significantly different
between the two compartments (Fig. 2A, B). However, analogous
to the results obtained for the peripheral blood we observed a
further reduction of the lymph nodal CD161% MAIT cell
frequency in HIV-infected patients to a significantly lower median
of 0.06% (IQR =0.04-0.2%, p=10.03) in comparison to healthy
controls (Fig. 2). A similar reduction of the CD1617 MAIT
frequency was detectable in all LNMC samples of HIV-infected
patients regardless of their treatment status (LNMC from 5
untreated and 6 ART-treated patients were included in our
analysis). However, it has to be noted that our analysis was limited
by the fact that no paired blood - lymph node samples from the
same donors were available.

The frequency of the CD161 CD4 ™ T cell subset that expressed
TCRVa7.2" but no other MAIT cell-defining markers (e.g.
CD161, hence termed: CD161 TCRVa7.2" subset), was in-
creased in viremic HIV patients, patients receiving ART and in
LTNP (median HC =0.62%, IQR =0.44-0.83% vs. median high
VL=1.9%, IOR =1.0-3.4%, median ART =1.72%,
IOR=1.46-2.65% and median LTNP=1.14% IQR=0.31-
4.6%; Kruskal-Wallis test followed by Dunn’s multiple compar-
1sons test: p<0.0001, p<<0.01 and p<<0.0001, respectively) (Fig. 1B
middle panel). In the resting state this cell population consists most
likely of regular T cells using this Vo chain but their increase in
HIV-infected patients might reflect an activation-induced down-
regulation of CD161 on the MAIT cell population [13], which was
supported by the stable frequency of TCRVa7.2" T cells within
the CD3" T cell pool (Fig. 1B, right panel). However, only few
untreated highly viremic patients showed very high levels of
CD161 TCRVa7.2°CD4 T cells. A closer analysis revealed that
five of these patients were recently diagnosed as HIV positive and
at least three of these patients had a documented primary infection
with definite seroconversion (<1 month) (Fig. S1A). For these
patients, we used the time since HIV diagnosis as a crude measure
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Table 1. Cohort (PBMC samples).

Healthy high VL ART EC LTNP
number of donors 20 21 12 10 12
% female 533 294 36.4 57.1 40
age [years] 39.2(¥11.2) 39.9(£11.7) 48.9(*16) 46(£11.6) 43.92(*+15.3)
time since first diagnosis - 51.2(=71.6) 101.2(*+58.5) 150.5(*+69.9) 106.8(+67.1)
[month]
viral load [copies/ml] = 1580000(=3080000) 10 of 12: below detection below detection limit  986.1 (=1655)

limit; 2 of 12: <200

CD4 [c/pl] 798.2(+£308.8) 243.6(*289.1) 627.5(*+363.1) 780.7(+284.7) 591.8(£176.8)
CD8 [c/pul] 439(£154.1) 951.4(*£980.8) 844.3(*+266.7) 686.4(*305.9) 1217(%=480.9)
CD3 [c/pl] 1323(*£418.8) 1594(*+1471) 1475(*536.2) 1487(*588.1) 2140(£722.5)
lymphocytes [c/pl] 1785(+527.7) 1613(*1325) 1997(+627.5) 2014(%712.5) 2386(+770)
Shown are means and standard deviation.
doi:10.1371/journal.pone.0111323.t001

for the time of infection (Fig. SIB) as previously described [6].
Therefore, it is intriguing to speculate whether this expansion of
the CD161 TCRVa7.2°CD4 T cell subset might be an effect of
CD161 down-regulation on former CD161" MAIT cells, taking
place during early stages of infection. While in general, there was a
great variation between individual subjects in the frequency of
MAIT cells and CD161" cells in healthy donors as well as in HIV
patients, in HIV patients the MAIT/CD161 TCRVa7.2" cell
ratio was shifted towards the (expanded) CD161 TCRVa7.2*
portion (Fig. S1). Of note, in lymph nodes we detected a similar
shift of this CD161" MAIT/CD161 TCRVa7.2" cell ratio in
HIV-infected patients (Fig. 2).

Functional characterization of CD161" MAIT cells versus
CD161 TCRVa7.2" cells

MAIT cells are believed to operate by secreting effector
cytokines such as TNF-o, IFN-y as well as IL-17 and IL-22 [1].
In order to assess possible functional impairments of MAIT cells in
HIV-infection, we next wanted to explore, whether CD161*
MAIT cells and CD161 TCRVa7.2°CD4 T cells of HIV-
infected patients differ in their cytokine secretion profile after
unspecific stimulation. Thus, we carried out intracellular cytokine
staining assays with PMA/ionomycin-stimulated PBMCs of both
groups. Upon PMA/ionomycin-stimulation CD161" MAIT cells
produced slightly more IL-17 (p<<0.001 and <0.01, for HC and
HIV patients respectively) and IFN-y (p<<0.001 for HC, no
significant difference in HIV patients) as compared to their
CD161 TCRVa7.2" counterparts (Fig. 1D). This finding is in line
with previous results [8] and suggests that both T cell subsets are
functionally different, and that CD161 TCRVa7.2" cells are less
capable to fulfill Tcl7 functionality than CD161% MAIT cells in
HIV-infected patients.

Frequencies of activated CD161" MAIT cells and
CD1617TCRVa7.2" cells are elevated in the blood of
highly viremic HIV patients

In accordance with previous reports [18,19] we observed
elevated levels of the soluble activation marker sCD163, a
monocyte- and macrophage-specific scavenger receptor, shed
during activation, in the plasma of untreated patients (Fig. 3A). A
similar trend was observed for levels of sCD14, a marker of
monocyte response to LPS [20]. However, this trend did not reach
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viral load [copies/ml] -

Healthy HIV+(high VL and ART)
number of donors 6 1
age [years] 55 (*£16) 44 (x£15)

42516 (+58152)

Shown are means and standard deviation.
doi:10.1371/journal.pone.0111323.t002

statistical significance and was not directly correlated to MAIT cell
frequencies (Fig. 3A and data not shown).

In addition to the expression of CD161, MAIT cells are defined
by the expression of IL-18R [1]. Therefore, we hypothesized that
circulating IL-18 in HIV-infected patients might lead to down-
regulation of this receptor as well as to a strong stimulation of these
cells. Indeed, IL-18, which is produced by macrophages, dendritic
cells and enterocytes, was slightly elevated - though not statistically

A

significant - in the plasma of untreated HIV patients of our cohort
when measured in a standard ELISA assay (median high
VL =683.4 pg/ml, IQR =445.4-1087 pg/ml vs. median HC =
523.4 pg/ml, IQR =134.2-631 pg/ml) (Fig. 3A). Our results are
in line with previous studies that showed that IL-18 is elevated
during primary and chronic HIV-infection [21,22].

We next tested the hypothesis whether potent activation of the
CD161" MAIT cell subset could indeed be a possible driving force
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Figure 2. The frequency of CD161" MAIT cells is severely reduced in lymph nodes of HIV-infected patients. A) Gating strategy for the
characterization of MAIT cells and CD161TCRVa7.2" cells within the CD4™ T cell subset of lymph node mononuclear cells (LNMC). Representative
FACS plots for LNMC from a healthy control and an HIV-infected patient are shown. B) Frequencies of CD161* MAIT cells and CD161 TCRVa7.2" cells
as percentages among CD3" lymphocytes for LNMC samples derived from healthy controls (healthy, n=6) and HIV-infected patients (HIV, n=11).
Bars and lines indicate median and interquartile range. Dotted lines indicate the frequencies in the PBMC compartment of unmatched but similar
groups for comparison. P-values are results of unpaired Mann-Whitney tests.

doi:10.1371/journal.pone.0111323.g002
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Figure 3. Frequencies of activated CD161" and CD161~ TCR Va7.2" cells are elevated in the blood of highly viremic HIV patients. A)
Plasma levels of sCD163, sCD14 and IL-18 were measured by ELISA in mostly corresponding samples of healthy controls (HC n = 13), highly viremic
HIV-infected patients (high VL n=18), patients receiving ART (ART n=17), elite controllers (EC n=6) and long-term nonprogressors (LTNP n=6). B)
Activated cells were defined as CD38" and HLA-DR" double positive cells and their frequency was assessed within the CD4~, MAIT and
CD161 TCRVa7.2* populations. PBMC samples were derived from healthy controls (HC), highly viremic HIV-infected patients (high VL), patients
receiving ART (ART), elite controllers (EC) and long-term nonprogressors (LTNP). Groups were compared by Kruskal-Wallis test followed by Dunn'’s
multiple comparison test. P-values smaller than 0.05 were considered significant, where *, ** and *** indicate p-values between 0.01 to 0.05, 0.001 to
0.01 and 0.0001 to 0.001 respectively. Bars and lines indicate mean and standard deviation. C) Pearson correlation analysis of CD161" MAIT cell
activation and CD161* MAIT cell frequency of CD3" T cells from the untreated high VL patient group. R? quantifies goodness of fit to the non-linear
regression (exponential grow equation). R? is a fraction between 0.0 and 1.0, with 1.0 indicating the best fit.

doi:10.1371/journal.pone.0111323.g003

for MAIT cell depletion. We therefore determined expression of
the activation markers HLA-DR and CD38 on the CDI161"
MAIT cell subset and their parent population (CD4 CD3™T cells)
as well as on the CDI161 TCRVa7.2% cells (Fig. 3B). The
frequency of activated cells within the CD161" MAIT cell subset
was significantly elevated in patients with untreated HIV infection
and high viral load and slightly in patients receiving ART (median
HC=0.15%, IQR =0.06-0.28% vs. median high VL =3.31%,
IOR =0.94-10.35% and median ART=0.83%, IQR=0.33-
3.63%, Kruskal-Wallis test followed by Dunn’s multiple compar-
isons test: p<0.0001 and p<<0.05, respectively). In fact, the
activation level of MAIT cells from elite controllers was also
significantly lower compared to highly viremic patients (median
EC=0.39%, IQR =0.12-1.45%; p<<0.05).

The CD4 " parent population also showed a very high level of
activation in viremic patients in comparison to all other patient
groups, which indicates that this activation is part of the general
immune activation observed in HIV infection and is not specific
for the CD161" MAIT cell population (Fig. 3B). However, co-
expression of CD38 and HLA-DR on the CD161" MAIT cell
subset itself was inversely correlated to the CD1617 MAIT cell
frequency (Fig. 3C), indicating that at least an indirect effect of
activation (for example at early stages of infection) is likely to be
associated with the reduction of the CD161" MAIT cell subset.

In vitro stimulation of MAIT cells leads to activation and a
reduced CD161" MAIT cell frequency

To determine possible factors that might contribute to the
reduction of the CD161" MAIT cell population in HIV-infection
on the one hand or possibly could lead to proliferation on the
other hand, we tested the effect of cytokines (i.e. cytokines for
which MAIT cells highly express the respective receptor) on
CDI161" MAIT cells. Moreover, the hypothesis of microbial
translocation as a driving force for MAIT cell reduction in HIV
was tested by adding fixed E.coli in a bacteria per cell ratio of
100:1 to the in wvitro culture. In an i vitro experiment, PBMCs
from healthy donors were stimulated with IL-12, IL-18, IL-7, fixed
E.coli alone or in combination to elucidate the effect on MAIT cell
activation (Fig. 4A, B). No significant alteration in the level of
activation or frequency of the CD161" MAIT cell population was
observed with addition of IL-12 or IL-18 alone (Fig. 4A, B).
Combined stimulation with IL-12 and IL-18 in contrast led to
potent activation of the MAI'T cell subset as measured by CD69
expression (unstimulated cells mean =2.98+1.16% vs. IL-12+IL-
18 mean = 53.88£27.04%) accompanied by a slight reduction of
the MAIT cell frequency among CD3* T cells, reflecting
synergistic effects of IL-18 and IL-12 (Fig. 4A, B). The reduction
of the MAIT cell frequency was confirmed using IL18R or CCR6
expression in addition to CD161 expression as alternative MAIT
cell characterization (Fig. S4).

Since IL-7 has been described to be significantly elevated in
untreated HIV-Infection [22] and a previous report described IL-7
to be an important cytokine to license MAIT cell effector function
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[23], the effect of exogenous IL-7 for MAIT cell activation was
also tested. In our hands, in vitro addition of this cytokine indeed
led to the activation of almost the entire CD161" MAIT cell
subset. However, this activation was accompanied by a sharp drop
of the CD161" MAIT cell frequency (Fig. 4A, B).

Addition of fixed E. coli also resulted in pronounced CD161*
MAIT cell activation (blank mean=2.98*+1.16% vs. E. coli
mean = 75.95+14.50%), TCRVa7.2 down-regulation and signif-
icant reduction of this cell subset (blank normalized to 1 vs. E.coli
mean =0.17%0.15) (Fig. 4A, B).

These results support the hypothesis that the translocation of
bacteria and their products as well as consecutively produced pro-
inflammatory cytokines (e.g. IL-12, IL-18) contribute to CD161*
MAIT cell over-activation and, in turn to their quantitative
reduction in HIV-infected patients [7]. Our results are also in line
with a recent report that demonstrated that CD1617 MAIT cells
can be stimulated in an TCR independent manner by the
cytokines IL-12 and IL-18 [24].

Material and Methods

Study subjects and samples

PBMC as well as lymph node mononuclear cells (derived from
hilar and axillary lymph nodes) of in total 63 HIV patients were
collected at the University Medical Center Hamburg-Eppendorf
and Hannover Medical School, Germany. Healthy individuals
(PBMC n =20, LNMC n = 6) served as controls and for validation
of the immunological tests. Written informed consent was
obtained from all patients enrolled in this study, which was
approved by the Ethics Committee of the Medical Association of
Hamburg. The HIV long-term nonprogressor and elite controller
cohorts consisted of HIV-infected subjects selected according to
viral load, CD4 count, time and duration of HIV infection. The
definition of the different stages of the disease were extracted from
the electronic databases of the participating centers and confirmed
by the treating physicians according to standard classifications and
by criteria commonly used in the literature [25,26]. HIV-1 viral
load was determined using COBAS amplicor assays with a
detection limit of 50 RNA copies/ml. HIV CDC status,
antiretroviral treatment, and CD4" T cell counts were determined
via chart review.

Immunophenotypic analysis

For immunophenotypic staining, cryopreserved PBMC or
LNMC were thawed using standardized techniques. For exclusion
of dead cells PBMCs were stained with the LIVE/DEAD Fixable
Aqua Dead Cell Stain Kit (life technologies, Darmstadt, Germany)
according to the manufacturer’s protocol. To characterize T cell
populations, at least 5x10° cells were stained with appropriate
fluorochrome-conjugated surface antibodies, including anti-CD3
(SK7), anti-CD4 (RPAT4), anti-CD8o (HIT8a), anti-TCRVa7.2
(3C10), anti-CD161 (HP-3G10), anti-HLA-DR (G46-6), anti-
CD38 (HIT2, Biolegend), anti-IL-18R (H44), anti-CD69 (FN50),
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Figure 4. Frequencies of CD161" MAIT cells are reduced upon in vitro stimulation with PFA fixed E.colj, IL-7 and combined IL-12 and
IL-18. A) Representative FACS plots depicting frequencies of CD161 TCRVa7.2* cells, CD161" MAIT cells and all TCRVa7.2* cells as frequencies of
CD3" T cells after 28 hours of stimulation with IL-12 (100 pg/ml), IL-18 (100 pg/ml) and their combination, IL-7 (100 ug/ml) and PFA fixed E. coli
(bacteria per cell ratio of 100:1 PBMC). PBMCs were healthy donor-derived and seeded in 1%10° cells/well. B) Cumulative display of normalized
frequencies of CD161" MAIT cells and CD161 TCRVa7.2* cells from 3 healthy donors in duplicate measurements for each stimulation setting (apart
from E.coli in combination with cytokines, which was tested once) measured after 28 hours of stimulation (left panel). Activation levels were assessed

by determining the percentage of CD69" cells within the CD161" MAIT cell and the CD161 TCRVa7.2* population.

doi:10.1371/journal.pone.0111323.9g004

anti-CCR6 (GO034E3) (from Biolegend or BD Biosciences,
Heidelberg, Germany) for 20 min at RT in the dark. After surface
staining, cells were washed once with PBS and were then
resuspended in 0.5% paraformaldehyde. FFor intracellular cytokine
staining, the cells were stimulated with PMA (50 ng/ml) and
ionomycin (0.67 uM) for 5 h at 37°C and 5% COy prior to
immunophenotypic staining. Brefeldin A (10 g/ml) was added for
the last 4 h of the stimulation. Data were collected on a BD LSRII
machine using FACS Diva version 5 (BD Biosciences, Heidelberg,
Germany).

ELISA of plasma sCD163, sCD14 and IL-18

sCD163 levels in plasma were measured using the Macrol63
ELISA kit (Trillium Diagnostics, Bangos, ME). sCD14 levels in
plasma were measured using the Human sCD14 Quantikine
ELISA kit (R&D Systems, Minneapolis, MN). Plasma levels
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of IL-18 were measured using the Human I1-18 Platinum ELISA
kit (eBioscience, Germany).

Stimulation of PBMCs with cytokines and fixed E. coli

PBMCis from healthy donors were freshly isolated and seeded
into a 48 well plate (1 x10° cells/well). I1.-12, I1.-18 and I1.-7 were
added with an end concentration of 100 ng/ml. Prior to an
experiment, aliquots of 1x10° E.coli (DH50)/ml were fixed for
5 min in 1% paraformaldehyde and stored at —80°C. After
thawing and washing, E. coli was added in a bacteria/cell ratio of
100:1. The PBMCs were stimulated for either 14 or 28 h before
surface staining and FACS analysis.

Statistical analysis

All flow cytometric data were analyzed using FlowJo version 9.2
software (Treestar). Statistical analysis was carried out using Prism
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5.0 software (GraphPad Software, San Diego, CA). All groups
were tested for normal distribution with the Kolmogorov-Smirnov
test and were compared by the adequate test. For normally
distributed data, parametric tests were applied: for two groups t-
tests, for more than two groups ANOVA followed by Tukey’s
multiple comparisons test. Data that was not normally distributed
was tested by the Mann-Whitney test for two unpaired groups, by
the Wilcoxon test for paired groups, or Kruskal-Wallis test
followed by Dunn’s multiple comparisons test for more then two
groups, respectively. P-values smaller than 0.05 were considered
significant, where *, ** and *** indicate p-values between 0.01 to
0.05, 0.001 to 0.01 and 0.0001 to 0.001, respectively. Pearson’s
correlation was applied for bivariate correlation analyses. Data are
expressed as median, 25% and 75% quartiles or means with
standard deviation, respectively (as indicated in the figure legend).
CD161" MAIT cell frequencies were normalized for the in vitro
stimulation data.

Discussion

Only in the last couple of years the important role of
CD161"TCRVa7.2°CD4 CD3" MAIT cells in the defense of
different bacterial (and indirectly in viral) infections has become
clear [1,2,6,12,24,27-29]. While great progress has been made in
characterizing the phenotypic and functional properties of MAIT
cells [1,4,23,24,30-33], many details of MAIT cell function still
have to be elucidated.

The current study adds further detail to the recent body of data
suggesting diminishing function and decreasing numbers of MAIT
cells in HIV infection [5-7]. In particular, frequency and
phenotype of MAIT cells during HIV infection with regards to
disease status, including HIV LTNP and elite controllers, were
analyzed in detail. In accordance with data from a recent study [6]
we confirm an irreversible reduction of the CD161* MAIT cell
population in peripheral and lymph nodal tissue of patients with
treated and untreated chronic HIV infection. However, while the
preliminary results of the study by Leeansyah and coworkers [6]
suggests that elite controllers maintain a similar size of their MAIT
cell population as healthy controls, we found a significantly
reduced MAIT cell frequency, as well as reduced MAIT cell
numbers in the ten elite controller patients and a similar trend in
twelve long-term nonprogressors included in the present study.
These data are potentially of clinical importance and further
studies have to elucidate whether the higher general immune
activation detected in elite controllers in comparison to healthy
controls is in parts due to a lower level of MAIT cells in these
patients [34-36].

In functional in vitro experiments (Fig. 4) we were able to
replicate the proposed model of a constitutive down-regulation of
functional MAIT cell markers (i.e. CD161, IL-18R, CCR6) and
eventual loss of TCRVa7.2"CD4 CD3" T cells by stimulation
with bacterial antigens and pro-inflammatory cytokines in HIV
infection [7]. Importantly, we and others found that inflammatory
cytokines like IL-12 or IL-18 can activate MAIT cells in a TCR
independent manner [24,37]. It is not quite clear in how far the in
vitro conditions replicate the i vivo milieu, but significant shifts
towards inflammatory cytokines have been described and it has
been proposed that these cytokines add to the pathogenesis of HIV
infection [21,22].

Clearly, the current study is limited by the fact that no mucosal
tissue was available for any of the patients studied and homing of
the MAIT cell population to the gut might be in part responsible
for the decrease of the peripheral MAIT cell frequencies.
However, two independent studies previously showed a loss of
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mucosal gut resident MAIT cells in HIV-infected patients [5,6]. In
preliminary experiments, we also see high expression of the gut-
homing markers CCR9 and beta7 integrin [38] on MAIT cells in
the jejunum of healthy controls (data not shown) and up-regulation
of CCRY and beta7 integrin was detected in peripheral MAIT
cells in HIV patients (Fig. S3). The frequency of CCR9*B7*
mtegrin on MAIT cells was inversely correlated with the frequency
of MAIT cells supporting the model of partial homing of MAIT
cells to the gut in HIV infection [5]. In future prospective efforts it
is planned to analyze the gut resident MAIT cell frequencies in
HIV patients with different disease course, including HIV elite
controllers obtained during routine screening colonoscopies.

In the present study, we also looked at a small number of patients
with a recent history of acute retroviral syndrome, early primary
HIV infection and/or confirmed recent seroconversion. In line with
the results of the recently published studies [5—7], our data indicate
that the decrease of peripheral CD1617 MAIT cell numbers seems
to be an early event in HIV infection. However, very early in the
course of the primary infection we find a relative increase of the
CDI161" TCRVa7.2"CD4 CD3" T cell subset suggestive of a
down-regulation of CD161 on these cells. This elevation can still be
detected at later stages and in different patient groups (Fig. 1B,
middle panel). These CD161 TCRVa7.2*CD4 CD3" T cells were
also recently described [5] and appear to have a larger proportion of
cells with a similar TCRVp usage as seen in MAIT cells in HIV-
infected patients. In our hands, these highly activated
CD161 TCRVa7.2'CD4 CD3" T cells rapidly develop after in
vitro stimulation of CD161" MAIT cells and seem to be less
functional ex vivo than their CD161" MAIT cell counterparts
(Fig. 1D). In one patient who is included in our study and was
treated during early primary infection, the MAIT cell frequency
indeed recovered (Fig. S2). In a next step, further prospective
clinical studies of patients with primary HIV infection have to
establish whether very early initiation of ART can indeed “rescue”
the MAIT cell population [39,40].

In ongoing experiments we are now characterizing the
transcription factor expression profile (RORyt, Thet, Gata3, PLZF)
of CD161" MAIT cells versus CD161° TCRVa7.2"CD4 CD3" T
cells in uninfected donors as well as HIV-infected patients in order
to explain some of the detected results of this study and to further
discriminate relevant MAIT cell subpopulations [14,32,41-43]. For
example the ability to secrete IL-17 could well be correlated with
expression of the transcription factor RORyt [41]. Of importance,
recent studies suggest that iNKT cells and MAIT cells exhibit a
proapoptotic propensity with elevated expression of activated
caspases, which is correlated with expression of transcription factor
PLZF/7ZBTB-16 [32]. This would make the loss of MAIT cells due
to activation-induced cell death in HIV even more plausible. Also,
the manipulation of these transcription factors represents an
intriguing target for future therapeutic approaches [44]. The proof
of “successful genetic manipulation and reprogramming to pluri-
potency and re-differentiation of functional MAIT cells” opens at
least theoretically further therapeutic options [44,45]. In our hands,
it was difficult to culture and expand primary MAIT cells in vitro
and novel in vitro MAIT cell expansion protocols should be
developed.

For the time being, it will be important to prospectively examine
patients at the first stages of acute HIV infection to understand the
exact kinetics of the MAIT cell loss and whether very early
initiation of ART during primary HIV infection can indeed rescue
the MAIT cell population and thereby possibly minimize
subsequent microbial translocation [40]. Other theoretical thera-
peutic options include the immunomodulatory blockade of
circulating cytokines (eg. IL-18) or the use of probiotics to
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stimulate MAIT cell regeneration and proliferation by activation
of the commensal bacterial flora [2,46]. In a next step, the MAIT
cell frequency and function have to be comprehensively examined
in different tissues, e.g. lung tissue (via BAL) [28,47] or the liver
[23] of HIV-infected patients (including elite controllers) in
comparison to uninfected controls and, importantly, in HIV/TB
or HIV/HCV coinfection [47]. Further studies should also
comprehensively look at the different immune cell populations
with antibacterial activity (e.g. y& T cells, NKT cells or innate
lymphoid cells [48,49]) as other cells might compensate the loss of
the MAIT cell population. For example, we find a relative
expansion of Y& T cell subsets in HIV infection ([49] and data not
shown). Further analysis of MAIT cells might be assisted by the
use of MAIT cell tetramer technology [31]. It will also be
interesting to see whether the riboflavin metabolites are in itself
more reliable and stable markers for bacterial translocation than
LPS [30].

In summary, the current study confirms and extends previous
studies and suggests that an irreversible reduction of the peripheral
CD161" MAIT as well as an expansion of the CD161 TCR
Va7.2* subset are early events in HIV infection [5-7,24,47]. The
loss is most likely caused by a combination of increased homing to
the gut as well as a lacking resistance towards stimulation by
microbial products and cytokines leading to a) a change of
phenotype, b) loss of function and c) possibly cell death, which
takes place in all patients including HIV long-term nonprogressors
and elite controllers independently of disease progression.

Supporting Information

Figure S1 The CD161" MAIT/CD161 TCRVa' ratio is
shifted in HIV infection. A) Bars indicate each individual’s
frequency of CDI161% MAIT cells (light grey) and
CD161 TCRVa' cells (dark grey). Patients with confirmed or
suspected acute HIV-infection (n=135) below 1 month post first
diagnosis are marked in red. B) Comparison of CD4 T cell
frequencies (grey), CD161 TCRVa7.2" cell frequencies (blue),
CD161" MAIT cell frequencies (green) of high VL patients below
I month vs. above 1 month of known HIV-infection. The
indicated p-value results from a Mann Whitney test. P-values
smaller than 0.05 were considered significant.

(TIF)

Figure S2 Longitudinal CD161" MAIT cell increase in a
patient after early treatment initiation. FACS plots
depicting frequencies of CD161" MAIT (upper right number in
green) and CD161 TCRVa™ cells of the CD4 T cell population
(upper left number in blue) of a patient during acute HIV-infection

References

1. Le Bourhis L, Mburu YK, Lantz O (2013) MAIT cells, surveyors of a new class
of antigen: development and functions. Curr Opin Immunol 25: 174-180.

2. Le Bourhis L, Dusseaux M, Bohineust A, Bessoles S, Martin E, et al. (2013)
MAIT cells detect and efficiently lyse bacterially-infected epithelial cells. PLoS
pathogens 9: e1003681.

3. Le Bourhis L, Martin E, Peguillet I, Guihot A, Froux N, et al. (2010)
Antimicrobial activity of mucosal-associated invariant T cells. Nat Immunol 11:
701-708.

4. Patel O, Kjer-Nielsen L, Le Nours J, Eckle SB, Birkinshaw R, et al. (2013)
Recognition of vitamin B metabolites by mucosal-associated invariant T cells.
Nature communications 4.

. Cosgrove C, Ussher JE, Rauch A, Gartner K, Kurioka A, et al. (2013) Early and
nonreversible decrease of CD161++/MAIT cells in HIV infection. Blood 121:
951-961.

6. Lecansyah E, Ganesh A, Quigley MF, Sonnerborg A, Andersson J, et al. (2013)
Activation, exhaustion, and persistent decline of the antimicrobial MRI-
restricted MAIT-cell population in chronic HIV-1 infection. Blood 121: 1124
1135.

(&)

PLOS ONE | www.plosone.org

10

Low MAIT Cell Frequencies in HIV Elite Controllers

(Fiebig stage III: ELISA +, Immunoblot -) and 28 month later after
immediate initiation of ART.

(TIF)

Figure 83 Migration to the gut is specifically elevated in
the CD161" MAIT cell population. Migrating cells are
measured by frequencies of CCR9"B7integrin®™ double positive
cells of CD1617 MAIT cells and CD161 TCRVa7.2% cells,
respectively. PBMC samples were derived from healthy controls,
highly viremic HIV-infected patients and patients under ART. A)
Groups were tested for normal distribution by Kolmogorov-
Smirnov test and compared by Kruskal-Wallis test followed by
Dunn’s multiple comparisons test. P-values smaller than 0.05 were
considered significant, where *, ** and *** indicate p-values
between 0.01 to 0.05, 0.001 to 0.0l and 0.0001 to 0.001
respectively. Bars and lines indicate median and interquartile
ranges. B) Correlation analysis of CD161" MAIT cell frequency or
CD161 TCRVa7.2" cell frequency with the corresponding
frequency of CCR9™/B7+ CDI61*MAIT cells. R? is a fraction
between 0.0 and 1.0, with 1.0 indicating the best fit to the linear
regression.

(TIF)

Figure S4 The MAIT cell defining markers CDI161,
IL18R and CCR6 are reduced within the TCRVa7.2*
subset upon stimulation with IL-12 and IL-18, IL-7 and
E.coli. A) Representative FACS plots depicting frequencies of
CD161 TCRVa7.2" cells, CD161% MAIT cells and all
TCRVa7.2% cells as frequencies of CD3" T cells after 28 hours
of stimulation with IL-12 (100 pg/ml), IL-18 (100 pg/ml) and
their combination, IL-7 (100 pg/ml) and PFA fixed E. coli
(bacteria per cell ratio of 100:1 PBMC). PBMCs were healthy
donor-derived and seeded in 1x10° cells/well.

(TTF)

Acknowledgments

We thank the patients who participated in this study. Furthermore we want
to thank Benjamin Otto, from the Department of Clinical Chemistry/
Central Laboratories, UKE for providing statistical advice.

Author Contributions

Conceived and designed the experiments: JSzZW PH JME JvL. Performed
the experiments: JME PH SK. Analyzed the data: JME PH JSzW.
Contributed reagents/materials/analysis tools: JvL. RES MB CL. Wrote
the paper: JME PH JSzW JH JvL. Provided clinical samples: JvL. RES MB
CL. Carried out the soluble activation marker assays: AB.

7. Sandberg JK, Dias J, Shacklett BL, Leeansyah E (2013) Will loss of your MAITs
weaken your HAART [corrected]? AIDS 27: 2501-2504.

8. Walker BD (2007) Elite control of HIV Infection: implications for vaccines and
treatment. Top HIV Med 15: 134-136.

9. Bello G, Velasco-de-Castro CA, Bongertz V, Rodrigues CA, Giacoia-Gripp CB,
et al. (2009) Immune activation and antibody responses in non-progressing elite
controller individuals infected with HIV-1. J] Med Virol 81: 1681-1690.

. Walker L], Kang Y-H, Smith MO, Tharmalingham H, Ramamurthy N, et al.
(2012) Human MAIT and CD8aa cells develop from a pool of type-17
precommitted CD8+ T cells. Blood 119: 422-433.

. Dusseaux M, Martin E, Serriari N, Peguillet I, Premel V, et al. (2011) Human
MAIT cells are xenobiotic-resistant, tissue-targeted, CD161hi IL-17-secreting T
cells. Blood 117: 1250-1259.

. Billerbeck E, Kang YH, Walker L, Lockstone H, Grafmueller S, et al. (2010)
Analysis of CDI161 expression on human CD8+ T cells defines a distinct
functional subset with tissue-homing properties. Proc Natl Acad Sci U S A 107:
3006-3011.

November 2014 | Volume 9 | Issue 11 | e111323



20.

21.

22.

26.

27.

28.

30.

. Wong EB, Akilimali NA, Govender P, Sullivan ZA, Cosgrove C, et al. (2013)

Low levels of peripheral CD1614+CD8+ mucosal associated invariant T
(MAIT) cells are found in HIV and HIV/TB co-infection. PLoS One 8: ¢83474.

. Chang PP, Barral P, Fitch J, Pratama A, Ma CS, et al. (2012) Identification of

Bcl-6-dependent follicular helper NKT cells that provide cognate help for B cell
responses. Nat Immunol 13: 35-43.

. King IL, Fortier A, Tighe M, Dibble J, Watts GF, et al. (2012) Invariant natural

killer T cells direct B cell responses to cognate lipid antigen in an IL-21-
dependent manner. Nat Immunol 13: 44-50.

. Martin E, Treiner E, Duban L, Guerri L, Laude H, et al. (2009) Stepwise

development of MAIT cells in mouse and human. PLoS Biol 7: e54.

. Le Bourhis L, Guerri L, Dusseaux M, Martin E, Soudais C, et al. (2011)

Mucosal-associated invariant T cells: unconventional development and function.

Trends Immunol 32: 212-218.

. Burdo TH, Lo J, Abbara S, Wei J, DeLelys ME, et al. (2011) Soluble CD163, a

novel marker of activated macrophages, is elevated and associated with
noncalcified coronary plaque in HIV-infected patients. J Infect Dis 204:
1227-1236.

. Burdo TH, Lentz MR, Autissier P, Krishnan A, Halpern E, et al. (2011) Soluble

CD163 made by monocyte/macrophages is a novel marker of HIV activity in
early and chronic infection prior to and after anti-retroviral therapy. J Infect Dis
204: 154-163.

Sandler NG, Wand H, Roque A, Law M, Nason MC, et al. (2011) Plasma levels
of soluble CD14 independently predict mortality in HIV infection. J Infect Dis
203: 780-790.

Ahmad R, Sindhu ST, Toma E, Morisset R, Ahmad A (2002) Elevated levels of
circulating interleukin-18 in human immunodeficiency virus-infected individu-
als: role of peripheral blood mononuclear cells and implications for AIDS
pathogenesis. J Virol 76: 12448-12456.

Napolitano LA, Grant RM, Decks SG, Schmidt D, De Rosa SC, et al. (2001)
Increased production of IL-7 accompanies HIV-1-mediated T-cell depletion:
implications for T-cell homeostasis. Nat Med 7: 73-79.

. Tang XZ, Jo J, Tan AT, Sandalova E, Chia A, et al. (2013) IL-7 licenses

activation of human liver intrasinusoidal mucosal-associated invariant T' cells.
J Immunol 190: 3142-3152.

. Ussher JE, Bilton M, Attwod E, Shadwell J, Richardson R, et al. (2014)

CDI161++ CD8+ T cells, including the MAIT cell subset, are specifically
activated by IL-12+ IL-18 in a TCR-independent manner. European journal of
immunology 44: 195-203.

. Decks SG, Walker BD (2007) Human immunodeficiency virus controllers:

mechanisms of durable virus control in the absence of antiretroviral therapy.
Immunity 27: 406-416.

Pereyra F, Addo MM, Kaufmann DE, Liu Y, Miura T, et al. (2008) Genetic and
immunologic heterogeneity among persons who control HIV infection in the
absence of therapy. J Infect Dis 197: 563-571.

Northfield JW, Kasprowicz V, Lucas M, Kersting N, Bengsch B, et al. (2008)
CDI161 expression on hepatitis C virus-specific CD8+ T cells suggests a distinct
pathway of T cell differentiation. Hepatology 47: 396-406.

Meierovics A, Yankelevich WJ, Cowley SC (2013) MAIT cells are critical for
optimal mucosal immune responses during in vivo pulmonary bacterial
infection. Proc Natl Acad Sci U S A 110: E3119-3128.

. Grimaldi D, Le Bourhis L, Sauneuf B, Dechartres A, Rousseau C, et al. (2014)

Specific MAIT cell behaviour among innate-like T' lymphocytes in critically ill
patients with severe infections. Intensive Care Med 40: 192-201.

Birkinshaw RW, Kjer-Nielsen L, Eckle SB, McCluskey J, Rossjohn J (2014)
MAITs, MR1 and vitamin B metabolites. Curr Opin Immunol 26: 7-13.

PLOS ONE | www.plosone.org

1

32.

33.

34.

36.

37.

38.

39.

40.

41.

42,

43.

44.

46.

47.

48.

49.

Low MAIT Cell Frequencies in HIV Elite Controllers

. Reantragoon R, Corbett AJ, Sakala IG, Gherardin NA, Furness JB, et al. (2013)

Antigen-loaded MR1 tetramers define T cell receptor heterogeneity in mucosal-
associated invariant T cells. J Exp Med 210: 2305-2320.

Gérart S, Sibéril S, Martin E, Lenoir C, Aguilar C, et al. (2013) Human iNKT
and MAIT cells exhibit a PLZF-dependent proapoptotic propensity that is
counterbalanced by XIAP. Blood 121: 614-623.

Lee OJ, Cho YN, Kee SJ, Kim M], Jin HM, et al. (2014) Circulating mucosal-
associated invariant T cell levels and their cytokine levels in healthy adults. Exp
Gerontol 49: 47-54.

Krishnan S, Wilson EM, Sheikh V, Rupert A, Mendoza D, et al. (2014)
Evidence for Innate Immune System Activation in HIV Type l-Infected Elite
Controllers. J Infect Dis 209: 931-939.

. Chun T-W, Shawn Justement J, Murray D, Kim C]J, Blazkova ], et al. (2013)

Effect of Antiretroviral Therapy on HIV Reservoirs in Elite Controllers. Journal
of Infectious Diseases 208: 1443-1447.

Pereyra F, Lo J, Triant VA, Wei ], Buzon M]J, et al. (2012) Increased coronary
atherosclerosis and immune activation in HIV-1 elite controllers. AIDS 26:
2409-2412.

Turtle CJ, Delrow J, Joslyn RC, Swanson HM, Basom R, et al. (2011) Innate
signals overcome acquired TCR signaling pathway regulation and govern the
fate of human CD161hi CD8o+ semi-invariant T cells. Blood 118: 2752-2762.
Mavigner M, Cazabat M, Dubois M, L’Faqihi FE, Requena M, et al. (2012)
Altered CD4+ T cell homing to the gut impairs mucosal immune reconstitution
in treated HIV-infected individuals. J Clin Invest 122: 62-69.

Chen J, Han X, An M, Liu J, Xu J, et al. (2013) Immunological and virological
benefits resulted from short-course treatment during primary HIV infection: a
meta-analysis. PLoS One 8: ¢82461.

Investigators ST, Fidler S, Porter K, Ewings F, Frater J, et al. (2013) Short-
course antiretroviral therapy in primary HIV infection. N Engl ] Med 368:
207-217.

Constantinides MG, Bendelac A (2013) Transcriptional regulation of the NKT
cell lineage. Curr Opin Immunol 25: 161-167.

Gordon SM, Carty SA, Kim JS, Zou T, Smith-Garvin J, et al. (2011)
Requirements for eomesodermin and promyelocytic leukemia zinc finger in the
development of innate-like CD8+ T cells. ] Immunol 186: 4573-4578.

Alonzo ES, Sant’Angelo DB (2011) Development of PLZF-expressing innate T
cells. Curr Opin Immunol 23: 220-227.

Wakao H, Fujita H (2013) Toward the realization of cell therapy: the advent of
MAIT cells from iPSCs. Cell Cycle 12: 2341-2342.

. Wakao H, Yoshikiyo K, Koshimizu U, Furukawa T, Enomoto K, et al. (2013)

Expansion of functional human mucosal-associated invariant T cells via
reprogramming to pluripotency and redifferentiation. Cell Stem Cell 12: 546
558.

Wilson NL, Moneyham LD, Alexandrov AW (2013) A systematic review of
probiotics as a potential intervention to restore gut health in HIV infection.
J Assoc Nurses AIDS Care 24: 98-111.

Wong EB, Akilimali NA, Govender P, Sullivan ZA, Cosgrove C, et al. (2013)
Low Levels of Peripheral CD161++ CD8+ Mucosal Associated Invariant T
(MAIT) Cells Are Found in HIV and HIV/TB Co-Infection. PloS one 8:
€83474.

Sutton CE, Mielke LA, Mills KHG (2012) IL-17-producing y8 T cells and innate
lymphoid cells. European Journal of Immunology 42: 2221-2231.

Hartjen P, Meyer-Olson D, Lehmann C, Stellbrink HJ, van Lunzen J, et al.
(2013) Vgamma2Vdelta2 T cells are skewed toward a terminal differentiation
phenotype in untreated HIV infection. J Infect Dis 208: 180-182.

November 2014 | Volume 9 | Issue 11 | e111323



