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ABSTRACT

MAIT cells represent an evolutionarily conserved, MR1-
restricted, innate-like cell subset that express high levels
of CD161; have a canonical semi-invariant TCR iVa7.2;
and may have an important role in mucosal immunity
against various bacterial and fungal pathogens. Mature
MAIT cells are CD161"PLZF"IL-18Ra*iVa7.2*y5-CD3*
CD8* T cells and occur in the peripheral blood, liver, and
mucosa of humans. MAIT cells are activated by a
metabolic precursor of riboflavin synthesis presented by
MR1 and, therefore, respond to many bacteria and some
fungi. Despite their broad antibacterial properties, their
functional role in persistent viral infections is poorly
understood. Although there is an increasing line of
evidence portraying the depletion of MAIT cells in HIV
disease, the magnitude and the potential mechanisms
underlying such depletion remain unclear. Recent stud-
ies suggest that MAIT cells are vulnerable to immune
exhaustion as a consequence of HIV and hepatitis C virus
infections and HIV/tuberculosis coinfections. HIV infec-
tion also appears to cause functional depletion of

MAIT cells resulting from abnormal expression of T-bet
and EOMES, and effective ART is unable to completely
salvage functional MAIT cell loss. Depletion and exhaus-
tion of peripheral MAIT cells may affect mucosal immu-
nity and could increase susceptibility to opportunistic
infections during HIV infection. Here, we review some of
the important mechanisms associated with depletion
and functional loss of MAIT cells and also suggest
potential immunotherapeutic strategies to restore

MAIT cell functions, including the use of IL-7 to restore
effector functions in HIV disease. J. Leukoc. Biol.

100: 305-314; 2016.

Abbreviations: 5-A-RU = 5-amino-6-p-ribityl-amino-uracil, 5-OP-RU = 5-(2-
oxopropylideneamino)-6-p-ribitylaminouracil, AICD = activation-induced cell
death, ART = antiretroviral therapy, BTLA = B and T lymphocyte attenuator,
CART = combination antiretroviral treatment, CD = cluster of differentiation,
DC = dendritic cell, DN = double negative, EC = elite controller, EOMES =
eomesodermin, GrzB = granzyme B, HAVCR2 = hepatitis A virus cellular
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Introduction

Human MAIT cells comprise 1-10% of the total T cells in the
peripheral blood. MAIT cells represent a large subset of
nonclassic, innate T cells predominantly occurring in the liver
(15-39% of the T cell pool), gut mucosal tissues (3-5%), and
circulating blood (1-10%) of healthy individuals [1-4]. Human
MAIT cells express an evolutionarily conserved, semiinvariant
TCR-a chain. In humans, the iVa7.2 occurs together with
restricted Ja segment usage (Ja33, Jal2, or Ja20) and limited VB
repertoires [5—7]. Human MAIT cells also express high levels of
CD161, IL-18Ra, and the transcription factor PLZF (or ZBTB16);
mature MAIT cells can be defined as CD161"PLZF"IL-18Ra*
iVa7.2'y3-CD3" lymphocytes [8-10]. MAIT cells express high
levels of NKG2D [11], which has a role as a cytotoxicity
coreceptor in these cells [1, 8], whereas triggering of NKG2D
stimulates effector functions in T cells [12]. At least 90% of
MAIT cells are CD8", expressing either CD8aa or CD8af, with
minor CD4" (<1%) or CD8/4 DN populations (~7%) [7, 8, 10,
13, 14]. Peripheral MAIT cells display an effector memory
(CD45RO"CD62L" CD95") phenotype and are tissue-homing cells
(CCR2'CCR5'CCR6'CXCR6'CCRI'CCRT ™).

MAIT cells recognize antigens presented by nonpolymorphic,
highly evolutionarily conserved MR1 [2, 4]. MR1 presents
unstable pyrimidine intermediates, formed by the nonenzymatic
condensation of 5-A-RU, an early intermediate of vitamin Be
(riboflavin) synthesis, with glyoxal or MeG, derived from other
metabolic pathways, to generate 5-(2-oxoethylideneamino)-6-p-
ribitylaminouracil or 5-OP-RU, respectively [15]. Binding of
5-OP-RU stabilizes the MR1 protein. The riboflavin synthetic
pathway is present in many, but not all, bacteria and some fungi
[16, 17]. Ligand-bound MRI is recognized by the MAIT cell TCR,
leading to MAIT cell activation [16-18]. Activated MAIT cells can
promptly kill epithelial cells infected with invasive bacteria or
B cell lines exposed to fixed bacteria [19, 20], inhibit in-
tracellular microbial growth [21, 22], and produce
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Figure 1. Mechanisms involved in the activation
of MAIT cells. MAIT cells express a semi-
invariant TCR-a chain, including an iVa7.2 seg-
ment combined with restricted Ja segments (Ja33,
Ja12, or Ja20) and limited VB repertoires in
humans. In addition, human MAIT cells express
high levels of CD161, IL-18Ra, the transcription
factor PLZF, and the chemokine receptors CCR5,
CCR6, and CXCR6. Mature MAIT cells are defined
as CD161™PLZF"IL-18Ra"iVa7.2"y3~CD3" lympho-
cytes. MAIT cells recognize unstable pyrimidine
intermediates, formed by the nonenzymatic conden-
sation of 5-A-RU, an early intermediate of vitamin
By (riboflavin) synthesis, with glyoxal or MeG,
derived from other metabolic pathways, presented
by the highly evolutionarily conserved MR1 on
APCs. This interaction leads to activation of the
MAIT cell. After activation, MAIT cells can
promptly kill infected cells, inhibit intracellular
microbial growth, and produce proinflammatory
cytokines, including IFN-y, TNF-o, and IL-17. It is
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noteworthy that MAIT cells can also be activated via exposure to the cytokines I1-12 and II-18 in a TCR-independent manner. MAIT cells also express high

levels of NKG2D, which has a role as a cytotoxicity coreceptor.

proinflammatory cytokines, including IFN-y, TNF-ot, GM-CSF,
IL-22, and IL-17 [7, 13, 18, 23] but not Th2 cytokines.

MAIT cells can also be activated via exposure to the cytokines
IL-12 and IL-18 in a TCR-independent manner [24, 25], and this
type of MAIT cell activation is seen in a range of infectious and
noninfectious inflammatory diseases [26]. TLR signaling in
professional APCs drives the expression of a range of proinflam-
matory cytokines, including IL-12 and IL-18, and hence, TLR8
agonists, because of their efficient stimulation of IL-12 and IL-18
production and their capacity to induce expression of IFN-y by
MAIT cells [24, 25]. Therefore, in addition to MAIT cells’
antibacterial activity, they may also have a role in antiviral
responses. The cytokine-mediated activation of MAIT cells, which
may contribute to antiviral activity, may also be involved in other
inflammatory conditions, such as multiple sclerosis, experimental
autoimmune encephalomyelitis, psoriasis, IBD, and arthritis [13,
27-30]. The phenotype of MAIT cells and the different
mechanisms of activation are presented in Fig. 1, and the proposed
mechanism illustrating the crosstalk of APCs with MAIT cells in
mucosal tissues in HIV infection is presented in Fig. 2.

Several studies have reported that MAIT cells recognize only
bacterial- and yeast-derived antigens presented via MRI and that
they do not have antiviral specificity [10, 31]. Interestingly, others
have reported that influenza virus and CMV-specific MHC tetramers
bind to a minor fraction of the CD8'CD161"IL-18Ra” T cells and
that these cells could be expanded by means of peptide-loaded APCs

(continued from previous page)

receptor 2HCV = hepatitis C virus, HLA-DR = human leukocyte antigen D-
related, IBD = inflammatory bowel disease, INKT = invariant natural killer

T lymphocyte, LAG-3 = lymphocyte activation gene-3, MAIT = mucosal-
associated invariant T cell, MeG = methyl-glyoxal, MR1 = MHC-Ib-related
protein, NKG2D = natural-killer group 2, member D, PD-1 = programmed
death-1, PD-L = PD-1ligand, PLZF = promyelocytic leukemia zinc finger, Ra =
receptor-a chain, STAT = signal transducer and activator of transcription,
TB = tuberculosis, T-bet = T-box transcription factor, TIM-3 = T cell
immunoglobulin mucin-3, TCR Va7.2 = T cell receptor invariant a chain
variable 7.2
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[32]. Nonetheless, the expression of iVa7.2 on tetramer-positive
cells was not determined in these studies, and hence, the relation-
ship between antiviral CD161"[L-18Ra"CD8" T cells and MAIT cells
is still unclear [27]. Of note, T cells expressing CD161, including
CD161™Va7.2 CD8' T cells, have recently been shown to share a
transcriptional and functional profile, including secretion of IFN-y
in response to IL-12 and IL-18 [33].

The prominent homing capacity of MAIT cells to mucosal
tissues, coupled with their ability to produce IL-17A and IL-22
[1, 84], key cytokines in functional mucosal immune responses
[35, 36], suggests MAIT cells may play an important role in the
immune response to mucosal pathogens [23], In mouse models,
mucosal MAIT cells have been shown to be important in the
control of pulmonary Francisella tularensis infection [21], pulmo-
nary bacillus Calmette-Guérin infection [22], and cystitis with
uropathogenic Escherichia coli [11]. In humans, MAIT cells are
increased in number in the lung of patients with tuberculosis [10,
31] and can be found in the urine of patients with cystitis [11].
MAIT cells may also play a role in gut mucosal responses as in
patients with cholera, peripheral blood MAIT cells were activated
1 wk after infection and in children, but not adults, were
depleted for up to 3 mo postinfection [37].

HIV-infected patients are at increased risk of infection with
mucosal pathogens including Mycobacterium tuberculosis, non-
typhoidal Salmonella and Streptococcus pnewmoniae [38-41]. It has
recently been reported that CD161"" MAIT cells are lost from
blood early in HIV infection and do not recover with ART
[23, 42-44]. Therefore, the loss of CD161™" MAIT cells may
contribute to the increased susceptibility of HIV-infected patients
to these mucosal infections. The role of MAIT cells in HIV
infection is the subject of this review.

LOSS OF MAIT CELLS IN HIV INFECTION

Several studies have reported the loss of circulating MAIT cells,
defined by coexpression of iVa7.2 and CD161, and that the
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Figure 2. Proposed mechanism illustrating the
crosstalk of APCs with MAIT cells across mucosal
tissues in HIV infection. (A) Microbial transloca-
tion into the gut mucosa could release bacterial-
derived vitamin B metabolites that can activate
MAIT cells in an MR1-dependent manner. (B)
APCs could also be exposed to HIV, which in
turn can activate MAIT cells in an MR1-indepen-
dent fashion. (C) MAIT cells can also be activated

remaining MAIT cells existed in an activated and functionally
exhausted state in HIV infection [23, 42, 44]. MAIT cell levels
were already low by week 2-3 after the estimated date of HIV
infection in some individuals, which indicates either a rapid drop
or that the levels of MAIT cells were low in these patients before
infection [44]. The reduction of CD161" MAIT cells has been
described as an early event in HIV infection that is independent
of later stages of the disease [45]. The levels of CD1617iVa7.2"
MAIT cells in the lymph nodes are also decreased in HIV-
infected patients as compared with healthy subjects [45].

It has been suggested that, rather than being depleted, many
MAIT cells, instead, have an altered phenotype, namely, the
down-regulation of CD161, leading to lower detection [42, 46].
Although Leeansyah et al. [42] observed a decrease in the size of
the CD161""iVa7.2" MAIT cell population, they found a
concomitant increase in the frequency of CD161 Va7.2" T cells
within the CD3" T cell population and suggested that this was
due to the down-regulation of CD161 and the functional
exhaustion of MAIT cells. It should be noted, however, that the
antibody against iVa7.2 used in these investigations is not specific
for the canonical MAIT cell TCR [8]. The MRI1 tetramer does
not bind CD161"Va7.2" T cells in healthy individuals [18] and, in
a recent study, failed to bind to the Va7.2°CD161 T cells that
were observed during HIV infection [47]. Supporting this,
iVa7.27 Ja33" MAIT cells were found to be lost from the blood in
HIV infection by quantitative real-time PCR [14]. Together, these
findings argue that the Va7.2'CD161™ T cell populations
observed in HIV infection are not MAIT cells.

There are conflicting reports as to the fate of MAIT cells in
EGs. One study reported similar numbers of MAIT cells in EC as

www jleukbio.org

through both MR1-dependent and -independent
pathways in which APCs are exposed not only to
HIV but also to gut bacteria. (Bacteria can also
activate the MRl-independent pathway via stimu-
lation of IL-12 and IL-18 secretion, and the type
of TLR associated depends on the APC involved.)
(D) Aberrant inflammatory responses can affect
the mucosal epithelial integrity. Given that

MAIT cells are known to produce IFN-y and
TNF-a along the mucosa by MR1-dependent

(A and B) and MR1-independent (C) pathways of
MAIT cell activation, IFN-y has been reported to
induce cellular internalization of proteins associ-
ated with tight junctions, resulting in decreased
transepithelial resistance in the gut epithelium
[60, 61]. Furthermore, TNF-a has also been
reported to induce mucosal epithelial cell death
resulting from tightjunction changes [60, 61],
leading to inflammation and mucosal damage (D).

in healthy controls [42], whereas another study observed a
reduction in MAIT cells in ECs and a similar trend in long-term
nonprogressors [45]. The lower levels of MAIT cells in EC could
be due to systemic immune activation, which occurs even in ECs
[22, 45, 48, 49].

MAIT cells are present in the mucosa of the rectum and
sigmoid colon in patients with chronic HIV infection, although
there are conflicting reports as to their frequency [23, 42, 43].
Although one study found the frequencies of CD8" and DN
iVa7.2°CD161" T cells in the rectal mucosa to be similar between
HIV-infected and healthy individuals [42], another study
reported that MAIT cells were depleted from the sigmoid with
similar kinetics to that of the blood [43]. Therefore, further
studies are required in HIV infection to determine whether
mucosal MAIT cells are unchanged in number, suggestive of
either preservation of mucosal MAIT cells or migration of these
cells from the peripheral blood (and possibly the liver), or
whether they are depleted.

MAIT cells lost during HIV infection are reportedly recon-
stituted in the colon (rectum) following initiation of ART [43]. It
is, however, not clear whether this reconstitution is due to a
reduction of inflammation in the rectal mucosa of ART-treated
individuals and whether that reconstitution is a result of
increased migration of MAIT cells into the mucosa from the
blood or is caused by a proliferation of mucosal-resident
MAIT cells. It is also unknown why MAIT cells fail to reconstitute
in blood within the time frames examined to date. The effect of
HIV infection on different MAIT cell compartments and possible
mechanisms of MAIT cell reconstitution in the colon following
the initiation of ART are shown in Fig. 3.
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Figure 3. Proposed mechanism of MAIT cell
restitution in the colon and blood following

the initiation of ART. MAIT cells are lost from
the colon during HIV infection [43], although
the rate of MAIT loss may be markedly slower
than it is in blood MAIT [42]. MAIT cell
frequency is reconstituted in the colon following
the initiation of ART [43]. Reconstitution may
occur because of decreased mucosal inflamma-
tion and may be due to recruitment of

MAIT cells from other compartments, such as
the blood, or from local proliferation. MAIT-cell
reconstitution after initiation of ART is slower in
blood than it is in the colon.
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THEORIES ON THE DECLINE OF
MAIT CELLS

There are several suggested explanations for the loss of

MAIT cells in HIV infection: one is the down-regulation of
CD161 and functional exhaustion of MAIT cells, another is the
recruitment of MAIT cells to mucosal tissues, and lastly the loss of
MAIT cells due to activation-induced apoptosis [23, 42]. There
are studies reporting that MAIT cells down-regulate CD161 upon
activation in vitro [19, 42]. The mucosal immune system and
barrier functions are compromised in early HIV-1 infection
[50-53], and activation of MAIT cells and the subsequent
decrease of CD161 expression might occur when intestinal
epithelial integrity is disrupted with resulting microbial trans-
location [23, 54-56]. However, as discussed above, the decrease
of iVa7.2"CD161" MAIT cells in HIV-infected individuals cannot
be explained solely by down-regulation of CD161. Recently,
reduced levels of iVa7.2” Ja33 mRNA and genomic DNA and an
unchanged frequency of Va7.2'CD161~ cells among CD3'CD4~
lymphocytes in the blood of HIV-infected patients were reported.
There was a strong correlation of iVa7.2” Ja33 mRNA levels with
the frequency of iVa7.2'CD161"" cells but not with total iVa7.2*
cells. Overall, these data indicate that MAIT cells are lost from
the circulation [14].

MAIT cell recruitment to the mucosa could explain the loss of
MAIT cells from blood in HIV infection and could be a possible
mechanism for the immune system to compensate for the lack of
CD4" T cells to defend barrier integrity in the HIV-1 infected
mucosa [42]. The change in MAIT cell levels in blood in other
conditions has been suggested to be due to an enrichment of the
cells in tissues [10, 31]. MAIT cells express a number of
chemokine receptors that have a role in trafficking to sites of
inflammation. These include high levels of CCR6 and CXCR6
and intermediate levels of CCR9, CCR2, and CCRb5 [1, 34, 42,

308 Journal of Leukocyte Biology Volume 100, August 2016

44]. The chemokine receptor CCR6 may have a role in recruiting
and retaining CCR6" T cells in secondary lymphoid tissues in HIV
infection because of increased CCR6 ligand production [57].
The retained CCR6" T cells undergo apoptosis in the secondary
lymphoid organs leading to the gradual loss of these cells, and it
has been suggested that CCR6 can be used as a marker to
monitor HIV disease progression [57]. Surface expression of
CCRG6 is also one of the characteristic markers for a specific
population of memory T cells that secrete TNF-a, IL-2, and IFN-y
upon infection [57]. We and others have recently shown
decreased CCR6 expression on MAIT cells from HIV-infected
patients, which could help explain why HIV-infected patients
have impaired immune responses in mucosal tissues, especially at
the urogenital, respiratory, and intestinal mucosa [47, 58]. In
contrast, we did not see any significant difference in the
frequency of CCR5 expression by MAIT cells in HIV-infected and
HIV/TB-coinfected patients as compared with healthy controls
[58]. This finding is in accordance with a recent study in which
CCR5 was increased on CD161""CD8" T cells compared with
CD161"CD8" T cells, and that this did not change in patients with
HIV and/or TB infection [44].

The guthoming receptors, CCR9 and B7 (CD49d) are
expressed on MAIT cells in the jejunum of healthy individuals,
and both these homing receptors are up-regulated on circulating
MAIT cells from HIV-infected patients [45]. The frequency of
CCR9'B7" MAIT cells has a trend to inversely correlate with the
total frequency of MAIT cells, supporting the model of partial
homing of MAIT cells to the gut in HIV infection [45].

There may also be increased death of MAIT cells in HIV
infection. Various mechanisms for the death of MAIT cells after
their migration from blood to tissue have been investigated in
vitro, including AICD, bystander activation, or direct HIV
infection [23]. Although no evidence of preferential infection or
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bystander activation could be found, bacterially stimulated
MAIT cells were found to be susceptible to apoptosis in vitro
[23]. Given the amount of translocation of microbial products
into the gut lamina propria in HIV infection, AICD is a plausible
explanation for MAIT cell loss [23, 54-56]. This is consistent with
the proapoptotic predisposition, which is associated with
expression of PLZF, in MAIT and iNKT cells [59]. Recent
findings have underpinned the likelihood of MAIT-cell depletion
from AICD in HIV infection [45].

MAIT cells may have a role in mucosal inflammation in HIV
infection, contributing to the disruption of mucosal epithelial
integrity by the release of proinflammatory cytokines [43]. IFN-y
has been reported to cause cells to internalize proteins associated
with tight junctions leading to decreased trans-epithelial re-
sistance in the gut epithelium [60, 61]. Furthermore, TNF-oc has
also been reported to induce mucosal epithelial cell death
resulting from tightjunction changes [62], possibly leading to
microbial translocation (Fig. 2).

FUNCTIONAL IMPAIRMENT OF
MAIT CELLS

MAIT cells are capable of secreting cytokines, including
IL-17A and IL-22 [1, 34], which both have significant roles in
mucosal immunity and control of HIV-related opportunistic
infections [23, 35, 36]. Recently, it was reported that
individuals with loss-of-function mutations in STAT3 have
reduced numbers of peripheral blood MAIT and NKT [63];
residual STAT3-deficient MAIT cells were functionally im-
paired, with deficient secretion of IL-17A, although they were
able to secrete normal levels of IFN-y and TNF-a. In HIV
infection, iVa7.2"CD161" MAIT cells were functionally im-
paired in ART-naive individuals infected with HIV for ~6-8 y
when functionality was assessed with a whole-bacterial stimu-
lation assay [42]. Furthermore, impaired IFN-y and IL-17A
cytokine secretion by MAIT cells upon Escherichia coli stimula-
tion was partially restored with cART, although cART failed to
restore TNF-a production and CD69 expression [42]. It is
speculated, however, that down-regulation of surface CD3/
TCR on MAIT cells upon in vitro stimulation can make it
difficult to accurately recognize MAIT cells in these assays
[47]. In contrast with these previous reports, Fernandez et al.
[47], reported that residual MAIT cells are functionally active
in HIV-infected individuals and may still be able to assist in
controlling bacterial infection during HIV infection. Of note,
the subjects in this study were ART-naive and recently infected
(median, 4 mo) and were followed for a median of 25 mo [47]
whereas, in the other study, patients had been infected for a
mean of 85 mo at enrollment and were followed for a median
of another 52 mo after the initiation of cART [42]. Impaired
production of IL-17A by MAIT cells was partially restored with
5y of cART [42], whereas 2 y of cART failed to restore IL-17A
production [23], which points to a very slow recovery of
functionality. Hence, it seems that functional impairment of
MAIT cells occurs at a late stage in HIV infection and that
cART could in part restore functionality. In HIV-infected
individuals, the functionally impaired MAIT cells exhibited
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abnormal T-bet and EOMES expression patterns, which
correlated with deficiency in cytotoxic capacity and cytokine
production [64]. Effective ART did not fully restore these
aberrations, including the ability of MAIT cells to arm with
GrzB in response to bacterial antigen, suggesting that this
deficiency may be largely irreversible in HIV-infected individ-
uals [64].

ACTIVATION AND IMMUNOSENESCENCE
OF MAIT CELLS

Microbial translocation may stimulate innate immune cells via

TLR pathways, as well as other pattern recognition receptor
pathways, leading to secretion of proinflammatory cytokines
and systemic immune activation in chronic HIV infection [54].
In liver, MAIT cells have a more-activated phenotype compared
with blood MAIT cells and express higher levels of activation
markers CD69, CD38, and HLA-DR, possibly indicating
sustained antigen exposure [65]. The expression of CD38, HLA-
DR, and the immunosenescence marker CD57 were increased
on MAIT cells in patients with chronic HIV infection in
comparison with healthy controls [42]. In addition, the study
also showed that the frequency of MAIT cells had a negative
correlation with CD38 expression on MAIT cells as well as on
total CD8" T cells [42]. The study suggested that long-term ART
could decrease HLA-DR expression on MAIT cells but did

not affect the expression of CD38 and CD57 [42]. The up-
regulation of CD69 on MAIT cells has also been reported in
HIV infection [64]. We recently showed that MAIT cells also
have increased levels of HLA-DR, CD38, and CD57 in chronic
HCV disease [66]. Moreover, it has been also reported that
MAIT cells expressing CD27 and CD127 (IL-7Ra) are reduced
in HIV-infected individuals, although CD27, but not CD127,
expression recovered after long-term cART [42]. Future
investigations should assess the correlation among markers of
microbial translocation and MAIT-cell activation and loss. The
expression levels of functional molecules on MAIT cells are
summarized in Table 1.

IMMUNE EXHAUSTION OF MAIT CELLS IN
HIV INFECTION

Cellular immunity is controlled by different activating and
inhibitory receptors, regulating the immune response toward
infection. High expression of inhibitory receptors on T cells is
associated with T cell exhaustion [67-69]. PD-1 (CD279), PD-L1
(CD274), PD-L2 (CD273), LAG-3 (CD223), BTLA (CD272),
TIM-3 (HAVCR2), CD244, and CD160 are identified as
coinhibitory surface receptors that are expressed on immune
cells with inhibitory functions [70-72]. Several studies, both in
animal models and humans, have reported that immune
suppression via inhibitory signaling pathways is involved in

T cell impairment in chronic antigen-exposure settings [73-76].
Initial reports have emphasized on the role of PD-1, a major
factor in T cell exhaustion and disease progression in HIV-
infected patients [73-75]. Effective cART has been shown to
down-regulate PD-1 on both CD4" and CD8" T cells [75, 77].
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TABLE 1. Expression profile of functional molecules in MAIT cells

Molecular expression Healthy subjects HIV infection Post-ART References
CCR2 + ? ? [1, 34]

CCR5 +++ +++ ? [1, 23, 39, 42]
CCR6 +++ + ? [23, 39, 42]
CCR7 — — - [1]

CCR9 ++ +++ ? [1, 43]
CXCR4 + + ? [23]

CXCR6 +++ ? ? [1]

CD103 + + ? [39, 42]

B7 integrin ++ +++ ? [43]

CD161 +++ + + [23, 38, 39, 49]
PD-1 + +++ ? [42]

HLA-DR + +++ ++ [38]

CD38 + +++ +++ [38]

CDb57 + +++ +++ [38]

CD27 ++ + ++ [38]

CD127 ++ + + [38]

+, weak expression; ++, intermediate expression; +++, strong expression; ?, not known.

MAIT cells from patients with active TB showed increased
expression of PD-1, and blockade of the PD-1 signaling pathway
remarkably improved MAIT cell cytokine production in re-
sponse to antigen activation [72]. We recently showed that PD-1
is highly expressed on MAIT cells in the peripheral blood from
HIV-infected and HIV/TB coinfected patients but that cART
*/~ antituberculous drug treatment failed to reduce the
elevated PD-1 expression [58]. TIM-3 expression is also elevated
on MAIT cells from patients with chronic HIV infection
compared with healthy control subjects, and long-term cART
was able to significantly lower the levels [42]. In chronic HCV
infection, MAIT cells had increased expression levels of PD-1,
TIM-3, and CTLA-4 (CD152) [66]. This finding provides critical
insights into the potential role of multiple coinhibitory
receptors besides PD-1; those receptors remain to be examined
on MAIT cells from individuals at different stages of HIV
infection.

We have previously reported that p38MAPK/STAT3 pathways
were involved in HIV-1-mediated up-regulation of inhibitory
receptors CTLA-4, tumor necrosis factor-related apoptosis-
inducing ligand, TIM-3, LAG-3, and CD160 and transcription
factors B lymphocyte-induced maturation protein-1, deltex 1, and
FoxP3; blockade of the p38MAPK/STAT3 pathways significantly
ablated the expression of coinhibitory molecules and restored
T cell proliferation in vitro [78]. It has been reported that
expression of the inhibitory BTLA receptor was increased on
blood MAIT cells in patients with IBD, compared with dimmer
expression in controls [28]. It would be of interest to investigate
the expression of these additional inhibitory receptors and
transcription factors on MAIT cells in HIV infection.

The phenotype of exhausted MAIT cells is shown in Fig. 4, and
the proposed mechanisms leading to MAIT cell exhaustion are
shown in Fig. 5. As mentioned above, it has recently been
reported that subjects with loss-of-function mutations in STAT3
had reduced numbers of peripheral blood MAIT and NKT cells
[63]. It remains to be determined whether a change in STAT3
signaling is one of the underlying factors for MAIT cell
exhaustion in HIV infection.
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MAIT CELL RESTORATION: PROMISING
IMMUNOTHERAPEUTIC STRATEGIES

It is noteworthy that there is no significant recovery of circulating
MAIT cells in HIV-infected patients, despite years of otherwise
effective cART [23, 42-45]. However, MAIT-cell functionality is
recovered, at least in part, by cART [42]. In addition, a recent
report suggested that the colon MAIT cell population may be

restored after cART [43]. There is a necessity to investigate
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Figure 4. Phenotype of exhausted MAIT cells. PD-1 is linked to
exhaustion of MAIT cells in HIV, HIV/TB coinfection, and chronic
HCV disease. Both exhausted and activated MAIT cells also down-
regulate CD161. The role of other coinhibitory molecules, such as
TIM-3 and CD244, and immune activation molecules, such as HLA-DR,
CD38, CD69, and CD57, are currently being investigated. Abnormal
expression patterns of the transcription factors T-bet and EOMES are
believed to result in insufficiency of cytotoxic functions and cytokine
production by MAIT cells.
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\ Figure 5. Proposed mechanism of long-term
activation of MAIT cells and their subsequent
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MAIT cells in the initial stages of acute HIV infection to elucidate
the kinetics of the loss of these cells and whether very early
initiation of ART during primary HIV infection can restore the
population and whether this has any effect on microbial
translocation [45, 79]. The transcription factor expression profile
of MAIT cells has been investigated in healthy controls as well as
HIV-infected patients [59, 80-83]. For instance, the ability to
secrete IL-17 is correlated with expression of the transcription
factor retinoic acid-related orphan receptor-yt [81]. In addition,
the proapoptotic tendency of MAIT cells and iNKT cells is due to
expression of the transcription factor PLZF [59]. Hence, the
possibility of manipulating these transcription factors is an
intriguing target for possible future therapeutic approaches.
There are other theoretic therapeutic options, including the
immunomodulatory blockade of circulating cytokines (e.g., IL-18),
the use of cytokines to expand MAIT cells or enhance their
function (e.g., IL-7), the blockade of coinhibitory receptors, or the
use of probiotics to activate MAIT cell regeneration and pro-
liferation by altering the indigenous gut microbiota [19, 64].

IL-7 is a cytokine with pleiotropic effects that is produced by
bone marrow and thymic stromal cells, DCs, hepatocytes, and
epithelial cells. Besides functioning as a growth factor for cells of
the lymphoid lineage, IL-7 is believed to function as a growth
factor for gut mucosal lymphocytes. IL-7 confers strong survival
signals to memory T cells [84, 85], with which MAIT cells show
similarities. IL-7 also appears to enhance the Thl and Th17
cytokine-production abilities of MAIT cells in response to
polyclonal stimulation [65]. In addition, IL-7 has been shown to
turn resting MAIT cells from healthy donors into cytotoxic GrzB*
effector cells, and in HIV-1 infected patients, this can partially
reverse the defects in MAIT cell functions and their aberrant
expression of transcription factors [64]. Furthermore, plasma
IL-7 levels appear to have a positive correlation with MAIT cell
frequencies and functions in HIV-infected patients, and IL-7
treatment significantly restored MAIT cell effector functions in
vitro, even in the absence of ART [64]. Hence, the immuno-
therapeutic credentials of IL-7 to harness the protective functions
of MAIT cells may be considered in HIV disease.
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CONCLUSION AND FUTURE DIRECTIONS

Although a substantial amount of research has been conducted
on circulating MAIT cells in HIV infection, there remains a need
to characterize the frequency and function of MAIT cells isolated
from different mucosal tissue compartments from HIV-infected
individuals (including ECs), from uninfected controls, and,
significantly, from HIV/TB or HIV/HCV coinfected individuals.
Further studies should also aim to address the cell types that
could compensate for the functional loss of MAIT cells [86]. In
addition, future analyses of MAIT cells would be assisted by the
use of the MR1 tetramer technology. The mechanism of MAIT-
cell exhaustion and immunosenescence should be investigated
closely, particularly in the context of coinhibitory molecules. The
interaction of MAIT cells with different types of adaptive and
innate cells has also been overlooked, especially in instances in
which some of these cells could serve as potential sources of IL-12
and IL-18 after viral infection, leading to activation of MAIT cells
in HIV infection. Lastly, the development of immunotherapeutic
molecules to restore functional MAIT cell levels in the different
tissue compartments in persistent viral infections, especially in
HIV and HCV infections, is an area that requires in-depth
investigation.
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