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Mucosal-associated invariant T (MAIT) cells are a subset of T cells that per-
form innate-like immunity functions upon recognition of small molecule vita-
min B metabolites presented by the MHC, class I-related protein-1 (MR1).
MAIT cells are profuse in humans, but especially abundant in blood, liver,
lungs, and mucosal layers. The mucosa is a common site of carcinogenesis
and MAIT cells have been found in both primary and metastatic tumors.
MAIT cells target a host of microbes including Mycobacterium tuberculosis,
Staphylococcus aureus, Salmonella enterica, Legionella longbeachae, Escheri-
chia coli, and Candida albicans, and are highly activated in viral infections.
Cytokines produced by MAIT cells are both anticancerous and antibacterial,
but also have proinflammatory and possibly tumorigenic properties. In addi-
tion, it is believed that MAIT cells play a protective role in viral infections in
an MR1-independent fashion. Based on our summary of recent advances con-
cerning both MRI1-mediated and MRI1-independent MAIT cell immune
responses, we weigh the strengths and weaknesses of these cells for vaccine
development.
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MAIT cells characterized by the presence or absence of CD8 and
Y

The discovery of two highly distinct but cooperative
lymphocyte subsets, derived from the thymus (T cells)
and the bone marrow (B cells), was the starting point
for research to explain the human immune response.
T cells are mostly involved in cellular immunity, but
crucially help B cells in the production of antibodies.
The T cells of the immune system contain membrane-
bound T cell receptors (TCRs) which recognize micro-
bial antigens presented by surface proteins on antigen-
presenting cells (APCs). The TCRs are heterodimers
constructed either from alpha (o) and beta (B) or
gamma (y) and delta (8) components and are described
as an of}- or a yO-TCR. The T cells are additionally

Abbreviations

CD4 transmembrane co-stimulatory receptors (CD8
or ~ and CD4" or ) which together with the TCR
activate T cells. The conventional af-TCR T cells are
either CD8" or CD4" while unconventional y8-TCR
T cells are almost exclusively defined as lacking the
expression of CD8 and CD4 co-receptors. The most
common antigens recognized by conventional T cells
are peptide metabolites while the unconventional
T cells respond to another group of very specific
ligands (for recent reviews see refs. [1,2]) (Fig. 1).

A very important and unique subset of unconven-
tional T cells exists in humans, primates, rodents, and
ruminants [3-6] that was first discovered in 1993 [7].

APCs, antigen-presenting cells; ART, antiretroviral therapy; DN, double negative; HCV, hepatitis C virus; MAIT, mucosal-associated invariant
T, MMR, measles, mumps, and rubella; Mtb, Mycobacterium tuberculosis; NHPs, nonhuman primates; NKG2D, natural-killer group 2,
member D; PLZF, promyelocytic leukemia zinc finger; RORyt, retinoic acid-related orphan receptor yt; TB, tuberculosis; TCRs, T cell receptors.
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Fig. 1. Schematic representation of the main T cell subsets. (A) Conventional CD8+ and CD4+ T cells recognize the antigen presented
through the MHC molecule on the APC by the TCR. (B) y8 T cells are "unconventional’ T cells expressing a yd TCR which recognizes
different ligands presented by diverse receptors (e.g., MHC, CD1, and other surface-bound proteins). (C) The invariant natural killer T (iNKT)
cells express an invariant af TCR which binds to glycolipid antigens exposed on the MHC class I-like molecule, CD1d. (D) MAIT cells are
restricted by MR1 and recognize riboflavin (vitamin B,) biosynthesis derivatives by the invariant o TCR. MAIT cells can also be activated in

a TCR-independent manner by various cytokines.

These mucosal-associated invariant T (MAIT) cells
make up approximately 10% of all T cells in healthy
humans [8]. MAIT cells were first found in the gut
mucosa, but are now known to exist in nonmucosal
sites, such as the liver, peripheral blood, and lungs as
well where they can be enriched to up to 40% of the
total T cell number [5,9,10]. Although most MAIT
cells display effector memory-like phenotypes [9] that
allow for their activation either through both TCR-de-
pendent and -independent processes [11,12], MAIT
cells are defined by their semi-invariant TCR contain-
ing the invariant Va7.2 gene segment rearranged typi-
cally with a Jal2, 20, or 33 segment, coupled to
variable B-chains. These TCR variants as well as the
expression of a C-type lectin-like receptor, CD161""
and IL-18R, best define human MAIT cells [13]. The
semi-invariant TCR of MAIT cells is not activated
through peptide- or lipid-based metabolites, as in
canonical T cells, but, instead, through the unconven-
tional covalent binding of riboflavin (Vitamin B,) pre-
cursor pyrimidine derivatives by the nonpolymorphic
MHC, class I-related protein-1 (MRI1) [14-17] (and
reviewed in [18]).

MR1-mediated activation

The key pyrimidine derivative, a small nucleoside 5-
amino-6-p-ribitylaminouracil (5-A-RU), is a precursor
in the riboflavin biosynthetic pathway that is pro-
duced by many bacteria and fungi from GTP in four
enzymatic steps [14,19-21]. 5-A-RU either enters the

microbial riboflavin biosynthesis pathway or reacts
nonenzymatically with endogenous dioxo compounds
produced in mammalian glycolysis or microbial meta-
bolic pathways to form a profoundly unstable and
reactive o-iminocarbonyl adduct 5-(2-oxopropylidene-
amino)-6-D-ribitylaminouracil (5-OP-RU, shown in
Fig. 2A) or 5-(2-oxoethylideneamino-6-D-ribitylamine
(5-OE-RU) that can be trapped by a lysine residue
on MRI1 to form a second Schiff base, thus cova-
lently attaching the molecule to the protein (Fig. 2A)
[14]. MRI1 is stored in the endoplasmic reticulum
in a conformation ready for binding the riboflavin
metabolites. Binding triggers a molecular switch that
results in the 1,2-diimino—MR1 complex to be traf-
ficked to the APC membrane where it subsequently
presents to the MAIT cell TCR [22]. This process has
been confirmed by structural elucidation of the
MAIT cell TCR—5-OP-RU-MRI1 ternary complex in
bacteria [14] (reviewed in ref. [23]). Following MRI1-
mediated activation, MAIT cells rapidly produce a
host of cytokines, consistent with a T helper (Thl)-
type, Thl7-type, or mixed profile, including IFN-v,
TNFs, IL-17, and IL-22. These cytokines, either
directly (IFN-y, TNFs, IL-17), or indirectly through
cell proliferation (IL-22), promote cytolysis of the
infecting agents (Fig. 1) [9,24-27], hence leading to
the control of various bacterial infections in human
infectious diseases and in animal models [28]. This
work led to the manufacture of commercially avail-
able MRI1-Ag-tetramers that allow for the conclusive
identification of MAIT cells even when these are
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Fig. 2. (A) Partial biosynthesis of 5-OP-RU from GTP. 5-OP-RU is highly reactive and enters the riboflavin biosynthesis pathway or is trapped
by MR1 and then presented to MAIT cells, thus inducing an immune response [14]. (B) Photodegradation of folic acid under ultraviolet light

to form p-aminobenzoyl-L-glutamic acid and 6-FP, the first known
envelops the 5-OP-RU substrate (adapted from ref. 15) [14,15]. (
indicating promiscuity of the MR1 binding pocket [27].

present in only very low abundance in mammals and
humans [14,23,29].

Prior to the discovery of 5-OP-RU, the first ligand
ever identified for MR1 was 6-formylpterin (6-FP), an
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modulator of MAIT cell activity [18]. (C) (left) MR1 almost entirely
right) Nonsubstrate-based, drug-like modulators of MAIT cell activity

ultraviolet light photodegradation product of folic
acid. Interestingly, like 5-A-RU, 6-FP even forms the
Schiff base with the formyl moiety of the e-amino moi-
ety of Lys43 of MR 1. However, 6-FP does not activate
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MAIT cells — it is, in fact, a competitive inhibitor
(Fig. 2B) [30]. Also discovered to be a competitive
inhibitor was acetyl-6-formylpterin, a synthetic acy-
lated analogue of 6-FP (Fig. 2A, boxed) [31] (for a
review of these discoveries see [18]). MRI1 almost
entirely envelops the 5-OP-RU molecule as evidenced
by the many contacts with the 5-OP-RU molecule and
the MR1 binding site (Fig. 2C, left) [14]. Further crys-
tal structures of the MRI1 binding pocket have been
solved with a series of diverse chemical ligands (even
one containing the nonsteroidal anti-inflammatory
drug, diclofenac) with limited structural similarity to
5-OP-RU that are either agonists or inhibitors of
MAIT cells (Fig. 2C, right) [32]. It has been posited
whether or not these nonsubstrate molecules activate
or inhibit MAIT cells depends on TCRp chain usage
[32,33]. The MRI1 binding pocket clearly presents a
high degree of promiscuity and this suggests that none
of the critical structural components of 5-OP-RU, even
the double Schiff base, have been confirmed. It is
hypothesized that more, yet to be discovered, antigens
for MAIT cells could exist [29,33-35].

As a result of the MR1 binding pocket promiscuity
and the high instability of 5-OP-RU and 5-OE-RU,
significant efforts have been made to identify more
stable analogues with the same stimulatory ability,
but as yet have been met with only limited success.
The most stable analogue (carba-5-OP-RU, Fig. 2A,
boxed) is still a 1000 times less potent antigen
(ECso = 1.6 nm) than 5-OP-RU (ECsy = 1.6 pM) and
is only stable in an aqueous environment [15].
Nonetheless, this seminal work marks appreciable pro-
gress in realizing artificial mediation of MAIT cell
activity.

Human MAIT cells divide primarily into two func-
tionally different subsets characterized by the presence
(CD8'CD4~, major phenotype) or  absence
(CD8 CD4", double negative (DN), minor phenotype)
of the CD8a co-receptor for the TCR. Although 95%
of human MAIT cells do not bear the CD4 phenotype
[36], CD4" MAIT cells exist and are upregulated in
active tuberculosis infection [12,37]. Initially, due to
the high level of conservation of the MR1 protein and
the small number of riboflavin-based activators it was
thought that the MAIT cell response would be homo-
geneous regardless of the microbial infectant. Now it
is known that MAIT cells actually provide microbe-
specific responses with layered heterogeneity [38]. This
difference will have very important implications in
infectious and inflammatory diseases as MAIT cells
bearing different phenotypes are able to effect differen-
tial responses in a pathogen-specific manner, although
further research is required.

A. M. Downey et al.

TCR-independent activation

Some functions of MAIT cells can be activated by
innate inflammatory and antiviral cytokines, most
commonly IL-12 and IL-18 [11], but also IL-15,
IFN-o/B [39], in an MRI-independent mechanism
[11] and can concurrently augment MAIT cell’s
TCR-dependent activation [40,41]. TCR-independent
activation is the primary mode of action for MAIT
cells in combating viral infection mainly through
secretion of cytokine IFN-y [42] and serine protease
granzyme B [39]. The implications of MRI-indepen-
dent MAIT cell activation are tremendous as this
response provides utility for MAIT cells beyond
antimicrobial effects and into viral infection, includ-
ing influenza [43], HIV [44], and hepatitis B and C
[45] to be discussed.

Vaccines

Successful vaccines initiate long-term protection
against pathogens by inducing adaptive immunity.
In addition to the principle epitope, they also typi-
cally contain one or more adjuvants, an entity added
to the formulation to boost the immune response.
Vaccines have had a profound impact on human
health and have resulted in the eradication of the
smallpox virus [46]. In general terms, two types of
vaccines exist. The first category are the vaccines to
treat existing debilitations, termed therapeutic vac-
cines. The second category contains vaccines that
are delivered in order to prevent the development of
a certain ailment, termed preventative vaccines. Syn-
thetic or semi-synthetic bioconjugate epitopes offer a
promising alternative to isolated conjugates in vacci-
nes because absolute structural integrity can be con-
firmed as well as a greater degree of purity in the
final product achieved. These two factors offer the
advantage of mitigating or potentially suppressing
hyporesponsiveness or side-effects of the vaccine in
patients [47,48].

General considerations

Currently available vaccines target B cells to produce
neutralizing antibodies; they do not generate protective
T cell responses. B cells recognize only native antigens
that have not been processed stipulating that B cells
have extreme specificity. This is very good if the anti-
gens of the pathogen remain unchanged, as in the case
of the measles, mumps, and rubella (MMR) vaccine
where the B cells are immunogenic against the con-
served, essential proteins of the virus. However, in
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influenza (more detail below), for example, the avail-
able vaccines only result in immunogenicity from
B cells against the hemagglutinin (H) and the neu-
raminidase (N) viral surface proteins which mutate
rapidly and broadly, thus having limited utility [49].
This makes the adaptive T cells attractive in vaccine
design, in general, because they can recognize pro-
cessed antigens.

Most vaccines are administered to patients intramus-
cularly or intradermally and may not confer and main-
tain good mucosal immunity. This is especially
important in the cases of intestinal, respiratory or uro-
genital tract infections. The possibility for MAIT cells
to be exploited in mucosal vaccine design is an attrac-
tive direction for exploration as they may be harnessed
as adjuvants to boost systemic vaccine efficacy [33,50].
Mature MAIT cells express a CD95MCD62L°C-
D45RO"CD45RA°CD27"CD122" memory-like pheno-
type in the blood [51-53] and may display
transcription  factors retinoic acid-related orphan
receptor yt (RORyt), promyelocytic leukemia zinc fin-
ger (PLZF), T-bet, and Helios [36,53,54]. The MAIT
cell frequency is low in young children [9,53,55]. It has
been posited that by adding MAIT cell antigens in
combination with toll-like receptor antigens to vacci-
nes their immunogenicity in infants may improve [56].

The success of vaccine development hinges upon the
selection of an appropriate animal model for testing
and analysis during the preclinical phase. The natural
abundancy of MAIT cells in mice is one-tenth that of
humans [51,57] and could be potentially prohibitively
low. Highly encouragingly, the MR1 protein in nonhu-
man primates (NHPs) and humans function compara-
bly, such that NHPs are a useful preclinical modal for
MAIT cell-targeted vaccines [6]. Here, we discuss the
potential for MAIT cells to be explored as vaccine tar-
gets in bacterial and viral infection as well as tumori-
genesis.

MAIT cells in vaccines against
microbial infection

In broad terms, MAIT cells have been implicated in a
host of microbial infections and as a result could be
attractive vaccine targets especially as they serve as the
first mode of defense against certain bacterial infec-
tions [28]. MAIT cells are cytotoxic [58-60] and can
respond to some superantigens in the absence of ligand
binding [3]. It has been proposed that MAIT cell-me-
diated cytotoxicity can be induced, augmented, or
reestablished to play a protective role in microbial
infections [24,61-63]. We analyze this potential in
more detail below.

MAIT cells as attractive vaccine targets

Staphylococcus aureus

Staphylococcus aureus is a major human pathogen
responsible for a host of life-threatening clinical infec-
tions including bacteremia and infective endocarditis
[64] and is still linked to up to 50,000 deaths in the
United States each year [65]. In S. aureus infection,
dendritic cells could increase the expression of the
activation marker CD69 on MAIT cells by >100-fold
[66], however, these MAIT cells can produce IFN-y
which has powerful antimicrobial properties [8,24].
Interestingly, it has been shown that S. aureus super-
antigens are able to circumvent MRI1-dependent acti-
vation pathway and stimulate MAIT cells in the
absence of ligand binding. Subsequent challenge
results in MAIT cell exhaustion and anergy rendering
them unable to respond to MRI-restricted antigens.
It is also possible that MAIT cell propagation is
reduced or abated during S. aureus infection [3].
Although the exhaustion resulting from these super-
antigens may prevent MAIT cells from further propa-
gation of their response, if this shortcoming can be
circumvented in the future MAIT cells would be very
useful in fighting S. aureus infections and be valuable
in vaccine design [8].

Escherichia coli and Candida albicans

Escherichia coli, although the most studied microor-
ganism worldwide, still poses very serious public
health problems [67]. Candida albicans, a ubiquitous
mammalian fungus, is the most prevalent fungal
pathogen in humans [68]. In general, MAIT cells
have been shown to respond to both infections in
an MRI-dependent manner as would be expected
[24]. Nonetheless, pioneering work has shown that
despite the high level of conservation of the MRI1
protein, MAIT cells display transcriptionally and
phenotypically distinct subsets with differing, but
specific activity profiles [36,38]. MAIT cell effector
responses toward E. coli and C. albicans demon-
strate disparate MR1 dependency and TCR B-chain
bias indicating that MAIT cells may have differen-
tial sub-specificities for the antigens originating
from these two organisms (functional heterogeneity).
MAIT cell responses were still consistent with an
effector memory-like profile (CD45RO"CDI127°
CD62L'°) [33,38]. These results are encouraging for
vaccine design: if ‘tailor-made’ responses to either
infectious agent can be induced in the future,
MAIT cells could serve as powerful adjuvants in
both preventative and therapeutic vaccines against
these pathogens.
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Mycobacterium tuberculosis

Tuberculosis (TB), caused by Mycobacterium tuberculo-
sis (M1b), was one of the top 10 causes of death in 2016
and more than 10 million new cases are thought to pre-
sent each year [69]. The lack of an effective vaccine is a
contributing factor to mortality [70]. Conflicting data
have been published, but two recent studies suggest that
in both active, early [37] and latent [71] Mtb infection,
MAIT cell frequency of some phenotypes is enhanced
or unchanged. In active pulmonary M1b infection,
CD4" MAIT cells, the very minor MAIT cell pheno-
type, along with y& T cells were enriched and the CD8"
or DN phenotypes unchanged. Individuals that were
exposed, but not infected with Mtb presented high
MAIT cell CD25 expression and granzyme B produc-
tion coupled with a depressed CD69 and IFN-y
response. Evidently, it is this phenotype that offers
resistance to the bacterium. A final observation suggests
that MAIT cell abundance and reactivity correlates
with gut microbiome composition. Apparently, MAIT
cell responses in an Mtb infection could be controlled
by the microbiome of the intestine [37].

In latent infections, MAIT cell frequency in periph-
eral blood was increased, however, the phenotype dif-
fered. In latent infections the CD8'CD4~ MAIT cell
phenotype dominated. Clearly further research is
needed to determine the importance of phenotype in
treating latent and active infection, however, MAIT
cells could provide successful immune control of Mtb
infection [71] and are attractive for vaccine design.
When rhesus macaques are subjected to Bacillus Cal-
mette-Guerin vaccination at 14 days postinfection at the
vaccine site, MAIT cells were more frequent in the skin
at the vaccination site compared to the skin at a distal
site. MAIT cells in rhesus macaques were activated and
respond quickly to direct Mth infection [6]. One poten-
tial drawback we note is that MAIT cell accumulation
in the lungs, the actual site of infection, during Mth
infection is limited [72], but may not be important for
vaccine design. These studies make a very strong case
for incorporating MAIT cells into Mth vaccines.

Salmonella enterica and Legionella longbeachae

Salmonella enterica is a Gram-negative bacterium and
many of its serotypes are a prominent source of com-
munity-acquired infections among low- and middle-in-
come families. Multi-drug resistance to Salmonella
serotypes is becoming a serious concern in antibiotic
treatment [73]. Legionella longbeachae is also a Gram-
negative bacterium and is the principal causative agent
of Legionnaire’s disease in some countries, including

A. M. Downey et al.

New Zealand, Australia, and Thailand. Legionnaire’s
disease is a serious, potentially deadly, atypical form
of pneumonia with increasing prevalence [74]. In both
S. enterica [54] and L. longbeachae [56] infections in
mice, MAIT cells accumulate at the site of infection in
the lungs in an MRI1-dependent fashion. MAIT cell
frequency in the mice was augmented by exposure to
the 5-OP-RU ligand before the mice were infected with
L. longbeachae one month later, essentially screening
MAIT cells as potential adjuvants. The bacterial load
was significantly lower in wild-type mice that had been
previously exposed to 5-OP-RU. This is the first
encouraging example of actually examining 5-OP-RU
to serve as a vaccine [56].

Potential pitfalls

Helicobacter pylori is a common infecting agent affect-
ing approximately half the world’s population with a
much higher prevalence in developing countries and
individuals living in poor socio-economic conditions.
It is also the main cause of chronic gastritis and peptic
ulcers [75]. The scenario for MAIT cells in H. pylori
infections appears to be more complicated and debat-
able than in many of the other microbial infections, as
it appears they are not solely protective. Using a mur-
ine H. pylori SS1 infection model it has recently been
shown using MRI1 tetramers that MAIT cells may
actually contribute to chronic gastritis. Following the
infection of mice, MAIT cells accumulated in high
numbers in the gastric mucosa and presented a mem-
ory Thl/Th17 effector phenotype resulting in aug-
mented secretion of the pro-inflammatory cytokine,
IL-17. The increased levels of this cytokine resulted in
accelerated gastritis via increased recruitment of
immunogenic cells (i.e., neutrophils, macrophages, den-
dritic cells, eosinophils, and non-MAIT T cells) and
gastric atrophy [76,77]. Because H. pylori is prevalent
in the human gut microbiome, augmenting MAIT cell
levels as a result of a vaccine may result in gastric ill-
nesses in some individuals that carry this bacterium.
The role of MAIT cells in this disease certainly
requires further studies.

Overall, there are clear advantages to investigating
MAIT cells in vaccine development. We believe that
harnessing the anti-microbial ability of MAIT cells
could contribute to the design of potent immunothera-
pies and vaccines against highly resilient infectious
agents that remain global public health threats [78].
Coupled with their effector memory-like characteristics
and ability to accumulate and remain at the site of (at
least some) infections they are attractive candidates.
Development must take into account the possibly pro-
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inflammatory implications in the gut, as a result of IL-
17A efflux that can be a limiting factor if MAIT cell
recruitment really is mediated by the gut microbiome
[37]. Gastric perturbations may arise as a highly unde-
sirable side effect.

MAIT cells in vaccines against viral
infections

Another burgeoning area of research is MAIT cell
implication in viral infections. A series of recent studies
underscore the potential utility of MAIT cells in antivi-
ral vaccines as many viral infections exhaust MAIT cell
levels. Viral infections stimulate MAIT cells in an
MR 1-independent manner, instead responding to cyto-
kine profiles released dependent on the infecting agent.

Hepatitis B virus

Hepatitis B viral infection is a major global threat with
an estimated 240 million people chronically infected
and another 780 000 individuals dying each year due
to complications of the virus, including hepatic cirrho-
sis, hepatocellular carcinoma, and chronic liver failure
[79]. Despite the fact that a preventative vaccine for
HBYV does exist, a small percentage of people can be
chronically infected. Furthermore, current prophylactic
vaccines are largely ineffective in patients already
chronically infected with HBV [80]. In chronic HBV
infections, the percentage of cytokine-producing T cells
and MAIT cells were significantly depleted in number
and the level of intracellular expression of granzyme B
and IFN-y were significantly reduced compared to
healthy controls [§1] due to increased PD-1 levels [45],
a regulatory cell-surface immune suppressing protein
[82]. If MAIT cell numbers can be artificially increased
as an adjuvant in a vaccine during chronic HBV infec-
tion, vaccine efficacy could increase dramatically. Fur-
ther research to this end is needed.

Hepatitis C virus

Hepatitis C virus (HCV) is a member of the Flaviviri-
dae family of positive-sense RNA viruses [39]. HCV
global prevalence is estimated at 1.2 and 1.7% among
adults with an estimated 500 000 deaths attributed to
the infection in 2015 [83]. MAIT cell populations in
blood are the most severely reduced during chronic
HCYV infection. The MAIT cells that are present dis-
play a phenotype indicative of immune suppression, as
a result of high levels of PD-1 expression, and high
levels of activation indicated by a high manifestation
of granzyme B, HLA-DR, and CD69. They also

MAIT cells as attractive vaccine targets

exhibited altered transcription factor expression and
dampened responsiveness to MRI1-mediated antigen
stimulation. MAIT cell depletion appears to be irre-
versible even after HCV clearance [84] and blood
MAIT cell frequency measurements during HCV
mono-infection and HCV/HIV co-infection confirmed
this severe irreversible depletion [85]. However, these
studies did not address hepatic MAIT cell levels at the
site of infection. Hepatic levels of MAIT cells are
much higher than that of the blood in infected
patients, however, they were still significantly depleted
when compared to hepatic MAIT cell levels of unin-
fected patients. Although their supply is depleted, their
level is restored upon 12-week antiviral therapy and
their TCR-dependent response remains unaltered [86].
Lower levels of MAIT cells during HCV infection were
found, but the cells were still activated by IL-18 from
the host response as a result of the virus in a TCR-in-
dependent fashion with upregulated expression of
granzyme B. MAIT cells were believed to contribute
to the immunopathology and host defense [39].

HIV

Despite monumental advances in antiretroviral therapy
(ART) in the past decades, infection and death from
HIV, especially in developing nations, remains a major
health concern [87]. MAIT cell implication in HIV infec-
tion is a very hot research topic as discussed below.

In HIV infection, much like in chronic HBV and
HCV, MAIT cell levels in the blood are depleted and
display a different cytokine receptor profile over unin-
fected individuals [13,88-90]. This loss of MAIT cell
frequency has been demonstrated in simian immunode-
ficiency virus infection in rhesus macaques as well [91].
Moreover, it is postulated that this functional impair-
ment and decline in MAIT cell populations is caused
by systemic chronic immune activation that often
accompanies HIV-1 infection [92]. Initially this deple-
tion was thought to be irreversible, however, it has
been shown recently that IL-7 administration to chron-
ically HIV-1 infected patients as part of ART can
restore MAIT cell peripheral blood levels and function
and was more pronounced in the CDS8" subset [93].
Evidence suggests that reconstitution of MAIT cell
populations in HIV-1 patients would have a positive
effect on the HIV-1 disease progression and transmis-
sion [44]. These findings have important implications
for vaccine design. HIV-1 infection is associated with
an increased incidence of active Mth, even among
patients with viral suppression [71,94]. Activation or
recruitment of MAIT cells may prevent Mth infec-
tions. Hence, an Mtb vaccine in combination with
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IL-7 therapy could prove to be an efficacious HIV
treatment. Rhesus macaques may be an excellent
model to test such a therapy.

Mucosal-associated invariant T cell-based antimicro-
bial vaccines can still be effective, or, at least not detri-
mental, during chronic viral infections. This finding is
crucial as microbial infection is a key source of mor-
bidity and mortality in individuals with chronic viral
infections [94]. Therefore, in principle, an antibacterial
vaccine targeting MAIT cells can still be highly benefi-
cial during these viral infections. Additionally, MAIT
cells may be effective in an actual HIV vaccine if they
contribute to host defense as postulated.

Acute viral infections

Influenza, an acute airborne respiratory illness, is still
a significant health threat, especially to those aged
over 65, pregnant women, and immunocompromised
patients. Influenza A and B, of the orthomyxoviridae
family of viruses cause severe seasonal epidemics [95].
Currently available preventative influenza vaccines
provide only strain-specific efficacy. They are currently
only able to offer limited cross-protection against sea-
sonal, pandemic, or avian-derived viruses [49].

As in the other viruses, MAIT cell frequency in the
peripheral blood of infected patients is reduced which
could result in compromised antibacterial immunity
increasing the threat of bacterial co-infection, especially
Mtb [49,96]. However, much like in the chronic infec-
tions, in acute viral infections like influenza (and also
dengue virus), MAIT cells are specifically and readily
activated by cytokines IL-12, -15, -18 and IFN Type 1
in a TCR-independent mechanism [39]. This activation
is quantified by measuring IFN-y secretion by the
MAIT cells. In influenza Mtb co-infection, MAIT cell
activation is assessable. The authors state that these
findings are consistent with a possible therapeutic strat-
egy involving MAIT cells [96]. Further research found
that despite the low frequency of MAIT cells in mice,
very similar findings were discovered in murine models
infected with two strains of the influenza A virus.
Again, MAIT cells offer protection in respiratory viral
infections and are a viable target in therapeutic strate-
gies [97,98]. A murine model may be suitable for testing
vaccine strategies involving MAIT cells facilitating
their development despite their low natural abundance.

In both chronic and acute viral infections the posi-
tive effects for incorporating MAIT cells in vaccine
design appear to overshadow the negatives. Although
many mechanistic questions remain, increasing MAIT
cell activation appears either beneficial or neutral in
the worst case. Evidenced by the large volume of
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MAIT cell-related studies published in recent years it
certainly seems that numerous research groups also
believe that the therapeutic potential MAIT cells can
be harnessed, or should certainly be investigated fur-
ther. Since the most current studies suggest that MAIT
cell numbers in peripheral blood appear invariably
suppressed in viral infections, a therapeutic vaccine
design with the ability to reconstitute peripheral blood
levels of MAIT cells using an optimized cocktail of
cytokines appears to be a good goal. However, it is
crucial to determine whether the underlying causes for
this depression are. It would also be interesting to
determine if the compromised MRI1-mediated MAIT
cell stimulation during the viral infections could be
reconstituted or the underlying causes could be irrefu-
tably determined to facilitate their incorporation into a
therapeutic vaccine. It is encouraging that in viral
infections MAIT cell suppression in rhesus macaques
is consistent with that of humans. These primates,
therefore, potentially provide a viable model and could
facilitate testing MAIT cells in therapeutic designs.

MAIT cells in vaccines against cancer

Cancer vaccines, like other vaccines, can be distin-
guished into two categories, therapeutic and preventa-
tive. A very limited number of therapeutic cancer
vaccines have been approved by the US Food and Drug
Administration, while no purely cancer-preventative
vaccines are currently on the market. The therapeutic
effects of the commercially available preventative vacci-
nes have been considered unsatisfactory [99]. Further
studies into both vaccine types open new opportunities.

Therapeutic cancer vaccines are administered to
patients with the goal of boosting the patient’s own
immune response by employing suitable antigens to
modulate CD8" T cell-mediated responses. Superfi-
cially, MAIT cells are a highly desirable target for
therapeutic cancer vaccine design as the primary phe-
notype for MAIT cells is CD8™, the reality, however,
is more complicated. Activated MAIT cells can pro-
duce a Thl-type, Thl7-type, or a mixed cytokine pro-
file largely dependent on their mode of stimulation,
tissue location, and the cytokine environment in which
they are found. Induction of a Th17-type profile as in
adipose tissue of obese patients, IL-17 will be excreted
in elevated levels [100]. Unfortunately, IL-17A elicits
pro-tumorigenic responses that can influence the clini-
cal cancer prognosis [12,101]. The pro-tumorigenic and
immunosuppressive effects of IL-17A appear to be a
limiting factor in therapeutic design [12], but the situa-
tion is not as bleak as it may seem. MAIT cells only
elicit a Th17-type response from certain tissues under
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specific conditions. In the blood and liver, MAIT cells
produce insignificant amounts of IL-17A under physi-
ological conditions.

Mucosal-associated invariant T cells of all pheno-
types rapidly produce large amounts of IFN-y, a pow-
erful cytokine that displays cytostatic, proapoptotic,
and immunostimulatory properties — all crucial anti-tu-
morigenic effects. MAIT cells also express high levels
of natural-killer group 2, member D (NKG2D), a C-
type lectin receptor expressed by other immune cells
(e.g., other CD8" T cells), that is implicated in anti-
cancer immune surveillance [102]. MAIT cell’s ability
to use the activating NKG2D receptor suggests that
MAIT cells can engage malignant cells and may poten-
tially carry the ability to eliminate tumor cells, either
directly or indirectly [12].

MAIT cell levels in the liver, an organ where non-
Thl17-type profile displaying MAIT cells reside, of
patients with colorectal liver metastasis were only mar-
ginally decreased [103]. Should MAIT cell numbers be
augmented in some way, they likely would have anti-
cancerous properties in this scenario.

Despite many findings implicating MAIT cells in
carcinomas, much remains to be discovered (as
reviewed in [12]). The innate properties of MAIT cells
may be rendered useful in therapeutic vaccines for sev-
eral reasons: First, they are found in the mucosa, the
primary place of malignant development for mucosal-
associated cancers. Second, MAIT cells are detectable
within metastatic cancers [103], however, their expres-
sion of IFN-vy is suppressed [104]. Finally, peripheral
blood and the liver contain a high frequency of MAIT
cells, common places for would-be metastatic tumors
to circulate in an afflicted patient [9,12]. With these
characteristics in mind, the amplification of MAIT
cells themselves, or their release of anti-tumorigenic
cytokines such as IFN-y, could very likely be useful in
therapeutic cancer vaccinations. Moreover, although
preventative cancer vaccines are still in their infancy,
the effector memory-like characteristics of MAIT cells
would render them potent adjuvants in such a therapy.

Feasibility of incorporating MAIT cells
into vaccines

The implications of MAIT cells in many infections
and diseases and how they can be specifically har-
nessed in each debilitation to serve as an effective vac-
cine target have been discussed. However, it is
important to present conceptually how MAIT cells can
be exploited in an actual vaccine formulation.
Superficially, it appears easier to target MAIT cells in
an antimicrobial vaccine, either therapeutic or
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preventative. We believe that their ability to serve pri-
marily as adjuvant is the greatest, however, their effec-
tor memory-like phenotypes provide further potential.
To serve as adjuvant in microbial infections, the discov-
ery of a more stable ligand than 5-A-RU, 5-OP-RU, or
R-OE-RU would be of a profound benefit. Should such
an analogue be developed, it could be added to the vac-
cine serum directly and administered with the principal
epitope for the targeted bacterial infection. Thus, both
the acquired immune response arising from the epitope
and innate (-like) immunity stemming from the MAIT
cells could be augmented in one formulation. Unfortu-
nately, to date, the development of such analogues has
thus far proven elusive. We await further developments.

In viral infection, we believe that the current data
most strongly support the exploitation of MAIT cells
in a therapeutic vaccine and could serve as both the
antiviral agent and offer concurrent prevention against
bacterial co-infection. As discussed, MAIT cell levels
are severely depleted and can show a compromised
MR 1-dependent response in viral infections. The ability
to reconstitute their numbers somehow during adminis-
tration of a therapeutic vaccine would be highly benefi-
cial. In HIV-1, the administration of recombinant IL-7
has been shown to restore MAIT cells levels in periph-
eral blood as part of ART [93]. It would certainly be
worth determining if the addition of IL-7 to a vaccine
serum could possibly induce the same effect.

In malignancies, research implicating MAIT cells is
still in its preliminary stages, but a very encouraging
fact is that MAIT cells found in the blood and liver,
common places for metastasis, produce insignificant
amounts of the pro-tumorigenic cytokine IL-17A [12].
An artificial method to increase MAIT cell numbers as
part of a therapeutic vaccine is worth investigating.
MAIT cells could have the potential to reduce or
abate metastasis and should protect against bacterial
co-infection in the cancerous patient. Although no
such methods to achieve this augmentation are cur-
rently known, we posit that a more stable antigen than
the known vitamin B, metabolites added to the serum
may provide such an effect.

Concluding remarks and future
directions

An overwhelming body of research supports further
investigations into the use of MAIT cells for use in
vaccines and in therapeutics and has been explicitly
stated in at least one study [56]. In bacterial infections,
seminal work describing MAIT cell’s ability to pro-
duce differential responses depending on the infecting
agent [36] and their ability to specifically accumulate
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at the site of infection in response to a specific patho-
gen [54] are very encouraging factors. In viral infec-
tions, MAIT cells appear beneficial and could prove
especially valuable in protecting against bacterial
co-infection in immunocompromised patients as evi-
denced by studies in patients with HIV-1/Mth co-
infections. Insights into the role of MAIT cells in
cancer are still rudimentary, but combating metastasis
by exploiting elevated MAIT cell levels in the liver and
the peripheral blood for adjuvant effects.

Naturally, the pro-inflammatory implications of
MAIT cells in the gut of H. pylori-infected patients and
their potential to produce the pro-tumorigenic and pro-
inflammatory cytokine IL-17A cannot be ignored and
must be analyzed when formulating a vaccine model.
Only very recently the implications for MAIT cells in
autoimmune disorders began to be explored. Although,
they are generally found to be active and enriched in
these pathologies ([37], and references therein), most
data are inconclusive and conflicting — studies available
in a list of autoimmune disorders suggest MAIT cells can
be both inflammatory and protective. These studies have
recently been reviewed in [105,106]. Further research is
certainly required in this arena of pathologies.

The most critical factor in whether or not MAIT
cells are beneficial or deleterious in a pathology is their
cytokine profile when activated during a particular dis-
ease or stage within the disease. Certainly fine-tuning
of MAIT cell behavior is required if they are to be
useful for vaccine developments, but with a vast body
of evidence implicating protective roles in a wide range
of diseases, we are optimistic that such immunomodu-
lation is a worthwhile endeavor.
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