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Mucosa-associated invariant T (MAIT) cells are unconventional T lymphocytes defined by
their innate-like characteristics and broad antimicrobial responsiveness. Whether MAIT
cells are part of the tissue-resident defense in the oral mucosal barrier is unknown. Here,
we found MAIT cells present in the buccal mucosa, with a tendency to cluster near the
basement membrane, and located in both epithelium and the underlying connective tis-
sue. Overall MAIT cell levels were similar in the mucosa compared to peripheral blood, in
contrast to conventional T cells that showed an altered representation of CD4+ and CD8+

subsets. The major mucosal MAIT cell subset displayed a tissue-resident and activated
profile with high expression of CD69, CD103, HLA-DR, and PD-1, as well as a skewed
subset distribution with higher representation of CD4–/CD8– double-negative cells and
CD8αα+ cells. Interestingly, tissue-resident MAIT cells had a specialized polyfunctional
response profile with higher IL-17 levels, as assessed by polyclonal stimulus and com-
pared to tissue nonresident and circulating populations. Furthermore, resident buccal
MAIT cells were low in perforin. Together, these data indicate that MAIT cells form a part
of the oral mucosal T cell compartment, where they exhibit a tissue-resident-activated
profile biased toward IL-17 production.
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Introduction

Mucosa-associated invariant T (MAIT) cells are nonclassical
innate-like T cells that recognize microbial antigens presented
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by the MHC-Ib-related protein 1 (MR1) [1, 2]. MR1 displays
an extraordinary level of evolutionary conservation among mam-
mals [2–4], and was shown to present microbial vitamin B2

(riboflavin) metabolites from a wide range of microbes that carry
the riboflavin biosynthesis pathway [5, 6]. MAIT cells express a
semi-invariant T cell receptor (TCR), including the Vα7.2 seg-
ment coupled with Jα33, Jα12, or Jα20, and limited TCR β-chain
diversity [7, 8]. This TCR repertoire endows MAIT cells with the
capacity to respond to the MR1-restricted riboflavin derivatives
produced by diverse microbes [9, 10]. MAIT cells respond to anti-
genic stimulus with an innate-like speed and produce proinflam-
matory cytokines including TNF, IFN-γ, and IL-17 [9, 11–14].
They can furthermore kill cells infected by microbes expressing
the riboflavin pathway [15, 16] and inhibit intracellular microbial
growth [17].

Human MAIT cells are also defined by their high expression of
CD161, the IL-18 receptor α subunit (IL-18Rα), and the transcrip-
tion factor ZBTB16 [18], also known as promyelocytic leukemia
zinc finger protein (PLZF) [9, 19]. The majority of MAIT cells are
CD8+, with some being CD4–/CD8– double-negative (DN), and
a minor CD4+ population [9, 11, 12, 19]. Human MAIT cells
acquire innate-like antimicrobial activity in the fetal intestinal
mucosa prenatally, prior to the establishment of the commen-
sal microflora [14]. In adults, MAIT cells are highly abundant in
mucosal tissues, liver, and peripheral blood [1, 2, 20–22].

Studies of the murine oral immune system revealed diverse
populations of DCs [23, 24], and provided insight into oral T-cell
function [25], but the immunology of the human oral mucosa
remains relatively little studied. However, Dutzan et al. recently
performed a broad characterization of the immune cell network
at the gingival interface and identified T cells as the dominant
immune cell population in both the buccal and gingival mucosa
[26]. CD4+ T cells, mainly of the CD45RO+ "memory" pheno-
type, were found to be the largest subset at around half of CD3+

cells, whereas smaller subsets of CD8+ and γδ T cells were also
present [26]. The same study also identified tissue-resident CD4+

T cells as major producers of IL-17 in periodontitis. IL-17 is a
cytokine central to the regulation of immune activity at mucosal
surfaces [27, 28]. Although IL-17 is implicated in a variety of
functions, its role in the regulation of mucosal immunity hinges
on three core effects: maintenance of mucosal integrity via regula-
tion of tight junction proteins, induction of antimicrobial molecule
production by epithelial cells, and recruitment of neutrophils to
sites of infection.

Given the capacity of MAIT cells to recognize and respond to
several commensal and disease causing microbes occurring in the
oral cavity, and the ability of these cells to locate to mucosal sites,
one can hypothesize a role for MAIT cells in the oral mucosal bar-
rier. However, the immunobiology of MAIT cells at this mucosal
site has to date not been explored. In the present study, we there-
fore investigated the presence, location, characteristics, and func-
tion of MAIT cells in the human buccal mucosa. The findings
demonstrate that MAIT cells are part of the healthy buccal mucosal
immune defense with specialized tissue-resident and nonresident
subpopulations exhibiting distinct functional profiles, where in

particular, the CD69+CD103+ MAIT cell population show strong
IL-17 production. We discuss these findings in the context of con-
temporary knowledge of immune homeostasis and defense at this
important barrier site.

Results

Identification of MAIT cells in the buccal mucosa

Given the broad antimicrobial reactivity of MAIT cells, we were
interested in investigating the potential role of these cells in oral
mucosa, a site continuously exposed to a broad array of micro-
bial stimuli. Buccal biopsies and matched peripheral blood sam-
ples were collected from healthy donors (Supporting Information
Table 1), and cells isolated after tissue processing were ana-
lyzed by flow cytometry. All subjects were examined for their
oral health and showed no oral mucosal disease, active dental
caries, infection, or periodontitis. Using antibody combinations
allowing identification of MAIT cells in blood, buccal MAIT cells
were defined as CD45+ CD3+ CD161hi Vα7.2+ cells (Fig. 1A).
To ensure that cells defined by this gating strategy were bona
fide MAIT cells, their MR1 restriction was confirmed by staining
with the MR1 5-(2-oxopropylideneamino)-6-D-ribitylaminouracil
(5-OP-RU) tetramer (Fig. 1B). The percentage of MAIT cells in
the mucosa ranged between 0.1 and 7% of total T cells (Fig. 1C).
Overall, these levels were not significantly different from those in
matched blood, although in any given individual, the levels seen at
the two sites were often rather divergent. Interestingly, major con-
ventional T-cell subsets were present in the buccal mucosa at fre-
quencies different from those in the blood. Levels of CD4+ T cells
were lower than in blood, whereas CD8+ T cells and CD4–CD8–

T cells were enriched in buccal mucosa as compared to blood
(Fig. 1C). These data demonstrate that MAIT cells are part of the
buccal mucosa T-cell compartment.

Detection of buccal mucosal MAIT cells in situ

To determine MAIT cell location within the buccal mucosa, we per-
formed in situ staining for Vα7.2 and IL-18Rα in oral mucosal sec-
tions (Fig. 1D). In mucosa, staining for IL-18Rα can be used in lieu
of CD161, as we have previously shown for genital mucosa [22].
Using the Vα7.2+ IL-18Rα+ definition, MAIT cells were readily
identified in buccal mucosal sections, and they tended to locate
close to the basement membrane (Fig. 1D). MAIT cells were
present in the epithelial layer, just above the basal membrane
(distance from basal membrane: median = 14.6 μm; range =
1.0–75.9 μm), as well as in the underlying connective tissue, just
beneath the basal membrane (median = 20.7 μm; range = 2.8–
292.2 μm). Non-MAIT T cells, as well as MR1-expressing HLA-
DR+ antigen-presenting cells, were also found in buccal mucosa
as determined by immunofluorescence staining (Fig. 1E and F).
MAIT cell location around the basement membrane is consistent
with a possible role as innate-like T cell sentinels to detect micro-
bial epithelial barrier breach.
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Figure 1. MAIT cells are part of the oral buccal mucosa T cell compartment. (A) Gating strategy to identify T cell populations in buccal mucosa by
flow cytometry. (B) Representative staining of identification of MR1:5-OP-RU tetramer binding CD161+ MAIT cells within the CD3+Vα7.2+ buccal
mucosal cell population (upper panels), and identification of CD161+Vα7.2+ MAIT cells within the MR1:5-OP-RU tetramer binding CD3+ buccal
mucosal cell population (lower panels). (C) Comparison of T-cell subset frequency in peripheral blood and buccal mucosa. All numbers given as
percentage of CD3+ lymphocytes (n = 55 [MAIT], 32 [others]). (D) Location of MAIT cells within the buccal mucosa. Representative bright field image
of buccal mucosal tissue section, from a healthy donor, stained for Vα7.2 in brown (DAB) and IL-18Rα in green (Vina Green) showing that the MAIT
cells are localized close to the basement membrane (n = 6). The images on the right, collected with a 100× objective, are magnified view of the
region indicated in the box in the image to the left, collected with a 40× objective. The scale bar represents 60 μm, image including epithelium (EP)
and connective tissue (CT). Representative immunofluorescence images of buccal mucosal tissue sections, from a healthy individual, stained for
(E) MR1 (red) and HLA-DR (green) and stained for (F) Vα7.2 (red) and CD3 (green). Double-positive cells appear as yellow, arrows point to double-
positive cells for each marker combination. DAPI (blue) was used as a counterstain for visualization of cell nuclei. The images were collected with
40× objective. For each panel, "n" indicates the number of individual human donors tested for each dataset. Statistical significance determined
using Wilcoxon matched pairs test for paired data. ***p <0.001, ****p <0.0001.

Altered subset distribution and Jα-TCR usage in
mucosal MAIT cells

In peripheral blood, MAIT cells are predominantly CD8+, with
some CD4–CD8– cells and a very small CD4+ subpopulation. In the

buccal mucosa, MAIT cells were enriched in CD4–CD8– and CD4+

subsets, and had significantly lower levels of the CD8+ subset
(Fig. 2A). Within the CD8+ subset, similar to blood MAIT cells, the
mucosal MAIT cells exhibited an increased frequency of CD8αα+

cells compared to non-MAIT T cells (Fig. 2B and C). Notably, MAIT
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Figure 2. Co-receptor and TCR-Jα
usage differences between blood and
buccal mucosal MAIT cells. (A) Rep-
resentation of MAIT cell subsets
defined by CD4+ and CD8+ expres-
sion. All numbers given as percent-
age of Vα7.2+CD161+ cells (n = 32).
(B) Representative flow cytometric
plots of CD8α and CD8β expression in
T cell subsets in blood and mucosa.
(C) Comparison of CD8αα expres-
sion in CD8+ T cell subsets in blood
and mucosa. All numbers given as
percentage of CD8+ cells (n = 25).
(D) Percentage MAIT cells among
the mucosa CD8αα+ T-cell popula-
tion (n = 23). In C and D, medi-
ans and interquartile ranges are indi-
cated. (E) MAIT cell TCR Jα segment
usage in paired blood and mucosal
samples from healthy donors (n = 6).
For each panel, "n" indicates the
number of individual human donors
tested. Statistical significance deter-
mined using Wilcoxon matched pairs
test for paired data. ***p <0.001,
****p <0.0001.

cells represented almost half of all CD8αα+ T cells in the buccal
mucosa, with significant donor variability (Fig. 2D).

The distribution of Jα-TCR usage within the MAIT cell popula-
tions in the buccal mucosa and blood was compared using quanti-
tative real-time PCR (qRT-PCR; Fig. 2E). We quantified the relative
expression of three Jα previously shown to be represented within
the MAIT cell TCR repertoire, the Jα12, Jα20, and Jα33 [8, 29, 30].
As expected, blood MAIT cells displayed a consistent pattern with
dominant Jα33 usage, with smaller Jα20 and Jα12 usage. How-
ever, in matched mucosa, the pattern was more diverse, with dif-
ferent Jα segments dominating in different donors. Together, these
data support a model of compartmentalization where the subset
representation and TCR-Jα usage in buccal MAIT cell population
are partly different that of the circulating MAIT cells found in
blood.

MAIT cells in buccal mucosa express an activated
perforinlow phenotype

To assess the phenotypic characteristics of the buccal MAIT cells
in more detail, we next stained isolated mucosal cells with mark-
ers of activation, CD38 and HLA-DR (Fig. 3A). The staining pat-
tern revealed the presence of an activated HLA-DR+CD38+ MAIT
cell population in buccal mucosa (Fig. 3B). Compared to their
blood counterparts, the mucosal MAIT cells expressed higher lev-
els of HLA-DR, whereas CD38 levels appear to be slightly lower
(Fig. 3C). In addition, expression of PD-1 was common in mucosal
MAIT cells, whereas PD-1 was less expressed in peripheral blood
MAIT cells (Fig. 3C).

To investigate the phenotype of MAIT cells in more detail,
paired blood and mucosal cell samples were stained intracellu-
larly for the expression of the master transcription factor PLZF,
as well as the cytolytic effector molecules perforin and granulysin
(Fig. 3D). Perforin levels were mostly lower in the buccal MAIT
cells than in their blood counterparts (Fig. 3E), whereas expression
levels of PLZF and granulysin were similar in both compartments.
These findings suggest that MAIT cells in the buccal mucosa are
highly activated cells with significant expression of the checkpoint
inhibition receptor PD-1, and display a reduced perforin content
as compared to circulating MAIT cells.

Characterization of resident and nonresident MAIT
cells in the buccal mucosa

We next investigated the MAIT cell expression of receptors associ-
ated with tissue residency in the mucosa. Resident T cells can be
distinguished by coexpression of CD69 and CD103 (αE integrin) in
a range of tissues [31–35], including intestinal mucosa [36]. Flow
cytometric assessment of CD69 and CD103 expression revealed
the existence of a major CD69+CD103+ tissue-resident MAIT cell
population in the buccal mucosa (Fig. 4A). However, a minority
of MAIT cells were negative for CD69 and CD103, consistent with
a tissue nonresident or "passing through" phenotype (Fig. 4A).
Compared to peripheral blood MAIT cells, the buccal mucosal
MAIT cell population was highly enriched in CD69 and CD103
expression, and CD69 expression was mostly seen in the CD103+

population (Fig. 4B). As the CD69 expression formed a contin-
uum including dim cells of both CD103+ and CD103– character,
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Figure 3. Buccal mucosal MAIT cells express PLZF and exhibit an activated PD-1+ phenotype. (A) Representative histograms of HLA-DR and CD38
expression in oral buccal mucosa T cell subsets. (B) Representative FACS plot of CD38 and HLA-DR coexpression in buccal MAIT cells. (C) Expression
of HLA-DR (n = 34), CD38 (n = 12), and PD-1 (n = 12) in blood and mucosal MAIT cells, as percentage of or mean fluorescence intensity (MFI) in
Vα7.2+CD161+ cells. (D) Intracellular staining histograms of PLZF, perforin and granulysin in buccal T cell subsets. (E) Expression levels of PLZF
(n = 32), perforin (n = 29), and granulysin (n = 17) in blood and oral mucosal MAIT cells, as MFI in Vα7.2+CD161+ cells. For each panel, "n" indicates
the number of individual human donors tested. Statistical significance determined using Wilcoxon matched pairs test for paired data. **p< 0.01,
***p< 0.001, ****p< 0.0001.

we compared the four MAIT cell populations defined by CD69
and CD103 with regard to CD4+ and CD8+ expression. CD103+

MAIT cells were mainly CD8+ with a minority CD4–CD8– cells,
whereas CD103– MAIT cells had a distinct opposite pattern with
a majority CD4–CD8– character (Fig. 4C and D). CD69 expression
did not significantly influence this pattern (Fig. 4C). In addition,
CD103+ MAIT cells were more activated than their CD103– coun-
terparts, as evidenced by higher expression of HLA-DR and CD38
(Fig. 4E). In contrast, the CD103+ subpopulation expressed lower
levels of the cytolytic effector molecule perforin, whereas PLZF did
not vary depending on CD103 (Fig. 4F). These results indicate the
existence of two distinct buccal MAIT cell subpopulations where
one express the CD103 marker of tissue residency and one lacks
CD103 consistent with a nonresident character.

Distinct polyfunctional responses of mucosal resident,
nonresident, and circulating MAIT cells

To investigate the functional profile of MAIT cells in buccal mucosa
in comparison with peripheral blood, isolated lymphocytes from
the two tissues were activated with PMA/ionomycin and their
repertoire of functions evaluated by flow cytometry staining for
TNF, IFN-γ, IL-2, IL-17, and granzyme B (Fig. 5A). Overall, both
blood and mucosal MAIT cells displayed detectable production of
all these effector functions, with some notable tissue-dependent

differences. Peripheral blood MAIT cells produced TNF and IFN-
γ more strongly than their mucosal counterparts, whereas IL-2
and granzyme B were similar (Fig. 5A and B). In contrast, IL-17
production was very low in blood MAIT cells, with the exception of
one outlier, while this cytokine was clearly more highly expressed
in the buccal MAIT cells (Fig. 5A and B). In the mucosal tissue,
the resident CD103+ subset and the CD103– nonresident subset
were largely similar in their response patterns with two notable
exceptions. IL-17 in particular, and to some extent granzyme B
expression, were significantly higher in the CD103+ MAIT cell
subset.

To understand the functional specialization of mucosal resi-
dent, mucosal nonresident, and circulating MAIT cells in more
detail, we analyzed the polyfunctional response profiles of these
subsets. First, we determined the percentages of MAIT cells in
the three locations that responded with at least one of the five
functions measured (Fig. 5C). For all three sites, the vast major-
ity of MAIT cells expressed at least one function. However, the
mucosal MAIT cells displayed somewhat lower responsiveness,
where in particular, the CD103– MAIT cells were less responsive.
When the overall polyfunctionality was analyzed, the ability to
express 1, 2, 3, 4, or 5 functions was fairly similar between the
different tissue locations, although the CD103+ resident MAIT
cells tended to be more 4- or 5-functional (Fig. 5D). Finally, we
analyzed the data by Boolean gating to assess which specific poly-
functional profiles were expressed by peripheral blood, CD103+
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Figure 4. Tissue resident and non-
resident MAIT cells in buccal mucosa.
(A) Representative plot of CD69 and
CD103 expression in buccal MAIT
cells. (B) Expression of CD69 (n = 25)
and CD103 (n = 8) in blood and
mucosal MAIT cells, and expression
of CD69 in mucosal CD103+ and
CD103– MAIT cells (n = 7). (C) Expres-
sion of CD4+ and CD8+ in blood MAIT
cells, and subsets of buccal MAIT cells
defined by CD69 and CD103. Propor-
tion of each marker given as median
value (n = 6). (D) CD4+ and CD8+

expression profile in mucosal CD103+

and CD103– MAIT cells (n = 7). (E)
Expression of HLA-DR (n = 8) and
CD38 (n = 6) in mucosal CD103+

and CD103– MAIT cells. (F) Expres-
sion of PLZF and perforin in mucosal
CD103+ and CD103– MAIT cells (n = 6).
For each panel, "n" indicates the
number of individual human donors
tested. Statistical significance deter-
mined using Wilcoxon matched pairs
test for paired data. *p <0.05, **p <0.01,
****p< 0.0001.

mucosal resident, and CD103– nonresident MAIT cells (Fig. 5E;
Supporting Information Table 2). This analysis brought forward
the pattern that peripheral blood MAIT cells were focused primar-
ily on TNF production, either alone or in combinations with IFN-γ
and IL-2. The mucosal CD103+ resident MAIT cells instead pri-
marily focused on IL-17 production either alone or in combina-
tions with TNF or IL-2. The CD103– nonresident MAIT cells had a
functional profile intermediate between the circulating and resi-
dent populations, and were mostly expressing TNF with or without
IL-2, and less IL-17. Altogether, these findings indicate that the

mucosal resident, the mucosal nonresident, and the circulating
MAIT cells deploy different effector cytokine response profiles.

Discussion

Tissue-resident immune cell populations are increasingly recog-
nized for their importance in defense against invading pathogens.
The oral mucosa is continuously exposed to a range of anti-
gens derived from food, microbiota, and pathogens. To maintain
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Figure 5. Functional profile of MAIT cells in buccal mucosa and blood. (A) Representative histograms of intracellular staining for TNF, IFN-γ,
IL-2, IL-17A, and granzyme B in CD103+ and CD103– MAIT cells from buccal mucosa, in comparison with blood MAIT cells after stimulation with
PMA/ionomycin. (B) Expression of cytokines by MAIT cells from blood and buccal mucosa of healthy donors after PMA/ionomycin stimulation
(n = 7). (C) Total level of activation of MAIT cells from blood or mucosa after PMA/ionomycin stimulation, defined as percentage of total MAIT cells,
which express at least one of the factors TNF, IFN-γ, IL-2, IL-17A, and granzyme B (n = 6). (C) Medians and interquartile ranges are indicated. (D)
Overall polyfunctionality of blood, CD103–, and CD103+ mucosal MAIT cells. Percentages represent the mean of values from a set of donors (n = 6).
(E) Polyfunctional response profile of activated MAIT cells from blood, as well as CD103– and CD103+ mucosal MAIT cells (n = 6). For each panel, "n"
indicates the number of individual human donors tested. Statistical significance determined using Wilcoxon matched pairs test for paired data.
*p <0.05, **p <0.01.

barrier immune defenses at this site, while not reacting against
nonpathogenic encounters, is a considerable challenge. Recent
studies have started to address this research question [37, 38], but
no studies to date have addressed the potential role of the MR1-
restricted MAIT cell population in oral mucosa. Here, we observe
that MAIT cells are dispersed throughout the buccal mucosa with
a preferential location close to the basement membrane. The buc-
cal MAIT cells are biased toward a CD4–/CD8– DN profile, and

the CD8+ subset is primarily CD8αα and make up a significant
proportion of all CD8αα T cells in the mucosa. The MAIT cell pop-
ulation in this mucosal site is composed of distinct CD69+CD103+

intraepithelial resident and CD69–CD103– nonresident subsets.
The CD103+ subset is enriched in CD8+ MAIT cells, is more acti-
vated, and has lower cytolytic potential. Finally, the buccal MAIT
cells show a distinct functional profile with enhanced IL-17 pro-
duction and less TNF and IFN-γ, as compared to their peripheral
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blood counterparts, and this pattern was particularly pronounced
for the CD103+ resident MAIT cells.

The MR1-presented riboflavin metabolite antigens recognized
by MAIT cells are conserved among many prokaryotic and eukary-
otic microbes relevant for mucosal health. Thus, MAIT cells may
play a unique role in the oral mucosa with broad innate-like
recognition of such microbes in a manner that does not require
the kind of priming which conventional adaptive T-cell responses
do. It is interesting that the MAIT cells to at least some extent
locate around the basement membrane, where they may function
as innate-like T-cell sentinels to detect microbial epithelial bar-
rier breach. Around the similar location, MR1+HLA–DR+ cells are
residing and those may be able to present riboflavin metabolite
antigens from invading microbes. Together, MAIT cells and MR1+

antigen presenting cells may form a rapid innate response immune
unit at the mucosal barrier, capable of responding to pathogens to
which the host has no preexisting adaptive immunity.

The CD103+CD69+ mucosal-resident MAIT cell population is
fairly strongly biased toward IL-17 production, with less TNF and
IFN-γ expression, as compared to the CD103– MAIT cell subpop-
ulation. Resident MAIT cell recognition of an invading micro-
bial pathogen may thus setoff an IL-17-mediated inflammatory
response with induction of antimicrobial peptides in epithelium
and recruitment of neutrophils. Such a pattern would be reminis-
cent to the situation described for chronic severe periodontitis by
Dutzan et al. [26], where IL-17 produced by presumably adaptive
Th17 cells was associated with increased gingival tissue infiltra-
tion of neutrophils. Given their innate-like response characteris-
tics, MAIT cells may be among the first immune cells to detect
microbial infiltration and respond with IL-17 release. Here, it is
interesting to note that IL-17 has emerged as an important media-
tor and amplifier of immunity against Candida albicans [38]. The
dimorphic fungus C. albicans expresses the riboflavin biosynthesis
pathway and is recognized by MAIT cells in an MR1-restricted
manner [10]. Many cells respond to IL-17 by upregulation of
proinflammatory cytokines, such as IL-6, and chemokines for
recruitment of neutrophils including CXCL1, CXCL2, and CXCL5
[39]. In addition, IL-17 stimulates production of β-defensins in
epithelial cells [40]. MAIT cells are thus well located to initiate
mucosal immune responses in oropharyngeal candidiasis.

Peripheral blood MAIT cells are predominantly CD8+ with a
minority CD4–CD8– subset. This pattern is reversed in buccal
mucosa, such that the CD4–CD8– MAIT cells are more numer-
ous. It is however interesting to note that the CD8+ MAIT sub-
set in buccal mucosa is primarily CD8αα, and that this subset
makeup almost half of all CD8αα T cells in the oral mucosa. These
CD8αα MAIT cells bear resemblance to the intestinal mucosal
CD8αα intraepithelial lymphocytes (IELs) that have been exten-
sively characterized in murine models, but may be less frequent in
humans [41, 42]. The intestinal IELs of mice are a mix of TCRγδ

T cells and TCRαβ T cells with diverse specificities, and the repre-
sentation of MAIT cells among these IELs in different sites is to our
knowledge largely unknown. Our data indicate that the CD103+

MAIT cell population is mostly, but not exclusively, CD8+ and
composed of both CD8αα and CD8αβ cells. These findings together

suggest that MAIT cells makeup a significant part of the human
buccal IEL-like population.

The human oral mucosal barrier retains a commensal bacte-
rial microbiota that is both varied and unique among other sites
[43, 44], dominated by the genera Streptococcus, Haemophilus,
Prevotella, and Veillonella. In addition to bacteria, the oral mucosal
barrier is home to many species of fungi including C. albicans [45].
The oral immune system thus has to manage and tolerate a diverse
commensal microbiome, and at the same time guard against condi-
tions arising either from dysfunction of normal oral homeostasis or
caused by pathogens normally not present in the oral cavity. T cells
are believed to play a role in multiple oral mucosa pathologies
including aphthous stomatitis, oral leukoplakia, oral reticular or
ulcerative lichen planus, celiac disease, and oral psoriasis [46, 47].
Whether MAIT cells have a role in any such conditions in humans
remains to be explored.

In summary, we have shown that MAIT cell populations with
resident and nonresident characteristics are part of the buccal
mucosal immune system in healthy donors and that they have
unique functional profiles. Future studies should aim to investi-
gate how these populations respond to commensal and pathogenic
microbes, and how they are affected in different disease
conditions.

Materials and methods

Tissue donor recruitment and sample collection

A total of 94 volunteers were recruited in two healthy donor
groups A and B (Supporting Information Table 1). Inclusion cri-
teria for both groups were: 20–50 years of age, HIV-negative,
non-smoking, no antibiotics in the last 3 months, and not preg-
nant. Ethical permission was obtained from the Regional Ethical
Review Board in Stockholm in accordance with the Declaration of
Helsinki. All participants gave written informed consent. The oral
health of all subjects was evaluated using standard dental exam-
ination procedures, including inspection of oral mucosa, teeth,
and surrounding soft tissues, to ensure the donors had no visible
mucosal lesions, no signs of gingivitis, active dental caries, or peri-
odontitis. All donors were instructed to abstain from food or drink
for 1 h before tissue collection.

Oral mucosal tissue samples and matched peripheral blood
samples were collected from two sets of healthy donors. Donor
group A was recruited from the general population. A matched
blood sample of 20–30 mL venous blood was taken from each
participant on the day of the procedure, prior to the oral sample
collection. The blood was stored in heparin tubes at room temper-
ature until analysis. Local anesthesia with xylocain/adrenalin was
applied to the left bucca and three punch biopsies (5 mm in diam-
eter, 3–4 mm deep) were taken from the site. For donor group
B, tissue samples were taken before wound closure on patients
who underwent orthognatic surgery of the mandible. The patients
underwent these corrective surgeries due to abnormal position of
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the mandible in relation to the base of skull, but no buccal disease
or inflammation is associated with these conditions. The patients
were treated under general anesthesia and local anesthesia was
additionally applied. Tissue samples 20 × 10 mm in size were
taken bilaterally from the mucosa. Matched blood samples from
donor group B were collected at the time of the procedure. After
collection, the biopsies were stored at 4°C in serum-free RPMI
(ThermoFisher Scientific, Waltham, MA, USA) supplemented with
50 μg/mL gentamicin (ThermoFisher Scientific) and 100 μg/mL
normocin (InvivoGen, San Diego, CA, USA). Biopsies intended for
qPCR analysis were stored in RNAlater (QIAgen, Venlo, Nether-
lands) at −20°C. Biopsies intended for in situ microscopic analysis
were submerged in OCT Cryomount (HistoLab, Askim, Sweden),
snap-frozen in liquid nitrogen, and then stored at −80°C.

Sample processing for flow cytometry

All collected samples were processed within 3 h of collection.
Buccal biopsies were placed into serum-free RPMI supplemented
with 50 μg/mL gentamicin and 100 μg/mL normocin and then
incubated with 1 mg/mL DNase I and collagenase A (both from
Roche, Penzberg, Germany) at 37°C with shaking at 800 rpm for 1
h. After incubation, the reaction was stopped by addition of fetal
calf serum (FCS; Sigma-Aldrich, St Louis, MO, USA) to a final
concentration of 10%. The biopsies were then pressed through a
100 μm cell strainer in order to detach loose cells. The cells were
then washed in PBS and incubated in RBC lysis buffer for 10 min
at RT to remove any erythrocyte contamination. The cells were
washed again in PBS and stained for flow cytometry.

Donor-matched PBMCs were isolated from blood samples by
Ficoll-Hypaque density gradient centrifugation using Lymphoprep
(Axis-Shield, Dundee, Scotland). The PBMC layer was washed
twice with PBS, and incubated in RBC lysis buffer for 10 minutes
at room temperature to remove erythrocyte contamination. The
cells were washed again in PBS and 106 cells were stained for flow
cytometry.

In situ staining

In situ staining was performed on 8-μm-thick sections of frozen
biopsies, as previously described [22]. Sections were fixed in 2%
formaldehyde and stained sequentially. Antibody reagents used
for tissue staining are listed in Supporting Information Table 3.
The tissue sections stained for Vα7.2 in combination with IL-18Rα

were scanned into digital images using a Pannoramic 250 Flash
Slide Scanner (3DHistech, Budapest, Hungary). The distance mea-
surement was performed using the digital microscope application
CaseViewer (3DHistech), where the distance from the surface of
the double-positive cells to the basal membrane was measured.
The tissue sections stained for HLA-DR in combination with MR1,
and Vα7.2 in combination with CD3 were visualized using DMR-X
microscope (Leica, Weitzlar, Germany) and images were acquired
with a Retiga 2000 R camera (Qimaging, Surrey, Canada).

Functional assay

One million lymphocytes in suspension were cultured overnight
in RPMI +10% FCS, supplemented with 100 μg/mL normocin
and 50 μg/mL gentamicin. After overnight incubation, they were
activated using Leukocyte Activation Cocktail (PMA/ionomycin)
(BD Biosciences, San Jose, CA, USA) in the presence of GolgiPlug
(monensin) for 6 h. At the end of the incubation, the cells were
stained and analyzed by flow cytometry.

Flow cytometry and antibodies

Cells in suspension were stained for surface antigens in FACS
buffer (PBS with 2 mM EDTA and 2% FCS) for 20 min at 4°C.
Afterwards, they were washed in FACS buffer and permeabi-
lized using the transcription factor fixation and permeabilization
buffer (BD Biosciences) for 30 min at 4°C. Following permeabi-
lization, cells were washed twice in transcription factor wash and
permeabilization buffer (BD Biosciences), and then stained for
intracellular antigens in the same buffer for 20 min at 4°C. PE-
conjugated human MR1:5-OP-RU tetramer was obtained from the
NIH Tetramer Core Facility. For tetramer staining, cells in sus-
pension were incubated with MR1:5-OP-RU tetramer for 40 min
at room temperature and then washed with FACS buffer prior
to surface antibody staining. Monoclonal antibody reagents used
in the study are listed in Supporting Information Table 4. After
staining, cells were washed and analyzed using an LSRFortessa
flow cytometer (BD Biosciences) equipped with 355, 405, 488,
561, and 639 nm lasers. In addition to the antibodies, cells were
stained with LIVE/DEAD Fixable Dead Cell Stain (Near-Infrared
or Aqua; ThermoFisher Scientific).

Quantitative RT-PCR

qRT-PCR was performed to determine the mRNA expression of
TCRs Vα7.2-Jα33, Vα7.2-Jα20, and Vα7.2-Jα12 as well as the con-
stant Cα chain, in healthy oral mucosa and blood. Briefly, total
RNA was extracted from buccal mucosa and PBMCs using TRI-
zol reagent (ThermoFisher Scientific). For reverse transcription,
250 ng of RNA was used in a 15 μL total reaction volume using
the IScript cDNA Synthesis kit (BioRad, Hercules, CA, USA). For
amplification, a 20 μL supermix reaction was prepared accord-
ingly: 1 μL cDNA, 5 μL SsoAdvancedTM Universal

R©
SYBR Green

(BioRad), 1 μL of each primer at a final concentration of 500 nM,
and nuclease free H2O. Primer sequences as well as annealing
temperatures for each of the primer sets are listed in Supporting
Information Table 5. qPCR was performed using 7500 Fast real
time PCR system (Applied Biosystems, Waltham, CA, USA) with
the following cycling conditions: 1 cycle at 95°C for 5 min, then 40
cycles at 94°C for 10 s, 58°C or 60°C depending on primer for 30 s,
and 72°C for 27 s. The relative abundance of each Vα7.2-Jα was
determined as relative to Cα by the comparative ��CT method.
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Software and statistical analysis

Analysis of flow cytometric data was performed using FlowJo
10 (FlowJo LLC, Ashland, OR, USA), and microscopic images
were processed using Image-Pro Premier 9.3 (Media Cybernetics,
Rockville, MD, USA). Statistical tests were performed using Graph-
Pad Prism version 7.0c for Mac OS X (GraphPad Software, La Jolla,
CA, USA). Statistical significance was assessed using Wilcoxon
matched pairs test for paired data, and Mann–Whitney U-test for
unpaired data. For data presented in Fig. 5, analysis and presen-
tation of distributions were performed using SPICE version 5.1,
downloaded from http://exon.niaid.nih.gov [48]. Comparison of
distributions was performed using a Wilcoxon matched pairs test
as described [48]. For all statistical analysis, p-values below 0.05
were regarded as significant.
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