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Mucosa-associated invariant T (MAIT) cells are a large innate-like T-cell
subset in humans defined by invariant TCR Vα7.2 use and expression of
CD161. MAIT cells recognize microbial riboflavin metabolites of bacte-
rial or fungal origin presented by the monomorphic MR1 molecule. The
extraordinary level of evolutionary conservation of MR1 and the lim-
ited known diversity of riboflavin metabolite antigens have suggested
that MAIT cells are relatively homogeneous and uniform in responses
against diverse microbes carrying the riboflavin biosynthesis pathway.
The ability of MAIT cells to exhibit microbe-specific functional speciali-
zation has not been thoroughly investigated. Here, we found that
MAIT cell responses against Escherichia coli and Candida albicans dis-
played microbe-specific polyfunctional response profiles, antigen sensi-
tivity, and response magnitudes. MAIT cell effector responses against
E. coli and C. albicans displayed differential MR1 dependency and TCR
β-chain bias, consistent with possible divergent antigen subspecificities
between these bacterial and fungal organisms. Finally, although the
MAIT cell immunoproteome was overall relatively homogenous and
consistent with an effector memory-like profile, it still revealed diver-
sity in a set of natural killer cell-associated receptors. Among these,
CD56, CD84, and CD94 defined a subset with higher expression of
the transcription factors promyelocytic leukemia zinc finger (PLZF),
eomesodermin, and T-bet and enhanced capacity to respond to
IL-12 and IL-18 stimulation. Thus, the conserved and innate-like
MAIT cells harbor multiple layers of functional heterogeneity as they
respond to bacterial or fungal organisms or innate cytokines and adapt
their antimicrobial response patterns in a stimulus-specific manner.
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Mucosa-associated invariant T (MAIT) cells are an evolu-
tionarily conserved subset of unconventional T cells, highly

abundant in human mucosal tissues as well as in peripheral blood
and the liver (1–3). Human MAIT cells express a semi-invariant αβ
T-cell receptor (TCR) with the Vα7.2 segment coupled with re-
stricted Jα segments and limited Vβ repertoires (3–8). Coexpression
of the Vα7.2 TCR and high levels of the C-type lectin CD161 or the
interleukin (IL)-18 receptor α subunit (IL-18Rα) defines the major
MAIT cell population in healthy adult humans (2, 9). MAIT cells
display a transcriptional profile characterized by the expression of
promyelocytic leukemia zinc finger (PLZF or zinc finger and BTB
domain containing 16, ZBTB16) and retinoid-related orphan re-
ceptor (ROR) γt (1, 2, 10). They also express eomesodermin
(Eomes) and T box transcription factor 21 (TBX21 or T-bet) (11,
12), reciprocally expressed in effector and memory CD8+ T cells
(13), and Helios (or IKAROS family zinc finger 2, IKZF2) (11, 12),
involved in T-cell activation and proliferation (14).
MAIT cells recognize microbial vitamin B2 metabolite antigens

from a wide range of bacteria and fungi presented by the major
histocompatibility complex (MHC) class I-related (MR) 1 mole-
cules (15, 16). MAIT cells activated by such antigens display an
innate-like response pattern and rapidly release cytokines, in-
cluding IFNγ, TNF, IL-17, and IL-22 (1, 9, 11, 17), and mediate
cytolytic function against bacterially infected cells (12, 18, 19).

These response patterns and functions contribute to their in-
volvement and protective role against bacterial infections in animal
models as well as humans (9, 20–30). In addition, high expression of
receptors for IL-18 and IL-12 (9, 31, 32) provides MAIT cells with
the capacity to respond to antigen-presenting cell (APC)-derived
cytokines, recently shown to be important for TCR-mediated acti-
vation (33, 34), as well as to MR1-independent innate responses
(35, 36). Given that the activating antigens identified thus far are of
bacterial or fungal origin, MR1-independent responses are probably
important for the involvement of MAIT cells in viral immunopa-
thogenesis in diseases caused by HIV, HCV, dengue virus, and
influenza virus (37–40). In addition, MR1-dependent responses
might play a role during viral infections when the mucosal barriers
are compromised and microbial translocation occurs (41).
The extraordinary level of MR1 evolutionary conservation and

the limited set of riboflavin-derived antigens known to date have
favored the idea that MAIT cells are relatively homogenous in
their responses and effector functions. However, although the
MAIT cell TCR repertoire is limited, the variability in the
β-chain adds some diversity to the MAIT cell compartment (3–
8). The phenotypic heterogeneity among MAIT cells is in-
completely understood, and functionally diverse subsets may
exist. It is also possible that distinct microbial characteristics may
influence the quality of MAIT cell responses. In this study, we
investigated the extent to which there is functional heterogeneity
and diversity in the human MAIT cell compartment, by extensive
characterization of their surface immuno-proteome and their
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Fig. 1. Distinct polyfunctional profile and MR1 dependency in the MAIT cell response against E. coli and C. albicans. (A) MAIT cells were stimulated with E. coli or C.
albicans-fed monocytes for 24 h and in the presence of anti-CD28 mAb. Representative example of the CD69 and IFNγ, TNF, or IL-17 expression by MAIT cells after
stimulation with the microbes (red) or at baseline conditions (gray). (B) Frequency of CD69+IFNγ+ MAIT cells after stimulation with different doses of E. coli (0.01–
300 cfu per monocyte) and C. albicans (0.01–30 cfu per monocyte). (C) Down-regulation of the TCR Vα7.2 segment upon stimulation with E. coli or C. albicans,
represented as the Vα7.2 geometric MFI of the stimulated CD161hi cells normalized to the one of the unstimulated control. (D) Frequency of MAIT cells expressing
IFNγ, TNF, or IL-17. The microbial dose selected for each donor was the one inducing the highest frequency of CD69+IFNγ+ MAIT cells. (E) Polyfunctional profile of the
MAIT cells responding to the microbes. The pie charts and the bar plot show the frequency of MAIT cells expressing CD69 and all different combinations of cytokines.
(F) MAIT cells were stimulated for 18 h with E. coli-fed monocytes or 24 h with C. albicans-fed monocytes in the presence of anti-CD28mAb andMR1-blockingmAb or
isotype ctrl. Representative example of the expression of CD69 and IFNγ or TNF byMAIT cells after stimulation with the microbes and in the presence of MR1-blocking
mAb (gray) or isotype ctrl (red). (G) Proportion of MR1-dependent IFNγ and TNF expression out of the total IFNγ and TNF expression by MAIT cells upon stimulation
with E. coli or C. albicans. Graphs show the mean ± SEM (B–D) and mean + SEM (E, bar plot), and the box and whisker plots show the median, the 10th and 90th
percentiles, and the interquartile range (G). Data are from 8 and 4–7 donors for E. coli and C. albicans, respectively (A–E) and from 8 and 9 donors for E. coli and
11 donors for C. albicans for IFNγ and TNF production, respectively (F and G). The unpaired t test or Mann–Whitney test was used (D, E, and G) to detect significant
differences across multiple, unpaired samples. CA, C. albicans; cyt, cytokine; EC, E. coli. *P < 0.05; **P < 0.01; ***P < 0.001.
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responses against the two distinct microbes Escherichia coli and
Candida albicans as well as against innate cytokine stimulation. The
findings indicate that MAIT cells encompass multiple layers of
functional heterogeneity at both the single cell level and population
level that allow distinct response profiles against different microbes
and in response to innate cytokine triggering. These findings in-
dicate that MAIT cells can adapt their response patterns to the
microbial challenge at hand and play diverse roles in immune re-
sponses against different types of bacteria, fungi, and viruses.

Results
Differential Magnitude and Sensitivity in MAIT Cell Recognition of
E. coli and C. albicans. To investigate if CD161hi Vα7.2+ MAIT
cells may respond differently to distinct microbes carrying the ri-
boflavin biosynthesis pathway, we compared responses to a non-
pathogenic strain of E. coli and the opportunistic fungal pathogen
C. albicans.Monocytes were fed mildly formaldehyde-fixed microbes,
and purified Vα7.2+ cells were added and cultured for 24 h and then
intracellularly stained for IFNγ, TNF, and IL-17 (Fig. 1A) (42).
We first determined the microbial dose requirement, measured as
the microbe colony-forming unit (cfu) to monocyte ratio at which
the MAIT cell activation peaked, using the coexpression of CD69

and IFNγ as readout (Fig. 1A). MAIT cell activation peaked at the
ratios of 100 E. coli cfu and 0.3 C. albicans cfu per monocyte,
whereas the response magnitude was higher against E. coli com-
pared with C. albicans (Fig. 1B). Interestingly, E. coli induced strong
dose-dependent down-regulation of the MAIT cell TCR, as the
surface Vα7.2 staining decreased to levels as low as 20% of the
unstimulated control (Fig. 1C). This effect was less pronounced in
MAIT cells stimulated with C. albicans (Fig. 1C). These patterns
reveal differential magnitude and sensitivity in MAIT cell responses
against two distinct microbes.

Distinct Polyfunctional Response Profiles of MAIT Cells Against E. coli
and C. albicans. Next, we investigated the cytokine profile of
MAIT cells responding at the optimal microbial doses. E. coli
induced robust and significantly higher frequencies of CD69+

IFNγ+-producing MAIT cells than C. albicans (P = 0.0006) (Fig.
1D). E. coli also stimulated high levels of TNF, whereas the fre-
quency of CD69+TNF+ MAIT cells was significantly lower for
C. albicans (P = 0.0003) (Fig. 1D). IL-17 production was much lower
than IFNγ or TNF and trended toward higher levels in response to
E. coli (P = 0.1197) (Fig. 1D). The dominant MAIT cell cytokine
response profile was monofunctional IFNγ (Fig. 1E). Neverthe-
less, E. coli induced significantly higher levels of IFNγ/TNF/IL-17
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Fig. 2. TCR Vβ use in MAIT cells influences the response to microbial stimulus. (A) Distribution of the 24 Vβ segments in the CD161hi Vα7.2+ MAIT,
CD161–Vα7.2+, CD161–Vα7.2–, and CD161+Vα7.2– populations. Each pie slice represents the median frequency of cells expressing each TCR Vβ segment. (B) Range
of expression (maximum minus minimum frequency of MAIT cells expressing each Vβ segment) of the nine Vβ segments selected for further functional experi-
ments. (C) Representative example of the strategy used to investigate the influence of the Vβ segment in MAIT cell responses. The MR1-dependent expression of
IFNγ and TNF in each Vβ subpopulation was calculated and compared with that of the total MAIT cell population. (D) Frequency of MR1-dependent CD69+IFNγ+ or
CD69+TNF+ CD8+ and CD8–CD4– MAIT cells defined by each Vβ segment normalized to that of the total CD8+ and CD8–CD4– MAIT cells, after stimulation with
E. coli or C. albicans-fedmonocytes for 18 h or 24 h, respectively, and in the presence of anti-CD28mAb. Due to fluorochrome overlap in the anti-Vβ antibodies, the
staining for each TCR Vβ segment was done separately (nine different samples per stimulation and per donor) and the Wilcoxon’s test or paired t test was
therefore used to detect significant differences between the paired samples (total vs. Vβx+ MAIT cells from the same sample). Box and whisker plots show the
median, the 10th and 90th percentiles, and the interquartile range. Data are from 16 to 20 donors (A and B) and from 6 to 9 and 8–11 donors (C and D, for E. coli
and C. albicans, respectively). *P < 0.05; **P < 0.01; ***P < 0.001.
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triple-producing MAIT cells than did C. albicans (P = 0.0006),
suggesting that MAIT cell responses to E. coli are more polyfunc-
tional. Furthermore, E. coli induced higher levels of TNF/IL-17
double-producingMAIT cells than didC. albicans (P = 0.0205) (Fig.
1E), suggesting that the response to E. coli might be more skewed
toward a Th17-like response. These results suggest that MAIT cells
display significant cytokine profile heterogeneity in response to
different microbes.
We next investigated the importance of the TCR–MR1 interaction

for the MAIT cell response against the two microbes. Anti-
MR1 mAb blocking was used to determine the proportion of MR1-
dependent CD69+IFNγ+ or CD69+TNF+MAIT cells out of the total
CD69+IFNγ+ or CD69+TNF+ MAIT cells (Fig. 1F). The MAIT cell
IFNγ production induced by E. coli and C. albicans was pre-
dominantly MR1-dependent, although the MR1 dependency was not
complete (mean MR1 dependency ± SD = 70.9% ± 18.4% and
67.9% ± 15.7% for E. coli and C. albicans, respectively) (Fig. 1G).
This is consistent with the notion that MAIT cells also respond to
cytokines produced by the monocytes after microbial exposure. In-
terestingly, however, anti-MR1 blocking strongly reduced MAIT cell
TNF production (mean MR1 dependency ± SD = 91.6% ± 5.1%
and 84.0% ± 10.2% for E. coli andC. albicans, respectively). For both
E. coli and C. albicans, TNF production was significantly more MR1-
dependent than that of IFNγ (P = 0.0025 and P = 0.0083, re-
spectively) (Fig. 1G). These results indicate that production of the
proinflammatory cytokine TNF by MAIT cells is primarily controlled
by TCR engagement.

TCR β-Chain Influence on MR1-Restricted MAIT Cell Responses. To in-
vestigate the influence of the TCR β-chain in the MAIT cell re-
sponse against the different microbes, we initially determined by
flow cytometry which Vβ segments were frequently expressed by
MAIT cells (Fig. S1A). Out of the 24 Vβ segments screened,
Vβ2 and Vβ13.2 covered the majority of the MAIT cell Vβ rep-
ertoire (Fig. 2A and Fig. S1B), as previously described (5, 7, 8). This
contrasted with the other three T-cell populations defined by
CD161 and Vα7.2—CD161–Vα7.2+, CD161–Vα7.2–, and CD161+

Vα7.2– cells—which displayed more diverse Vβ use that was similar
between the populations (Fig. 2A and Fig. S1B). Clustering analysis
of the Vβ repertoire confirmed that MAIT cells were distinct
from the other T-cell populations (Fig. S2). Although Vβ2 and
Vβ13.2 were predominantly expressed by MAIT cells, other Vβ
segments were expressed to a lesser extent, and these included Vβ3,

7.2, 8, 13.1, 13.6, 17, and 20 (Fig. 2A and Fig. S1B). Although the
Vβ use patterns were relatively similar between donors, the fre-
quency of Vβ2, 3, 7.2, and 13.2 displayed significant interdonor
variability (Fig. 2B). Thus, the MAIT cell TCR Vβ repertoire
measured in this way is overall similar between individuals but still
displays some differences that may reflect the antigenic experience
of MAIT cells in vivo.
The nine most frequently represented Vβ segments were se-

lected for subsequent E. coli and C. albicans-mediated MAIT cell
activation experiments, where the frequencies of MR1-dependent
CD69+IFNγ+ and CD69+TNF+ MAIT cells were calculated and
compared between the total MAIT cell population and the
MAIT cell population defined by each of the Vβ segments (Fig.
2C). This high-throughput analysis approach allows assessment of
Vβ influence on responsiveness in a large number of individual
MAIT cells. Interestingly, MAIT cells expressing Vβ8, 13.1, and
13.6 were hyporesponsive to E. coli-fed monocytes, as they pro-
duced significantly less IFNγ and TNF than the total MAIT cells
(P = 0.0078, P = 0.0156, and P = 0.0056 for IFNγ and P = 0.0117,
P = 0.0008, and P = 0.0056 for TNF for Vβ8, 13.1, and 13.6, re-
spectively) (Fig. 2D and Fig. S3A). This bias was only observed for
the MR1-dependent response, as no difference was detected in the
MR1-independent IFNγ production. Interestingly, the MAIT cell
response against C. albicans-fed monocytes had a different TCR
Vβ bias, where Vβ13.2+ MAIT cells displayed slightly higher MR1-
dependent IFNγ and TNF compared with the total MAIT cells
(P = 0.0049 and P = 0.0177 for IFNγ and TNF, respectively) (Fig.
2D and Fig. S3B). Taken together, these results indicate that the
MAIT cell TCR Vβ use can influence the ability to respond to an
MR1-presented antigen and suggest that this bias is to some extent
dependent on the specific microbe.

Rare Vβ Segments Are Associated with Lower Proliferative Capacity of
MAIT Cells. We next investigated whether MAIT cells expressing
different TCR β-chains also differ in their capacity to proliferate in
vitro. MAIT cells in cell trace violet (CTV)-labeled PBMC sam-
ples were cultured for 5 d in the presence of E. coli and IL-2 and
then stained for the nine most frequently used Vβ segments (Fig.
3A). Interestingly, the input frequency of Vβ-defined MAIT cell
subpopulations in the fresh PBMC sample was inversely corre-
lated with the CTV geometric MFI in these subpopulations at day
5 (Spearman’s r = –0.57, P < 0.0001) (Fig. 3B). Thus, the initially

Gated on CD161hi Vα7.2+ MAIT cellsA B

Fig. 3. Rare TCR Vβ segments are associated with lower proliferative capacity of MAIT cells in vitro. MAIT cells in the PBMC sample were labeled with CTV and
cultured for 5 d in the presence of E. coli (bacterial dose of 10), IL-2, and anti-CD28 mAb. (A) Representative example of the CTV dilution in Vβx+ (black
histogram) and total (solid gray) CD8+ and CD8–CD4– MAIT cells after 5 d in culture. (B) Correlation between the frequency of Vβx+CD8+ and CD8–CD4–

MAIT cells in the initial PBMC sample and the geometric MFI of the CTV staining in Vβx+CD8+ and CD8–CD4– MAIT cells normalized to that of total CD8+ and
CD8–CD4– MAIT cells after 5 d of proliferation. Correlation was calculated using the Spearman’s test. Data are from five to seven donors.
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less abundant Vβ-defined MAIT cell subpopulations ex vivo were
also less proliferative in vitro.

MAIT Cells Have Distinct Surface Immuno-Proteome and Transcription
Factor Profiles. With the aim to investigate associations between
phenotypic characteristics and function among MAIT cells, we
next performed a broad surface immuno-receptor profiling of
MAIT cells in comparison with the other three T-cell populations
defined by Vα7.2 and CD161 (Fig. 4A). PBMCs from healthy in-
dividuals were prestained for CD161 and Vα7.2 (Fig. S4A) and then
screened by flow cytometry for a panel of 332 immuno-receptor
surface proteins. Based on this dataset, the T-cell populations
lacking CD161 clustered together in the hierarchical clustering
analysis, followed by the CD161+Vα7.2– cells, whereas the MAIT
cells clustered separately (Fig. 4B). CD63, CD319, CD244, CD195,
CD196, and CD218 were highly expressed on MAIT cells and
contributed to the separation between MAIT cells and the other
T-cell populations. MAIT cells further expressed CD328, NKp80,
and CD56 at intermediate levels (32–42% of cells), whereas the
expression of these receptors in other T cells was low. Interestingly,
Vα7.2+ cells shared high (>95%) and intermediate (approx. 40%)
expression of CD193 and CD73, respectively, whereas CD161+

T cells shared relatively high expression of CD45RO, CD95, CD58,
and CD150. The total CD161– cell population shared intermediate
expression (45–72%) of CD38, CD62L, and CD197 (Fig. 4B and
Table S1). Dimensionality reduction by principal component anal-
ysis (PCA) integrates the expression of all data points into principal
components, which cumulatively explain the variability within the
dataset. In the present dataset, the first two principal components
accounted for ∼60% of the total variability (Fig. S4B). The PCA
indicated that the MAIT cells represent a distinct cell population
compared with the other T-cell subsets defined by Vα7.2
and CD161 (Fig. 4C), in agreement with the hierarchical
clustering analysis.
Next, the intracellular expression levels of several transcrip-

tion factors in peripheral blood MAIT cells were compared with
those in CD161–Vα7.2+, CD161–Vα7.2–, and CD161+Vα7.2–
cells (Fig. 4D). This analysis included Eomes, PLZF, forkhead
box P3 (FOXP3), runt-related transcription factor 3 (Runx3),
Helios, T-bet, and RORγt. The T-cell populations clustered
similarly based on transcription factor expression levels (geo-
metric MFI) (Fig. 4E), as in the surface immuno-proteome (Fig.
4B) and Vβ repertoire analysis (Fig. S2). In addition to the de-
fining expression of PLZF, high expression of Eomes and RORγt
and intermediate expression of Helios distinguished MAIT cells
from the other T-cell populations (Fig. 4E and Table S2). Taken
together, these data indicate that MAIT cells have distinctive
phenotypic and transcriptional characteristics that set them apart
from the broader T-cell compartment.
The peripheral blood MAIT cell population, as defined in

these studies by the expression of Vα7.2 and CD161, stained
with the MR1 5-(2-oxopropylideneamino)-6-D-ribitylaminouracil
(5-OP-RU) tetramer and not with the MR1 6-formyl pterin (6-FP)
negative control tetramer (Fig. S4C). Conversely, the MR1 5-OP-
RU+ cell population within total CD3+ cells was from 98.2–
99.7% composed of CD161hi Vα7.2+ cells (Fig. 4F), with minor
CD161–Vα7.2+, CD161+Vα7.2–, and CD161–Vα7.2– cell pop-
ulations (Fig. 4G). Furthermore, the high expression of CD195,
CD244, CD218a, and CD319 was reproduced when MAIT cells
were identified by MR1 5-OP-RU tetramer (Fig. 4H). Thus, the
CD161hi Vα7.2+ T-cell phenotype accurately identifies the ma-
jor MR1-restricted MAIT cell population in peripheral blood
and allows consistent phenotypic characterization of these cells.

MAIT Cells Are Effector Memory-Like T Cells with Pronounced Phenotypic
Heterogeneity Primarily in Receptors Associated with Innate Immunity.
The surface immuno-proteome dataset was next revisited to ex-
tensively characterize the MAIT cell population surface receptor

repertoire (Fig. 5A and Table S1). MAIT cells were relatively ho-
mogeneous in their surface phenotype and were distinctly positive
for a subset of 67 surface proteins (>90% of cells). On the other
hand, 235 surface proteins were not expressed or expressed in small
minority populations (<10% of MAIT cells). In contrast, 21 surface
proteins displayed intermediate expression frequency, and many of
these were associated with innate cellular immune functions.
It is worthwhile to consider these data in some detail and compare

them with the overall T-cell compartment. First, MAIT cells dis-
played a distinct homing receptor pattern with expression of the in-
flammatory chemokine receptors CXCR3 (CD183), CCR5 (CD195),
and CXCR1 (CD181) as well as CCR3 (CD193), CXCR4 (CD184),
and CCR6 (CD196), homing receptors to hematopoietic organs and
the gut, respectively. Expression levels of CXCR2 (CD182), CXCR7,
and the lymph node homing receptor CCR7 (CD197) were very low.
MAIT cells highly expressed IL-18Rα (CD218a), which can activate
TCR-independent effector functions, as previously reported (36).
The bright expression of CD45RO and the combination of high ex-
pression of CD127 (IL-7Rα) and low expression of CD62L identified
MAIT cells as effector memory-like T cells.
The costimulatory molecules CD26, CD27, CD28, CD150

(signaling lymphocyte activation molecule family 1, SLAMF1),
and CD352 [SLAMF6 or natural killer (NK)-, T-, and B-cell
antigen, NTB-A] were expressed by 80–100% of MAIT cells.
MAIT cells also expressed members of the tetraspanin family of
costimulatory molecules CD53, CD63, CD81, and CD9, whereas
CD231 (TALLA-1) was not detected. Apart from SLAMF1 and
SLAMF6, MAIT cells also expressed other members of the SLAM
family of proteins, broadly involved in the regulation of the activity of
NK cells and T cells. These included SLAMF2 (CD48), SLAMF4
(CD244 or 2B4), SLAMF7 (CD319 or CRACC), and SLAMF5
(CD84). In contrast to these aforementioned NK cell-associated
molecules, MAIT cells did not express the activating natural cyto-
toxicity receptors NKp46 (CD335), NKp44 (CD336), and NKp30
(CD337), whereas NKp80 was expressed by approximately a third
of the MAIT cell population. The immuno-proteome dataset also
revealed relatively high expression of CD95 (Fas), CD172γ (SIRPγ),
CD52, and CD43. The expression of these proapoptotic molecules at
baseline conditions occurred despite low expression of late activation
markers such as CD38 and HLA-DR. Interestingly, relatively small
proportions of MAIT cells expressed proteins involved in inhibition
of TCR-mediated activation and proliferation, including PD-1
(CD279) and siglec-9, CD35, and siglec-7 (CD328). The interme-
diate expression levels of these receptors were reproduced when
MAIT cells were defined by MR1 5-OP-RU tetramer staining (Fig.
5 B and C), consistent with the high degree of overlap between this
population and the one identified by CD161 and Vα7.2 (Fig. 4 F and
G). Altogether, these data indicate that MAIT cells are relatively
uniform in their effector memory-like inflammation-homing profile,
with pronounced phenotypic heterogeneity primarily in receptors
associated with innate immune cell functions.

MAIT Cells Expressing CD56, CD84, and CD94 Have Enhanced Capacity to
Respond to Innate Cytokine Stimuli. Several of the surface proteins
with heterogeneous expression on MAIT cells are known to be
associated with NK cell function, including CD56, CD84, CD101,
CD94, CD328 (Siglec-7), CD226 (DNAM-1), and NKp80. We
next investigated if expression of these receptors on MAIT cells
was associated with responsiveness in vitro to TCR-independent
innate stimulus with IL-12 and IL-18. MAIT cells in PBMC
samples were stimulated for 24 h with IL-12 and IL-18 and stained
for the aforementioned markers as well as IFNγ (Fig. 5D and Fig.
S5A). MAIT cells expressing CD56 or CD84, but not CD101,
CD328, CD226, NKp80, or CD8, produced significantly more
IFNγ in response to IL-12 and IL-18 stimulation than their neg-
ative counterparts (P = 0.0039 and P = 0.0013 for CD56 and
CD84, respectively) (Fig. 5E and Fig. S5B). CD94 was up-
regulated on MAIT cells upon cytokine stimulation (P = 0.0039)
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(Fig. S5C and Fig. 5F), and CD94+ MAIT cells produced more
IFNγ than their CD94– counterparts (P = 0.0039) (Fig. 5E).
We next investigated in more detail the CD56+ and CD56–

MAIT cell subsets with regard to their surface phenotype and

transcription factor expression. The two subsets were overall very
similar, with the surface immuno-proteome dataset revealing
differences in the expression of only six receptors (Fig. 6A). In-
terestingly, CD56+ MAIT cells expressed higher levels of the NK
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cell-associated receptors CD94, CD328, and NKp80 but lower
levels of CD84. Also, CD56+ MAIT cells expressed lower levels
of CD279 despite higher expression of CD69 (Fig. 6A). At resting
state, CD56+ MAIT cells expressed more perforin than did CD56–

MAIT cells (P = 0.0156) (Fig. 6 B and C) and, interestingly, also
expressed significantly higher levels of IL-12R (P = 0.0325) and
IL-18R (P < 0.0001) (Fig. 6D and Fig. S5D) as well as of the
transcription factors PLZF (P = 0.0084), Eomes (P = 0.0020), and
T-bet (P = 0.0001) (Fig. 6E and Fig. S5E). Together, these data
demonstrate heterogeneity among MAIT cells in the expression of
innate immune receptors, some of which are associated with an

increased capacity of MAIT cells to respond to TCR-independent
innate cytokine stimuli.

Discussion
MAIT cells are unconventional innate-like T cells with the capacity
to rapidly respond against cells presenting microbial riboflavin
metabolite antigens on MR1 molecules. The notion that these cells
may have relatively uniform response patterns to different mi-
crobes has been favored by the high degree of evolutionary con-
servation of MR1 and the limited set of activating antigens
discovered to date. In this study, we found that MAIT cells dis-
played microbe-specific polyfunctional response profiles, antigen
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sensitivity, MR1 dependency, and response magnitudes. Responses
against E. coli and C. albicans displayed clear, albeit modest, TCR
β-chain bias, indicative of possible divergent antigen subspecificities.
Finally, the MAIT cell immuno-proteome was overall relatively
homogenous but still showed diversity in some NK cell-associated
receptors. In particular, CD56, CD84, and CD94 defined a subset
with higher expression of PLZF, Eomes, and T-bet and enhanced
capacity to respond to IL-12 and IL-18. Thus, MAIT cells harbor
significant functional heterogeneity as they respond to different
bacteria, fungi, or innate cytokines (Fig. 7).
To better understand MAIT cell response characteristics against

different types of microbes, we dissected the in vitro responses against
E. coli and C. albicans. The response of MAIT cells against E. coli
was characterized by robust production of IFNγ as well as TNF and
may reflect the effector functions of MAIT cells upon encounter of
potentially pathogenic microbes. E. coli induced strong TCR down-
regulation, consistent with this being a potent MAIT cell-activating
microbe. In contrast, the response of MAIT cells to C. albicans was
less robust with weaker TCR down-regulation. It is tempting to
speculate that differences in the microbial riboflavin biosynthesis
pathways, such as the potential production of MR1 ligands with
differential capacity to activate MAIT cells (43), may influence these
differences in MAIT cell responses to the two highly divergent mi-
crobes. In the responses against both E. coli and C. albicans, IFNγ
production was predominantly but not exclusively dependent on
MR1, whereas TNF production was strongly MR1-dependent, sug-
gesting differential regulation of these cytokines in MAIT cells. This
may be explained by the contributions of cytokines such as IL-12 and
IL-18 previously shown to contribute to the total IFNγ response by
MAIT cells (35, 36). The requirement of the TCR–MR1 interaction
for the production of TNF is consistent with the notion that the
production of highly proinflammatory cytokines may be tightly reg-
ulated to avoid inflammatory responses against commensal microbes
that may not be actively producing antigenic vitamin B metabolites in
the state of homeostasis. On the other hand, the difference between
the E. coli- and C. albicans-triggered cytokine profiles indicates that
MAIT cells can respond differently to antigenic microbes, despite the
highly conserved nature of MR1. Altogether, these findings suggest
that MAIT cells can adapt their response patterns to suit different
microbial challenges.
The immuno-proteome analysis confirmed that MAIT cells are

effector memory-like T cells with a distinct homing receptor profile
indicating a capacity to migrate to mucosal tissues as well as sites of
infection. Detailed inspection of the surface immuno-proteome

revealed that the expression of receptors associated with innate
immunity and NK cells, including CD56, CD84, CD94, CD101,
CD226, CD328, and NKp80, was heterogeneous within the
MAIT cell population. MAIT cells expressing CD56, CD84, and
CD94 responded to IL-12 and IL-18 with higher IFNγ production
than their negative counterparts. MAIT cells also strongly up-
regulated CD94 upon stimulation, similar to that previously
reported in conventional CD8+ T cells (44). Interestingly, CD56+

MAIT cells displayed higher expression of IL-12R and IL-18R as
well as of the transcription factors Eomes and T-bet, and this may
explain the higher responsiveness. Thus, CD56 identifies a
MAIT cell subset more responsive to IL-12 and IL-18, which may
be important in MR1-independent MAIT cell responses during
inflammation and viral infections.
To further dissect the levels of heterogeneity in the MR1-

dependent response against microbes, we explored the possibility
that the MAIT cell Vβ repertoire may influence antigen recog-
nition and responses. Here, we took advantage of the finding that
the TNF response by MAIT cells was strongly MR1-dependent
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and residual MR1-independent contributions could be eliminated
by subtracting the residual response upon MR1 blocking. MAIT cells
expressing Vβ8, Vβ13.1, and Vβ13.6 were hyporesponsive to E. coli,
whereas Vβ13.2-expressing MAIT cells were hyperresponsive to
C. albicans. This suggests that the Vβ segment influences the func-
tional outcome of the TCR–MR1 interaction, consistent with pre-
vious studies (45, 46). Another study, however, indicated that single
mutations in the Vβ or CDR3β loop did not affect MR1 recognition
(47). Eckle et al. (48) reported that TCRs using Vβ13.3 and
Vβ13.5 displayed similar affinity to MR1, whereas Vβ13.3+ TCRs
with different CDR3β loops bound MR1 with different affinities.
However, the number of TCRs used in these previous studies was
limited, and the functional responses were evaluated using TCR-
transduced SKW3 cells and C1R.MR1 cells preincubated with syn-
thetic MR1 ligands (48). In contrast, our experimental approach
evaluated a large number of responding MAIT cells and thus a large
number of different TCRs and allowed detection of TCR Vβ bias in
responses that would have gone undetected in lower throughput
approaches. Gold et al. (49) evaluated the TCR Jα and Vβ reper-
toires of responding CD4–TCRγδ–CD8+TRAV1-2+TNF+ cells in
response to Mycobacterium smegmatis, Salmonella typhimurium, and
C. albicans and reported diversity across donors and microbes in the
repertoires of responding cells. Altogether, the present results to-
gether with previously published data suggest that the TCR β-chain
has some limited influence, which can be positive or negative, on
antigen recognition by MAIT cells and contributes to the diversity in
responses against different microbes.
The differential influence of the Vβ use in response to E. coli and

C. albicans is compatible with the notion that there may be diversity
in the antigens presented by MR1. Furthermore, individual
MAIT cell clones may contribute differentially to the MR1-
restricted response to different antigenic microbes. Interestingly,
our data from in vitro proliferation experiments support the possi-
bility that the TCR Vβ repertoire may be shaped by interaction with
commonly encountered microbes, where responsive TCRs may
expand at the expense of less responsive ones. This notion would be
consistent with both the Vβ bias in anti-E. coli effector responses
and with the poor proliferative response from MAIT cells carrying
rare Vβ segments. Also in support of this hypothesis, the Vβ rep-
ertoire of CD161++CD8α+ T cells in cord blood was previously
reported to be diverse with no Vβ2 and Vβ13.2 dominance (8).
Our investigation regarding the relationship between MAIT cells

and the other T-cell subsets defined by CD161 and Vα7.2 indicates
that MAIT cells are distinct based on an extensive set of immu-
nologically relevant surface proteins, a group of seven transcription
factors, and a panel of 24 TCR Vβ segments. These findings are
supported by those obtained by Fergusson et al. (4) with CD161++

CD8+ T cells, where these cells were distinct from CD161+CD8+

and CD161–CD8+ T cells based on the expression of 23 surface
molecules. In the study by Fergusson et al. (4), however, different
cell types expressing CD161 were reported to share a common
transcriptional signature. The unique transcription factor profile of
MAIT cells is consistent with our previous study (12), where the
expression of PLZF, RORγt, T-bet, Eomes, and Helios was found
to be different from that of conventional CD4+ and CD8+ T cells.
We furthermore confirmed that MAIT cells displayed a Vβ rep-
ertoire distinct from the diverse repertoires of other T-cell pop-
ulations defined by CD161 and Vα7.2. This is in agreement with
previous reports based on TCR sequencing (4, 5). Altogether, our
data support the distinctiveness of the MAIT cell population in
relation to other T-cell subsets. Stainings with the MR1 5-OP-RU
tetramer showed that a vast majority, around 99%, of the MR1
5-OP-RU+ T cells in healthy donor PBMCs coexpressed CD161
and Vα7.2, confirming the CD161hi Vα7.2+ identity of the major
MR1-restricted MAIT cell population. Nevertheless, minor pop-
ulations of MR1-restricted cells lacking either CD161 or Vα7.2 can
be identified, a pattern consistent with previous studies (50, 51).

In summary, the findings in this study show that the MAIT cell
population harbors multiple layers of heterogeneity in response to
microbial antigens and innate cytokine stimuli. This opens the
possibility that MAIT cells can adapt their response patterns to the
microbial challenge at hand and play different roles in immune
responses against different types of bacteria, fungi, and viruses.

Materials and Methods
Cell Isolation. Peripheral bloodwas collected from healthy individuals recruited at
the Blood Transfusion Clinic at the Karolinska University Hospital Huddinge.
Written informed consentwas obtained fromall of the donors in accordancewith
study protocols conforming to the provisions of the Declaration of Helsinki and
approvedby theRegional Ethics ReviewBoard in Stockholm. PBMCswere isolated
from peripheral blood by Ficoll–Hypaque density gradient centrifugation (Lym-
phoprep, Axis-Shield). After isolation, PBMCs were either rested overnight in
RPMI-1640 medium supplemented with 25 mM Hepes, 2 mM L-glutamine (all
from Thermo Fisher Scientific), 10% FBS (Sigma-Aldrich), 50 μg/mL gentamicin
(Life Technologies), and 100 μg/mL normocin (InvivoGen) (complete medium) or
immediately used for Vα7.2+ cell isolation, depending on the type of assay to be
carried out. Vα7.2+ cells were isolated from PBMCs using anti-Vα7.2 PE- or APC-
conjugated mAb (Biolegend), followed by positive selection with magnetic-
activated cell sorting (MACS) anti-PE or anti-APC microbeads, respectively
(Miltenyi Biotec), as per the manufacturer’s instructions. Monocytes were iso-
lated from peripheral blood by negative selection using the RosetteSep human
monocyte enrichment cocktail (STEMCELL Technologies).

Microbes. The E. coli strain D21 and C. albicans (ATCC 10231) were cultured
overnight and for 5 d, respectively, at 37 °C in Luria–Bertani broth. Live mi-
crobes were counted by the standard plate counting method on appropriate
culture media, and counts were expressed as cfu/mL. The microbes were then
stored at –80 °C in 50% glycerol/50% FCS.

MAIT Cell Activation Assays. Microbes were washed once in PBS, fixed in 1%
formaldehyde for 3 min, and extensively washed in PBS before feeding to
monocytes. Contrarily to E. coli, C. albicans was not vortexed for the first 60 s
and last 30 s of fixation and was only washed once after fixation to prevent
cell damage and loss. The activation assay was performed as previously de-
scribed (42). Cells were cultured at the Vα7.2+ cell:monocyte ratio of 2:1 for
18 h or 24 h in the presence of fixed microbes at the indicated dose and
1.25 μg/mL anti-CD28 mAb (L293, BD Biosciences). In the 18-h experiments and
before adding the Vα7.2+ cells, medium was washed away and fresh complete
medium was added with anti-MR1 mAb (26.5, Biolegend) or IgG2a isotype
control (ctrl) (MOPC-173, Biolegend) at the final concentration of 20 μg/mL. In
selected experiments, PBMCs were stimulated with IL-12 p70 (10 ng/mL,
Peprotech) and IL-18 (100 ng/mL, Medical & Biological Laboratories) for 24 h.
Stimulation of Vα7.2+ cells or PBMCs for 6 h with PMA/ionomycin (Leukocyte
Activation Cocktail with Golgi Plug, BD Biosciences) and in the presence of
monensin was included in all experiments as the positive control. The fre-
quency of CD69+cytokine+ MAIT cells was calculated by subtracting the re-
sidual frequency of unstimulated CD69+cytokine+ MAIT cells to the frequency
of stimulated CD69+cytokine+ MAIT cells. In selected experiments, the fre-
quency of MR1-dependent CD69+cytokine+ MAIT cells was determined by
subtracting the frequency of stimulated CD69+cytokine+ MAIT cells in the
presence of anti-MR1 mAb from the frequency of stimulated CD69+cytokine+

MAIT cells in the presence of IgG2a isotype ctrl.

MAIT Cell Proliferation Assay. The proliferation experiments were performed
as previously described (42) with minor modifications. Briefly, PBMCs were
stained with 1.25 μM CTV (Thermo Fisher Scientific Life Sciences), as per the
manufacturer’s instructions. CTV-labeled PBMCs (106 per well) were then
cultured for 5 d in complete medium with fixed E. coli (10 E. coli cfu per
PBMC) and in the presence of 1.25 μg/mL anti-CD28 mAb and 20 μg/mL anti-
MR1 mAb or IgG2a isotype ctrl. Recombinant human IL-2 (Peprotech) was
added at the final concentration of 100 IU/mL after 24 h and was replen-
ished 48 h later. Anti-MR1 mAb and IgG2a isotype ctrl were replenished at
10 μg/mL 72 h after the first addition.

Flow Cytometry. Cell surface and intracellular stainings as well as stainings
using the LEGENDScreen kit were performed as previously described (12, 17,
39, 52). Stainings with CD195 (CCR5) mAb and the MR1 5-OP-RU and MR1
6-FP tetramers conjugated with PE were performed for 40 min at room
temperature (15) before surface staining with other mAbs for 20 min at 4 °C.
The antibodies used are listed in Table S3. Samples were acquired on an
LSRFortessa flow cytometer (BD Biosciences) equipped with 355-, 405-, 488-,
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561-, and 639-nm lasers. Compensation was performed using single-stained
polystyrene beads (BD Biosciences) and the compensation platform in the
FlowJo software v. 9.9 (TreeStar). Clustering analyses and PCA were per-
formed using the JMP software v. 12 (SAS Institute Inc.), and the poly-
functionality analyses were performed using the SPICE software v. 5.3 (NIH).

Statistical Analyses. Statistical analyses were performed using Prism software
v.6 (GraphPad). Datasets were first assessed for normality of the data dis-
tribution. Statistically significant differences between samples were de-
termined as appropriate using the unpaired t test or Mann–Whitney’s test
for unpaired samples and the paired t test or Wilcoxon’s signed-rank test for
paired samples. Correlations were assessed using the Spearman’s rank cor-
relation. Two-sided P values < 0.05 were considered significant.
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