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Mucosa-associated invariant T (MAIT) cells are unconventional, innate-like T lymphocytes
that recognize vitamin B metabolites of microbial origin among other antigens displayed
by the monomorphic molecule MHC class I-related protein 1 (MR1). Abundant in human
tissues, reactive to local inflammatory cues, and endowed with immunomodulatory and
cytolytic functions, MAIT cells are likely to play key roles in human malignancies. They
accumulate in various tumor microenvironments (TMEs) where they often lose some
of their functional capacities. However, the potential roles of MAIT cells in anticancer
immunity or cancer progression and their significance in shaping clinical outcomes
remain largely unknown. In this study, we analyzed publicly available bulk and single-cell
tumor transcriptomic datasets to investigate the tissue distribution, phenotype, and
prognostic significance of MAIT cells across several human cancers. We found that
expanded MAIT cell clonotypes were often shared between the blood, tumor tissue
and adjacent healthy tissue of patients with colorectal, hepatocellular, and non-small cell
lung carcinomas. Gene expression comparisons between tumor-infiltrating and healthy
tissue MAIT cells revealed the presence of activation and/or exhaustion programs within
the TMEs of primary hepatocellular and colorectal carcinomas. Interestingly, in basal
and squamous cell carcinomas of the skin, programmed cell death-1 (PD-1) blockade
upregulated the expression of several effector genes in tumor-infiltrating MAIT cells. We
derived a signature comprising stable and specific MAIT cell gene markers across several
tissue compartments and cancer types. By applying this signature to estimate MAIT
cell abundance in pan-cancer gene expression data, we demonstrate that a heavier
intratumoral MAIT cell presence is positively correlated with a favorable prognosis in
esophageal carcinoma but predicts poor overall survival in colorectal and squamous cell
lung carcinomas. Finally, in colorectal carcinoma and four other cancer types, we found
a positive correlation between MRT expression and estimated MAIT cell abundance.
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Yao et al. Transcriptomic Analysis of MAIT Cells in Cancer

FIGURE 2 | Distribution of MAIT TCR Ja and VB usage in cancer. Single-cell transcriptomic data were obtained for T cells from the blood, tumor, and normal tissues of
patients with non-small cell lung cancer (NSCLC), colorectal cancer (CRC) and hepatocellular carcinoma (HCC). TRAJ and TRVB segment usage in MAIT cells was
summarized based on assembled full-length TCR sequences. (A,B) MAIT cell usage of TRAJ (A) and TRVB (B) segments in indicated compartments and cancer

types.
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FIGURE 3 | Tumor-infiltrating MAIT cells exhibit gene expression patterns consistent with activated and exhausted states. Transcriptional differences among MAIT
cells of different tissue origins were analyzed in single-cell transcriptomic datasets comprising T cells from non-small cell lung cancer (NSCLC), colorectal cancer
(CRQ), and hepatocellular carcinoma (HCC) patients. (A) Volcano plots showing differentially expressed genes between MAIT cells isolated from tumors and paired
unaffected tissues across indicated cancer types. Significance thresholds are p < 0.05 and fold-change >1.5. Dots are colored red if significant, light red if 0.05 < p <
0.10, and gray if non-significant. (B,C) Violin plots comparing normalized expression of T cell activation/function- (B) and exhaustion-related genes (C) in tumor vs.
normal tissue MAIT cells in indicated cancers. NS, non-significant. *p < 0.05, **p < 0.005, ***p < 0.001. In (B,C), p values are calculated using
Benjamini-Hochberg-adjusted limma-moderated t-tests. (D) Activation and exhaustion scores, computed by scaling followed by averaging the expression of genes in
the respective lists (see Methods), are plotted for normal and tumor tissue MAIT cells. Density curves at the plot margins depict the distribution of the two scores. Dots
are sized according to IFNG expression. TPM, transcripts per million.

Frontiers in Immunology | www.frontiersin.org 9 July 2020 | Volume 11 | Article 1691


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Yao et al.

Transcriptomic Analysis of MAIT Cells in Cancer

scRNA-seq dataset from Yost et al. profiling T cells within
paired BCC and SCC tumor samples pre- and post-anti-PD-1
therapy (72). MAIT cells formed distinct ¢-SNE clusters in both
BCC and SCC although a few cells fell outside such clusters
(Figure 4A). PD-1 blockade did not enrich or deplete MAIT
cells within tumors of either cancer type (Figure 4B). We then
characterized the clonal dynamics of these intratumoral MAIT
cells, restricting our analysis to patients in whom at least 10
MAIT cells were detectable pre- and post-treatment to mitigate
the potential effects of sampling errors. In two out of three
BCC patients (B-04 and B-06), the majority of tumor-infiltrating
MAIT cell clones after anti-PD-1 therapy were novel - that is
they were not detected in pre-treatment samples. In contrast,
in one BCC patient (B-08) and in both SCC patients, most
post-treatment MAIT cell clones were already present before
therapy (Figure 4C). Visualizing the fate of individual clones,
we found in BCC patient B-08 that two MAIT clonotypes were
significantly expanded following therapy (Figure 4D). In each of
the SCC tumors, one dominant clonotype comprised the majority
of intratumoral MAIT cells both before and after treatment
(Figure 4D).

Differential expression analysis of pre- and post-treatment
tumor-infiltrating MAIT cells revealed upregulation of the
activation marker HLA-DRBI, the cytotoxic effector GZMH, and
the chemokines CCL4 and CCL5 following anti-PD-1 therapy
in both types of cancer (Figures 4E,F). In BCC, post-treatment
MAIT cells also exhibited higher expression of IFNG and GNLY,
both of which mediate T cell effector functions (Figures 4E,F).
In SCC, several genes encoding granzymes, namely GZMK,
GZMA and GZMM, exhibited significantly higher expression in
intratumoral MAIT cells after PD-1 blockade (Figures 4E,F).
Interestingly, in patient B-08, the two expanded MAIT cell clones
had higher expression of HLA-DRBI and GZMH than the other
clones at baseline, which did not further increase following
PD-1 blockade (Figure 4G). In contrast, these two genes were
upregulated post-treatment in non-expanded MAIT cell clones
from the same patient (Figure 4G). Taken together, these results
suggest that anti-PD-1 therapy promotes the expression of
effector genes by MAIT cells within certain TMEs.

Deriving a Stable and Specific MAIT Cell

Gene Signature

Using the HCC, CRC and NSCLC scRNA-seq datasets, we
next sought to define a set of marker genes that consistently
distinguish MAIT cells from other T cell populations across
various tissue compartments and cancer types. To this end, we
identified genes with significantly higher expression in MAIT
cells than in non-MAIT T cells (divided into CD8, CD4,
and Treg subsets) (Figure 5A, Supplementary Table 3). Within
all three cancer types, a set of genes could be defined that
remained stably overexpressed in MAIT cells regardless of their
tissue/site origin (Supplementary Figure 2). The intersection
of these three cancer-specific gene sets, comprising eleven
genes (SLC4A10, KLRB1, MEI1, TMIGD2, IL23R, NCR3, LST1I,
COLQ, RORC, ZBTB16, TLEI) that represent the most robust
MAIT cell markers, was used for downstream analyses in bulk

tumor transcriptomic datasets (Figure 5B). We then collapsed
the expression of these marker genes into a single index, the
“MAIT cell signature,” and demonstrated the specific enrichment
of this signature in MAIT cells relative to non-MAIT T cell
subsets (Figure 5C). Crucially, our consensus-based approach
for deriving a MAIT cell signature selects for generalizability of
markers across tissue contexts.

Validating the MAIT Signature in Additional

Transcriptomic Datasets
To further validate the specificity and stability of the MAIT
cell signature, we tested its performance in several independent
gene expression datasets. A recent study by Gutierrez et al.
generated bulk and single-cell transcriptomic data of innate-
like T cells isolated from the peripheral blood, including MAIT,
iNKT, V81, and V32T cells (69). The authors also profiled
conventional CD4" and CD8*" T cells as well as NK cells
for comparison purposes. We first examined bulk RNA-seq
data from the purified lymphocyte populations. We found the
expression of most MAIT signature genes to be highly specific to
MAIT cells even in comparison with other innate-like subsets like
iNKT cells, which are known to share a similar transcriptional
profile (Supplementary Figure 3A) (51, 76). Out of 66 pairwise
comparisons (11 genes x 6 cell types), all but 8 pointed to
significantly elevated levels in MAIT cells (p < 0.05, limma-
moderated t-tests). Four genes were expressed at comparable
levels in iNKT cells (KLRB1, COLQ, ZBTB16, TLE1), three in
NK cells (TMIGD2, COLQ, ZBTB16), and one in V32 cells
(TLEI) (Supplementary Figure 3A). As expected, the aggregate
MAIT signature score was significantly enriched in MAIT cells
relative to every other lymphocyte population (p<0.0001, by
Wilcoxon signed-rank test) (Supplementary Figure 3B). Results
from the scRNA-seq dataset were concordant, with all MAIT
signature genes being highly expressed in MAIT cells, and a
few expressed at similar levels by iNKT, V&2, and NK cells
(Supplementary Figure 3C). The performance of the MAIT
signature was also verified on a per-cell basis (largest p =
1.3e—13, compared to iNKT cells) (Supplementary Figure 3D).
Since we derived the MAIT signature from transcriptomic
profiles of tumor-infiltrating T cells, its constituent genes
were selected based on their discriminatory capacity relative
to other T cell subsets, but not necessarily non-T cell
populations. Therefore, we next evaluated this signature in
more complex, unpurified cell mixtures better representing the
crude immune compartment of TMEs. To this end, we re-
processed and analyzed scRNA-seq data from primary tumors
of HCC patients, generated by Ma et al. (70), which contained
diverse malignant, stromal and immune cell populations
(Supplementary Figures 4A,B). While there was no paired
scTCR-seq data with which to identify MAIT cells in this
case, we could still ask whether each MAIT signature gene
tended to be expressed specifically among T cells, or more
promiscuously across other cell types. Of the 11 genes comprising
the MAIT signature, five were expressed primarily by T cells
(SLC4A10, KLRBI1, TMIGD2, IL23R, NCR3), five had higher
expression among non-T cell types (MEI, LST1, RORC, ZBTBI6,
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FIGURE 4 | BCC and SCC (third and fourth panels from left to right), with MAIT cells shown in blue. Zoomed-in views highlight the main MAIT cell cluster. (B) Relative
abundance of intratumoral MAIT cells before and after PD-1 blockade therapy. MAIT cell frequencies were transformed to Ro e, or the ratio of observed to expected
cell number using a chi-squared test. Each dot depicts a patient (n = 11 for BCC, n = 4 for SCC), and error bars represent SEM. NS, not significant; two-sided
unpaired student’s t-test. (C) Clonal history of MAIT cells present in the BCC and SCC tumor microenvironments following treatment with anti-PD-1. Novel clones refer
to those absent in matched pre-treatment samples, whereas shared clones are those detected both before and after PD-1 blockade. (D) Clonal dynamics of
tumor-infiltrating MAIT cells pre- and post-treatment with anti-PD-1. Dots represent individual clones, colored according to indicated fates. Clones found exclusively in
either pre- or post-treatment samples were denoted as pre- or post-only, respectively. Expanded and depleted clones were defined based on significant proportional
changes by Fisher’s exact test. The remaining clones were considered stable. Dot shapes correspond to different patients, assigned arbitrarily. In (C,D), analysis was
restricted to patients with at least 10 MAIT cells sampled from both pre- and post-treatment samples. (E) Volcano plots showing differentially expressed genes
between MAIT cells isolated from tumors before and after PD-1 blockade. Significance thresholds are p <0.05 and fold-change >1.25. Dots are colored red if
significant, light red if 0.05 < p < 0.10, and gray if not significant. (F) Violin plots comparing the expression of T cell activation and effector function genes in pre- and
post-treatment tumor-infiltrating MAIT cells. P values were calculated by Benjamini-Hochberg-adjusted limma-moderated t-tests. (G) Split-violin plots comparing gene
expression in expanded and non-expanded intratumoral MAIT cell clones in a BCC patient. Open circles, colored according to their fate, represent mean values. The
top pair of p values denote comparisons between pre- and post-treatment samples, whereas the bottom pair compare expanded and non-expanded MAIT cell
clones within the same sample. *p < 0.05, **p < 0.005, ***p < 0.001; NS, not significant; Wilcoxon signed-rank test.

TLEI), and one (COLQ) was nearly undetectable across all  score to strongly correlate with the frequency of MAIT cells,
cells (Supplementary Figure 4C). Removing the five genes with  but not that of conventional CD8" T cells, CD4™ T cells, or
high expression in non-T cell types from the MAIT signature ~ Tregs (Supplementary Figure 5C). Moreover, this correlation
improved its specific enrichment among T cells, although we  was reproducible, regardless of pre- or post-treatment sampling,
cannot ascertain whether T cells with high MAIT signature scores ~ for both BCC and SCC (Supplementary Figures 5D,E). In
represent bona fide MAIT cells (Supplementary Figure 4D). line with the observed perturbation of the MAIT signature
Hierarchical clustering of the MAIT signature genes alongside by PD-1 blockade in BCC, the correlation between the
pan-T cell markers (CD3D, CD3E, CD3G) divided these into two ~ MAIT signature score and MAIT cell frequency was weaker
groups, one consisting of the genes whose expression tended  when restricting simulations to anti-PD-1-treated tumors
to be positively associated with the CD3 genes and with each  (Supplementary Figure 5D). These results, supplemented by our
other (NCR3, KLRBI1, TMIGD2, IL23R, LST1, SLC4A10, COLQ),  other means of validation, demonstrate the value of the MAIT
and the other comprising the genes whose expression was  signature in estimating MAIT cell frequencies within bulk gene
generally anticorrelated with the CD3 genes (ZBTB16, TLEI,  expression datasets.

ME]1, RORC) (Supplementary Figure 4E). Notably, the latter

group largely overlapped with the genes whose expression was Refining the MAIT Signature Using Bulk

found to be nonspecific to T cells. While the degree of specificity Tumor Transcriptomic Data
for each MAIT cell signature gene will likely vary between  TCGA provides matched clinical and bulk tumor RNA-
tissue compartments, disease states, individuals, and methods of  seq data across many human cancers, which enabled us
measurement, these results suggest that the MAIT signature may  to evaluate the prognostic significance of the above-defined
be amenable to refinement in-context based on expected patterns  MAIT signature. We obtained data from 20 TCGA cancers,
of correlated gene expression. focusing mainly on solid tumors with relatively large sample
Using the datasets from Yost et al, the MAIT jzes (Supplementary Table 1). As an additional quality control
signature  performed well in BCC and SCC tumors  step before testing for associations with clinical outcomes, we
both before and after anti-PD-1 therapy, suggesting that  evaluated the performance of our MAIT signature using gene
it is reasonably robust to changes in biological state  expression data from these 20 cancers.
(Supplementary Figures 5A,B).  Interestingly, MAIT cells Most genes included in the MAIT signature showed
in BCC tumors post-treatment had significantly decreased  significant positive correlations with the expression of the pan-
MAIT signature scores (p < 0.0001, by Wilcoxon signed-rank T cell genes CD3D, CD3E and CD3G, which was expected
test) (Supplementary Figure 5A), while the same was not true  given that MAIT cell abundance within tumors, estimated
for SCC tumors (Supplementary Figure 5B). This finding lends  in absolute terms by our signature and its constituent
further support to the notion that PD-1 blockade can alter the  genes, likely scales broadly with the extent of overall T cell
transcriptional profile of intratumoral MAIT cells, a finding that  infiltration (Supplementary Figure 6). We also observed positive
needs to be validated in larger cohorts and linked to markers of correlations between the expression of MAIT Signature genes
response to therapy. Despite this effect, the signature was still  and seven curated NK cell markers (80, 81), which may reflect
specifically enhanced in MAIT cells compared to all other T the promiscuous expression of MAIT marker genes by NK
cell subsets in post-treatment BCC samples (largest p < 0.005,  cells, of NK marker genes by T cells (thus returning to the
compared to CD4™ T cells). previous point), or both (Supplementary Figure 6). Of note,
To investigate whether our MAIT signature may be useful  in every cancer type, there were MAIT signature genes whose
in estimating MAIT cell frequencies in bulk RNA-seq data, we  expression did not correlate with that of pan-T cell markers
generated simulated pseudo-bulk samples from these scRNA-  or other MAIT signature genes. As shown when evaluating the
seq profiles. In the BCC dataset, we found the MAIT signature ~ MAIT signature in scRNA-seq data profiling the whole HCC
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across T cell subsets in each cancer. (B) Venn diagram of overlapping MAIT cell marker genes between cancer types. Listed genes comprise the eleven-gene MAIT
cell signature that remained stable across cancer contexts. (C) Validation of the MAIT cell signature. Expression of the genes listed in (B) was scaled, averaged, and
then plotted for each cell. Boxes extend between quartiles, and whiskers extend to +1.5x interquartile range.
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TME, this “missing” correlation for certain MAIT signature genes
in bulk transcriptomic data may be due to their expression in
non-T cell populations within TMEs, which then confounds and
overpowers the underlying correlation in abundance between the
transcripts of MAIT origin. Indeed, RNA-seq data in purified
leukocyte populations from the Human Blood Atlas revealed that
TLEI and LST1 are highly expressed in other immune cell subsets
such as monocytes and basophils (Supplementary Figure 7).
Similar reasoning also holds for tumor and stromal cells.

Therefore, we devised rules to define “blocks” of correlation
(see Methods for details), whereby the gene set comprising
the MAIT signature for each cancer is independently trimmed
until only genes that exhibit significant positive correlations,
where expected, remain. Using this approach, we found that
four cancers, namely urothelial carcinoma, cervical squamous
cell carcinoma, low-grade glioma and glioblastoma, did not
display a robust transcriptional signal of MAIT cell infiltration,
as fewer than five of the eleven original MAIT signature genes
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were kept (Supplementary Figure 6B). These cancers were thus
excluded from downstream analyses. We then scored the degree
of MAIT cell infiltration in each tumor sample by normalizing
and averaging the expression of the MAIT cell signature genes
selected for each cancer type. A final adjustment was made to
the MAIT cell score by regressing out the T cell score, similarly
computed based on the expression of CD3D, CD3E and CD3G,
thereby normalizing the MAIT cell abundance estimate in each
sample against the degree of total T cell infiltration.

Association of the MAIT Signature With

Clinical Outcomes Across Human Cancers
To explore potential links between intratumoral MAIT cell
abundance and patient survival across human cancers, we
tested a series of Cox proportional hazard models using the
MAIT cell score to stratify patients into MAIT-high and MAIT-
low groups for each cancer type. We found that a high
MAIT score was associated with improved overall survival
(OS) in EAC, but poorer OS in CRC and lung squamous
cell carcinoma (Figures 6A,C). When considering progression-
free survival (PFS), a high MAIT score was associated with
favorable prognoses in breast invasive carcinoma, prostate
adenocarcinoma, papillary renal cell carcinoma and EAC, while
it portended earlier progression in stomach adenocarcinoma
(Figures 6B,D). Notably, in HCC, where intratumoral MAIT
cell abundance has been linked to improved or poor survival in
seemingly contradictory reports (19, 20), we did not find any
prognostic associations between the MAIT score and either OS
or PFS [Figures 6A,B; shown using the TCGA abbreviation for
liver hepatocellular carcinoma (LIHC)]. Overall, these results
indicate that the prognostic value of MAIT cell infiltration
into tumors varies by cancer type and endpoint definition,
reinforcing the need for future studies that independently and
systematically test for such associations across a wide spectrum
of human malignancies.

One potential determinant of MAIT cell abundance in TMEs
is the expression of MRI, the gene encoding the antigen-
presenting molecule involved in cognate MAIT cell activation.
We found positive correlations between MRI expression and
MAIT scores in CRC (p = 0.0081, Pearson correlation), stomach
adenocarcinoma (p = 0.0015), prostate adenocarcinoma (p =
1.29¢—10), lung adenocarcinoma (p = 0.00088), and clear cell
renal cell carcinoma (p = 0.013). The expression of MRI was
not significantly associated with OS or PFS in any of the above
cancers but showed trending p values for worse OS in CRC (p =
0.078 by log-rank test), worse PFS in stomach adenocarcinoma (p
= 0.081), and better PFS in prostate adenocarcinoma (p = 0.10).
These trends are in the same directions as the prognostic links
identified for MAIT scores, which warrants further investigation.

DISCUSSION

In this study, we present the first in silico cross-cancer analysis
of MAIT cells using available bulk and single-cell transcriptomic
datasets. Our analyses reproduced several established findings
about MAIT cells in the context of human malignancies. In

the HCC scRNA-seq dataset, we found that MAIT cells were
reduced within tumors compared to the adjacent normal tissue
and enriched in the healthy liver compared to peripheral blood,
consistent with previous studies (19, 20, 42). We did not,
however, replicate the finding that MAIT cells are significantly
enriched in CRC tumors compared to their surrounding
unaffected tissue, which has been reported in a number of
independent studies (16, 17, 26). The CRC dataset included
9,878 T cells from 11 patients in total, which might have made
our analysis underpowered.

Our examination of the TCR repertoire of MAIT cells
validated their preferential usage of TRAJ33 in the blood, normal
tissues and tumors across the three cancer types. In contrast, the
VB bias we observed was more flexible and context-dependent.
Previous studies in individuals without cancer have established
the preferential usage of TRBV6 and TRBV20 by peripheral blood
and hepatic MAIT cells (32), which is generally consistent with
our present findings across the tissue compartments examined.
Surprisingly, however, MAIT cells sampled from the healthy
colonic tissue of CRC patients expressed TRBV11-2, TRBV27,
TRBV4-2, TRBVY, and TRBV6 at similar frequencies. While
this observation was based on a relatively small sample, there
is reason to speculate that malignancy and the tissue context
might reshape the TCR repertoire of MAIT cells. The TCRP
chain expressed by MAIT cells has been shown to influence
their MR1-dependent responses to microbial antigens (78, 82).
It is therefore possible that tissue-resident commensal bacteria in
the gut, for instance, may cause differential expansion of MAIT
cell clones depending on the TCRp chain utilized, which may
confer varying avidities for cognate stimuli. Moreover, given the
complex interplay between cancer and tissue dysbiosis (83, 84),
the TCR composition of MAIT cells in cancer patients may
exhibit different biases than that in healthy individuals. Further
studies are needed to compare and contrast the TCR repertoire
of tissue-resident or even passenger MAIT cells in normal and
pathological states.

In agreement with previous work, we show that MAIT
cells in HCC tumors express higher levels of T cell activation
(CD38, HLA-DRA) and exhaustion markers (PDCDI1, CTLA4,
HAVCR?2), but lower levels of the effector function-associated
genes CD160 and KLRGI (Figure 3A) (20). We extended this
finding by demonstrating that intratumoral MAIT cells in HCC
also exhibit higher expression of the effector genes GZMB
and IFNG, even though studies of HCC and colorectal liver
metastases have shown that MAIT cells isolated from tumor
masses are suppressed in terms of Tyl cytokine secretion and
granzyme B production when stimulated ex vivo (18, 20). This
hypofunctional state may be explained in part by downregulation
of cytokine receptors (IL7R, ILI8RI, IFNGRI, IL23R) that
mediate MAIT cell activation and modulate their downstream
effector programs (Figure 3A, Supplementary Table 2) (42, 44,
45). Functional impairments in CRC have also been reported
(26), and our present work indicates the upregulation of several T
cell activation- and exhaustion-related genes in CRC-infiltrating
MAIT cells (Figure 3D). The elevated expression of GZMB in
MAIT cells from HCC and CRC tumors raises the possibility
that the cytotoxic activity of these cells may have been bolstered
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FIGURE 6 | Prognostic value of MAIT cell signature in human cancers. Matched tumor transcriptomic and clinical data for 16 cancers in The Cancer Genome Atlas
(TCGA) were accessed and analyzed. For each sample, a MAIT cell score was computed, which estimates the abundance of MAIT cells within the tumor, normalized
for overall T cell infiltration (see Methods). Univariate cox proportional hazard models were tested for each cancer using the MAIT score as a predictor variable
(Continued)
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expanded in Supplementary Table 1.

FIGURE 6 | (patients stratified at 33rd and 67th percentiles) and either overall or progression-free survival as the endpoint. (A,B) Forest plots of hazard ratios for
overall (A) and progression-free survival (B) across TCGA cancers. Cancer types with significant survival associations are bolded and shown in red if a MAIT score is
negatively prognostic, or blue if it is positively prognostic. Lines span 95% confidence intervals. *o < 0.05, **p < 0.01. (C,D) Kaplan-Meier curves visualizing significant
associations between MAIT scores and overall (C) and progression-free (D) survival. Log-rank tests were employed to compare curves. Cancer type abbreviations are

by the respective TMEs. In support of this notion, Sundstrém
et al. showed that colon tumor-infiltrating MAIT cells and
their healthy tissue counterparts retain a comparable cytotoxic
potential when activated ex vivo (85).

Our group has previously described the simultaneous
expression of activation and exhaustion programs in MAIT
cells in conjunction with heavy-handed cytokine responses to
bacterial superantigens (86). Stimulation of MAIT cells with
staphylococcal enterotoxin B, a potent superantigen, causes
their hyperactivation together with upregulation of the co-
inhibitory markers LAG-3 and TIM-3 (HAVCR2) and anergy as
characterized by impaired cytokine production upon secondary
challenge with bacterial lysates, which could be reversed by
blocking LAG-3 with a monoclonal antibody (86). Taken
together, these observations further the rationale for attempting
to restore the pro-inflammatory and cytotoxic functionality
of tumor-infiltrating MAIT cells with immune checkpoint
inhibitors. While a skewed MAIT cell response toward IL-17
production has been proposed to potentially promote tumor
progression (21, 87, 88), ILI7A transcripts were undetectable in
most MAIT cells within the datasets analyzed, possibly reflecting
their relatively low baseline abundance. More work is needed
to directly characterize the effector functions of intratumoral
MAIT cells in situ, which is likely dictated, in conjunction with
their transcriptional state, by the coordinated action of local
stimulatory and inhibitory cues.

Our survival analyses independently replicated the
observation that MAIT cell infiltration into CRC tumors is
a negative prognostic factor for OS (17). Although we showed a
high MAIT cell score to be associated with both improved OS
and PFS in EAC, a previous study on this cancer did not detect
a correlation between the intratumoral MAIT cell frequency and
overall patient survival (21). Interestingly, however, they did find
that MAIT cells were more abundant in EAC tumors without
nodal involvement, which have a more favorable prognosis
(21). The associations we identified in other cancer types
between the MAIT score and patient survival may help guide the
prioritization of MAIT cell studies in human malignancies but
will need to be validated in additional cohorts using traditional
immunological methods to measure MAIT cell abundance
within tumors. Seemingly contradictory results arising from
two independent studies on the prognostic significance of
HCC-infiltrating MAIT cells may have stemmed, at least in
part, from the technical approaches employed (19, 20). Zheng
et al. utilized the TCGA gene expression data (19) whereas
Duan et al. resorted to flow cytometry, quantitative polymerase
chain reaction and immunohistochemistry (20) to reach their
respective conclusions. Another difference between these two

studies is the rate of hepatitis B virus (HBV) infection among
HCC patients, which was low in the TCGA cohort (89) and
highly prevalent in the cohorts studied by Duan et al. (20).
Chronic HBV infection is the most common risk factor for HCC
(90), and has recently been associated with peripheral blood
MAIT cell activation and exhaustion although its impact on
hepatic MAIT cells is less clear (91-93). Our pathway enrichment
analysis in the HCC scRNA-seq dataset generated by Zheng et al.,
in which all patients were HBV-positive unlike in the TCGA
cohort, revealed the upregulation of antiviral gene modules
in tumor-infiltrating MAIT cells. Therefore, the phenotypic
and functional attributes of intratumoral MAIT cells may be
influenced by comorbid viral infections. These considerations
reinforce the need to test and re-test exploratory hypotheses in
primary cohorts with comprehensive clinical records. In our
survival analyses, we did not detect any associations between our
MAIT signature and either OS or PFS in HCC (Figures 6A,B).

As the three cancer scRNA-seq datasets we analyzed were
generated to profile the entire T cell compartment rather than
MAIT cells specifically, some of our approaches were likely
not fully powered to discern subtle effects and differences.
In order to more finely characterize the clonal dynamics and
tissue-mediated transcriptional changes of MAIT cells in cancer,
future studies will need to prioritize cell sampling and data
collection strategies accordingly. In particular, approaches to
identify distinct MAIT cell subsets or to infer the developmental
trajectory of such clusters will likely require datasets focused
exclusively on this population.

The MAIT signature and constituent markers that we derived
herein can be applied to extract additional information from
existing and future transcriptomic datasets. The availability of
reconstructed TCR sequences in the datasets we analyzed enabled
us to define MAIT cells by their invariant TCRa chain. However,
the gene signature we defined in this work should help detect
MAIT cells when single-cell TCR sequencing data are not
available. This approach may need to be further optimized or
validated using additional biological measures and sequencing
platforms. Other than this gene signature, MAIT cell abundance
can be estimated in bulk gene expression data using algorithms
that extract TCR transcripts from RNA-seq reads (94, 95). This
approach has a much higher specificity, though likely at the
cost of sensitivity, and would allow the validation of survival
associations identified in this study.

In summary, by analyzing public transcriptomic datasets,
we demonstrate that MAIT cells bear some shared clonotypes
in the blood, normal tissues and tumors of cancer patients.
MAIT cells show evidence of both activation and exhaustion
within some but not all TMEs. Importantly, the intratumoral
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abundance of MAIT cells is associated with patient outcomes
in several human malignancies. Based on our analyses, we
suggest that MAIT cells play important roles within TMEs where
they engage in cross-talk with other players, resulting in their
activation and/or exhaustion. Finally, we provide a resource for
MAIT cell-focused in silico analyses of high-dimensional cancer
omics data.
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