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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 MR1 expression and estimated MAIT cell abundance.
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FIGURE 2 | Distribution of MAIT TCR Jα and Vβ 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

(CRC), 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.
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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 t-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 themajority
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-DRB1, 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 expandedMAIT cell clones
had higher expression of HLA-DRB1 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, ME1, TMIGD2, IL23R, NCR3, LST1,
COLQ, RORC, ZBTB16, TLE1) 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, Vδ1, and Vδ2 T 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 × 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 Vδ2 cells
(TLE1) (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, Vδ2, 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, KLRB1, TMIGD2, IL23R, NCR3), five had higher
expression among non-T cell types (ME1, LST1, RORC, ZBTB16,
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FIGURE 4 | Effect of PD-1 blockade on intratumoral MAIT cell phenotype. (A) t-distributed stochastic neighbor embedding (t-SNE) plot of tumor-infiltrating T cells

from integrated basal cell carcinoma (BCC) (n = 20,027) and squamous cell carcinoma (SCC) (n = 18,088) single-cell RNA sequencing datasets. Dots are colored

according either to the T cell subset they are assigned to or to the treatment (Tx) status (first and second panels from left to right). Cells are also separately plotted for

(Continued)

Frontiers in Immunology | www.frontiersin.org 11 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

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.

TLE1), and one (COLQ) was nearly undetectable across all
cells (Supplementary Figure 4C). Removing the five genes with
high expression in non-T cell types from the MAIT signature
improved its specific enrichment among T cells, although we
cannot ascertain whether T cells with highMAIT signature scores
represent bona fide MAIT cells (Supplementary Figure 4D).
Hierarchical clustering of the MAIT signature genes alongside
pan-T cell markers (CD3D, CD3E, CD3G) divided these into two
groups, one consisting of the genes whose expression tended
to be positively associated with the CD3 genes and with each
other (NCR3, KLRB1, TMIGD2, IL23R, LST1, SLC4A10, COLQ),
and the other comprising the genes whose expression was
generally anticorrelated with the CD3 genes (ZBTB16, TLE1,
ME1, RORC) (Supplementary Figure 4E). Notably, the latter
group largely overlapped with the genes whose expression was
found to be nonspecific to T cells. While the degree of specificity
for each MAIT cell signature gene will likely vary between
tissue compartments, disease states, individuals, and methods of
measurement, these results suggest that the MAIT signature may
be amenable to refinement in-context based on expected patterns
of correlated gene expression.

Using the datasets from Yost et al., the MAIT
signature performed well in BCC and SCC tumors
both before and after anti-PD-1 therapy, suggesting that
it is reasonably robust to changes in biological state
(Supplementary Figures 5A,B). Interestingly, MAIT cells
in BCC tumors post-treatment had significantly decreased
MAIT signature scores (p < 0.0001, by Wilcoxon signed-rank
test) (Supplementary Figure 5A), while the same was not true
for SCC tumors (Supplementary Figure 5B). This finding lends

further support to the notion that PD-1 blockade can alter the
transcriptional profile of intratumoral MAIT cells, a finding that
needs to be validated in larger cohorts and linked to markers of

response to therapy. Despite this effect, the signature was still
specifically enhanced in MAIT cells compared to all other T

cell subsets in post-treatment BCC samples (largest p < 0.005,
compared to CD4+ T cells).

To investigate whether our MAIT signature may be useful

in estimating MAIT cell frequencies in bulk RNA-seq data, we
generated simulated pseudo-bulk samples from these scRNA-
seq profiles. In the BCC dataset, we found the MAIT signature

score to strongly correlate with the frequency of MAIT cells,
but not that of conventional CD8+ T cells, CD4+ T cells, or
Tregs (Supplementary Figure 5C). Moreover, this correlation
was reproducible, regardless of pre- or post-treatment sampling,
for both BCC and SCC (Supplementary Figures 5D,E). In
line with the observed perturbation of the MAIT signature
by PD-1 blockade in BCC, the correlation between the
MAIT signature score and MAIT cell frequency was weaker
when restricting simulations to anti-PD-1-treated tumors
(Supplementary Figure 5D). These results, supplemented by our
other means of validation, demonstrate the value of the MAIT
signature in estimating MAIT cell frequencies within bulk gene
expression datasets.

Refining the MAIT Signature Using Bulk
Tumor Transcriptomic Data
TCGA provides matched clinical and bulk tumor RNA-
seq data across many human cancers, which enabled us
to evaluate the prognostic significance of the above-defined
MAIT signature. We obtained data from 20 TCGA cancers,
focusing mainly on solid tumors with relatively large sample
sizes (Supplementary Table 1). As an additional quality control
step before testing for associations with clinical outcomes, we
evaluated the performance of our MAIT signature using gene
expression data from these 20 cancers.

Most genes included in the MAIT signature showed
significant positive correlations with the expression of the pan-
T cell genes CD3D, CD3E and CD3G, which was expected
given that MAIT cell abundance within tumors, estimated
in absolute terms by our signature and its constituent
genes, likely scales broadly with the extent of overall T cell
infiltration (Supplementary Figure 6).We also observed positive
correlations between the expression of MAIT signature genes
and seven curated NK cell markers (80, 81), which may reflect
the promiscuous expression of MAIT marker genes by NK
cells, of NK marker genes by T cells (thus returning to the
previous point), or both (Supplementary Figure 6). Of note,
in every cancer type, there were MAIT signature genes whose
expression did not correlate with that of pan-T cell markers
or other MAIT signature genes. As shown when evaluating the
MAIT signature in scRNA-seq data profiling the whole HCC
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FIGURE 5 | Identification of MAIT cell signature genes. Three single-cell transcriptomic datasets comprising T cells from the blood, tumor, and adjacent healthy tissue

of patients with non-small cell lung cancer (NSCLC), colorectal cancer (CRC), and hepatocellular carcinoma (HCC) were analyzed. Within each compartment of each

cancer type, genes with significantly higher expression in MAIT cells than in other T cell subsets (conventional CD4+, conventional CD8+, and regulatory T cells) were

identified using limma-trend (Benjamini-Hochberg-adjusted t-test yielding p < 0.1). (A) Heatmap showing the mean normalized expression of MAIT cell markers

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 ±1.5× interquartile range.

TME, this “missing” correlation for certainMAIT 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
TLE1 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 MR1, the gene encoding the antigen-
presenting molecule involved in cognate MAIT cell activation.
We found positive correlations between MR1 expression and
MAIT scores in CRC (p= 0.0081, Pearson correlation), stomach
adenocarcinoma (p = 0.0015), prostate adenocarcinoma (p =

1.29e−10), lung adenocarcinoma (p = 0.00088), and clear cell
renal cell carcinoma (p = 0.013). The expression of MR1 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
Vβ 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, TRBV9, 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 TCRβ

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 TCRβ 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 (PDCD1, CTLA4,
HAVCR2), but lower levels of the effector function-associated
genes CD160 and KLRG1 (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 TH1 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, IL18R1, IFNGR1, 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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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. *p < 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

expanded in Supplementary Table 1.

by the respective TMEs. In support of this notion, Sundström
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), IL17A 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 TCRα 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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TMA. Steroid-induced deficiency of mucosal-associated invariant T cells in

the chronic obstructive pulmonary disease lung. implications for nontypeable

haemophilus influenzae infection. Am J Respir Crit Care Med. (2016)

194:1208–18. doi: 10.1164/rccm.201601-0002OC

37. Serriari N-E, Eoche M, Lamotte L, Lion J, Fumery M, Marcelo P, et al. Innate

mucosal-associated invariant T (MAIT) cells are activated in inflammatory

bowel diseases. Clin Exp Immunol. (2014) 176:266–74. doi: 10.1111/cei.12277

38. Jeffery HC, van Wilgenburg B, Kurioka A, Parekh K, Stirling K,

Roberts S, et al. Biliary epithelium and liver B cells exposed to bacteria

activate intrahepatic MAIT cells through MR1. J Hepatol. (2016) 64:1118–

27. doi: 10.1016/j.jhep.2015.12.017

39. Law BMP, Wilkinson R, Wang X, Kildey K, Giuliani K, Beagley KW,

et al. Human tissue-resident mucosal-associated invariant T (MAIT)

cells in renal fibrosis and CKD. J Am Soc Nephrol. (2019) 30:1322–

35. doi: 10.1681/ASN.2018101064

40. Böttcher K, Rombouts K, Saffioti F, Roccarina D, Rosselli M, Hall A, et al.

MAIT cells are chronically activated in patients with autoimmune liver disease

and promote profibrogenic hepatic stellate cell activation. Hepatology. (2018)

68:172–86. doi: 10.1002/hep.29782

41. Constantinides MG, Link VM, Tamoutounour S, Wong AC, Perez-

Chaparro PJ, Han S-J, et al. MAIT cells are imprinted by the

microbiota in early life and promote tissue repair. Science. (2019)

366:eaax6624. doi: 10.1126/science.aax6624

42. Tang X-Z, Jo J, Tan AT, Sandalova E, Chia A, Tan KC, et al. IL-7 licenses

activation of human liver intrasinusoidal mucosal-associated invariant T cells.

J Immunol. (2013) 190:3142–52. doi: 10.4049/jimmunol.1203218

43. van Wilgenburg B, Scherwitzl I, Hutchinson EC, Leng T, Kurioka A, Kulicke

C, et al. MAIT cells are activated during human viral infections.Nat Commun.

(2016) 7:11653. doi: 10.1038/ncomms11653

44. Ussher JE, Bilton M, Attwod E, Shadwell J, Richardson R, de Lara C, et al.

CD161++CD8+ T cells, including the MAIT cell subset, are specifically

activated by IL-12+IL-18 in a TCR-independent manner. Eur J Immunol.

(2014) 44:195–203. doi: 10.1002/eji.201343509

45. Wang H, Kjer-Nielsen L, Shi M, D’Souza C, Pediongco TJ, Cao H,

et al. IL-23 costimulates antigen-specific MAIT cell activation and

enables vaccination against bacterial infection. Sci Immunol. (2019)

4:eaaw0402. doi: 10.1126/sciimmunol.aaw0402

46. Yang B, Kang H, Fung A, Zhao H, Wang T, Ma D. The role of interleukin

17 in tumour proliferation, angiogenesis, and metastasis.Mediators Inflamm.

(2014) 2014:623759. doi: 10.1155/2014/623759

47. Raval A, Puri N, Rath PC, Saxena RK. Cytokine regulation of expression of

class IMHC antigens. ExpMolMed. (1998) 30:1–13. doi: 10.1038/emm.1998.1

48. Kurioka A, Ussher JE, Cosgrove C, Clough C, Fergusson JR, Smith

K, et al. MAIT cells are licensed through granzyme exchange

to kill bacterially sensitized targets. Mucosal Immunol. (2015)

8:429–40. doi: 10.1038/mi.2014.81

49. Rudak PT, Choi J, Haeryfar SMM. MAIT cell-mediated cytotoxicity: roles in

host defense and therapeutic potentials in infectious diseases and cancer. J

Leukoc Biol. (2018) 104:473–86. doi: 10.1002/JLB.4RI0118-023R

50. Yan J, Allen S, McDonald E, Das I, Mak JYW, Liu L, et al. MAIT cells promote

tumor initiation, growth, and metastases via tumor MR1. Cancer Discov.

(2020) 10:124–41. doi: 10.1158/2159-8290.CD-19-0569

51. Salou M, Legoux F, Gilet J, Darbois A, du Halgouet A, Alonso R,

et al. A common transcriptomic program acquired in the thymus

defines tissue residency of MAIT and NKT subsets. J Exp Med. (2019)

216:133. doi: 10.1084/jem.20181483

52. Sanchez-Vega F, Mina M, Armenia J, Chatila WK, Luna A, La KC, et al.

Oncogenic signaling pathways in the cancer genome atlas. Cell. (2018)

173:321–37.e10. doi: 10.1016/j.cell.2018.03.035

53. Hoadley KA, Yau C, Hinoue T, Wolf DM, Lazar AJ, Drill E, et al. Cell-

of-origin patterns dominate the molecular classification of 10,000 tumors

from 33 types of cancer. Cell. (2018) 173:291–304.e6. doi: 10.1016/j.cell.2018.

03.022

54. Ren X, Kang B, Zhang Z. Understanding tumor ecosystems by

single-cell sequencing: promises and limitations. Genome Biol. (2018)

19:211. doi: 10.1186/s13059-018-1593-z

55. Zhang L, Zhang Z. Recharacterizing tumor-infiltrating lymphocytes

by single-cell RNA sequencing. Cancer Immunol Res. (2019)

7:1040–6. doi: 10.1158/2326-6066.CIR-18-0658

56. Chen B, Khodadoust MS, Liu CL, Newman AM, Alizadeh AA. Profiling

tumor infiltrating immune cells with CIBERSORT. Methods Mol Biol. (2018)

1711:243–59. doi: 10.1007/978-1-4939-7493-1_12

57. Wang X, Park J, Susztak K, Zhang NR, Li M. Bulk tissue cell type

deconvolution with multi-subject single-cell expression reference. Nat

Commun. (2019) 10:380. doi: 10.1038/s41467-018-08023-x

58. Newman AM, Steen CB, Liu CL, Gentles AJ, Chaudhuri AA,

Scherer F, et al. Determining cell-type abundance and expression

from bulk tissues with digital cytometry. Nat Biotechnol. (2019)

37:773–82. doi: 10.1038/s41587-019-0114-2

59. Liu J, Lichtenberg T, Hoadley KA, Poisson LM, Lazar AJ, Cherniack

AD, et al. An integrated TCGA pan-cancer clinical data resource to

drive high-quality survival outcome analytics. Cell. (2018) 173:400–

16.e11. doi: 10.1158/1538-7445.AM2018-3287

60. Thorsson V, Gibbs DL, Brown SD, Wolf D, Bortone DS, Ou Yang T-

H, et al. The immune landscape of cancer. Immunity. (2018) 48:812–

30.e14. doi: 10.1016/j.immuni.2018.03.023

61. Gentles AJ, Newman AM, Liu CL, Bratman SV, Feng W, Kim D, et al. The

prognostic landscape of genes and infiltrating immune cells across human

cancers. Nat Med. (2015) 21:938–45. doi: 10.1038/nm.3909

62. Zhang L, Yu X, Zheng L, Zhang Y, Li Y, Fang Q, et al. Lineage

tracking reveals dynamic relationships of T cells in colorectal

cancer. Nature. (2018) 564:268–72. doi: 10.1038/s41586-018-

0694-x

63. Guo X, Zhang Y, Zheng L, Zheng C, Song J, Zhang Q, et al. Global

characterization of T cells in non-small-cell lung cancer by single-

cell sequencing. Nat Med. (2018) 24:978–85. doi: 10.1038/s41591-018-

0045-3

Frontiers in Immunology | www.frontiersin.org 18 July 2020 | Volume 11 | Article 1691

https://doi.org/10.18632/oncotarget.11187
https://doi.org/10.4049/jimmunol.1500258
https://doi.org/10.1038/nature01433
https://doi.org/10.1038/nature11605
https://doi.org/10.1038/nature13160
https://doi.org/10.1084/jem.20130958
https://doi.org/10.1084/jem.189.12.1907
https://doi.org/10.1038/ncomms5493
https://doi.org/10.1182/blood-2010-08-303339
https://doi.org/10.1038/mi.2016.30
https://doi.org/10.1038/mi.2015.69
https://doi.org/10.1164/rccm.201601-0002OC
https://doi.org/10.1111/cei.12277
https://doi.org/10.1016/j.jhep.2015.12.017
https://doi.org/10.1681/ASN.2018101064
https://doi.org/10.1002/hep.29782
https://doi.org/10.1126/science.aax6624
https://doi.org/10.4049/jimmunol.1203218
https://doi.org/10.1038/ncomms11653
https://doi.org/10.1002/eji.201343509
https://doi.org/10.1126/sciimmunol.aaw0402
https://doi.org/10.1155/2014/623759
https://doi.org/10.1038/emm.1998.1
https://doi.org/10.1038/mi.2014.81
https://doi.org/10.1002/JLB.4RI0118-023R
https://doi.org/10.1158/2159-8290.CD-19-0569
https://doi.org/10.1084/jem.20181483
https://doi.org/10.1016/j.cell.2018.03.035
https://doi.org/10.1016/j.cell.2018.03.022
https://doi.org/10.1186/s13059-018-1593-z
https://doi.org/10.1158/2326-6066.CIR-18-0658
https://doi.org/10.1007/978-1-4939-7493-1_12
https://doi.org/10.1038/s41467-018-08023-x
https://doi.org/10.1038/s41587-019-0114-2
https://doi.org/10.1158/1538-7445.AM2018-3287
https://doi.org/10.1016/j.immuni.2018.03.023
https://doi.org/10.1038/nm.3909
https://doi.org/10.1038/s41586-018-0694-x
https://doi.org/10.1038/s41591-018-0045-3
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

64. Satija R, Farrell JA, Gennert D, Schier AF, Regev A. Spatial reconstruction

of single-cell gene expression data. Nat Biotechnol. (2015) 33:495–

502. doi: 10.1038/nbt.3192

65. Law CW, Chen Y, Shi W, Smyth GK. voom: precision weights unlock

linear model analysis tools for RNA-seq read counts. Genome Biol. (2014)

15:R29. doi: 10.1186/gb-2014-15-2-r29

66. Hänzelmann S, Castelo R, Guinney J. GSVA: gene set variation

analysis for microarray and RNA-seq data. BMC Bioinformatics. (2013)

14:7. doi: 10.1186/1471-2105-14-7

67. Liberzon A, Birger C, Thorvaldsdóttir H, Ghandi M, Mesirov JP, Tamayo P.

The Molecular Signatures Database (MSigDB) hallmark gene set collection.

Cell Syst. (2015) 1:417–25. doi: 10.1016/j.cels.2015.12.004

68. Tirosh I, Izar B, Prakadan SM, Wadsworth MH, Treacy D, Trombetta JJ, et al.

Dissecting the multicellular ecosystem of metastatic melanoma by single-cell

RNA-seq. Science. (2016) 352:189–96. doi: 10.1126/science.aad0501

69. Gutierrez-Arcelus M, Teslovich N, Mola AR, Polidoro RB, Nathan A, Kim

H, et al. Lymphocyte innateness defined by transcriptional states reflects a

balance between proliferation and effector functions. Nat Commun. (2019)

10:687. doi: 10.1038/s41467-019-08604-4

70. Ma L, Hernandez MO, Zhao Y, Mehta M, Tran B, Kelly M, et al. Tumor

cell biodiversity drives microenvironmental reprogramming in liver cancer.

Cancer Cell. (2019) 36:418–30.e6. doi: 10.1016/j.ccell.2019.08.007

71. Stuart T, Butler A, Hoffman P, Hafemeister C, Papalexi E, Mauck WM,

et al. Comprehensive integration of single-cell data. Cell. (2019) 177:1888–

902.e21. doi: 10.1016/j.cell.2019.05.031

72. Yost KE, Satpathy AT, Wells DK, Qi Y, Wang C, Kageyama R, et al. Clonal

replacement of tumor-specific T cells following PD-1 blockade. Nat Med.

(2019) 25:1251–9. doi: 10.1038/s41591-019-0522-3

73. Lun ATL, McCarthy DJ, Marioni JC. A step-by-step workflow for low-level

analysis of single-cell RNA-seq data with bioconductor. F1000Res. (2016)

5:2122. doi: 10.12688/f1000research.9501.2

74. Vivian J, Rao AA, Nothaft FA, Ketchum C, Armstrong J, Novak A, et al.

Toil enables reproducible, open source, big biomedical data analyses. Nat

Biotechnol. (2017) 35:314–16. doi: 10.1038/nbt.3772

75. Park D, Kim HG, Kim M, Park T, Ha H-H, Lee DH, et al. Differences in the

molecular signatures of mucosal-associated invariant T cells and conventional

T cells. Sci Rep. (2019) 9:7094. doi: 10.1038/s41598-019-43578-9

76. Huang H, Sikora MJ, Islam S, Chowdhury RR, Chien Y-H, Scriba TJ,

et al. Select sequencing of clonally expanded CD8+ T cells reveals

limits to clonal expansion. Proc Natl Acad Sci USA. (2019) 116:8995–

9001. doi: 10.1073/pnas.1902649116

77. Uhlén M, Fagerberg L, Hallström BM, Lindskog C, Oksvold P, Mardinoglu A,

et al. Proteomics. tissue-based map of the human proteome. Science. (2015)

347:1260419. doi: 10.1126/science.1260419

78. Howson LJ, Napolitani G, Shepherd D, Ghadbane H, Kurupati P, Preciado-

Llanes L, et al. MAIT cell clonal expansion and TCR repertoire shaping in

human volunteers challenged with salmonella paratyphi A. Nat Commun.

(2018) 9:253. doi: 10.1038/s41467-017-02540-x

79. Li H, van der Leun AM, Yofe I, Lubling Y, Gelbard-Solodkin D, van Akkooi

ACJ, et al. Dysfunctional CD8T cells form a proliferative, dynamically

regulated compartment within human melanoma. Cell. (2019) 176:775–

89.e18. doi: 10.1016/j.cell.2018.11.043

80. Cursons J, Souza-Fonseca-Guimaraes F, Foroutan M, Anderson A, Hollande

F, Hediyeh-Zadeh S, et al. A gene signature predicting natural killer cell

infiltration and improved survival in melanoma patients. Cancer Immunol

Res. (2019) 7:1162–74. doi: 10.1158/2326-6066.CIR-18-0500

81. Crinier A, Milpied P, Escalière B, Piperoglou C, Galluso J, Balsamo A, et al.

High-dimensional single-cell analysis identifies organ-specific signatures and

conserved NK cell subsets in humans and mice. Immunity. (2018) 49:971–

86.e5. doi: 10.1016/j.immuni.2018.09.009

82. Dias J, Leeansyah E, Sandberg JK. Multiple layers of heterogeneity

and subset diversity in human MAIT cell responses to distinct

microorganisms and to innate cytokines. Proc Natl Acad Sci USA. (2017)

114:E5434. doi: 10.1073/pnas.1705759114

83. Gupta H, Youn GS, Shin MJ, Suk KT. Role of gut

microbiota in hepatocarcinogenesis. Microorganisms. (2019)

7:121. doi: 10.20944/preprints201903.0267.v1

84. Ramírez-Labrada AG, Isla D, Artal A, Arias M, Rezusta A,

Pardo J, et al. The influence of lung microbiota on lung

carcinogenesis, immunity, and immunotherapy. Trends Cancer. (2020)

6:86–97. doi: 10.1016/j.trecan.2019.12.007

85. Sundström P, Szeponik L, Ahlmanner F, Sundquist M, Wong JSB, Lindskog

EB, et al. Tumor-infiltrating mucosal-associated invariant T (MAIT) cells

retain expression of cytotoxic effector molecules. Oncotarget. (2019) 10:2810–

23. doi: 10.18632/oncotarget.26866

86. Shaler CR, Choi J, Rudak PT, Memarnejadian A, Szabo PA, Tun-

Abraham ME, et al. MAIT cells launch a rapid, robust and distinct

hyperinflammatory response to bacterial superantigens and quickly

acquire an anergic phenotype that impedes their cognate antimicrobial

function: defining a novel mechanism of superantigen-induced

immunopathology and immunosuppression. PLoS Biol. (2017)

15:e2001930. doi: 10.1371/journal.pbio.2001930

87. Haeryfar SMM, Shaler C, Rudak P. Mucosa-associated invariant T cells

in malignancies: a faithful friend or formidable foe? Cancer Immunol

Immunother. (2018) 67:1885–96. doi: 10.1007/s00262-018-2132-1

88. Zumwalde NA, Gumperz JE. Mucosal-associated invariant T

cells in tumors of epithelial origin. Adv Exp Med Biol. (2020)

1224:63–77. doi: 10.1007/978-3-030-35723-8_5

89. Wheeler DA, Roberts LR. Comprehensive and integrative

genomic characterization of hepatocellular carcinoma. Cell. (2017)

169:1327–41.e23. doi: 10.1016/j.cell.2017.05.046

90. Di Bisceglie AM. Hepatitis B and hepatocellular carcinoma. Hepatology.

(2009) 49:S56–60. doi: 10.1002/hep.22962

91. Boeijen LL, Montanari NR, de Groen RA, van Oord GW, van der Heide-

Mulder M, de Knegt RJ, et al. Mucosal-associated invariant T cells are more

activated in chronic hepatitis B, but not depleted in blood: reversal by antiviral

therapy. J Infect Dis. (2017) 216:969–76. doi: 10.1093/infdis/jix425

92. Yong YK, Saeidi A, Tan HY, Rosmawati M, Enström PF, Batran

RA, et al. Hyper-Expression of PD-1 is associated with the levels of

exhausted and dysfunctional phenotypes of circulating CD161++TCR

iVα7.2+ mucosal-associated invariant T cells in chronic hepatitis B

virus infection. Front Immunol. (2018) 9:472. doi: 10.3389/fimmu.2018.

00472

93. Huang W, He W, Shi X, Ye Q, He X, Lang D, et al. Mucosal-associated

invariant T-cells are severely reduced and exhausted in humans with chronic

HBV infection. J Viral Hepat. (2020). doi: 10.1111/jvh.13341

94. Bolotin DA, Poslavsky S, Davydov AN, Frenkel FE, Fanchi L, Zolotareva OI,

et al. Antigen receptor repertoire profiling fromRNA-seq data.Nat Biotechnol.

(2017) 35:908–11. doi: 10.1038/nbt.3979

95. Li B, Li T, Pignon J-C, Wang B, Wang J, Shukla S, et al. Landscape of

tumor-infiltrating T cell repertoire of human cancers. Nat Genet. (2016)

48:725–32. doi: 10.1038/ng.3581

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Yao, Shooshtari and Haeryfar. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Immunology | www.frontiersin.org 19 July 2020 | Volume 11 | Article 1691

https://doi.org/10.1038/nbt.3192
https://doi.org/10.1186/gb-2014-15-2-r29
https://doi.org/10.1186/1471-2105-14-7
https://doi.org/10.1016/j.cels.2015.12.004
https://doi.org/10.1126/science.aad0501
https://doi.org/10.1038/s41467-019-08604-4
https://doi.org/10.1016/j.ccell.2019.08.007
https://doi.org/10.1016/j.cell.2019.05.031
https://doi.org/10.1038/s41591-019-0522-3
https://doi.org/10.12688/f1000research.9501.2
https://doi.org/10.1038/nbt.3772
https://doi.org/10.1038/s41598-019-43578-9
https://doi.org/10.1073/pnas.1902649116
https://doi.org/10.1126/science.1260419
https://doi.org/10.1038/s41467-017-02540-x
https://doi.org/10.1016/j.cell.2018.11.043
https://doi.org/10.1158/2326-6066.CIR-18-0500
https://doi.org/10.1016/j.immuni.2018.09.009
https://doi.org/10.1073/pnas.1705759114
https://doi.org/10.20944/preprints201903.0267.v1
https://doi.org/10.1016/j.trecan.2019.12.007
https://doi.org/10.18632/oncotarget.26866
https://doi.org/10.1371/journal.pbio.2001930
https://doi.org/10.1007/s00262-018-2132-1
https://doi.org/10.1007/978-3-030-35723-8_5
https://doi.org/10.1016/j.cell.2017.05.046
https://doi.org/10.1002/hep.22962
https://doi.org/10.1093/infdis/jix425
https://doi.org/10.3389/fimmu.2018.00472
https://doi.org/10.1111/jvh.13341
https://doi.org/10.1038/nbt.3979
https://doi.org/10.1038/ng.3581
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

