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Mucosal-associated invariant T (MAIT) cells are an abundant population of innate T cells that recognize bacterial
ligands and play a key role in host protection against bacterial and viral pathogens. Upon activation, MAIT cells
undergo proliferative expansion and increase their production of effector molecules such as cytokines. In this
study, we found that both mRNA and protein abundance of the key metabolism regulator and transcription
factor MYC was increased in stimulated MAIT cells. Using quantitative mass spectrometry, we identified the ac-
tivation of two MYC-controlled metabolic pathways, amino acid transport and glycolysis, both of which were
necessary for MAIT cell proliferation. Last, we showed that MAIT cells isolated from people with obesity showed
decreased MYC mRNA abundance upon activation, which was associated with defective MAIT cell proliferation
and functional responses. Collectively, our data uncover the importance of MYC-regulated metabolism for MAIT
cell proliferation and provide additional insight into the molecular basis for the functional defects of MAIT cells

in obesity.

INTRODUCTION
Mucosal-associated invariant T (MAIT) cells are a population of
non—major histocompatibility complex (MHC)-restricted T cells
that are important in the immune defense against bacterial and
viral infections (1-5). In addition to their abundance (2 to 10% of
total T cells) in peripheral blood, MAIT cells are relatively abundant
across a range of human tissues, including adipose, gut, and liver,
where they can account for up to 50% of all T cells (6). MAIT cells
are early responding T cells that are capable of producing multiple
cytokines rapidly upon activation such as interferon-y (IFN-y),
tumor necrosis factor, and interleukin-17 (IL-17) (I, 7). Because
of their robust production of effector molecules, MAIT cells have
been implicated in both host protection [against pathogens (6)
and cancer cells (8)] and tissue repair (9-11). MAIT cells are acti-
vated when their invariant T cell receptor (TCR) recognizes bacte-
rial derivatives presented on the MHC-like molecule MR1 (5, 7).
MAIT cells can also be activated in a TCR-independent manner
through cytokine stimulation (10, 12). Altered MAIT cell cytokine
profiles have been reported in several diseases, including obesity,
arthritis, and viral infection (13-18).

One key functional response of MAIT cells is their ability to pro-
liferate rapidly upon activation, which has been demonstrated both
in vitro and in vivo (19-21I). Increased immune signal-driven
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proliferation relies on metabolic reprogramming to provide large
amounts of energy and biosynthetic intermediates needed to
support the rapid generation of new cells (22). In conventional T
cells, metabolic reprogramming in response to activation is con-
trolled by the transcription factor MYC, which acts as a master met-
abolic regulator (23). MYC expression is rapidly induced after TCR
stimulation and is sustained by amino acid availability and IL-2 sig-
naling (24-26). In particular, the expression of the amino acid
transporter SLC7A5, which is under the control of MYC, forms a
feed-forward loop in which amino acid transport through
SLC7AS5 sustains MYC protein expression (24). Whether MYC
acts as a metabolic regulator in MAIT cells is currently unknown.
Although it is known that MAIT cell cytokine production is depen-
dent on glycolytic metabolism, it is unclear what regulates and fuels
MAIT cell proliferation (27). To address these unknowns, we have
interrogated the molecular and metabolic requirements for MAIT
cell proliferation. In addition, defective natural killer (NK) and
MAIT cell metabolism and defective cellular responses are
present in people with obesity (PWO), which may translate to ele-
vated incidences of comorbid diseases (27-29). However, the
impact of obesity on important metabolic regulators such as
MYC is not clearly understood and remains to be elucidated.
Using quantitative mass spectrometry (MS), we identified a
robust up-regulation of MYC expression and MYC-controlled met-
abolic pathways in stimulated MAIT cells. We showed that MYC-
regulated metabolic pathways (including amino acid transport
and glycolysis) are essential for human MAIT cell proliferation.
Last, we showed that obesity is associated with defective MAIT
cell proliferation because of a defective MYC-SLC7A5-glycolysis
metabolic axis. Collectively, our data demonstrated that MYC acts
as a metabolic regulator in TCR and cytokine-stimulated MAIT
cells and that this is essential for proliferation and provide further
molecular insight into obesity-related defects in human MAIT cells.
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RESULTS

MAIT cells remodel their proteomes upon TCR activation

To investigate the major pathways regulating MAIT cell activation,
we performed quantitative MS on MAIT cells expanded by treat-
ment with IL-2 (MAIT™? cells) before and after TCR stimulation
(anti-TCR/CD28 and IL-12/IL-18; MAITS™™). We identified 5740
proteins in both IL-2-maintained and IL-2—stimulated MAIT cells

and have estimated the absolute protein copy number per cell using
the proteomic ruler method that uses the MS signal of histones as an
internal standard (data file S1) (30). Only a small proportion of
highly abundant proteins accounts for most cellular mass in con-
ventional effector T cells (24, 31, 32); in human MAIT cells, we
found that expression of eight proteins (fig. S1) contributes 25%
of the total mass, and expression abundance of about 350 proteins
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accounts for 75% of the total cellular mass (Fig. 1A). Upon TCR
activation, we observed remodeling of the MAIT™* cell proteome
(Fig. 1B), which was accompanied by an increase in total protein
mass and cell size (Fig. 1, C and D). The expression of the most
abundant proteins did not change after stimulation and remained
proportional to the amounts expressed basally in MAIT™ cells
(fig. S1). Signature effector proteins such as IFNG and granzyme

Kedia-Mehta et al., Sci. Signal. 16, eabo2709 (2023) 18 April 2023

B (GRZB) were among the most highly increased proteins upon
stimulation (Fig. 1, E and F). We were also able to detect many pro-
teins associated with a core MAIT cell signature, including IL-18R1
(IL-18 receptor 1; which strongly increased expression in response
to stimulation), KLRB1 (moderate increase), DPPIV (moderately
decreased), and TRAV1-2 (expression was decreased upon stimula-
tion) (Fig. 1E). In total, 780 proteins were increased more than 1.5-
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Fig. 3. IL-2—driven proliferation of MAIT cells is dependent on MYC. (A) The
frequency of MAIT cells (as a percentage of total T cells) after stimulation of
PBMCs (1 x 10°) with antigenic stimulation (cognate antigen 5-ARU and methyl-
glyoxal) for 7 days (n = 6). (B and C) Representative flow cytometry histogram and
scatterplot showing CD25 (IL-2RA) expression on MAIT®VVO or stimulated
through the TCR using anti-CD3/CD28 beads/IL-12 and IL18 (MAIT>™) for 18
hours (n = 9). (D) CD25 protein expressed as copies per cell from MAIT"? cells
basally or MAIT*™ (n = 4). (E) Graph demonstrating frequency of MAIT cells (rep-
resented as percentage of T cells) after stimulation with 5-ARU (1 ug/ml) and meth-
ylglyoxal (100 uM) in the absence or presence of IL-2 (33.3 ng/ml) for 7 days (n =5).
(F and G) Representative flow cytometry dot plot and scatterplot showing MAIT
cell frequencies after 7 days of stimulation with 5-ARU, methylglyoxal, and IL-2
(n = 10). (H) MFI of CD25 expression on MAIT cells after 18 hours of stimulation
[as in (C) in the absence or presence of the MYC inhibitor (10074-G5, 10 uM)
(n = 5). (1) MAIT"2 cell frequency after 7 days of expansion [as in (E)] in the
absence of presence of the MYC inhibitor 10074-G5 (10 uM) (n = 8). (J) Forward
scatter MFI of MAIT cells after stimulation [as in (C)] in the absence of presence
of the MYC inhibitor 10074-G5 (n = 5). *P < 0.05, **P < 0.01, and ***P < 0.001.

fold upon activation (Fig. 1, B and F). Pathway analysis highlighted
that the increased proteins were enriched in multiple processes and
included a large proportion involved in governing cellular metabo-
lism (Fig. 1G).
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MAIT cells up-regulate expression of the transcription
factor MYC and its downstream target pathways upon
activation

In silico pathway analysis of a previously published RNA sequenc-
ing dataset (10) revealed that MAIT cells activated ex vivo (MAITEX
VIVO cells) have a strong MYC signature, as determined by the Hall-
mark gene set enrichment analysis (GSEA) (Fig. 2A and fig. S2). In
our activated human MAIT™? proteomic dataset, we also found in-
creased MYC expression and its target proteins (Fig. 2, B and C).
Using alternative methods to measure MYC expression, we show
that MYC protein expression is increased in MAIT™ cells stimu-
lated through their TCRs (Fig. 2, D and E). We next interrogated
MYC expression in TCR-stimulated MAIT®*V™VO cells (Fig. 2, F
and G). Together, these data show that MYC is increased in re-
sponse to TCR stimulation in both MAIT®"V!VO— and MAIT™ -
expanded cells. To further support the increased expression of MYC
targets in activated MAIT cells, we analyzed another published
RNA sequencing dataset (11) and once again saw increased MYC
target gene expression in activated MAIT cells (Fig. 2H and fig.
S3). TCR activation induces MYC expression in conventional
CD8" T cells (26). Furthermore, MYC expression is maintained
by IL-2 through the activation of JAK/STAT (Janus kinase/signal
transducer and activator of transcription) signaling pathways (26).
With this in mind, we interrogated the upstream signals required for
MYC activation in MAIT cells. We compared the ability of TCR
stimulation and the cytokines IL-2, IL-12, and IL-18 to induce
MYC expression in MAIT"? cells, with TCR triggering induced
the strongest MYC expression (fig. S4) (26). Analysis of the
MAIT"? proteomic data showed that, upon activation, MAIT
cells had increased abundance of STATS5 but not STAT3 (Fig. 2, I
to K). Furthermore, inhibition of STAT5 activation reduced MYC
expression in TCR-activated MAIT cells (Fig. 2, L and M).

MAIT cell proliferation is dependent on MYC

MAIT cells can readily proliferate upon TCR activation with a
cognate antigen or bacterial infection (20, 21). To build on these
observations, we investigated the ability of MAIT®* V!V cells to
proliferate in vitro after stimulation with the riboflavin metabolite
5-ARU, which is further processed into the MAIT cell cognate
antigen 5-OP-RU, resulting in a full antigenic stimulation
through the TCR. MAIT®* V™V cells activated with antigenic stim-
ulation failed to proliferate despite increased expression of activa-
tion markers such the IL-2Ra chain, CD25 (Fig. 3, A to C).
Increased expression of CD25 was also noted on MAIT'"* cells
after TCR bead stimulation (Fig. 3D). IL-2 is a driver of T cell
growth and proliferation (33), so we investigated whether the addi-
tion of IL-2 alongside antigenic stimulation could drive MAIT®™*"
VIVO cell proliferation. Addition of IL-2 resulted in significant
MAIT cell growth and proliferation in combination with antigenic
stimulation (Fig. 3, E to G). MYC expression is required for conven-
tional T cell blasting and proliferation in response to TCR signaling
(23, 24). Many of the transcriptional programs driven by MYC are
dependent on dimerization with MAX (34). The MYC inhibitor
10074-G5 blocks the binding of MAX to MYC and thereby inhibits
transcriptional activity (35). Using this inhibitor, we saw that the
increase in cell size and CD25 expression in MAIT cells after
TCR simulation was dependent on MYC activity (Fig. 3, H and
I). Furthermore, MYC activity was required for MAIT cell prolifer-
ation in response to TCR and IL-2 (Fig. 3] and fig. S5).
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Fig. 4. SLC7AS5 facilitates MAIT cell proliferation and is dependent on MYC. (A) Mean protein copy number per cell of SLC7A5 in MAIT' cells and in cells stimulated
for 18 hours (MAIT*™; anti-CD3/CD28 beads/IL-12 and IL18) (n = 4). (B) Scatterplot showing SLC7A5 mRNA expression in MAIT'™2 cells or MAIT*™ [as in (A)] (n = 12). (C)
Flow cytometry MFI data of CD98 expression on ex vivo MAIT cells or stimulated for 18 hours [as in (A)] (n = 7). (D) Mean protein copy number per cell of SLC3A52 in basal
or stimulated MAIT" cells (n = 4 per group). (E) Flow cytometry data of uptake of kynurenine into ex vivo MAIT cells (n = 5). (F) SLC7A5 mRNA expression in MAIT'=2 cells
and MAIT*™ [as in (A)] in the absence or presence of the MYC-specific inhibitor 10074-G5 (n = 5). (G) Flow cytometry MFI expression of CD98 on ex vivo MAIT cells after
stimulation [as in (A)] in the absence or presence of the MYC-specific inhibitor 10074-G5 (10 uM) (n = 5). (H) Flow cytometry data of uptake of kynurenine into MAIT'2 cells
stimulated for 18 hours (anti-CD3/CD28 beads/IL-12 and IL18) in the absence or presence of the MYC inhibitor iBET 762 (n = 4). (I) The frequency of MAIT cells after 7 days
of expansion with 5-ARU (1 ug/ml) and methylglyoxal (100 uM) in the absence or presence of IL-2 (33.3 ng/ml) and in the absence of presence of the SLC7A5 inhibitor BCH
(n =5). (J and K) Representative flow cytometry histogram and scatterplot showing CellTrace Violet (CTV) MFIl in MAIT cells after 5 days of stimulation [as in (G)] in the
absence of presence of BCH (n = 7). *P < 0.05, **P < 0.01, and ***P < 0.001.
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Fig. 5. Glucose metabolism facilitates MAIT cell proliferation and is dependent on MYC. (A) Mean protein copy number per cell of hexokinase-Il (HKII) in MAIT'=? and
in MAIT'=2 * 5T (stimulated for 18 hours with anti-CD3/CD28 beads and IL-18 (50 ng/ml) (n = 4). (B and C) Representative flow cytometry histogram and MFI data of HKII
in MAIT®YVO cells basally or stimulated [18 hours with anti-CD3/CD28 beads and IL-18 (50 ng/ml); MAIT*™] (n = 8). (D) Flow cytometry MFI data of lactate dehydro-
genase A (LDHA) expression in MAITEVVO and MAITS™ cells [as in (C)] (n = 8). (E) HKIl mRNA expression in MAIT'2 and in MAIT'“2 * 5™ cells [as in (A)] in the absence or
presence of the MYC-specific inhibitor 10074-G5 (n = 5). (F and G) Representative Seahorse Analyzer trace and scatterplot detailing the ECAR rates of MAIT' cells
stimulated for 18 hours (anti-CD3/CD28 beads/IL-12 and IL18) in the absence or presence of the MYC inhibitor iBET 762 (n = 4). (H) The frequency of MAIT cells after
7 days of expansion from PBMCs (1 x 10°) using the cognate antigen 5-ARU (1 pg/ml), methylglyoxal (100 uM), and IL-2 (33.3 ng/ml) in the absence or presence of the
glycolysis inhibitor 2-DG (2 mM) (n = 5). (I and J) Representative flow cytometry histogram and scatterplot showing CellTrace Violet (CTV) MFl in MAIT cells after 5 days of
stimulation in the absence of presence of 2-DG (n = 5). (K and L) Representative flow cytometry dot plot and MAIT cell frequencies after 7 days of stimulation in media
containing either 10 or T mM glucose (n = 3). (M) MAIT cell frequencies after 7 days of stimulation in media containing either 10 mM glucose or 10 mM galactose (n = 6).

*P < 0.05, **P < 0.01, and ***P < 0.001.
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Fig. 6. MYC is defective in obesity, resulting in diminished MAIT cell proliferation. (A) The frequency of MAIT cells after 0 to 28 days of expansion after 18-hour
stimulation with 5-ARU (1 ug/ml), methylglyoxal (100 pM), and maintenance in IL-2 (33.3 ng/ml) in either healthy controls (green circles) or people with obesity (PWO)
(gray circles) (n = 10 per group). (B) Fold expansion of MAIT cells from healthy controls or PWO after 7 days of stimulation [with 5-ARU (1 pg/ml), methylglyoxal (100 uM),
and IL-2 (33.3 ng/ml)] (n = 8). (C and D) Representative flow cytometry histogram (C) and MFI data (D) of MYC expression in ex vivo MAIT cells from healthy controls [top
(Q)] or PWO [bottom (C)] stimulated with anti-CD3/CD28 beads and IL-18 (50 ng/ml) for 18 hours (n = 6 or 7 per group). (E) Scatter graph showing MYC gene counts
[extrapolated from published RNA sequencing dataset (27)] in ex vivo MAIT cells from healthy controls or PWO (n = 4 or 5 per group). (F) Heatmap displaying MYC target
genes in ex vivo MAIT cells from healthy controls or PWO (n = 4 or 5 per group). (G) CD25 expression (MFI) on ex vivo MAIT cells or stimulated MAIT cells [as in (C)] from
either healthy controls or PWO (n = 5 to 8 per group). (H) mRNA expression of Slc7a5 in MAIT" cells or MAIT'= stimulated [as in (C)] from either healthy controls or PWO
(n=6to 10 per group). (I) Scatterplot showing CD98 expression (MFI) on ex vivo MAIT cells basally or stimulated [as in (C)] from either healthy controls or PWO (n =3 or 4
per group). (J) Scatterplot showing kynurenine uptake into MAIT cells from either healthy controls or PWO (n = 5 per group). *P < 0.05, **P < 0.01, and ***P < 0.001.

Kedia-Mehta et al., Sci. Signal. 16, eabo2709 (2023) 18 April 2023 7 of 13

€202 ‘8T |1udy uo aspun@ Jo AlsRAIUN T BI080Us 195" MMM//:SA1IY WOJJ papeo luMod



SCIENCE SIGNALING | RESEARCH ARTICLE

Lean

P

Amino acid transport Glycolysis

Proliferation

Amino acid
transport

- a®
ark

Reduced
proliferation

Obese

J

Fig. 7. Working model. Schematic outlining the proposed working model. (Top)
A MYC-SLC7A5-glycolysis axis in activated MAIT cells. (Bottom) The impact of
obesity on the proposed MYC-SLC7A5-glycolysis axis in activated MAIT cells.

The MYC-controlled amino acid transporter SLC7AS5 is
required for MAIT cell proliferation

Proliferation is a metabolically intense process, requiring large
amounts of energy and de novo generation of biosynthetic interme-
diates; so we next investigated metabolic processes under the
control of MYC. In conventional murine T cells, TCR-driven ex-
pression of MYC induces the expression of critically important
amino acid transporters, including SLC7A5 (24). SLC7A5 and its
heavy chain chaperone, CD98 (SLC3A2), form the heterodimeric
large neutral amino acid transporter (LAT-1). Interrogation of the
MAIT cell proteomes shows that SLC7A5 expression increases from
25,000 copies per cell in MAIT™ cells to 50,000 copies per cell in
MAITE2 + STM (e)ig (Fig. 4A), which correlates with increased
mRNA expression in MAIT™2 * ™ compared with MAIT'>
cells (Fig. 4B). We also noted increased expression of CD98/
SLC3A2 (Fig. 4, C and D). Together, these data show that that,
upon TCR activation, both MAIT®*VV® and MAIT™? cells in-
crease the expression of SLC7A5 protein, SLC7A5 mRNA, and
CD98 surface expression (Fig. 4, A to C). Using a flow cytome-
try—based assay, uptake of kynurenine, a fluorescent SLC7A5 sub-
strate, was monitored in MAIT cells. MATT®* V™V cells exhibited
low kynurenine uptake; however, upon TCR/cytokine stimulation,
MAITFVIVO cells rapidly increase transport through SLC7A5
(Fig. 4E). From our proteomic analysis, we also noted that, upon
activation, MAIT cells increase expression of several other amino
acid transporters, including SLC1A5, SLC7A1, and SLC38A1,
which are also controlled by MYC (fig. S6) (24). We used MYC in-
hibitors to investigate whether the TCR/cytokine-driven increase in
LAT-1 expression was dependent on MYC activity. Inhibition of
MYC resulted in reduced SLC7A5 mRNA expression and reduced
CD98 expression in activated MAIT cells (Fig. 4, F and G). Further-
more, inhibition of MYC reduced the uptake of the SLC7A5 sub-
strate kynurenine by activated MAIT cells (Fig. 4H). Next, we
investigated whether loss of amino acid transport via LAT-1 affected
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MAIT cell proliferation. Using the competitive substrate 2-amino-
bicyclo-(2,2,1)-heptane-2-carboxylic acid (BCH) to block LAT-1
activity, we showed that MAIT cell proliferation is limited when
uptake through LAT-1 is blocked. Therefore, SLC7A5 activity
during TCR/IL-2 activation is required for MAIT*™ V!V cell pro-
liferation (Fig. 4, I to K).

Glucose metabolism supports MAIT cell proliferation

MYC has been highlighted as a master regulator of glycolysis (23,
24), and, therefore, we investigated whether glucose metabolism
was required for MAIT cell proliferation. We have reported that
MAIT cells had increased glycolytic metabolism upon activation
(27); here, we noted increased expression of the glycolytic
enzymes [hexokinase-II (HKII) and lactate dehydrogenase
(LDH)] in both MAITEXVIVO and MAIT™2 cells after TCR stimu-
lation (Fig. 5, A to D). Inhibition of MYC resulted in diminished
HKII mRNA expression in activated MAITEXVIVO (ells (Fig. 5E).
We also showed that inhibition of MYC limited the rates of glyco-
lytic metabolism in TCR-activated MAIT cells (Fig. 5, F and G). To
investigate whether glucose metabolism is required for MAIT cell
proliferation, we treated MAIT cells with the glycolytic inhibitor
2-deoxyglucose (2-DG). MAIT cell proliferation was inhibited
when treated with 2-DG (Fig. 5, H to J). Limiting the glucose avail-
ability in the culture media from 10 to 1 mM reduced MAIT cell
proliferation (Fig. 5, K and L). Last, replacing the carbon source
in the culture media from glucose to galactose [which slows the
rates of glycolysis (36)] resulted in reduced MAIT cell proliferation
(Fig. 5M).

MAIT cells from PWO display blunted MYC expression and
fail to proliferate

MAIT cell frequencies and cytokine production are altered in PWO
(14, 37, 38). We investigated the proliferative capacity of MAIT cells
from PWO in response to a combination of antigenic (5-ARU-MG)
and cytokine (IL-2) stimulation. MAIT cells from PWO displayed
defective proliferation in response to immune stimulation when
compared with healthy controls (Fig. 6, A and B, and fig. S7).
These data provided further evidence that MAIT cells are function-
ally affected by obesity. Having highlighted the critical importance
of MYC for MAIT cell proliferative responses, we assessed MYC ex-
pression in cohorts of PWO and healthy controls and found im-
paired induction of MYC expression in MAIT*™* VO cells in
response to immune activation from PWO (Fig. 6, C and D). Tar-
geted analysis of a previously published RNA sequencing dataset on
MAIT cells isolated from PWO and healthy controls (27) showed
reduced expression of MYC target gene expression in MAIT cells
from PWO (Fig. 6E). MYC RNA expression in these same individ-
uals was not reduced (Fig. 6F), indicating that signaling downstream
of immune activation to drive expression of MYC RNA was not im-
paired. Because CD25 surface protein expression was reduced with
MYC inhibition (Fig. 3H), we measured CD25 expression on MAIT
cells from PWO and found diminished CD25 levels in response to
TCR and cytokine activation (Fig. 6G). Having identified that
SLC7AS5, a direct transcriptional target of MYC, is critical for
MAIT cell proliferation in response to immune stimulation, we
measured SLC7A5 expression on MAIT cells from PWO. We dem-
onstrated that, upon activation, MAIT cells from PWO express sig-
nificantly less SLC7A5 mRNA and CD98, resulting in reduced
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amino acid transport, a process necessary for proliferation (Fig. 6, H

to]).

DISCUSSION

MAIT cells are a subset of unconventional T cells that are abundant
in human blood and tissues, including liver and adipose tissue (6,
39). MAIT cells are capable of responding rapidly to stimulation by
producing cytokines and lytic molecules, as well as proliferating (6).
Because of their potent effector functions and abundance, MAIT
cells have been shown to play an important role in the host
defense against pathogens and malignancies (1, 8) and are of inter-
est as a potential immunotherapeutic agent (21, 40). However, the
molecular regulation of MAIT cell effector functions is still emerg-
ing. In the current study, we demonstrated that MAIT cell prolifer-
ation is dependent on the transcription factor MYC. We showed
that, upon activation, MAIT cells had a greater abundance of
MYC target proteins, including SLC7A5 and HKII, which are
both integral to key processes required for MAIT cell proliferation.
Last, we showed that MYC expression and targets under the control
of MYC are defective in PWO, underpinning diminished MAIT cell
proliferation (Fig. 7). These observations suggest a mechanism that
may increase host susceptibility to infection and malignancies.

Quantitative MS allows a high-dimensional analysis of the pro-
teome and activation-induced remodeling (24-26). Using this ap-
proach, we were able to identify 5740 proteins in both resting IL-
2—expanded MAIT cells and stimulated IL-2—expanded MAIT
cells, similar to previously published datasets (41, 42). TCR and cy-
tokine stimulation were associated with the remodeling of the
MAIT cell proteome and were associated with significant increases
in protein content and cell size. Pathway analysis of our proteomic
dataset and previously published RNA sequencing datasets revealed
the MYC pathway as one of the most up-regulated in MAIT cells.
MYC s a critically important transcription factor in conventional T
cells and acts as a metabolic master regulator (23, 24, 26). Experi-
ments using high-dimensional quantitative MS on CD4" and CD8"
T cells from wild-type and MYC-deficient mice reveal how MYC
controls TCR-driven cell growth and metabolism (23, 24). We
showed that MYC is a critical regulator of human MAIT cell
proliferation.

MAIT cell proliferation was triggered in a two-step process,
where activation with 5-ARU-MG, which forms the MAIT cell
cognate antigen 5-OP-RU, did not drive MAIT cell proliferation
but did trigger the expression of the high-affinity IL-2R CD25. Sub-
sequent addition of IL-2 drove MAIT cell proliferation. A similar
two-step process occurs in conventional CD8" T cells, in which
IL-2 is not required for the initiation of proliferation but required
for sustaining proliferation (43). We also demonstrated that in-
creased expression of CD25 by activated MAIT cells was dependent
on MYC, which aligns with previous reports demonstrating that, in
MYC-deficient conventional T cells, the expression of CD25 does
not increase upon stimulation (24).

MYC signaling is also essential for the up-regulation of amino
acid transporters on T cells, including SLC7A5 (24). We have pre-
viously reported that MAIT cells express SLC7A5 (27) and demon-
strated here that inhibition of MYC results in diminished SLC7A5
and CD98 expression as well as reduced transport of the SLC7A5
substrate kynurenine by activated MAIT cells. Amino acid transport
by SLC7A5/CD98 is critical for sustained expression of MYC,
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suggesting a positive feed-forward loop (24). Using the SLC7AS5 in-
hibitor BCH, we showed that amino acid transport through SLC7A5
is needed for MAIT cell proliferation. This highlights the presence
of a MYC-SLC7AS5 axis present in activated MAIT cells, similar to
that identified in conventional T cells.

MYC also directs a glycolytic metabolism program in conven-
tional T cells (23, 24, 26), which is important for T cell growth, ac-
tivation, and effector functions (44). Glycolytic metabolism is
required for MAIT cell cytokine and lytic molecule production
(27, 37, 45), but the factors regulating MAIT cell metabolism and
the requirements for MAIT cell proliferation are unknown. Here,
we show that MAIT cells increase the expression of key glycolytic
enzymes (including HKII and LDH), supporting MAIT cell engage-
ment of glycolytic metabolism upon activation. Furthermore, inhi-
bition of MYC resulted in diminished HKII expression and rates of
glycolytic metabolism, confirming that, as in conventional T cells,
MYC is a key metabolic regulator. In conventional CD8" T cells,
glucose metabolism is also critical for cell growth and proliferation
(46). Here, we demonstrated that glucose metabolism and glycolysis
are needed for optimal MAIT cell proliferation. Limiting glycolysis
by acutely reducing glucose availability or substituting glucose with
galactose further provided evidence for glucose availability being a
rate-limiting step for proliferation in MAIT cells.

MAIT cell cytokine production is defective in numerous human
diseases, including cancer, obesity, and coronavirus disease 2019 (8,
47, 48). Here, we showed that MAIT cell proliferation was reduced
in PWO, which is consistent with reports of defective host protec-
tion in obesity. Having demonstrated the importance of MYC and
its targets for MAIT cell proliferation, we investigated the impact of
obesity on MYC and observed reduced MYC activity in MAIT cells
from PWO. Furthermore, we highlight that this is not due to
reduced MYC mRNA expression in immune-activated MAIT
cells from PWO. MYC protein has a short half-life because of cons-
tant proteasomal degradation. Increased MYC protein levels are
thus only seen in cells with sufficient amino acid transport
capable of fueling protein synthesis in a self-fulfilling feed-
forward loop (24-26, 49, 50). We noted that expression of key
MYC targets such as SLC7A5 were also defective in MAIT cells iso-
lated from PWO, as would be expected with impaired MYC-driven
transcription. We have previously demonstrated that defects in
glucose metabolism in both MAIT cells and NK cells from PWO
underlie blunted cytokine production of these cells (27-29). The
identification of defective MYC expression in MAIT cells from
PWO helps to further understand these observations.

In conclusion, we have identified MYC as a regulator of MAIT
cell metabolism. We demonstrate that a MYC-SLC7A5-glycolysis
axis is needed for MAIT cell proliferation and that this is defective
in obesity. However, these data extend beyond obesity and provide
insight into the molecular and metabolic regulation of MAIT cell
proliferation, which will have particular relevance for the potential
use of MAIT cells for immunotherapy (21).

MATERIALS AND METHODS

Study cohorts and ethical approval

A total cohort of 50 adults (25 obese and 25 nonobese) were recruit-
ed. Inclusion criteria included ability to give informed consent, 18
to 65 years of age, and a body mass index (BMI) < 28 for the non-
obese control cohort and BMI > 30 for the obese cohort. Exclusion
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criteria for both cohorts included having a current or recent (<2
weeks) infection, being a current smoker, and using anti-inflamma-
tory medications, including glucagon-like peptide-1 (GLP-1)
analog therapies. Ethical approval was obtained from both the
St. Vincent's University Medical Ethics Committee and the May-
nooth University Ethics Committee.

Preparation of peripheral blood mononuclear cells and flow
cytometric analysis

Peripheral blood mononuclear cell (PBMC) samples were isolated
by density centrifugation over Ficoll from fresh peripheral blood
samples. MAIT cell staining was performed using specific surface
monoclonal antibodies (all Miltenyi Biotec), namely, CD3
(REA613), CD161 (REA631), CD8 (REA734), and TCRVa7.2
(REA179) (fig. S7) in addition to CD25 (REA570), CD71
(REA902), and CD98 (REA387). Cell populations were acquired
using an Attune NXT flow cytometer and analyzed using FlowJo
software (Treestar). Results are expressed as a percentage of the
parent population, as indicated and determined using flow
minus-1 (FMO) and unstained controls.

MAIT cell proliferation analysis

Fresh PBMCs (1 x 10°/ml) were stimulated for 18 hours with 5-
ARU (1 pg/ml) and 100 M methylglyoxal in the absence or pres-
ence of specific metabolic inhibitors [2-DG (2 mM), 10074-G5 (10
uM), iBET762 (10 uM), or BCH (50 mM)]. After 18 hours, RPMI
1640 was replaced with fresh culture media containing IL-2 (33.3
ng/ml). Cultures were maintained for up to 28 days, replacing the
media with fresh culture media containing IL-2 every 3 days. MAIT
cell proliferation was determined by either flow cytometric analysis
of MAIT cell frequencies or CellTrace Violet (CTV) prolifera-
tion assays.

MAIT cell proteomic sample preparation

Purified IL-2—expanded MAIT cells (MAIT™2) were stimulated for
18 hours with anti-CD3/CD28 Dynabeads (Thermo Fisher Scien-
tific) as well as IL-12 (50 ng/ml) and IL-18 (50 ng/ml) for 18
hours. Cell pellets were lysed at room temperature in 5% SDS, 50
mM TEAB (pH 8.5), and 10 mM TCEP under agitation for 30
min, then boiled for 5 min, and sonicated with a BioRuptor (30-s
on, 30-s off x 15 cycles). Protein concentration was determined
using an EZQ protein quantification kit (Invitrogen) according to
the manufacturer’s protocol. Lysates were alkylated with 20 mM io-
doacetamide for 1 hour at room temperature in the dark. The
samples were then processed using S-Trap micro columns
(Protifi). Aqueous phosphoric acid (12%) was added at 1:10 to
each sample for a final concentration of ~1.2% phosphoric acid.
Samples were transferred to 5 ml-lo-bind microcentrifuge tubes
(Eppendorf). S-Trap binding buffer [3200 pl; 100 mM TEAB (pH
7.1) adjusted using phosphoric acid and 90% MeOH] was added to
each sample. Each sample was loaded onto an S-Trap column in
batches of 165 ul and centrifuged at 4000g for 30 s or until all
SDS lysate/S-Trap buffer had passed through the S-Trap column.
Loading and centrifuging of columns was repeated until all the
lysates were run through the column. The captured protein was
then washed by adding 150 pl of S-Trap binding buffer to
columns, which were then spun at 4000g for 30 s: Columns were
washed five times in total. Columns were transferred to fresh 2-
ml collection tubes. Twenty microliters of digestion buffer [50
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mM ammonium bicarbonate in high-performance liquid chroma-
tography (HPLC) water] containing 1:20 trypsin were added onto
each column. Samples were centrifuged at 4000g for 30 s, and any
solution that passed through was returned to the top of the column.
Tubes were incubated for 2 hours at 47°C. Forty microliters of di-
gestion buffer containing trypsin were added to each column.
Samples were centrifuged at 1000g for 60 s, and the peptide
elution was kept. Forty microliters of 0.2% aqueous formic acid
were added to the S-Trap protein-trapping matrix and centrifuged
at 1000g for 60 s into the same collection tube. Forty microliters of
50% aqueous acetonitrile containing 0.2% formic acid were added,
and samples were centrifuged at 4000g for 60 s for a final elution.

Data-independent acquisition MS acquisition

An equivalent of 1.5-ug peptides was injected onto a nanoscale C18
reverse-phase chromatography column coupled to an UltiMate
3000 RSLC nano HPLC system (Thermo Fisher Science) and an Or-
bitrap Exploris 480 mass spectrometer (Thermo Fisher Scientific).
For liquid chromatography, the following buffers were used: buffer
A [0.1% formic acid in Milli-Q water (v/v)] and buffer B [80% ace-
tonitrile and 0.1% formic acid in Milli-Q water (v/v)]. Samples were
loaded at 10 pl/min onto a trap column (100 pm by 2 cm, PepMap
NanoViper C18 column, 5 um, 100 A; Thermo Fisher Scientific)
equilibrated in 0.1% trifluoroacetic acid (TFA). The trap column
was washed for 3 min at the same flow rate with 0.1% TFA and
then switched in-line with a Thermo Fisher Scientific resolving
C18 column (75 um by 50 cm, PepMap RSLC C18 column, 2 um,
100 A). Peptides were eluted from the column at a constant flow rate
of 300 nl/min with a linear gradient from 3 to 6% buffer B in 5 min,
then from 6 to 35% buffer B in 115 min, and lastly to 80% buffer B
within 7 min. The column was then washed with 80% buffer B for 4
min and re-equilibrated in 3% buffer B for 15 min. Two blanks were
run between each sample to reduce carryover. The column was kept
at a constant temperature of 50°C.

The data were acquired using an easy spray source operated in
positive mode with spray voltage at 2.6 kV, and the ion transfer
tube temperature was at 250°C. The MS was operated in data-inde-
pendent acquisition (DIA) mode. A scan cycle comprised a full MS
scan (mass/charge ratio range from 350 to 1650), with RF lens at
40%, AGC target set to custom, normalized AGC target at 300%,
maximum injection time mode set to custom, maximum injection
time at 20 ms, microscan set to 1, and source fragmentation dis-
abled. MS survey scan was followed by tandem MS (MS/MS) DIA
scan events using the following parameters: multiplex ions set to
false; collision energy mode set to stepped; collision energy type
set to normalized; HCD collision energies set to 25.5, 27, and
30%; orbitrap resolution of 30,000; first mass of 200; RF lens at
40%; AGC target set to custom; normalized AGC target of
3000%; microscan set to 1; and maximum injection time of 55
ms. Data for both MS scan and MS/MS DIA scan events were ac-
quired in profile mode. The method used for the DIA MS was based
on a previously published approach (51).

DIA data quantification and analysis

Quantification of reporter ions was completed using Spectronaut
(VX, Biognosys; Spectronaut 15.2.210819.50606) in library-free (di-
rectDIA) mode. Minimum peptide length was set to 7, and
maximum peptide length was set to 52, with a maximum of 2
missed cleavages. MS1 and MS2 mass tolerance strategy and XIC
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IM and RT extraction windows were set to dynamic, all with a cor-
rection factor of 1. Trypsin was specified as the digestive enzyme
used. The false discovery rate (FDR) at the precursor ion level
and protein level was set at 1% (protein and precursor Q value
cutoff). The max number of variable modifications was set to 5,
with protein N-terminal acetylation and glutamine and asparagine
deamidation set as variable modifications. Carbamidomethylation
of cysteine residues was selected as a fixed modification. For calibra-
tion, the MS1 and MS2 mass tolerance strategy was set to the system
default. Machine learning was set across experiments, with a precur-
sor PEP cutoff of 0.2 and a protein Q value cutoff of 0.01. Single-hit
proteins were not excluded, with single hits defined by stripped se-
quence. For quantification, the quantification method was set to
QUANT 2.0. Inference correction was set to true, with MS1 min
of 2 and MS2 min of 3. The major protein grouping was by
protein group ID, and the minor peptide grouping was set to
stripped sequence. Major and minor group top N was set to false,
with minor and major group quantities set to sum precursor quan-
tity and sum peptide quantity, respectively. Quantity at the MS level
was set to MS2, and quantity type was set to area. Proteotypicity
filter was set to none, data filtering to Q value, and cross run nor-
malization was switched off. MS2 demultiplexing was automatic,
and the run limit for the directDIA library was set to —1, with no
profiling strategy or unify peptide peaks strategy. Data filtering and
protein copy number quantification were performed in the Perseus
software package, version 1.6.6.0. Copy numbers were calculated
using the proteomic ruler (30). This method sets the summed
peptide intensities of the histones to the number of histones in a
typical diploid cell. The ratio between the histone peptide intensity
and summed peptide intensities of all other identified proteins is
then used to estimate the protein copy number per cell for all the
identified proteins. Further filtration of the data was completed to
include proteins detected in at least two biological replicates and to
exclude proteins identified on the basis of single peptides.

CTV proliferation assay

MAIT cell proliferation was also measured using a CTV prolifera-
tion kit (Thermo Fisher Scientific) according to the manufacturer’s
instructions. Briefly, CellTrace solution was prepared immediately
before use to 5 mM stock using dimethyl sulfoxide. Next, the dye
was diluted to 5 uM working concentration by adding an appropri-
ate amount of the stock solution into prewarmed phosphate-buff-
ered saline (PBS). Isolated PBMCs were stained at 10° cells per ml of
the PBS-dye solution. Cells were incubated for 20 min at room tem-
perature and protected from light with circular agitation. Unbound
dye was washed away with RPMI 1640, and cells were incubated for
at least 10 min to allow acetate hydrolysis of the dye. CTV-stained
cells were stimulated for 18 hours with 5-ARU (1 pg/ml) and 100
uM methylglyoxal in the absence or presence of specific metabolic
inhibitors [2-DG (2 mM), 10074-G5 (10 uM), iBET762 (25 nM), or
BCH (50 mM)]. After 18 hours, the media was replaced with fresh
culture media containing IL-2 (33.3 ng/ml). Cultures were main-
tained for 5 days before analysis.

MAIT cell metabolic analysis

Fresh PBMCs (1 x 10°/ml) or MAIT™? cells were activated using
Dynabeads, IL-12 (50 ng/ml), and IL-18 (50 ng/ml) for 18 hours.
Cells were then labeled for extracellular markers, fixed, and permea-
bilized using the True-Nuclear transcription factor buffer set
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(BioLegend) according to the manufacturer’s instructions before
intracellular staining with monoclonal antibodies specific for
HKII (Abcam, EPR20839), LDH (Abcam, EP1563Y), or MYC
(Cell Signaling Technology, D84C12).

MAIT cell Seahorse experiments

For real-time analysis of the extracellular acidification rate (ECAR),
MAIT™ cells were cultured in the absence or presence of stimula-
tion [Dynabead as well as IL-12 and IL-18 (both 50 ng/ml)] and the
MYC inhibitor iBET762 (25 mM) for 18 hours before analysis on a
Seahorse XF-96 analyzer (Seahorse Bioscience). Briefly, 200,000
MAIT cells were adhered to a CellTaq (BD Pharmingen)—coated
96-well XF cell culture microplate (Seahorse Biosciences). Sequen-
tial measurements of ECAR after addition of the inhibitors (Sigma-
Aldrich) oligomycin (2 uM) and 2-DG (30 mM) allowed for the cal-
culation of basal glycolysis. Each cell culture condition was evaluat-
ed in quadruplicate, and 14 measurements were made per sample.

MAIT cell kynurenine and BCH experiments

MAIT cells activated for 18 hours (Dynabeads and IL-12/IL-18,
both 50 ng/ml) in the absence or presence of a MYC inhibitor
(iBET 762, 25 nM) were washed and resuspended in 200 ml of
warmed Hank’s balanced salt solution (HBSS) (1 x 10° cells) and
incubated in a water bath at 37°C. Kynurenine (200 mM, in
HBSS) was warmed to 37°C, with a 4°C control, and added as ap-
propriate. Uptake was stopped after 4 min by paraformaldehyde
(final concentration of 1%) for 30 min at room temperature in the
dark. After fixation, cells were washed twice in PBS/0.5% bovine
serum albumin (BSA) and resuspended in PBS/0.5% BSA before ac-
quisition on a flow cytometer. The 405-nm laser and 450/50 band
pass (BP) filter were used for kynurenine fluorescence detection.
For SLC7A5 inhibition experiments, the concentration of amino
acids in RPMI was diluted twofold using HBSS (Invitrogen) in
the presence or absence of BCH (50 mM; Sigma-Aldrich).

Polymerase chain reaction gene expression

mRNA was extracted from MAIT cells from healthy controls and
PWO using the EZNA total RNA kit I (Omega Bio-tek) according
to the manufacturer’s protocol. Synthesis of cDNA was performed
using the qScript cDNA Synthesis kit (QuantaBio). Real-time
reverse transcription quantitative polymerase chain reaction was
performed using the PerfeCTa SYBR Green FastMix Reaction
Mix (Green Fastmix, ROX) (QuantaBio) and KiCqStart primer
sets (Sigma-Aldrich).

Western blotting analysis

Human MAIT™ cells (2.5 x 10°) were cultured in 24-well plates
stimulated with various stimuli [Dynabeads, IL-2 (10 to 40 ng/
ml), IL-12 (50 ng/ml), and IL-18 (50 ng/ml)] for 18 hours [in the
absence or presence of STATS5 inhibitor (CAS 285986-31-4, Merck)]
before harvesting for Western blotting. Cells were lysed in NP-40
lysis buffer [50 mM tris-HCI (pH 7.4) containing 150 mM NaCl,
1% (w/v) IGEPAL (Sigma-Aldrich), and complete protease inhibi-
tor mixture (Roche)]. Samples were resolved using SDS—polyacryl-
amide gel electrophoresis and transferred to nitrocellulose
membranes before analysis with anti-MYC (Cell Signaling Technol-
ogy) and anti—P-actin (Sigma-Aldrich) antibodies. Protein bands
were visualized using enhanced chemiluminescence.
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In silico RNA sequencing analysis

Publicly available RNA sequencing data sets of MAIT cells were
downloaded from Gene Expression Omnibus (GEO) accession
number GSE123805 (11) and National Center for Biotechnology
Information (NCBI) Sequence Read Archive (SRA) accession
number PRJNA559574 (10). Raw read counts were downloaded
from GEO (11), and the data analysis pipeline to this point is de-
tailed in the associated paper. Moreover, raw sequencing data in
the format of FASTQ files were downloaded from the NCBI SRA
(10), and the following data analysis pipeline was implemented.
The TrimGalore (v0.6.6) tool was used with Cutadapt (v1.15) and
FastQC to apply quality and adapter trimming to FASTQ files.
STAR (v2.7.9a) was used to align trimmed reads to the human
genome (Homo sapiens high-coverage assembly GRCh38 from the
Genome Reference Consortium, GRCh38.p13) with the quantMode
GeneCounts option to output read counts per gene. The Biocon-
ductor package EdgeR (v3.28.1) was applied in R (v3.6.3) to identify
statistically significant differentially expressed genes between
patient groups. Biological and technical variation was accounted
for by the negative binomial distribution of RNA sequencing
count data using a generalization of the Poisson distribution
model. The filterByExpr function was applied to remove lowly ex-
pressed genes. The data were normalized across library sizes and
between samples using the trimmed mean of M values normaliza-
tion method. Tagwise dispersions were estimated for the normal-
ized dataset. P values from multiple comparisons were corrected
with the Benjamini-Hochberg method in EdgeR. For the compari-
sons between stimulations and controls, genes were considered sig-
nificantly differentially expressed with an FDR-adjusted P value of
<0.1. The Variance Modeling at the Observational Level (VOOM)
method within edgeR was used to output normalized read counts as
LogCPM values. These were used to perform hierarchical clustering
and to construct heatmaps in Gene Pattern’s online server (v3.9.11)
and to perform GSEA (v4.1.0) with annotated Hallmark gene sets
from the MSigDB (Molecular Signatures Database) collections
(v6.2). Venn diagrams were constructed using InteractiVenn (52).

Statistics

Statistical analysis was completed using Graph Pad Prism 6 Software
(USA). Data are expressed as SEM. We determined differences
between two groups using Student's ¢ test and Mann-Whitney U
test, where appropriate. Analysis across three or more groups was
performed using analysis of variance (ANOVA). Correlations
were determined using linear regression models and were expressed
using Pearson or Spearman's rank correlation coefficient, as appro-
priate. P values are expressed with significance set at <0.05.
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The master regulator of innate T cell metabolism

Mucosal associated invariant T (MAIT) cells are a type of innate-like T cells that are enriched in adipose, gut, and liver
tissue and that recognize bacterial metabolites. Upon activation, they proliferate and produce cytokines to promote
host defense. Kedia-Mehta et al. showed that MAIT proliferation depended on MYC-associated pathways involving
amino acid transport and glycolysis. Furthermore, MAIT cells from patients with obesity showed disrupted function

and engagement of these pathways. These findings demonstrate that the canonical metabolic pathways found in
conventional T cells are active in MAIT cells and may be relevant to the development of MAIT cell-based therapies and
the study of obesity. —AEB
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