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Divergent metabolic programmes control
two populations of MAIT cells that protect
thelung
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Although mucosal-associated invariant T (MAIT) cells provide rapid,
innate-like responses, they are not pre-set, and memory-like responses
have been described for MAIT cells following infections. The importance
of metabolism for controlling these responses, however, is unknown.
Here, following pulmonary immunization with a Salmonella vaccine strain,
mouse MAIT cells expanded as separate CD127 Klrgl® and CD127°Klrgl
antigen-adapted populations that differed in terms of their transcriptome,
function andlocalization in lung tissue. These populations remained
altered from steady state for months as stable, separate MAIT cell lineages
with enhanced effector programmes and divergent metabolism. CD127*
MAIT cells engaged in an energetic, mitochondrial metabolic programme,
which was critical for their maintenance and IL-17A synthesis. This
programme was supported by high fatty acid uptake and mitochondrial
oxidation and relied on highly polarized mitochondria and autophagy.
After vaccination, CD127* MAIT cells protected mice against Streptococcus
pneumoniae infection. In contrast, Klrgl* MAIT cells had dormant but
ready-to-respond mitochondria and depended instead on Hifla-driven
glycolysis to survive and produce IFN-y. They responded antigen
independently and participated in protection from influenza virus. These
metabolic dependencies may enable tuning of memory-like MAIT cell
responses for vaccination and immunotherapies.

Mucosal-associated invariant T (MAIT) cellsare found inhumans, miceand ~ (5-OP-RU)**. MAIT cells are abundant in humansinblood, lung, liver and
many other mammals™*. They recognize MR1, amajor histocompatibil-  othertissues, and probably are critical for many types ofimmuneresponse.
ity complex-class I-like protein. MR1 presents to MAIT cellsriboflavin-  Because MR1 is highly conserved, allogeneic MAIT cells are unlikely to
derived metabolites produced by microbes, that when combined with  cause substantial graft-versus-host disease. Therefore, MAIT cells are an
methylglyoxal, form 5-(2-oxopropylideneamino)-6-D-ribitylaminouracil  attractive lymphocyte type for the development of cell therapies.
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Several reports have described memory-like responses of natural
killer (NK) cells and innate [ymphoid cells, which has been referred to
astrained immunity*’. Similar long-term changes have been observed
forinnate-like T cells, including y5 T cells and invariant natural killer T
(iNKT) cells'® ™2, MAIT cells exhibit immediate effector functions, and
they also express markers of antigen experience, even as they differenti-
ateinthethymus*™, They therefore might be considered to be natural
memory cells. MAIT cells can undergo further antigen-dependent dif*-
ferentiation with long-termincreases in their populationsize and acti-
vationstate. This occurs followinginfection with some of the microbes
that express antigens for MAIT cells, including pathogens Legionella
pneumophila and Francisella tularensis, as well as BRD509, an attenu-
ated, vaccine strain of Salmonella enterica serovar Typhimurium*'*'§,
After these infections, the memory-like MAIT cells provide increased
protective capacity.

MAIT cell heterogeneity at steady state hasbeen demonstrated by
several reports">'°?°, with the predominant mouse MAIT cell subset
characterized by the expression of RORyt and the ability to secrete
IL-17, named MAIT17 cells on the basis of similarity to IL-17-producing
CD4'T cells. AT-bet-expressing population that secretes IFN-y, called
MAITI1 cells, has also been characterized”**”. These functions are
preserved in memory-like MAIT cells following vaccination or infec-
tion, but a detailed characterization of memory-like MAIT cells and
the factors that lead to their formation is needed*"®?>**, Human
MAIT cell functional subsets have not been defined as clearly, but
human MAIT cells capable of secreting IFN-y and/or IL-17 have been
observed"'**** Because IFN-y and IL-17 stimulate very different types
of immune response, therapeutic approaches based on activating
MAIT cells willneed to consider factors thatimpact the balance of these
types of MAIT cell response.

One key factor that influences CD4 and CD8 T cell memory is the
distinct metabolic programmes that regulate naive and effector versus
memory states® >, The metabolism of memory-like MAIT cells has not
beeninvestigated, and furthermore, the role of metabolisminforming
the functional subsets of these cells has not been determined. In this
article, we characterized two states of antigen-adapted or memory-like
MAIT cells and showed they are both highly different from steady-state
MAIT cells for their gene expression programmes. We defined the phe-
notypes of these antigen-adapted MAIT (@aaMAIT) cell subsets, and their
distribution, protective capacities and differing metabolic states. We
analysed their stability and the role of metabolism in regulating their
immune responsiveness and prevalence.

Results

Two aaMAIT cell subsets

We used the rapidly cleared vaccine strain of S. Typhimurium, BRD509,
to challenge mice with the goal of assessing MAIT cell responses to
subsequentbacterial or viral pulmonary infections. We concentrated

on MAIT cells in the lung because of their critical role in controlling
respiratory pathogens'”'5?%?2873° |nagreementwith previousresults’,
retropharyngeal vaccination with S. Typhimurium led to a >50-fold
increase in pulmonary MAIT cells, gated as in Extended Data Fig. 1a,
whichoccurred within days and was maintained beyond 8 weeks (Fig. 1a,
Extended DataFig.1a). Thisincrease was accompanied by transient den-
driticcell(DC)activation, gated asin Extended DataFig.1b, characterized
byincreased MR-1,CD86 and CD80 expression by CD11b" CD103™ con-
ventional type-2 DC (cDC2) (Fig.1b). Theincrease in MR1was selective
in that cDC1 were not affected (Extended Data Fig. 1b). An invasion
mutant strain of S. Typhimurium (A/nvAASpiB) did notincrease expres-
sion of MR1 (Fig. 1b) or increase MAIT cells (Extended Data Fig. 1c,d),
indicating that cell invasion was required®. Complementation of a
mutantS. Typhimurium strain that lacks MAIT cell antigen (ARibD) with
the synthetic MAIT cell antigen 5-OP-RU confirmed antigen dependence
(Extended Data Fig.1e,f). Importantly, the lung MAIT cell increase did
not require persistence of bacteria beyond 1 week, as demonstrated
withaSalmonellasynchronized lysis mutant (Extended DataFig.1g,h)*.

As the existence of memory in a cell type capable of immediate
effector function might be controversial, we refer to MAIT cell popu-
lations altered long term by bacterial exposure as aaMAIT cells. We
determined the extent to which aaMAIT cellsin the lung differed from
steady state. Single-cell RNA sequencing (scRNA-seq) analysis indi-
cated that, 40 days after infection, 92% of aaMAIT cells clustered in
a separate uniform manifold approximation and projection (UMAP)
space compared with steady-state MAIT cells (Fig. 1c). A large frac-
tion of MAIT cells from vaccinated mice had a Thl signature, others,
including the steady-state MAIT cells, had a Th17-like transcriptome.
Some, for example cluster 3, were intermediate (Fig. 1d). The Thl-like
aaMAIT cells had increased Kirgl and Gzmb transcripts, although
Tbx21 and Ifng were more broadly expressed. Klrgl® cells were absent
at steady state, peaked at approximately day 28 and then declined
but were maintained long term (Fig. 1e and Extended Data Fig. 2a). At
the proteinlevel, they expressed T-bet, but also some Roryt (Fig. 1f,g),
in line with an expanded Thi-like population previously described
after infections'®'®?, The Kirgl* aaMAIT cells had increased CDSa
expression, but decreased CD103,Sdcland Icos, similar to steady-state
MAIT1 cells (Extended Data Fig. 2b)". However, compared with previ-
ously published steady-state MAIT1 cells", Klrgl* aaMAIT cells had
increased transcripts for NK receptors, Ifng, ll12rb2 and molecules
involvedin cytotoxicity and its regulation, such as Fasl, Gzma and Ser-
pinb9 (Extended Data Fig. 2¢,d). To explore the timing of aaMAIT cell
development, we carried out scRNA-seq analysis of MAIT cells at day
6 after vaccination. Pathway analysis at day 6 did not indicate an acti-
vated MAIT1 cell cluster, consistent with the absence of substantial
Klrgl, but showed cells with an effector phenotype (Extended Data
Fig. 3a-¢), and a capacity for cytokine production, especially IL-17A
(Extended DataFig. 3d).

Fig.1| A Salmonella vaccine strain induces two aaMAIT cell subsets. MAIT
cells from lungs of C57BL/6) mice were analysed at the indicated times post
BRD509 vaccination by flow cytometry. a, Representative plots (left) and
quantification (right) of MR1:5-OP-RU Tetramer* TCR-B* MAIT cells.n=36,9,9,
13,7,11,9 and 16 mice per group, combined from 12 independent experiments.
Statistical significance assessed via one-way analysis of variance (ANOVA),
***+p < (0.0001. b, Representative histograms (top) of expression of MR1 by lung
cDC2 after infection at the indicated times (left) or with the indicated Salmonella
strains (right). Quantification (bottom) of MR1, CD86 and CD80 expression
bycDC2.n=13,8,4,7,7,8,5,6,9 and 8 mice per group, combined from two
independent experiments, statistical significance assessed via one-way ANOVA
with Tukey’s multiple comparison test, ****P < 0.0001 for MR1on DC or unpaired
t-test, **P=0.0007 (CD86), ***P=0.0008 (CD80). c, UMAP representations of
scRNA-seq data from pulmonary MAIT cells at day 0 and day 40 post BRD509
vaccination. MAIT cells sorted from lungs pooled from ten mice per timepointin
one experiment. d, Th1and Th17 gene signature plots (left) and feature plots

for theindicated genes. e, Representative plots (left) and quantification (right)

of expression of Klrgl by lung MAIT cells at indicated times post BRD509
vaccination.n =28, 6,8, 4,7,11,9 and 16 mice per group, respectively, combined
from nineindependent experiments, statistical significance via one-way
ANOVA, ***P < 0.0001. f,g, Representative plots (f) and quantification (g)

of RORyt and T-bet by lung MAIT cells at indicated times post BRD509
vaccination. RORyt: n =11 (untreated), n = 6 (day 6), n =13 (day 60), combined
from three independent experiments; RORyt subsets: n =20 (untreated),
n=25(day 60), combined from five independent experiments. T-bet: n=11
(untreated), n= 6 (day 6), n=13 (day 60), combined from three independent
experiments, statistical significance via one-way ANOVA with Tukey’s multiple
comparisons test; left (*P=0.0267, **P = 0.0034), left middle (**P = 0.0045),
middle (****P<0.0001, **P=0.0013), right (*P = 0.0449, ****P < 0.0001).

h, Representative cytokine production by intracellular flow cytometry by MAIT
cell populations atindicated timepoints in response to PMA and ionomycin. All
datadisplayed as mean + s.d. Source numerical data are available in source data.
n.s., notsignificant.
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Fig.2|Stable aaMAIT cell subsets differ in localization and protective
capacity. a, [117a-FM YFP mice for FM /[17a expression were analysed at indicated
times post BRD509 vaccination. Experimental setup (left). aaMAIT cell YFP
expression is shown in representative histograms (middle) and quantified as
percentage of YFP* cells (right). n = 6 (untreated), n = 8 (day 40) mice per group,
combined from two independent experiments. Data displayed asmean +s.d.;
statistical significance assessed via ANOVA with Tukey’s multiple comparisons
test, ****P < 0.0001. b, Experimental setup and gating (left). The indicated
populations of CD45.2 donor lung aaMAIT cells at day 40 post vaccination were
sorted and transferred into CD45.1 recipient mice. After gating on MR1:5-OP-RU
tetramer” TCRB* MAIT cells and CD45.2 (donor), Klrgl and CD127 expression

was plotted in recipient mice 6 days post vaccination with BRD509 (right).
Representative data shown from one of two independent experiments.

¢, Populations of aaMAIT cells were gated asin b, sorted and cultured for 72 h
under indicated stimulation conditions and analysed for expression of KIrgl and
CD127. Representative data shown from one of two independent experiments.

d, Vascular localization of indicated aaMAIT cell subsets at indicated times post
BRD509 vaccination represented as percentage of cells accessible to staining
withintravenously injected CD4S5 antibody 3 min before tissue collection. Gating
(left) and quantification (right). Paired ¢-test, n = 5 (untreated) n = 6 (day 40) mice

per group, ***P < 0.000L. p.i., postinfection. e, UMAP presentation of circulatory
and tissue residency signatures from scRNA-seq data from pulmonary MAIT cells
at day 0 and day 40 post BRD509 vaccination. f-i, Donor mice were vaccinated
with BRD509. Total MAIT cells were sorted at day 7 (Fand g) or subsets were
sorted at day 40 (hand i). MAIT cells were adoptively transferred into recipient
mice, and recipients were infected with S. pneumoniae (f-h) or influenza HIN1 (i).
f-hshow bacterial burdeninlung 18 h postinfection.Inf,n =8, 6,8 and 9 mice
per group, respectively, combined from two independent experiments, data
displayed as mean + s.d., one-way ANOVA with Tukey’s multiple comparisons
test, **P=0.0094, **P=0.0068, respectively.Ing, n=7and 9 mice per group,
respectively, unpaired t-test, ***P= 0.0007, combined from two independent
experiments.Inh,n=9,8 and 10 mice per group, respectively, combined

from two independent experiments, one-way ANOVA with Tukey’s multiple
comparisons test, *P=0.0274,*P= 0.0397, respectively.Ini,n=11,8 and 10 mice
per group, combined from two independent experiments. Data displayed as
mean +s.e.m. Survival represented as Kaplan-Meier plot (top) and weight loss
(bottom) following influenza infection of recipient mice. Log-rank (Mantel-Cox)
test*P=0.0111, **P=0.0048. Source numerical data are available in source data.
n.s., notsignificant.

Il7r expression, encoding CD127, marked aaMAIT Thi7-like sub-
sets, which also expressed Tnf, Il17a and Rorc (Fig. 1d). Confirming
the transcriptional phenotypes, CD127* aaMAIT cells had a capacity
to produce IL-17A, while Kirgl® aaMAIT cells had strongly elevated
levels of Granzyme B, but little capacity to produce IL-17A (Fig. 1h). The
expansion of KIrgl® aaMAIT cells could be due to increased prolifera-
tion as they expressed increased Ki67 after infection (Extended Data
Fig.3e). They are unlikely to be recruited from other tissues, as there
were no pre-existing KIrgl*MAIT cells at steady state in any other organ
(Extended DataFig.4a,b). Whenanalysing T cell antigen receptor (TCR)
B chain usage, there was no bias in the expression of predominant
MAIT cell VB chains (Extended Data Fig. 4c). Taken together, vaccina-
tion with BRD509 induced a long-term MAIT cell increase, with two
aaMAIT cell populations that were marked by CD127 and KIrgl expres-
sion, respectively.

Stable aaMAIT cell subsets differ in localization

We employed cytokine gene expression fate mapping (FM) to exploreif
these subsetsinterconvert. The /[17a-FM YFP mice label cells and their
precursors that at any point have expressed /[17a*. In naive mice, the
majority of pulmonary MAIT cells were YFP* (Fig. 2a)****. Forty days
afterinfection, the great majority of CD127° aaMAIT cells alsowere YFP*,
while-95% of Klrgl® aaMAIT cells were reporter negative. Thisindicated
that Klrgl® aaMAIT cells never expressed /[17a, and probably repre-
sented aseparate lineage. Analysis of mice that fate map T-bet expres-
sion confirmed thatKIrgl® aaMAIT cells were Thx2I-reporter positive,
and also expressed T-bet protein at 40 days post infection (Extended

DataFig.5a,b). Purified CD127" and KIrgl* aaMAIT subsets maintained
their phenotypes after transfer and infection of recipients (Fig. 2b).
Similarly, cytokine-mediated re-activationinvitro suggested that these
subsets were stable (Fig. 2c). Of note, 10-20% of CD127* aaMAIT cells are
ll17a-YFP~ (Fig.2a), and therefore, these possibly could give rise to either
subset. Notably, these /[17a-YFP™ cells expressed multiple transcripts
typical for Klrgl® aaMAIT cells (Extended Data Fig. 5c-e), although for
other genes they were more similar to CD127* aaMAIT cells that also
haveincreased AWm visualized with MitoTracker DRFM(MTR, Extended
Data Fig. 5f). When adoptively transferred, MTR™" aaMAIT cells had
increased capacity to give rise to Klrgl* MAIT cells compared with
CD127*MTR"e" qaMAIT cells (Extended Data Fig. 5g). These data sug-
gest that a minority subset of CD127° aaMAIT cells, enriched for CDS,
MTR""and /l17a-YFP", gave rise to both aaMAIT cell populations.

Wetested if the aaMAIT cell subsets localized differently in vascu-
lature by intravenous injection of a-CD45 (ref. 35). Virtually all CD127*
aaMAIT cells were inaccessible to the CD45 antibody, and therefore
notinvasculature.Klrgl' aaMAIT cells, were distributed more equally
(Fig. 2d). scRNA-seq data analysis confirmed a correlation of a previ-
ously published tissue residency gene expression signature® with
CD127" aaMAIT cell clusters. A circulatory gene expression signature
was increased inKIrgl' aaMAIT cells (Fig. 2e).

aaMAIT cell subsets differ for protective capacity

IL-17A production and tissue localization may be important for clear-
ance of lung bacterial pathogens relevant to human health, including
S. pneumoniae**?. Therefore we tested if aaMAIT subsets conferred

Fig. 3| Effector response by re-activated aaMAIT cells. a-e, Mice were
uninfected (naive), vaccinated with BRD509 and analysed 40 days later
(BRD509), or analysed 10 h after S. pneumoniaeinfection; infected mice were
naive mice (S. pneum.) or vaccinated 40 days previously (BRD509 + S. pneum.).
Pulmonary MAIT cells were pooled from ten mice per group and were sorted and
analysed by scRNA-seq. UMAP representation of MAIT cell cluster composition
separated by infection regimens as indicated (a) and combined UMAP
representations (b). Data from uninfected and BRD509 infected mice are the
same sequences as those in Fig. 1c. ¢, UMAP representation of tissue residency,
circulatory, Thl1and Th17 gene signatures d, Feature plots of the indicated
genes. e, Top five differentially expressed genes of each cluster represented
asdot plots, where circle size represents percentage of cells expressing each
gene and colour scale depicts relative expression value. f, Cytokine production
by MAIT cell subsets in untreated and BRD509-vaccinated mice 16 h following
infection with S. pneumoniae or without infection. Number of pulmonary MAIT
cells positive for IL-17A, IFN-y and Granzyme B are shown for each group. Data

displayed asmean +s.d.n=5,7,5and 7 mice per group, respectively, combined
from two independent experiments (left, middle).n = 5,10, 5 and 11, mice per
group, combined from three independent experiments (right). Statistical
significance assessed via one-way ANOVA, with Tukey’s multiple comparisons
test; ***P<0.0001, *P=0.0487, **P=0.0029 (left); **P < 0.0068 (middle);
*P=0.0283 (right). g-i, Cytokine and Granzyme production by pulmonary MAIT
cellsisolated 40 days after vaccination with BRD509, cultured as pulmonary

cell suspensions with or without re-activation as indicated. Protein production
determined by intracellular flow cytometry. Representative histograms of total
MAIT cellIL-17A and IFN-y (g) or TNF and Granzyme B (h) and quantification (i) of
each cytokine produced by either CD127* MAIT cells (black) or Klrgl* MAIT cells
(red). n=3 mice per group, representing one of two independent experiments.
Two-way ANOVA corrected for multiple comparisons, left: ****P < 0.0001;

centre left: *P=0.0305, ***P < 0.0001; centre right: *P = 0.0283, **** < 0.0001;
right: ***P < 0.0001. Data displayed as mean + s.e.m. Source numerical dataare
available in source data. n.s., not significant.
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Fig.4|CD127" aaMAIT cells depend on FA uptake and oxidation. a-d, Mouse
lung aaMAIT cell subsets were analysed at steady state or at the indicated times
post BRD509 vaccination. Representative histograms (left) and quantification
(right) are plotted as geometric mean fluorescence intensity (gMFI).
Mitochondrial membrane potential (a) quantified by MTR DR FM intensity at
theindicated times post vaccination. n.d., Klrgl* MAIT cells not detected. Two-
way ANOVA, n =5 mice per group from one of two independent experiments.
Bodipy-FL C16 uptake of fluorescently labelled FA (b). Paired two-tailed ¢-test,
***P=0.00014; n =4 mice per group, n = 2independent experiments. Surface
expression of the scavenger receptor CD36 (c). Paired two-tailed ¢-test,
***P=0.0006, n =4 mice per group, n =2 independent experiments. Neutral
lipid droplet content quantified by Bodipy 493/503 fluorescence (d). Paired
two-tailed t-test, **P=0.00075. n =7 and 6 mice per group, n =2 independent
experiments. e, Left: lung MAIT cells at 40 days post BRD509 vaccination were

of two experiments. f-h, Pul

<

subjected to nutrient restriction for 48 h, and percentage survival was measured
via flow cytometry by viability dye positivity. Right: fold rescue of the percentage
survival afforded by the indicated nutrient supplementations for CD127* (black)

orKlrgl* (red) aaMAIT cells (right), ****P < 0.0001. n =3 mice per group from one

monary aaMAIT cells were isolated 40 days after

vaccination with BRD509, cultured as cell suspensions for 18 h, with or without
re-activation asindicated, and assessed for cytokine/granzyme production. FA
oxidation/OXPHOS inhibition by Etomoxir (ETO, 90 uM). Two-tailed unpaired
t-tests with false discovery rate testing: ILI7A **P = 0.0050, *P = 0.02863;
IFNy:"*P=0.659194,"*P=0.
"P=0.828580,™P=0.166802,"*P=0.206856.n = 6 mice per group from
one experiment. All data displayed as mean + s.e.m. Source numerical data are
availableinsource data.n.s.,

581563, ™P=0.258063; GzmB:"*P=0.534601,

notsignificant.
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differential protection against a clinical isolate of S. pneumoniae,
strain URF918, that produces an antigen that activates MAIT cells®®.
Transfer of total lung aaMAIT cells into naive wild-type mice reduced
S. pneumoniae bacterial burden in an MR1-dependent manner
(Fig.2f), especiallyif the highly protective role of iNKT cells in mice was
removed in iNKT cell-deficient JaI8" (Traji8”") mice (Fig. 2g). When
transferred separately, protection from S. pneumoniae was mediated
by CD127* aaMAIT, but not Klrgl® aaMAIT cells (Fig. 2h), consistent
with dataindicating thatIL-17A-producinginnate-like T cells are impor-
tant for protection from this extracellular bacterium®>**°, In contrast,
either aaMAIT cell subset conferred a survival benefit when trans-
ferredtorecipient mice infected with influenza virus A/PR/8/34 (HIN1)
(Fig. 2i). Anti-viral protection was probably mediated viaactivation of
aaMAIT cells by cytokines during viral infection?’. These data suggest
that the protection by different aaMAIT subsets depended in part on
the nature of the infection.

aaMAIT cell response to re-activation

We sought to characterize the mechanisms by which aaMAIT cell
subsets enhanced protection. Re-infection with BRD509 at 9 weeks
after vaccination led to a stronger MAIT cell response, and bacterial
colony-forming units (CFUs) were more rapidly decreased (Extended
DataFig. 6a). To characterize the effector responses of aaMAIT cells to
challenge with a heterologous pathogenic bacterium, we conducted
scRNA-seq analysis comparing the response of steady-state lung
MAIT cells or aaMAIT 10 h after S. pneumoniae infection. At 10 h after
S.pneumoniae, multiple new MAIT cell clusters were evident (Fig. 3a,b).
Cluster 0, composed equally of aaMAIT cells before and following
S.pneumoniaeinfection, showed strong features of effector memory
or terminal effector memory T cells*, with increased expression of
Ifng, Gzmb and Gzma transcripts. Steady-state MAIT cells responding
to S. pneumoniae, especially cluster 4, were distinct from responding
aaMAIT cells, especially cluster 2 (Fig. 3a,b). Both clusters expressed
tissue residency genes (Fig. 3c), but cluster 4 cells had a predomi-
nant Th17 signature, while cluster 2 aaMAIT cells had a mixed Th1/
h17 pattern (Fig. 3c—e). Also, expression of tissue repair genes** was
detectedinlung aaMAIT cells 40 days after BRD509 and in steady-state
MAIT cells immediately after S. pneumoniae (Extended Data Fig. 6b).
In contrast, an interferon response signature was increased in the
immediately activated aaMAIT cell responders (Fig. 3e). A numerical
increase in MAIT cells producing effector molecules was confirmedin
aaMAIT cellsresponding to S. pneumoniae, as compared with respond-
ing steady-state MAIT cells (Fig. 3fand Extended Data Fig. 6c). Overall,
these dataindicate that re-activation of vaccine-mediated aaMAIT cells
led to a quantitatively and qualitatively altered response.

As they also protected from viral challenge, we tested if the
aaMAIT cellresponse invitro was different in the presence or absence
of 5-OP-RU antigen. Invitrore-activation experiments were carried out
withIL-2 +IL-12 + IL-18, or with CpG, in the presence or absence of anti-
gen.5-OP-RU antigen was strictly required for IL-17A production, while

strong IFN-y and Granzyme responses were induced through cytokine
stimulation alone (Fig. 3g,h and Extended Data Fig. 6d). Importantly,
IL-17A production was limited to CD127" cells, while a high frequency
of KIrgl* aaMAIT cells produced IFN-y and Granzyme B (Fig. 3i). These
data provide an explanation for the different protective capacities of
the aaMAIT cell subsets, whereby the presence of antigen, as during
S.pneumoniaeinfection®, elicited a qualitatively different aaMAIT cell
response. Also, they provided an explanation for the differential protec-
tive capacities of aaMAIT lineages against an extracellular bacterium,
which are sensitive to IL-17, and influenza viral challenge of the lung,
which responds to several cytokines including IFNy.

CD127" aaMAIT cells depend on FA uptake and oxidation
The long-term alteration in effector functions in aaMAIT cells sug-
gested they were more similar to a memory/effector memory-like
state. Many MAIT cells are tissue resident***, and a feature of
tissue-resident memory T cells is their active consumption of fatty
acids (FAs), coupled to FA oxidation within active mitochondria®. We
therefore measured the mitochondrial membrane potential (A¥,,),
indicative of an active electron transport chain. At steady state, most
lung MAIT cells expressed CD127 (Fig. 1e) and had high A¥,_, (Fig. 4a).
CD127" aaMAIT cells were even higher, while KIrgl® aaMAIT cells had
very low A, (Fig. 4a). FA uptake correlated with A¥,, with moder-
ate levels of FA uptake at steady state, which was strongly enhanced
in CD127" aaMAIT cells, and almost absent in KIrgl® counterparts
(Fig. 4b). This also correlated with higher CD127* aaMAIT cell gene
expression of lipid uptake receptors (Extended Data Fig. 7a), and high
surface expression of CD36 (Fig. 4¢). Lipid droplet content was also
highest in CD127" aaMAIT cells (Fig. 4d). The greatly increased FA
uptake and mitochondrial polarization of CD127* aaMAIT cells sug-
gested that FAs may be continually metabolized in CD127" aaMAIT cells.
We tested if these metabolic differences impacted the capac-
ity to survive in a nutrient-poor environment. When maintained
in the absence of FA, amino acids or carbohydrate sources, Klrgl*
aaMAIT cells had increased survival compared with their CD127*
counterparts. Supplementation with pyruvate or bovine serum albu-
min (BSA)-conjugated FA, but not glucose, rescued survival of CD127*
aaMAIT cells to a greater extent than Kirgl® aaMAIT cells (Fig. 4e).
We tested if the requirement for an active, mitochondrial metabolic
programme in CD127* aaMAIT cells extended also to their capacity
for cytokine responses. Inhibition of fatty acid oxidation (FAO) using
low-dose etomoxir*® significantly reduced oxygen consumption rate
(OCR) of T cells (Extended Data Fig. 7b) and reduced aaMAIT IL-17A pro-
duction (Fig. 4f), buthad noimpacton IFN-y production or Granzyme
B (Fig.4g,h). Therefore, FA uptake and active mitochondrial oxidation
sustained survival and effector responses by CD127° aaMAIT cells.

Klrgl' aaMAIT cells are more dependent on glucose
As Klrgl® aaMAIT cells depended less on mitochondrial activity and
FAO, we hypothesized that they may be glycolysis dependent. By day

Fig. 5|KIrgl' aaMAIT cells depend on glucose consumption. a, Pulmonary
MAIT cells were assessed for uptake of fluorescent glucose 2-NBDG at the
indicated timepoints post BRD509 vaccination. Representative histograms

(left) and quantification (right). **P = 0.002736, ****P < 0.0001. n = S mice per
group from one of two independent experiments. b-d, Pulmonary MAIT cell
subsets were isolated from mice 40 days post BRD509 vaccination and analysed
for metabolic and functional parameters during culture for 18 h with or without
re-activation with 5-OP-RU and/or IL-2, IL-12 and IL-18, as indicated. Kinetics of
fluorescent glucose 2-NBDG uptake (added for last 30 min) at indicated durations
of re-activation in minutes and quantified as percentage increase over baseline
(b). n =6 mice per group, n =2 experiments. Representative histograms (left)

and quantification (right) (c) of IFN-y production following 18 h re-activation.
Glycolysis was inhibited by 2-deoxy-glucose (2-DG, green colour). ****P < 0.0001,
"*P=0.142985, **P = 0.001908; multiple two-tailed unpaired t-tests.n=9,9, 8 and

8independent samples over n =2 experiments. Dose and activation mode (TCR
and/or cytokines) dependence of the concentration of 2-DG on IFN-y production
at18 hre-activation (d). **P=0.0085, ****P < 0.0001; ANOVA with Dunnett’s
post-test for multiple comparisons. n =3 independent samples per group from
one experiment. e-g, Metabolicinhibition of effector functions was assessed in
pulmonary aaMAIT cells isolated from mice 40 days post BRD509 vaccination.
Dependence and capacity were calculated according to Extended Data Fig. 8d.
Oligomycin A (0); 2-DG plus Oligomycin A (DGO). Ordinary one-way ANOVAs
with Tukey’s multiple comparisons testing. Left: ***P = 0.0004, ***P=0.0002,
P < 0.0001; right: ***P=0.0003, ***P < 0.0001, "*P = 0.1411 (e); *P = 0.0247,
"P=0.6949,*P=0.0210 (f); **P=0.009319, **P=0.003056, *P=0.029,
*P=0.0106 (g).n=6,3,3and 3 from one of two experiments (e and f) or n = 3 from
one of two experiments (g). All data displayed as mean + s.e.m. Source numerical
dataare available in source data. n.s., not significant.
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5 after infection there was a transient increase in the uptake of the
labelled glucose molecule 2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)
amino)-2-deoxyglucose (2-NBDG) inboth aaMAIT cell subsets, followed
byadrop atlater timepoints (Fig. 5a). Invitro, both subsets transiently
increased labelled glucose uptake following activation. The kinetics
and magnitude were similar, with Klrgl* aaMAIT cells trending towards
higher uptake (Fig. 5b). Klrgl® aaMAIT cells also expressed higher Glut1

receptor compared with their CD127* counterparts at 40 days post
infection (Extended Data Fig. 8a).

Wetested the dependence on glycolysis for cytokine responses
using the glycolysis inhibitor 2-deoxyglucose (2-DG). 2-DG inhibited
glycolysis effectively and strongly reduced cytokine-induced IFN-y
in a dose-dependent manner, which was partially reversed in the
added presence of 5-OP-RU (Fig. 5c,d and Extended Data Fig. 8b).
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In contrast, IL-17A production was not impacted (Extended Data
Fig. 8c). Taken together, IFN-y secretion strongly required glucose
consumption, while antigen-dependent IL-17A secretion was not
affected. We confirmed and extended these findings in an assay
that quantified metabolic dependencies (Extended Data Fig. 5d)*".
This analysis revealed a high dependence on glycolysis by cytokine-
induced IFN-y, which was reduced by antigen (Fig. 5e,g). IL-17A pro-
duction was not dependent on glycolysis and had a greater require-
ment for mitochondrial capacity (Fig. 5f,g). These data corroborated
the finding that IFN-y production by aaMAIT cells was most sensitive
to glycolytic inhibition when elicited by cytokines (Fig. 5c) and sug-
gested that the presence of antigen and signalling through the TCR
reduced glycolytic dependence.

Kirgl® aaMAIT cells have responsive mitochondria
AlthoughKIrgl®aaMAIT cells had very low mitochondrial polarization
and FA uptake at baseline, we determined if they induced mitochon-
drial pathways during antigen-mediated re-activation. Surprisingly,
transmission electron microscopy (TEM) analysis revealed that Klrgl"
aaMAIT cells had mitochondria with regular cristae structure that
were equally abundant compared with CD127* aaMAIT cells (Fig. 6a).
Morphologically, mildly increased circularity and reduced perimeter
were evident (Fig. 6b), which correlated with reduced mitochondrial
activity inKlrgl® aaMAIT cells. Electron-dense cytotoxic granules were
evident only inKlrgl® aaMAIT cells, as expected (Figs. 6a,c).
Bodipy-mediated visualization of lipid stores confirmed flow
cytometry data that indicated increased lipid droplet content in
CD127" aaMAIT cells (Fig. 6d,e). Co-staining of mitochondria with
anti-Tom20 antibody, which does not depend on membrane poten-
tial, confirmed equal numbers of mitochondria in the aaMAIT cell
subsets (Fig. 6d,f). However, visualization of A¥_ with MTR revealed
a significantly smaller area and number of mitochondria with high
intensity inKIrgl' aaMAIT cells, and more low-intensity mitochondria
were present instead (Fig. 6g-i). Mitochondrial OCR measurements
confirmed that Klrgl® aaMAIT cells had significantly reduced basal
respiration, while the maximal respiratory capacity in response to
FCCP-mediated uncoupling and the extracellular acidification rate
(ECAR) were comparable between subsets (Fig. 6j). Higher baseline
respiratory activity and energy-metabolic status of CD127* aaMAIT was
corroborated by significantly increased ®Cincorporation into ATP as
measured by carbon flux mass spectrometry and higher ATP/AMP and
ATP/ADP ratios (Extended DataFig.9a,b). Together, these datasuggest
that CD127" aaMAIT cells were in an elevated, mitochondrially centred
metabolic state, while KIrgl® aaMAIT cells maintained relatively inac-
tive mitochondria, with reduced A¥, and less elongated morphology.
To probe whether Klrgl® aaMAIT cells mitochondria were metaboli-
cally responsive, re-activation of aaMAIT subsets was carried out.

Following stimulation, the high mitochondrial potential and FA uptake
of CD127" aaMAIT cells rapidly decreased, perhaps reflecting a shift
towards anabolism-conducive metabolic programmes. In contrast,
Klrgl® aaMAIT cells increased their mitochondrial membrane poten-
tial and rapidly upregulated FA uptake (Fig. 6k). Together, these data
show thatKlrgl® aaMAIT cells were inametabolically poised state with
low mitochondrial and FA metabolic activity, but were quickly able to
engage these pathways in the context of antigen- or cytokine-induced
activation.

Mitochondrial respiration and autophagy modulate aaMAITs
The metabolic and functional characterization of lung aaMAIT cell
subsets showed that disparate metabolic programmes correlate with
divergent effector programmes in Klrgl* and CD127" memory-like
aaMAIT cells. Furthermore, although both aaMAIT subsets were capa-
ble of utilizing glycolytic and mitochondrial pathways, they depended
on different metabolic programmes for their survival and effector
responses in vitro. We therefore tested if genetically impacting the
metabolic balance could tune the balance of aaMAIT subsets. Deletion
of the gene encoding the von Hippel Lindau (Vhl) E3-ligase prevents
degradation of Hifla and Hif2a transcription factors, resulting in a
constitutive hypoxic signal, induction of glycolysis and limitation of
oxygen-dependent pathways*. Accordingly, 40 days post infection of
Vh¥’ dl ck-Cre mice, which delete the floxed Vhlgene in mature T cells,
the uptake of fluorescent glucose in aaMAIT cells wasincreased while
mitochondrial potential trended lower (Fig. 7a,b). This effect was nor-
malizedin Hifla” Vh#” dLck-Cre mice, indicating that it was mediated by
Hifla. The proportion of KIrgl* aaMAIT cellsinthe lung was increased,
while the percentage of CD127" aaMAIT cells was decreased, an effect
that was eliminated by co-deletion of Hifla (Fig. 7c,d and Extended
Data Fig. 10a). Together, these data suggest that an increased glyco-
lytic programme skewed the balance of aaMAIT cells in favour of the
Klrgl* subset.

Autophagy is a key pathway that enables robust mitochondrial
metabolism*~". Quantification of autophagic flux in LC3 reporter
mice™with the autophagosome-lysosome fusioninhibitor Bafilomycin
Al (Baf) revealed asubstantial accumulation of LC3" autophagosomes
indicatingactive autophagyinsorted CD127" aaMAIT cells, but not their
Klrgl® counterparts (Fig. 7e-g). Deletion of the essential autophagy
gene AtgS5 in mature MAIT cells led to increased glucose uptake and
atrend towards lower mitochondrial potential in aaMAIT cells from
Atg5” dlLck-Cre mice (Fig. 7h,i), indicative of a metabolic switch
towards glycolysis. Accordingly, the balance of aaMAIT cell subsets
was skewed towards KIrgl® aaMAIT cells, which were increased at day
40 post BRD509 (Fig. 7j and Extended Data Fig. 10b). Atg5-deficient
aaMAIT cells were less capable of producingIL-17A, while production
of IFN-ywas not altered and Granzyme Bwas increased (Extended Data

Fig. 6 | KIrgl" aaMAIT cells have abundant but dormant mitochondria that
arerapidly responsive to activation. Sorted mouse pulmonary aaMAIT cell
subsets were analysed for mitochondrial content and function at >40 days

post BRD509 vaccination. a, Representative images. m, mitochondria; Id, lipid
droplet; g, granule. Scale bar,1 pm. b,c, Quantification of mitochondrial number
and morphology (b) and cytotoxic granule count (c) from transmission electron
micrograph sections of aaMAIT cell subsets. "*P=0.504661.*P=0.003697,
**P=0.003851; unpaired two-tailed t-tests. Inb, n = 22,22, 21, 54,22 and 54 cells
from five pooled mice per each group.Inc, n =24 and 29 cells per group.

d-f, Representative images (d) and quantification (e and f) of Bodipy493/503-
positive lipid droplets (green) and mitochondrial Tom20 protein (purple) from
z-stack composite airy-scan confocal micrographs of sorted aaMAIT cell subsets.
Hoechst 33342 demarcates nucleus (blue). Scale bar, 5 pm; **P = 0.00130,
"P=0.9; Mann-Whitney, two-tailed. n = 25,20, 25 and 20 cells per group, pooled
from five mice per group over two independent experiments. g-i, Representative
images (g) and quantification (h and i) of mitochondrial A¥,, by MTRDR FM
intensity. Hoechst 33342 demarcates nucleus (blue, in bottom row combined

channelimages). Scale bar, 5 um. Quantification represents the area (h) and
count (i) of mitochondria that have high or low AY, signal, respectively.n =27
and 20 cells per group, pooled from five mice per group over two independent
experiments. **P=0.0005 (h), **P=0.0004, *P = 0.047 (i); all Mann-Whitney,
two-tailed. j, OCR kinetics (left) in response to injection of Oligomycin (Oligo),
FCCP, Rotenone (Rot) and Antimycin A (AA) measured by Seahorse Bioanalyzer
insorted subsets of pulmonary aaMAIT cell subsets 40 days after vaccination
with BRD509. OCR (middle) and basal ECAR (right) were measured without
drug treatments or stimulation. **P=0.0072, "*P = 0.84; unpaired, two-tailed
t-tests.n=8,7,6 and 4independent samples per group, pooled from ten mice
per group from one of two experiments. k, Quantification of mitochondrial
AW, by MTR DR FM and uptake of Bodipy-FL C16 FA in MAIT cell subsets isolated
from lungs 40 days post vaccination with BRD509 and cultured as pulmonary
cell suspensions for 18 h with or without re-activation with antigen (5-OP-RU),
cytokines (IL-2/-12/-18) or the combination. n = 6,3 and 3 independent samples
per group from one experiment. All data displayed as mean + s.e.m. Source
numerical data are available in source data. n.s., not significant.
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Fig.10c,d). Together, these dataindicate that genetic alteration of the
metabolic state of MAIT cellsin vivo, throughinterference with oxygen
sensing or impacting autophagy, was sufficient to tune the ratio and
function of lung aaMAIT cell populations.

Discussion

The concept of memory-like responses by innate immune cells, includ-
ing cellsinthe lymphoidlineage, such as NK cells and innate lymphoid
cells, has gained supportive evidence®*****, Similarly, long-term
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changes following antigenic stimulation in the population size and
responses by MAIT cells have also been characterized'*'®****, We have
confirmed these changes and used the term ‘antigen-adapted’ (aa) to
describe their state, because MAIT cells acquire rapid effector functions
inthe thymus and may be considered natural memory. Here we describe
the gene programmes that characterize the two states of aaMAIT cellsin
thelungafter pulmonary vaccination that are distinct from steady-state
MAIT cells. We show that there are two largely separate aaMAIT cell

subsets that differentially localize in lung tissue and have disparate
effector functions and different metabolic programmes. Moreover,
their respective metabolic programmes influence the balance of sub-
sets and their ability to survive and carry out effector responses.

On the basis of cell transfers and fate-mapping experiments,
expression of KIrgl and CD127 defined two stable aaMAIT popula-
tions, despite infection and increases in population size. A minority
population of Klrgl CD127"°*MTR'"" aaMAIT cells gave rise to both
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Fig.7| Oxygensensing and autophagy facilitate CD127* aaMAIT. Pulmonary
aaMAIT cells at >40 days post BRD509 vaccination from VA dLck Cre* and

VAP’ Hifla" dLck Cre* mice were analysed. a,b, Representative histograms (a)
and quantification (b) of mitochondrial A¥,,(MTR DR FM) and labelled glucose
uptake. Inb, left:"~P=0.072,"*P=0.74,"*P=0.92; right:*P= 0.0391, *P = 0.0118,
"P=0.8829, ordinary ANOVAs with Tukey’s multiple comparisons testing.n=38,
5,5and 4 mice per group from n =2 experiments. ¢,d, Representative histograms
(c) and quantification (d) of pulmonary CD127* and KIrgl® aaMAIT cell ratios from
mice with the indicated genotypes.™*P=0.9962, ***P < 0.0001, **P=0.0012,
*P=0.0140,"*P=0.0864; ordinary one-way ANOVAs with Tukey’s multiple
comparisons testing.n =8, 5,5and 4 mice per group from n =2 experiments.

e, Representative confocal z-stack projections of LC3-RFP in sorted aaMAIT cells

cultured in the presence of the autophagy flux inhibitor Bafilomycin A1 (Baf Al).
f.g, Quantification of autophagosome buildup in presence of Baf Alin sorted
aaMAIT cell subsets (f) and calculation of autophagy flux as (ABaf A1 — Basal)/
Basal) (g). ****P < 0.0001, Mann-Whitney, two-tailed. Inf, n =70, 62, 60 and 29;
ing, n=45and 44.h,i, Representative histograms (h) and quantification (i) of
mitochondrial AW, (MTR DR FM) and labelled glucose uptake from Atg5” dLck
Cre* mice and Cre-negative littermates. "*P = 0.129,**P= 0.0027, unpaired, two-
tailed t-test. n =10 mice from n = 2 experiments. j, Quantification of pulmonary
CD127*" and KIrgl® aaMAIT cell ratio from the indicated genotypes. *P=0.029,
**P=0.0033; unpaired, two-tailed ¢-test. n = 10 mice from n = 2 experiments. All
datadisplayed as mean + s.e.m. Source numerical data are available in source
data. n.s., notsignificant.

subsets, but it is uncertain if this represents a precursor that has the
potential to give rise to both populations, or if within this group, there
are already cells committed to one or the other lineage.

CD127 hasbeenreported toidentify CD8 memory precursor cells
that display anincreased ability to form long-lived CD8" central mem-
ory cells, whileKlrgl defines short-lived effector cells*>**. CD8*, CD127",
Klrgl" memory T lymphocytes, however, also can be found several
months after infection® >, and a separate population of KIrgl* termi-
nal T effector memory cells has been described previously*. Our data
show that Klrgl" aaMAIT cells displayed enhanced effector functions
that were maintained long term. Therefore, cells in both the CD127*
andKIrgl* aaMAIT populations survived contraction after stimulation
and displayed key features of memory. Kirgl* aaMAIT cells expressed
a cytotoxic effector programme and protected from lethal influenza
challenge. Our dataagree with astudy inwhich adoptively transferred
total pulmonary MAIT cells protected from viral infection inimmune
deficient Rag2”gc” mice throughIFNy*. The Klrgl* aaMAIT cellsin our
study were not protective against S. pneumoniaeinfection, however, in
which cytokine production by innate-like Th17 cellsisimportant®*4°,
CD127" aaMAIT cells required an antigenic signal to produce IL-17A
invitro, which canbe provided by S. pneumoniae®®, providing arationale
for their protective role in that context.

In conventional CD4 and CD8 T cells, naive, memory and effec-
tor states are controlled by distinct metabolic programmes, with an
active FAO-fuelled mitochondrial programme crucial for memory
T cell responses® 7. This raised the issue as to how this model applies
to MAIT cells, which are not naive. CD127" aaMAIT cells had highly
polarized and active mitochondria, in contrast to the low A¥_, of Klrgl*
aaMAIT cells. Asimilar ‘ready to respond’ or poised activation state, char-
acterized by abundantbut depolarized mitochondria, hasrecently been
described forintraepithelial T lymphocytes®®. Activation of intraepithe-
lial Tlymphocytes, similar to Klrgl® aaMAIT cells, induces arapid induc-
tion of mitochondrial membrane potential coinciding with atriggering
of effector functions®. Furthermore, aprevious analysis found a ‘ready
to respond’ phenotype of human MAIT cells derived from peripheral
blood mononuclear cells, with similarities to mouse KIrgl* aaMAIT cells,
including a Th1-cytokine bias, low mitochondrial activity, the ability to
rapidly activate glucose uptake andinhibition of Thi-effector function by
2-DG®. Animportant difference is that mouse Klrgl* aaMAIT cells already
contained Granzyme B and cytotoxic granules before re-activation.
Furthermore, IFN-y production, but not Granzyme B, was susceptible to
glycolyticinterference in our study. Regardless, the similarity between
Klrgl® aaMAIT cellsin mice and human PMBC-derived MAIT cells raises
the question as to whether natural bacterial infections in humans influ-
ence the state of human MAIT cells®.

In contrast to Kirgl" aaMAIT cells, CD127* aaMAIT cells continu-
ously take up FAs, and have highly polarized mitochondria and active
ATP turnover. In this regard, their metabolic programme is similar to
CDS8" tissue-resident memory T cells (Tgy) %% CD8" Ty, cells require
FABP4/5 driven mitochondrial B-oxidation of exogenous FAs for main-
tenance and function®. Likewise, CD127" aaMAIT cell IL-17A production
was sensitive to FAO perturbation, but unaffected by interference with

glycolysis, indicating that a similar metabolic programme may be
operating, although Fabp4/5and Ppar genes are not highly expressed
by aaMAIT cells.

Our studies linked the difference in metabolism in aaMAIT cell
subsets to both survival and responsiveness. IFN-y production by
Klrgl" aaMAIT cells was more dependent onglycolysis, and constitutive
Hifla activation by VAl deletion enhanced glucose uptake and shifted
the balance of aaMAIT cells towards the KIrgl* subset. VAl deletion
in CD8" conventional T cells also increased glucose uptake, and sup-
ported acquisition of an effector-memory phenotypein the context of
viralinfection®. CD127* aaMAIT cells depended to a greater extent on
autophagy, whichis akey pathway for sustaining mitochondrial activ-
ity*’, for their accumulation and for IL-17A synthesis. In conventional
memory T cells, autophagy disruptionimpaired mitochondrial health,
inducing a shift towards glycolysis, increased IFN-y and an effector
phenotype®®, While both autophagy and lipid oxidation are simi-
larly essential for CD127" aaMAIT cellsand CD8* memory T cells®*®, it
remains uncertain to what extent autophagy is facilitating FAO in these
cases, and whether intrinsic lipolysis or IL-7-mediated synthesis of FA
is critical®**"*%, Regardless, the CD127* aaMAIT cells take up, store and
break down FAs, and atleast the latter is essential for their re-activation.
The shift towards Klrgl® aaMAIT cells in mice with increased Hifla or
decreased autophagy could reflect alterationin the survival of cellsin
these subsets, consistent with in vitro data, but we cannot rule out a
role for differentialimpact on proliferation.

Interestingly, y§ T cells are also highly dependent on lipid metabo-
lism for IL-17 effector function, whereas IFN-y* y8 T cells almost exclu-
sively depended on glycolysis’. These subsets also were stable, and this
had important functional implications for anti-tumour activity. The
striking similarities between yS T cells and aaMAIT cell subsets suggest
that the metabolic signatures and dependencies described here may
operate more broadly in innate-like T lymphocytes.

There is evidence that alterations in FA metabolism impact
MAIT cell functionin the context of obesity. In mice, obesity promoted
MAIT17 cellinflammatory responses®, and increased MAIT cell produc-
tion of IL-17 also was observed in obese individuals™”". IL-17-producing
humanMAIT cells from obese individuals also displayed lipid metabolic
alterations’. This suggests a link between the cellular lipid metabolic
programme key to IL-17A-producing aaMAIT cells discovered here,
and human organ/organism-level diseases related to lipid dysbiosis,
including metabolic syndrome and obesity.

Taken together, we discovered two fundamentally opposing
metabolic dependencies that influence two stable, memory-like or
aaMAIT cell subsets following infection, with implications for pro-
tective host responses and vaccinations that depend on MAIT cells™.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
availability are available at https://doi.org/10.1038/s41556-023-01152-6.

Nature Cell Biology | Volume 25 | June 2023 | 877-891

889


http://www.nature.com/naturecellbiology
https://doi.org/10.1038/s41556-023-01152-6

Article

https://doi.org/10.1038/s41556-023-01152-6

References

1.

10.

n.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Godfrey, D. I, Koay, H. F., McCluskey, J. & Gherardin, N. A. The
biology and functional importance of MAIT cells. Nat. Immunol.
20, 1110-1128 (2019).

Legoux, F., Salou, M. & Lantz, O. MAIT cell development and
functions: the microbial connection. Immunity 53, 710-723 (2020).
Kjer-Nielsen, L. et al. MR1 presents microbial vitamin B
metabolites to MAIT cells. Nature 491, 717-723 (2012).

Corbett, A. J. et al. T-cell activation by transitory neo-antigens
derived from distinct microbial pathways. Nature 509,

361-365 (2014).

Cerwenka, A. & Lanier, L. L. Natural killer cell memory in infection,
inflammation and cancer. Nat. Rev. Immunol. 16, 112-123 (2016).
O'Sullivan, T. E., Sun, J. C. & Lanier, L. L. Natural killer cell memory.
Immunity 43, 634-645 (2015).

Rapp, M., Wiedemann, G. M. & Sun, J. C. Memory responses

of innate lymphocytes and parallels with T cells. Semin.
Immunopathol. 40, 343-355 (2018).

O'Brien, K. L. & Finlay, D. K. Immunometabolism and natural killer
cell responses. Nat. Rev. Immunol. 19, 282-290 (2019).

Lopes, N. et al. Distinct metabolic programs established in the
thymus control effector functions of gammadelta T cell subsets in
tumor microenvironments. Nat. Immunol. 22, 179-192 (2021).
Shimizu, K. et al. KLRG+ invariant natural killer T cells are long-
lived effectors. Proc. Natl Acad. Sci. USA 111, 12474-12479 (2014).
Sheridan, B. S. et al. y3 T cells exhibit multifunctional and
protective memory in intestinal tissues. Immunity 39,

184-195 (2013).

Murphy, A. G. et al. Staphylococcus aureus infection of mice
expands a population of memory yd T cells that are protective
against subsequent infection. J. Immunol. 192, 3697-3708 (2014).
Koay, H. F., Godfrey, D. I. & Pellicci, D. G. Development of
mucosal-associated invariant T cells. Immunol. Cell Biol. 96,
598-606 (2018).

Provine, N. M. & Klenerman, P. MAIT cells in health and disease.
Annu Rev. Immunol. 38, 203-228 (2020).

Legoux, F. et al. Molecular mechanisms of lineage decisions in
metabolite-specific T cells. Nat. Immunol. 20, 1244-1255 (2019).
Chen, Z. et al. Mucosal-associated invariant T-cell activation

and accumulation after in vivo infection depends on microbial
riboflavin synthesis and co-stimulatory signals. Mucosal Immunol.
10, 58-68 (2017).

Wang, H. et al. MAIT cells protect against pulmonary Legionella
longbeachae infection. Nat. Commun. 9, 3350 (2018).

Zhao, Z. et al. Francisella tularensis induces Th1 like MAIT cells
conferring protection against systemic and local infection. Nat.
Commun. 12, 4355 (2021).

Chandra, S. et al. Transcriptomes and metabolism define

mouse and human MAIT cell heterogeneity. Preprint at bioRxiv
https://doi.org/10.1101/2021.12.20.473182 (2021).

Koay, H. F. et al. A divergent transcriptional landscape underpins
the development and functional branching of MAIT cells. Sci.
Immunol. 4, eaay6039 (2019).

Rahimpour, A. et al. Identification of phenotypically and
functionally heterogeneous mouse mucosal-associated invariant
T cells using MR1 tetramers. J. Exp. Med. 212, 1095-1108 (2015).
van Wilgenburg, B. et al. MAIT cells contribute to protection
against lethal influenza infection in vivo. Nat. Commun. 9,

4706 (2018).

Wang, H. et al. IL-23 costimulates antigen-specific MAIT cell
activation and enables vaccination against bacterial infection.
Sci. Immunol. 4, eaaw0402 (2019).

Lu, B. et al. IL-17 production by tissue-resident MAIT cells is locally
induced in children with pneumonia. Mucosal Immunol. 13,
824-835 (2020).

25.

26.

27.

28.

20.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4.

42.

43.

44,

45,

46.

47.

O'Sullivan, D. The metabolic spectrum of memory T cells.
Immunol. Cell Biol. 97, 636-646 (2019).

Buck, M. D., Sowell, R. T., Kaech, S. M. & Pearce, E. L. Metabolic
instruction of immunity. Cell 169, 570-586 (2017).

Geltink, R. . K., Kyle, R. L. & Pearce, E. L. Unraveling the complex
interplay between T cell metabolism and function. Annu Rev.
Immunol. 36, 461-488 (2018).

Meierovics, A., Yankelevich, W. J. & Cowley, S. C. MAIT cells are
critical for optimal mucosal immune responses during in vivo
pulmonary bacterial infection. Proc. Natl Acad. Sci. USA 110,
E3119-E3128 (2013).

Parrot, T. et al. MAIT cell activation and dynamics associated with
COVID-19 disease severity. Sci. Immunol. 5, eabe1670 (2020).
Flament, H. et al. Outcome of SARS-CoV-2 infection is linked

to MAIT cell activation and cytotoxicity. Nat. Immunol. 22,
322-335(2021).

Raffatellu, M. et al. Lipocalin-2 resistance confers an advantage to
Salmonella enterica serotype Typhimurium for growth and survival
in the inflamed intestine. Cell Host Microbe 5, 476-486 (2009).
Din, M. O. et al. Synchronized cycles of bacterial lysis for in vivo
delivery. Nature 536, 81-85 (2016).

Hirota, K. et al. Fate mapping of IL-17-producing T cells in
inflammatory responses. Nat. Immunol. 12, 255-263 (2011).
Napier, R. J., Adams, E. J., Gold, M. C. & Lewinsohn, D. M. The role
of mucosal associated invariant T cells in antimicrobial immunity.
Front. Immunol. 6, 344 (2015).

Barletta, K. E. et al. Leukocyte compartments in the mouse lung:
distinguishing between marginated, interstitial, and alveolar cells
in response to injury. J. Immunol. Methods 375, 100-110 (2012).
Milner, J. J. et al. Runx3 programs CD8" T cell residency in
non-lymphoid tissues and tumours. Nature 552, 253-257 (2017).
Murray, M. P. et al. Stimulation of a subset of natural killer T cells
by CD103* DC is required for GM-CSF and protection from
pneumococcal infection. Cell Rep. 38, 110209 (2022).

Hartmann, N. et al. Riboflavin metabolism variation among
clinical isolates of Streptococcus pneumoniae results in
differential activation of mucosal-associated invariant T cells.
Am. J. Respir. Cell Mol. Biol. 58, 767-776 (2018).

Hassane, M. et al. Neutrophilic NLRP3 inflammasome-dependent
IL-1B secretion regulates the y&T17 cell response in respiratory
bacterial infections. Mucosal Immunol. 10, 1056-1068 (2017).
Hassane, M., et al. Interleukin-7 protects against bacterial
respiratory infection by promoting IL-17A-producing innate T-cell
response. Mucosal Immunol. 13, 128-139 (2020).

Milner, J. J. et al. Delineation of a molecularly distinct terminally
differentiated memory CD8 T cell population. Proc. Natl Acad. Sci.
USA 117, 25667-25678 (2020).

Yanai, H. et al. Tissue repair genes: the TiRe database

and its implication for skin wound healing. Oncotarget 7,
21145-21155 (2016).

Amini, A., Pang, D., Hackstein, C. P. & Klenerman, P. MAIT cells

in barrier tissues: lessons from immediate neighbors. Front.
Immunol. 11, 584521 (2020).

Salou, M. et al. A common transcriptomic program acquired in
the thymus defines tissue residency of MAIT and NKT subsets.

J. Exp. Med. 216, 133-151 (2019).

Pan, Y. et al. Survival of tissue-resident memory T cells

requires exogenous lipid uptake and metabolism. Nature 543,
252-256 (2017).

Raud, B. et al. Etomoxir actions on regulatory and memory T cells
are independent of Cptla-mediated fatty acid oxidation.

Cell Metab. 28, 504-515.e7 (2018).

Arguello, R. J. et al. SCENITH: a flow cytometry-based method

to functionally profile energy metabolism with single-cell
resolution. Cell Metab. 32, 1063-1075.€7 (2020).

Nature Cell Biology | Volume 25 | June 2023 | 877-891

890


http://www.nature.com/naturecellbiology
https://doi.org/10.1101/2021.12.20.473182

Article

https://doi.org/10.1038/s41556-023-01152-6

48. Phan, A.T. & Goldrath, A. W. Hypoxia-inducible factors regulate

T cell metabolism and function. Mol. Immunol. 68, 527-535 (2015).

49. Clarke, A. J. & Simon, A. K. Autophagy in the renewal,
differentiation and homeostasis of immune cells. Nat. Rev.
Immunol. 19, 170-183 (2019).

50. Riffelmacher, T., Richter, F. C. & Simon, A. K. Autophagy dictates
metabolism and differentiation of inflammatory immune cells.
Autophagy 14, 199-206 (2018).

51. Riffelmacher, T. & Simon, A. K. Mechanistic roles of autophagy in
hematopoietic differentiation. FEBS J. 284, 1008-1020 (2017).

52. Li, L., Wang, Z. V., Hill, J. A. & Lin, F. New autophagy reporter
mice reveal dynamics of proximal tubular autophagy. J. Am. Soc.
Nephrol. 25, 305-315 (2014).

53. Netea, M. G. et al. Defining trained immunity and its role in health
and disease. Nat. Rev. Immunol. 20, 375-388 (2020).

54. Serafini, N. et al. Trained ILC3 responses promote intestinal
defense. Science 375, 859-863 (2022).

55. Joshi, N. S. et al. Inflammation directs memory precursor and
short-lived effector CD8" T cell fates via the graded expression of
T-bet transcription factor. Immunity 27, 281-295 (2007).

56. Kaech, S. M. et al. Selective expression of the interleukin 7
receptor identifies effector CD8 T cells that give rise to long-lived
memory cells. Nat. Immunol. 4, 1191-1198 (2003).

57. Martin, M. D. & Badovinac, V. P. Defining memory CD8 T cell. Front
Immunol. 9, 2692 (2018).

58. Martin, M. D. et al. Phenotypic and functional alterations in
circulating memory CD8 T cells with time after primary infection.
PLoS Pathog. 11, 1005219 (2015).

59. Hand, T. W., Morre, M. & Kaech, S. M. Expression of IL-7 receptor
alpha is necessary but not sufficient for the formation of memory
CD8T cells during viral infection. Proc. Natl Acad. Sci. USA 104,
11730-11735 (2007).

60. Konjar, S. et al. Mitochondria maintain controlled activation state
of epithelial-resident T lymphocytes. Sci. Immunol. 3, 24 (2018).

61. Zinser, M. E. et al. Human MAIT cells show metabolic quiescence
with rapid glucose-dependent upregulation of granzyme B upon
stimulation. Immunol. Cell Biol. 96, 666-674 (2018).

62. Varanasi, S. K., Kumar, S. V. & Rouse, B. T. Determinants of
tissue-specific metabolic adaptation of T Cells. Cell Metab. 32,
908-919 (2020).

63. Phan, A.T. et al. Constitutive glycolytic metabolism supports
CD8' T cell effector memory differentiation during viral infection.
Immunity 45, 1024-1037 (2016).

64. Puleston, D. J. et al. Autophagy is a critical regulator of memory
CD8' T cell formation. eLife 3, e03706 (2014).

65. DeVorkin, L. et al. Autophagy regulation of metabolism
is required for CD8" T cell anti-tumor immunity. Cell Rep. 27,
502-513.e5 (2019).

66. O'Sullivan, D. et al. Memory CD8" T cells use cell-intrinsic
lipolysis to support the metabolic programming necessary for
development. Immunity 41, 75-88 (2014).

67. Cui, G. etal. IL-7-induced glycerol transport and TAG
synthesis promotes memory CD8" T cell longevity. Cell 161,
750-761(2015).

68. Wagner, A. et al. Metabolic modeling of single Th17 cells reveals
regulators of autoimmunity. Cell 184, 4168-4185.e21(2021).

69. Toubal, A. et al. Mucosal-associated invariant T cells promote
inflammation and intestinal dysbiosis leading to metabolic
dysfunction during obesity. Nat. Commun. 11, 3755 (2020).

70. Carolan, E. et al. Altered distribution and increased IL-17
production by mucosal-associated invariant T cells in adult and
childhood obesity. J. Immunol. 194, 5775-5780 (2015).

71. Brien, A. O. et al. Targeting mitochondrial dysfunction in
MAIT cells limits IL-17 production in obesity. Cell Mol. Immunol. 17,
1193-1195 (2020).

72. Provine, N. M. et al. MAIT cell activation augments adenovirus
vector vaccine immunogenicity. Science 371, 521-526 (2021).

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2023

Nature Cell Biology | Volume 25 | June 2023 | 877-891

891


http://www.nature.com/naturecellbiology
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Article

https://doi.org/10.1038/s41556-023-01152-6

Methods

Animals

Allprocedures were approved by the LaJollaInstitute for Immunology
Animal Care and Use Committee and are compliant with the ARRIVE
standards. Mice were bred and housed under specific pathogen-free
conditionsin the vivarium of the LaJolla Institute for Immunology (La
Jolla, CA). C57BL/6) mice, AtgS”, VAl Hifla” and dLck-Cre mice were
purchased from Jackson Laboratory and crossed to generate Atg5”
dLck-Cre, VAP dLck-Cre and VAP Hifla” dLck-Cre mice, to achieve
gene deletions in mature T cells. Heterozygous Cre mice were used,
together with littermate controls, in all experiments. All mice were on
the C57BL/6) background. B6;CBA-Tg(Thx21-cre)1DIc/] (Tbet-cre) were
bred with B6.Cg-Gt(ROSA)26Sor ™ #cAc-tTomatoltize mjjce (from Jackson
Laboratories) to generate the 7hx21 FM line that report with tdTo-
mato fluorescence. B6.129(SJL)-/[17a™(<Sik/j with Cre recombinase
knocked into the /l17a gene® were purchased from the Jackson labora-
tory and crossed to Gt(ROSA)26Sor™E)cos mice to generate the /l17a
FMstrain, ll17a“*R26R*™ mice or /[17a-FM YFP mice. Mice deficient for
iNKT cells, Jal8 "~ (Traj187") mice, were generated as described previ-
ously”. MrI”~ mice were kindly provided by Dr Gilfillan (Washington
University, St. Louis, MO)"™. C57BL/6-€“ACRFF/EGFP/MaplIc3b ¢ ra nsorenic mice
for reporting on LC3 were from Jackson Laboratory. Male and female
mice were used at 6-12 weeks of age. Mice were group-housed under a
standard rodent chow (Pico Lab Diet 20, #5053) atambient temperature
(68 °F), 50% humidity inaverage and a12 hlight-dark cycleinindividu-
ally ventilated cages.

Antibodies and other materials

MR1tetramersloaded with either 5-OP-RU or 6-FP were obtained from
the NIH Tetramer Facility. Antibodies with clone, dilution, catalogue
number and supplier indicated in parentheses: anti-mouse CD16/32
(2.4G2, cat. no. 553142, 1:500, BD Bioscience) anti-mouse Sdc1 (281-
2,1:200, cat. no. 564068 BD Bioscience), anti-mouse CD36 (HM36,
1:200, cat.no.102608, BioLegend), anti-mouse CD45 (30-F11,1:800,
cat.no.564225BD Bioscience); anti-mouse IgD (clone 11-26¢.2a, 1:200,
cat. no. 564273 BD Bioscience); anti-mouse Klrgl (clone 2F1/KLRG1,
1:300, 25-5893-82 BD Bioscience); anti-mouse y6TCR (clone GL3,
1:300, cat. no. 553178 BD Bioscience); anti-mouse TER-119 (TER-119,
1:200, cat. no. 116204 BioLegend) anti-mouse CD127 (clone SB/199,
1:200, cat.no. 562419 BD Bioscience); anti-mouse CD8a (clone 53-6.7,
1:400, cat.no.47-0081-82 eBioscience); anti-mouse CD8[3 (H35-17.2,
1:400, cat. no. 741992 BDBioscience), anti-mouse EpCAM (clone
G8.8,1:200, cat. no. 13-5791 eBioscience); anti-mouse IFN-y (clone
XMG]1.2, 1:400, cat. no. 505831 BioLegend); anti-mouse TNF (clone
MP6-XT22,1:400); anti-mouse IL-17A (clone TC11-18H10, 1:400, cat.
no. 506914 BioLegend); anti-mouse CD69 (clone H1.2F3, 1:200, cat.
no.104530 BioLegend); anti-mouse CD44 (IM7,1:200, cat. no. 586116
BD Bioscience), anti-mouse Ly6A/E (D7,1:200, cat.no.108110 BioLe-
gend), anti-mouse Icos (C398.4a, 1:200, cat. no. 313520 BioLegend),
anti-human/mouse T-bet (clone 04-46, 1:16 cat. no. 562467 BD Bio-
science); anti-mouse RORYT (clone B2D, 1:100, cat. no. 46-6981-82
eBioscience); anti-mouse Ly6G (clone 1A8, 1:400, cat. no. 127639
BioLegend); anti-mouse CD11b (M1/70, 1:400, cat. no. 561114 BD
Bioscience); anti-mouse CD45R/B220 (RA3-6B2,1:200 cat. no. 552771
BD Bioscience); anti-mouse CD11c (N418, 1:200, cat. no. 48-0114-80
eBioscience); anti-mouse TCR (H57-597, 1:300, cat. no. 47-5961-82
eBioscience), anti-mouse Ki67 (B56, 1:16, cat. no. 561281 BD Biosci-
ence); anti-mouse CD80 (16-10A1, 1:200, cat. no. 553768 BD Biosci-
ence); anti-mouse CD86 (GL1, 1:200); anti-mouse MR1 (26.5, 1:200,
cat.no.361107 BioLegend); anti-mouse Granzyme B (GB11,1:100, cat.
no. GRBOS5 Invitrogen); anti-mouse CD103 (2e7,1:200, cat. no. 749393,
BD Bioscience); anti-mouse siglec F (E50-24401:200, cat.no. 565527
BD Bioscience), anti-mouse Tom20 antibody (D8T4N, 1:400, cat. no.
13929, Cell Signaling).

5-OP-RU synthesis

5-A-RU HCl synthesis was based on Li et al.” and used to generate
5-OP-RU by reaction with methylglyoxal. For synthesis details, please
refer to Supplementary Note 1.

Bacterial strains and infections

The attenuated strain of Salmonella enterica serotype Typhimurium
BRD509 was a generous gift from Stephen P. Schoenberger (LaJolla
Institute for Immunology, LaJolla, CA). The synchronized lysis circuit
in the ELH1301 strain was described previously®’. The circuit includes
the luxl promoter that uses quorum firing to induce cell death due to
expression of the $X174 E bacteriophage lysis gene. The ASpiB and
AInvAASpiB strains of S. enterica serotype Typhimurium were a gen-
erous gift from the Manuela Rafatellu Lab (University of California,
San Diego, CA). The ARibDH mutant of BRD509 was a generous gift
by Richard Strugnell (University of Melbourne, Australia). All strains
were grown overnight in Luria broth with the appropriate antibiot-
ics and growth additives, then subcultured the next day for 3 h to
mid-log phase, except for the synchronized lysis mutant strain that
was grown to an optical density of 0.1. Bacteria were then washed
twice in phosphate-buffered saline (PBS) and resuspended in PBS for
inoculation. S. enterica strains were administered at a dose of 1 x 10°
CFU per mouse, except for the ARibDH mutant, which was given at a
dose of 1 x 10’ CFU per mouse, as previously described’, and each dose
was verified by plating serial dilutions on LB agar.

Streptococcus pneumoniae serotype 3 strain URF918 is a clinical
isolate’®. URF918 was cultured in Todd-Hewitt broth (BD Biosciences)
at 37 °Cin anincubator at 5% CO,, collected at a mid-log phase and
washed twice in PBS and resuspended in PBS for infection (1-3 x 10°
CFU per mouse). For calculation of total lung bacterial burden, tissues
were collected 16 h after infection and were homogenized in PBS to
assess bacterial burden. Homogenates were inoculated at different
dilutions in a volume of 50 ml on 5% sheep blood agar plates (Hardy
Diagnostics) and cultured for 18 h, followed by counting of colonies. For
retropharyngealinoculations, mice were anaesthetized withisoflurane
and elevated onaboard. Mice were inoculated with bacteriaatavolume
of 50 pl by insertion of a pipet tip into the trachea.

Isolation of cells

Lung tissue was digested with spleen dissociation medium (Stemcell),
and mechanically dissociated using a GentleMacs Dissociator (Milte-
nyi). Cells were then strained through a 70 um filter and washed with
Hanks’ Balanced Salt Solution supplemented with 10% foetal bovine
serum (FBS) followed by red blood cell lysis. For adoptive transfer
experiments, penicillin-streptomycin (Gibco) was added to media
throughout the experiment.

Flow cytometry

For staining of cell surface molecules, cells were suspended in staining
buffer (PBS, 1% BSA and 0.01% NaN,) and stained using phycoerythrin
(PE)- or allophycocyanin (APC)-conjugated MR1tetramers at adilution
of 1:300 in staining buffer for 30 min at room temperature followed
by staining with fluorochrome-conjugated antibodies at 0.1-1 pg per
107 cells. Cells were stained with Live/Dead Yellow (Thermo Fisher) at
1:500 and blocked with anti CD16/32 (2.4G2) antibody at 1:500 and
free streptavidin at 1:1,000 for 15 min at 4 °C, continued with surface
antibody staining for 30 min at 4 °C. For cytokine staining, cells were
previously stimulated with 50 ng ml™ of phorbol myristate acetate
(PMA) and 1 pg ml™ ofionomycin for 2 hat37 °Cand then incubated in
GolgiStop and GolgiPlug (both from BD PharMingen) for 2 h at 37 °C.
Forinvitrore-activationexperiments, cultures were carried out for18 h
without stimulation or with 5-OP-RU (1 uM) and/or IL-2 + IL-12 + IL-18
(10 ng ml™each). GolgiStop and GolgiPlug (both from BD PharMingen)
were added for the last 2 h. Following S. pneumoniae infection, cells
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were incubated in GolgiStop and GolgiPlug for 2 h at 37 °C with no
restimulation. For intracellular staining, cells were fixed with CytoFix
(BD) for 20 min, and permeabilized with Perm 1X solution (Thermo
Fisher) overnight with antibodies for intracellular marker detection.
For high-parameter flow cytometry experiments, data were acquired
onFortessaand LSR-Ilcytometers with FACS DIVA 8.0 (BD Biosciences)
and analysed with FlowJo v10.8.1 (TreeStar).

Discrimination of tissue and circulating MAIT cells

Mice were anaesthetized withisofluorane andinjected retro-orbitally
with 3 pg of AlexaFluor-700-labelled anti-CD45 antibody (30-F11),
as described previously®. After 3 min, the lungs were removed for
processing.

Cell enrichment and cell sorting

MAIT cell enrichment before sorting was achieved by negative selec-
tion of cells using biotinylated antibodies against CD11b, CD11c, F4/80,
B220, Grl, Ly6G, IgD, Epcam and YGTCR together with Rapidspheres
(StemCell Technologies #19860) and either the Big Easy (StemCell
Technologies #18001) or Easy Eight magnets (StemCell Technologies
#18103) according to respective protocols. MAIT cells were sorted
using FACS Aria lll and FACS Fusion instruments (BD Biosciences).

Adoptive transfer experiments

For adoptive transfer experiments, BRD509-expanded total lung
MAIT cell populations or Kirgl” and Klrgl™ MAIT cell subsets were
sorted asdescribed above. Cells were transferred into gender-matched
recipient mice by retro-orbital injection. Five to 7 days post-transfer,
mice were infected via retropharyngeal inoculation with S. pneumo-
niae (3-5 x10° CFU per mouse) or influenza (100 p.f.u. per mouse, A/
PR/8/34(HIN1). For S. pneumoniae experiments, bacterial burden was
assessed 18 h post infection. For influenza infection, weight loss and
survival were monitored for 14 days following infection.

Metabolic assays

Metabolic cytometry-based assays have been described previously”.
Briefly, cells were stained with MitoTracker Deep-Red (Life Technolo-
gies)at 100 nM concentration, 37 °C, 5% CO, for 30-45 minin RPMI11640
(Gibco) containing 5% FBS. For glucose uptake measurements, cells were
incubated in glucose-free medium containing 5 pg mi™2-NBDG (Thermo
Fisher) and 2.5% FBS at 37 °C, 5% CO, for 30 min or the time indicated.
For lipid droplet quantification, cells were incubated in medium con-
taining 1 pg ml™ Bodipy 493/503 (Thermo Fisher) for 30 min. Uptake
of FAs was quantified after incubation with 1 uM 4,4-difluoro-5,7-d
imethyl-4-bora-3a,4a-diaza-s-indacene-3-hexadecanoicacid (Bodipy-FL
Cl16, Thermo Fisher) at 37 °C, 5% CO, for 30 min. Optimal incubation
periods for metabolic dye and metabolite uptake depended on tissue
andrequired fluorescenceintensity, but did not exceed 45 min, except
whereindicated. For nutrient supplementation experiments, minimum
essential medium was supplemented with glucose (5 mM); pyruvate
(10 mM); FA mix (10 pg ml™, BSA-conjugated) or fully complemented
+10% FBS. Datawere acquired using Fortessa or LSR Il flow cytometers
(BD Biosciences) and analysed with FlowJo v10.8 software (BD Life Sci-
ences). Metabolic marker fluorescence intensity depends ontheinstru-
menttype and laser intensity, and therefore quantitative comparisons
between different experiments cannot be directly compared.

Metabolic flux analysis

The real-time ECAR and OCR were measured using a XF-96 extracel-
lular flux analyzer (Seahorse Bioscience). A total of 1 x 10° MAIT cells
were sorted fromlung and washed twice in RPMI1640 without sodium
bicarbonate, 20 mM glucose, 5% FBS and 2 mM pyruvate and seeded
in corresponding assay mediumin a XF plate coated with poly-L-lysine
(Sigma). Cells were rested for 1 h at 37 °C before analysis according to
the mitochondrial stress test protocol (Seahorse Bioscience).

Mass spectrometry

Atotal of 1 x 10° MAIT cells were sorted by flow cytometry. Isolated cells
were incubated in RPMI (glucose-free formulation) containing 10 mM
[U-2Clglucose (Cambridge Isotope Laboratories), 2 mM glutamine and
10% dialysed FBS (Thermo Fisher) at 37 °C for 1 h. Cells were washed
in 150 mM of ice-cold ammonium acetate, pH 7.3, and metabolites
were extracted in 80% methanol on dry ice before evaporation under
vacuum. Dried metabolites were resuspended in 50 pl of 50% acryloni-
trile, and 5 pl was injected for chromatographic separation using the
lon Chromatography System 5000 (Thermo Fisher) coupled toa Q
Exactive runin negative polarity mode (Thermo Fisher). The gradient
ranfrom5 mMto 95 mM KOH, and HESI-lIl source settings were S-lens,
50; sheath gas, 18; aux gas, 4; spray heater, 320 °C; and spray voltage,
-3.2 kV. Metabolites were identified on the basis of accurate mass (+3
p.p-m.) and retention times of pure standards. Relative amounts, mass
isotopologue distributions and fractional contributions of metabolites
were quantified using TraceFinder 3.3.

Microscopy

For TEM, 1x 10° MAIT cells were sorted by flow cytometry and fixed in
2% glutaraldehyde in 0.1 M sodium cacodylate buffer and processed
according to the University of California San Diego EM core proto-
col.Images were acquired on a JEOL 1400 plus microscope equipped
with a bottom-mount Gatan OneView (4k x 4k) camera. For confocal
microscopy, 1x 10° MAIT cells were sorted and then stained with anti-
bodies or metabolic dyes as described for flow cytometry, and fixed
in 2% para-formaldehyde for 30 min. Tom20 (D8T4N, Cell Signaling
Technologies) antibody was used for detection of mitochondria. Cells
were cytospun on glass coverslips and mounted in the presence of
DAPI. Images were acquired on a ZEISS LSM 880 inverted confocal
microscope with a 63x%/1.46 numerical aperture plan-apochromat
objective running Zeiss Zen Blue v3. The Airyscan module was used
to improve resolution and signal-to-noise ratio. Automated image
quantification was performed in Imaris 10 (Bitplane) using the spot
detection algorithm.

scRNA-seq assay (10x Genomics platform)

Cells were sorted by flow cytometry into a low retention 1.5 ml col-
lection tubes, containing 500 pl of a solution of PBS:FBS (1:1) sup-
plemented with RNase inhibitor (1:100). After sorting, ice-cold PBS
was added to make up to a volume of 1,400 pl, then spun down, and
single-cell libraries were prepared as per the manufacturer’s instruc-
tions (10x Genomics). Samples were processed using 10x v2 chemistry
as per themanufacturer’'srecommendations; 11and 12 cycles were used
for cDNA amplification and library preparation, respectively.

Single-cell transcriptome analysis

Libraries were mapped with Cell Ranger v6.1.2 count pipeline. Then
multiplelibraries were aggregated with the aggr pipeline. Aggregated
data were then imported into the R environment where Seurat (4.1.1)
was used to filter and find clusters. Cells with fewer than 200 genes
and more than 2,500 genes were discarded. Furthermore, cells with
more than 5% unique molecularidentifiers coming from mitochondrial
genes were filtered out. Genes expressed in fewer than three cells were
ignored. The gene expression matrix was then normalized and scaled.
Principal component analysis was performed on the scaled data, and,
onthe basis of the elbow plot, 12 principal components were selected
for clustering, with a default resolution (0.6), and a perplexity of 100
was chosen for the dimensionality reduction in Fig. 3. Principal com-
ponent analysis was carried out separately for representations of the
data subset that excludes S. pneumoniae infection data in Fig. 1. To
determine each cluster’s enriched genes (markers), Seurat’s v4.1.1
FindAllMarkers function was used with test.use = MAST (adjusted P
value <0.05 and |log fold change| >0.25). Signature module scores
were calculated with Seurat’s AddModuleScore function using default
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parameters. This function calculates the average expression levels of
gene set ofinterest, subtracted by the aggregated expression of control
genesetsrandomly selected from genes binned by average expression.

Statistics and reproducibility

All data are shown as mean + standard error of the mean (s.e.m.) or
mean + standard deviation (s.d.), as stated in the figure legends. We
did not use any criteria to determine the sample size. Depending on
the nature of the experiments and availability of mice we collected
the maximum possible dataset. Where single-cell analysis was per-
formed, we scored at least 20 cells per condition in each biological
replicate. Data were excluded only after performing outlier tests,
and biological replicates were always kept separate except when cell
number restriction required pooling. These instances are detailed in
the figurelegends. The number of animals, replicates and experiments
isindicatedineach figurelegend. No blinding method was applied. No
statistical method was used to pre-determine sample sizes. Allgraphs
and statistical analysis were generated using Excel v16 or Prism 9 soft-
ware (GraphPad Software).

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

Bulk and sc-RNA-seq data that support the findings of this study have
beendepositedinthe Gene Expression Omnibus (GEO) under accession
code GSE226524. Publicly available RNA-seq datawere used fromthe C7
immunological database: accession codes GSE1000002_1582_200_UP
and GSE1000002_1582_200 _DN. Source data are provided with this
paper. All other datasupporting the findings of this study are available
fromthe corresponding authors onreasonable request.
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Extended Data Fig. 1| See next page for caption.
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Extended DataFig. 1| Invasive Salmonella strains induce an effector
response. a) Gating strategy for MAIT cells in lung (left) and quantification
of MAIT cells expression at different times post BRD509 (right).n=36,9,9,
13,7,13,9,16, mice per group, respectively, combined from 12 independent
experiments. One way ANOVA, ****P < 0.0001. b) Gating strategy for
CD11b"CD103" conventional dendritic cells (cDC1) and CD11b* CD103-

(cDC2) (left), and MR1 quantification as geometric MFlin cDC1 (right).n=7
(untreated), n = 6 (BRD509), unpaired two-tailed t test. c) Representative flow
cytometric analysis and (d) Quantification of MAIT cells 6 days after infection
with invasion mutant (A/nvAASpiB) or control strain (ASpiB). Combined

from 3 independent experiments, n =10, 10,12 mice per group, respectively.
One-way ANOVA, with Tukey’s multiple comparisons test, ****P < 0.0001

(left), **P=0.0006, ***P = 0.0005, (right). e) Flow cytometric analysis and
(f) quantification of MAIT cells in lung 7 days after infection with indicated
bacterial strains, or ARibDH in combination with 5nmol 5-OP-RU.n=35,4, 8,
8 mice per group, respectively, combined from 2 independent experiments.
One-way ANOVA, with Tukey’s multiple comparisons test, ****P < 0.0001. (g)
Representative flow cytometric analysis and quantification of lung MAIT
cells 4 weeks post infection with Salmonella strain ELH1301 expressing a
synchronized lysis circuit (SLC) and control strain (Ctrl). N =5, 6, 6 mice per
group, respectively, combined from two independent experiments, One-way
ANOVA, *P=0.0082. h) Growth kinetics of SLC and control strains in mouse
lung, 3 mice per group, one experiment. All error bars represent mean +S.D.
Source numerical data are available in source data.
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Extended Data Fig. 2| mRNA and protein marker phenotypes of aaMAIT cell
subsets. a) % of Klrgl* MAIT cells atindicated timepoints.n =28, 6, 8,4, 6,13,9,
16, mice per group, respectively, combined from 9 independent experiments.
One-way ANOVA, ***P < 0.0001. b) Protein expression of the indicated proteins
measured by flow cytometry in subsets of day 40 aaMAIT cells. ¢) aaMAIT cell
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3| Day40 aaMAIT cell transcriptional and functional test. IL-17A: n =19 (uninfected), n = 25 (day 6) mice per group, combined from
phenotype. a) UMAP representation of day O and day 40 scRNA-seq data from Sindependent experiments, ****P < 0.0001. Granzyme B: n =15 (uninfected),

Fig. 1cbutincluding day 6 after infection. Expression of key genes and gene n=20 (day 6), combined from 4 independent experiments, **P = 0.0099. IFN-y:
signatures as in Fig. 1d. GO terms and C7 datasets: GSE1000002_1582_200_UP, n =7 (untreated), n =10 (day 6), combined from 2 independent experiments,
GSE1000002_1582 200 _DN and Milner et al.* b) Ingenuity pathway analysis **P=0.0017. Liver cytokines: n =3 (untreated), n = 5 (day 6), ***P=0.0006,

of day 6 DE genes, ordered by -log10 P value. c) Heatmap representation of top **P=0.0055. e) Ki-67 expression in untreated pulmonary MAIT cells and aaMAIT
DE genes across indicated timepoints. d) Cytokine production by intracellular cells 40 days post vaccination with BRD509. n = 7 mice per group, combined

flow cytometry at day 6 post BRD509 vaccination by lung and liver MAIT cells, from 2 independent experiments. Statistical significance via one-way ANOVA
cultured with Brefeldin A for 2 hrs but without restimulation in vitro. Data with Tukey’s multiple comparisons test. *P = 0.0388, ****P < 0.0001. All error bars
pointsindicate individual mice, statistics assessed via unpaired two-tailed t represent mean +S.E.M. Source numerical data are available in source data.
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Extended Data Fig. 4 | aaMAIT cell location, clonotype and expansion
kinetics. a) % of MAIT cells (left) and KIrgl" MAIT cells (right) at day O and 40 post
BRD509 vaccinationin the indicated tissues. b) Kinetics of MAIT cell expansion
(left) and Klrg1* MAIT cells (right) at indicated timepoints post vaccinationin the
liver.n=11,10, 5,9, 5mice per group, respectively, combined from 3 independent
experiments; one-way ANOVA ****P < 0.0001 (left).n=11,5, 5,9, 5 mice per group,

respectively, combined from 3 independent experiments, one-way ANOVA
***+Pp < (0.0001(right). c) Prevalence of VP36, Vp38.1,8.2, or VB6,8.1,8.2 MAIT cells
inthe lung at steady state (n = 9) and at days 6 (n =11), 35 (n=5) and 60 (n =10)
post vaccination in total MAIT cells (left), KIrgl* (center) or CD127" aaMAIT cells
(right). All data displayed as mean + S.D. Source numerical data are availablein
source data.
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Extended Data Fig. 5| See next page for caption.
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Extended Data Fig. 5| MTRIow KIrgl” aaMAIT cells may be precursors

to stable aaMAIT cell subsets. a,b) Representative histograms (a) and
quantification (b) of T-bet-TdTomato fate mapper and current T-bet protein
expression inindicated pulmonary MAIT cells subsets at baseline or at >40 days
post BRD509 vaccination. Data displayed as mean +S.D., n =3, 4,4 mice per
group, respectively, representative of one experiment. Statistical significance
via one-way ANOVA with Tukey’s multiple comparisons test, ****P < 0.0001,

***P < 0.0002. c) aaMAIT cells that areKlrgl from/L17a-FM YFP mice were
gated as shown at day 40 post vaccination and tested for mitochondrial AWm
(MitoTracker DR FM). Data representative of n =4 mice.d) Klrgl™ day 40
aaMAIT cells were separated into top/bottom 33% based on mitochondrial
AWm (MitoTracker DRFM) and tested for /L17a-FM YFP expression (top row).
Day40 aaMAIT cell expression of indicated markers, with expression of KIrgl
overlayed as a color scale. Data representative of n = 6 mice and two independent
experiments. e) Relative expression measured by bulk RNA-seq of the indicated

genesin Day 40 KIrgl* aaMAIT cells and CD127*, MTR"" and MTR"&" aaMAIT cells.

Each datapoint reflects an individual mouse from one experiment. Unpaired two-
tailed t tests; Klrgl **P=0.006353, Cd8b ****P = 0.000078, Ccl5**P=0.000731,
GzmA **P=0.000742, GzmB ***P=0.000332, Ly6c2 **P = 0.001577. Data
displayed as mean + s.e.m. f) Relative expression measured by bulk RNA-seq of
the indicated genes in naive MAIT cells, day 40 KIrgl® aaMAIT cells and CD127",
MTR"" and MTR"" gqaMAIT cells. Each datapoint reflects an individual mouse
from one experiment. One-way ANOVA CD122 ****P < 0.0001, Slamf7 **P= 0.0047,
**P=0.0021, Itgae ****P < 0.0001, Scd1*P=0.009193, Cd44 **P=0.0079, Icos
*P=0.0127. Data displayed as mean + s.e.m. g) The indicated populations of
CD45.2 donor lung aaMAIT cells at day 40 post vaccination were sorted and
transferred into CD45.1recipient mice. After gating on MR1:5-OP-RU tetramer*
TCRB" MAIT cells and CD45.2 (=donor) markers (left), Klrgl and CD127 expression
was plotted in recipient mice 14 days post vaccination with BRD509 (right).
Representative datashown from one of two independent experiments. Source
numerical data are available in source data.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Re-activated aaMAIT cells provide protective
responses. a) Number of total MAIT cells, granzyme B* and IL-17A" MAIT cells
atbaseline and at indicated times after BRD509 vaccination or 4 days after
re-infection. CFU per lung is shown on the right. Data displayed as mean +
S.D.,n=4,6,5,7mice per group, one experiment. Statistical significance

via one-way ANOVA with Tukey’s multiple comparisons test. ***P=0.0003
(uninfected vs 9w + 4d), ***P = 0.0001 (4d vs 9w + 4d), ***P=0.0009 (9w vs

9w +4d) (Left). *P = 0.0124, **P=0.0055 (4d vs 9w + 4d), *P = 0.0092 (9w vs

9w +4d) (GrB).***P=0.0002 (uninfected vs 9w + 4d), ***P=0.0002 (4d vs

9w +4d),**P=0.0001 (9w vs 9w +4d) (IL-17A). *P=0.0456 (right) b) Feature
plot UMAP representation of amodule score for “Tissue repair” derived from
the TiRe database c) Cytokine production by MAIT cell subsets in untreated

and BRD509 vaccinated mice following infection with S. pneumoniae URF918,
16 hrs post infection. % of pulmonary MAIT cells positive for IL-17A, IFN-y and
Granzyme B are shown for each group (left). Abundance of indicated populations
of MAIT cells quantified as absolute count (right). Data displayed as mean +
S.D.n=5,10, 5,11 mice per group, respectively combined from 3 independent
experiments (IL-17A, GzmB).n =5, 7,5, 7 mice per group, respectively, combined
from 2independent experiments (IFN-y). Statistical significance assessed

via one-way ANOVA with Tukey’s multiple comparisons test, ****P < 0.0001,

*P=0.0328 (IL-17A); *P = 0.0414 (GrB). Cell counts:n =5, 7,5, 7 mice per

group, respectively, combined from 2 independent experiments. Statistical
significance assessed via one-way ANOVA with Tukey’s multiple comparisons
test. Total aaMAIT: **P = 0.0054(Untreated vs BRD509), *P = 0.0126 (Untreated
vs BRD509 + S.pneum.), **P=0.0022(S.pneum. vs BRD509), **P = 0.0047
(BRD509 vs BRD509 + S.pneum.). CD127" aaMAIT: **P=0.0087(Untreated vs
BRD509), *P = 0.0249 (Untreated vs BRD509 + S.pneum.), **P = 0.0036(S.pneum.
vs BRD509), **P = 0.0101(S.pneum. vs BRD509 +S.pneum.). Klrgl* aaMAIT:
*P=0.0207(Untreated vs BRD509), **P = 0.0040 (Untreated vs BRD509 + S.
pneum.),*P=0.0115(S.pneum.vs BRD509), **P = 0.0017(S.pneum. vs BRD509 + S.
pneum.).d) Cytokine production by pulmonary aaMAIT cellsisolated 40 days
after vaccination with BRD509, cultured as cell suspensions for 18 hrs with

or without re-activation as indicated. Cytokine production determined by
intracellular staining and plotted as % of MAIT cells positive for IFN-y, Granzyme
B, IL-17A and TNF. n = 3 mice per group, representing 1 of 2independent
experiments. One-way ANOVA with Tukey’s test for multiple comparisons; IFNy:
****P<(0.0001,"*P=0.8945. GzmB: "*P=0.9994, ****P < 0.0001 IL17:"*P> 0.9,
P < 0.0001. TNF: ***P < 0.0001. *P=0.044, *P=0.034,"*P> 0.5. Data displayed
as mean + s.e.m. Source numerical data are available in source data.
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Extended Data Fig. 7| CD127* aaMAIT cells express transcripts for scavenger
receptors. a) UMAP representation of gene signature analysis for fatty acid/
scavenger receptor genes from GO_term 20220131-155727 scavenger_receptors.
Analysis of the combined sequence data from unstimulated lung MAIT cells,
aaMAIT cells, and these two populations 10 hrs after stimulation with

S. pneumoniae, as shown in Fig. 3. b) Effect of etomoxir on the baseline oxygen
consumption rate (OCR) as detected by Seahorse Bioanalyzer. Spleen CD8*

b

Oxygen consumption rate
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T cells from mice at day 40 post BRD509 vaccination were analyzed at baseline
(Unstim) and when activated (CD3/28) in the presence (ETO) or absence (Ctrl) of
etomoxir. Same concentration of ETO as in Fig. 4f-h, showing an on-target effect
ofthedrug. n=3,5,4 mice per group from one experiment. Two-tailed, unpaired
ttests, **P =0.00071, ***P < 0.0001. Data displayed as mean + s.e.m. Source
numerical data are available in source data.
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Extended Data Fig. 8 | MAIT cell IL-17A is not highly dependent on glucose.

a) Pulmonary aaMAIT cells were isolated from mice 40 days post BRD509
vaccination and analyzed for Glutl expression by flow cytometry. Representative
histogram (left) and quantification as gMFI (right) inindicated aaMAIT cell
subsets. n = 6 mice/group combined from two experiments. Unpaired, two tailed
ttest, **P=0.00873.b) Extracellular acidification rate (ECAR) as detected by the
Seahorse Bioanalyzer in spleen CD8" T cells from mice at day 40 post BRD509
vaccination at baseline (Unstim) and in activated cells (CD3/28) in presence or
absence of 2-Deoxyglucose (2-DG) with the concentration identical to Fig. 5c,
showing an on-target effect. n = 3,5,4 mice per group from one experiment. Two-
tailed, unpaired t tests, ***P < 0.0001. ¢) Pulmonary aaMAIT cells were isolated
from mice >40 days post BRD509 vaccination and analyzed for metabolic

Mitochondrial Capacity = 100 — <

and functional parameters during culture as pulmonary cell suspensions for

18 hrs with or without re-activation with 5-OP-RU and/or IL-2, IL-12,1L-18, as
indicated. Representative histograms (left) and quantification (middle) of IL-17A
production following 18 hrs re-activation. Glycolysis was inhibited by 2-deoxy-
glucose (2-DG, green color). Each datapoint reflects an individual mouse,
combined from two experiments. One way ANOVA, "*P = 0.1821, P = 0.1143.
Right: Dose response and tests of activation mode dependence, TCR and/or
cytokines, of 2-DG effect on IL-17A production with the indicated concentrations
of 2-DG during 18 hrs of re-activation. d) Formulas applied for calculation of
metabolic capacities and dependencies. Co = control, O = with oligomycin,

DG =2-DG, DGO = 2-DG plus oligomycin. All data displayed as mean +s.e.m.
Source numerical data are available in source data.
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Extended DataFig. 9 | Lower ATP in KlIrgl® aaMAIT cells. a) Fractional
contribution of ®C to ATP after labeling for 18 hrs in absence of re-activation was
quantified by mass spectrometry in CD127* and KIrgl* aaMAIT cells (>40 days
after vaccination with BRD509). n = 4,2 from one experiment. Left: Unpaired
two-tailed t test, ***P=0.000098. Right: Mixed effect model, ***P=0.0002.
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b) Relative abundances of ATP/ADP/AMP quantified by mass spectrometry
inCD127" or KIrgl® MAIT cells. n = 4,2 from one experiment. Unpaired, two-
tailed t-test, *P=0.0212, "*P = 0.150. All data displayed as mean + s.e.m. Source
numerical data are available in source data.
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Extended Data Fig. 10 | Oxygen sensing and autophagy facilitate CD127*
aaMAIT and IL-17 production. a-b) Absolute numbers of KIrgl* and CD127*
aaMAIT cells in lungs of mice with indicated genotypes at day40 post BRD509
vaccination. Each datapoint reflects an individual mouse from one of two
experiments. a) Left: ***P < 0.0001, "*P = 0.9668. Right: "*P=0.948,"*P=0.308,
"sP=0.953. One-way ANOVA with Tukey "s multiple comparison testing. b) Left:
*P=0.0115, Right: "*P = 0.145. Unpaired two-tailed t tests. c-d) Pulmonary aaMAIT

cell subsets were isolated from mice and analyzed for cytokine production

by intracellular flow cytometry following PMA/lonomycin. Representative
histograms and quantification of IL-17A and IFN-y production. Each datapoint
reflects an individual mouse from one of two experiments. Unpaired two-tailed
ttests. **P=0.00435,*P=0.0294,*P=0.0211. All data displayed as mean + s.e.m.
Source numerical data are availablein source data.
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For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed

IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
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Software and code

Policy information about availability of computer code

Data collection  FACS DIVA 8.0 (BD Biosciences) was used for all Flow Cytometry data acquisition. Zeiss Zen Blue v3 was used for confocal image data
aquisition. BCL (BinaryBaseCall) were used as input to create FASTQ files with cellranger mkfastqv 6.1.2

Data analysis FlowJo v 10.8.1 (TreeStar Inc) was used for flow cytometry data analysis. Excel v16 and Graphpad Prism v9.0 were used for statistical tests,
data analysis and graph plotting. Automated image quantification: Imaris 10 (Bitplane), using the spot detection algorithm. scRNA-seq data:
FastQ file alignment: refdata-gex-mm10-2020-A with cellranger count v 6.1.2. Analysis via Seurat v 4.1.1 and Seurat’s FindAllIMarkers function
and Seurat’s AddModuleScore function. For Mass spectometry analysis, mass isotopologue distributions and fractional contributions of
metabolites were quantified using TraceFinder 3.3.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Bulk and sc-RNA-seq data that support the findings of this study have been deposited in the Gene Expression Omnibus (GEO) under accession code GSE226524.
Publicly available RNA-seq data was used from the C7 immunological database: Accession codes GSE1000002_1582_200_UP, GSE1000002_1582_200_DN,
20220131-155727-scavenger_receptors

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender N/A

Population characteristics N/A

Recruitment

Ethics oversight

N/A

N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences

|:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size

Data exclusions

Replication

Randomization

Blinding

No sample size calculations were performed. Sample size was determined based on the magnitude and variation of measurable differences
between groups, as well as the feasibility of performing highly technical experiments with rare cell populations. Sample sizes are indicated in
figure legends. All data points represent individual mice and mice from genetically distinct comparison groups (e.g. cre+ vs cre-) are
littermates from the same breeders unless indicated otherwise. This limits sample size, in addition to ethical considerations when determining
necessary power of animal experiments.

Post-sequencing, stringent, pre-established quality controls were applied: For mouse single cell RNA sequencing analysis, cells with less than
200 genes and more than 2,500 genes were discarded. Cells with more than 5% UMIs coming from mitochondrial genes were filtered out.
Genes expressed in less than 3 cells were ignored. No other data was excluded in any studies.

All experiments reported here with the exception of scRNAseq experiment (n=1) have been repeated independently 2 or more times, and
exact number of individual experiments are indicated in legends. In many instances data from individual experiments have been pooled in the
representations, and this is indicated in legends. All experiments were reproducible.

Randomization was not applied. Mice were gender and aged matched and breedings were setup so that every experimental group is
represented in each litter.

The investigators were not blinded during data collection. In most cases, data was quantified in an unsupervised manner/by data analysis
software. In many cases (scRNA-seq, imaging) samples were processed and analyzed by separate scientists via automated algorythms and
bioinformatic analysis was done by separate bioinformaticians.
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Animals and other organisms
Clinical data

Dual use research of concern

XXX XS
OOXOOX

Antibodies

Antibodies used MR1 tetramers loaded with either 5-OP-RU or 6-FP were obtained from the NIH Tetramer Facility. Antibodies with clone, dilution,
catalogue number and supplier indicated in parentheses: anti-mouse CD16/32 (2.4G2, Cat#553142, 1:500, BD Bioscience), anti-
mouse Sdcl (281-2, 1:200, Cat# 564068 BDBioscience), anti-mouse CD36 (HM36, 1:200, Cat#102608, Biolegend), anti-mouse CD45
(30-F11, 1:800, Cat#564225 BDBioscience); anti-mouse IgD (clone 11-26c.2a, 1:200, Cat#564273 BDBioscience); anti-mouse Klrgl
(clone 2F1/KLRG1, 1:200, 25-5893-82 Invitrogen); anti-mouse gdTCR (clone GL3, 1:200, Cat#553178 BDBioscience); anti-mouse
TER-119 (TER-119, 1:200, Cat#116204 Biolegend) anti-mouse CD127 (clone SB/199, 1:200, Cat#562419 BD Bioscience); anti-mouse
CD8a (clone 53-6.7, 1:400, Cat#47-0081-82 eBioscience); anti-mouse CD8b (H35-17.2, 1:400, Cat#741992 BDBioscience), anti-mouse
EpCAM (clone G8.8, 1:200, Cat#13-5791 eBioscience); anti-mouse IFN-g(clone XMG1.2, 1:400, Cat# 505831 Biolegend); anti-mouse
TNF (clone MP6-XT22, 1:400); anti-mouse IL-17A (clone TC11-18H10, 1:400, Cat# 506914 Biolegend); anti-mouse CD69 (clone
H1.2F3, 1:200, Cat# 104530 Biolegend); anti-mouse CD44 (IM7, 1:200, Cat# 586116 BDBioscience), anti-mouse Ly6A/E (D7, 1:200,
Cat# 108110 Biolegend), anti-mouse Icos (C398.4a, 1:200, Cat# 313520 Biolegend), anti-mouse T-bet (clone 04-46, 1:100 Cat#
562467 BDBioscience); anti-mouse RORgT (clone B2D, 1:100, Cat# 46-6981-82 eBioscience); anti-mouse Ly6G (clone 1A8, 1:400, Cat#
127639 Biolegend); anti-mouse CD11b (M1/70, 1:400, Cat# 561114 BDBioscience); anti-mouse CD45R/B220 (RA3-6B2, 1:200 Cat#
552771 BDBioscience); anti-mouse CD11c (N418, 1:200, Cat# 48-0114-80 eBioscience); anti-mouse TCRb(H57-597, 1:200, Cat#
47-5961-82 eBioscience), anti-mouse Ki67 (B56, 1:200, Cat# 561281 BDBioscience); anti-mouse CD80 (16-10A1, 1:200, Cat# 553768
BDBioscience); anti-mouse CD86 (GL1, 1:200); anti-mouse MR1 (26.5, 1:200, Cat# 361107 Biolegend); anti-mouse Granzyme B
(GB11, 1:400, Cat# GRBOS Invitrogen); anti-mouse CD103 (2e7, 1:200, Cat# 749393, BDBioscience); anti-mouse siglec F (E50-2440
1:200, Cat# 565527 BDBioscience), anti-mouse Tom20 antibody (D8T4N, 1:400, Cat#13929, Cell Signaling).

Validation 1. anti-mouse CD16/32 antibody: The manufacturer states that specificity has been validated for Flow Cytometry: https://
www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-ruo/purified-
rat-anti-mouse-cd16-cd32-mouse-bd-fc-block.553142
2. anti-mouse Sdc1 antibody: The manufacturer states that specificity has been validated for Flow Cytometry:https://
www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-ruo/bv650-
rat-anti-mouse-cd138.564068
3. anti-mouse CD36 antibody: https://www.biolegend.com/en-us/products/alexa-fluor-488-anti-mouse-cd36-antibody-3311?
GrouplD=BLG10704
4. anti-mouse CD45 antibody: https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-
reagents/single-color-antibodies-ruo/bv786-rat-anti-mouse-cd45.564225
5. anti-mouse IgD antibody: https://www.bdbiosciences.com/en-sg/products/reagents/flow-cytometry-reagents/research-reagents/
single-color-antibodies-ruo/percp-cy-5-5-rat-anti-mouse-igd.564273
6. anti-mouse Klrgl antibody: https://www.thermofisher.com/antibody/product/KLRG1-Antibody-clone-2F1-Monoclonal/25-5893-82
7. anti-mouse gdTCR antibody: https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-
reagents/single-color-antibodies-ruo/pe-hamster-anti-mouse-t-cell-receptor.561997
8. anti-mouse TER-119 antibody: https://www.biolegend.com/en-us/products/biotin-anti-mouse-ter-119-erythroid-cells-
antibody-1864
9. anti-mouse CD127 antibody: https://www.bdbiosciences.com/en-ca/products/reagents/flow-cytometry-reagents/research-
reagents/single-color-antibodies-ruo/pe-cf594-rat-anti-mouse-cd127.562419
10.anti-mouse CD8a antibody: https://www.thermofisher.com/antibody/product/CD8a-Antibody-clone-53-6-7-
Monoclonal/47-0081-82
11.anti-mouse CD8b antibody: https://www.bdbiosciences.com/en-at/products/reagents/flow-cytometry-reagents/research-
reagents/single-color-antibodies-ruo/BUV805-Rat-Anti-Mouse-CD8b.741992
12. anti-mouse EpCAM antibody: https://www.thermofisher.com/antibody/product/CD326-EpCAM-Antibody-clone-G8-8-
Monoclonal/13-5791-82
13. anti-mouse Ifng antibody: The manufacturer states that specificity has been validated for Flow Cytometry:https://
www.biolegend.com/fr-fr/products/brilliant-violet-650-anti-mouse-ifn-gamma-antibody-7681
14. anti-mouse Tnf antibody
15. anti-mouse IL-17A antibody: The manufacturer states that specificity has been validated for Flow Cytometry:https://
www.biolegend.com/en-us/products/alexa-fluor-700-anti-mouse-il-17a-antibody-3539?GrouplD=GROUP24
16. anti-mouse Cd69 antibody: The manufacturer states that specificity has been validated for Flow Cytometry:https://
www.biolegend.com/en-us/products/brilliant-violet-605-anti-mouse-cd69-antibody-7864?GrouplD=BLG 10515
17. anti-mouse Cd44 antibody: The manufacturer states that specificity has been validated for Flow Cytometry:https://
www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-ruo/pe-rat-
anti-mouse-cd44.561860
18. anti-mouse Ly6A/E antibody: The manufacturer states that specificity has been validated for Flow Cytometry:https://
www.biolegend.com/en-us/products/pe-cyanine5-anti-mouse-ly-6a-e-sca-1-antibody-229?GrouplD=BLG2524
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19. anti-mouse Icos antibody: The manufacturer states that specificity has been validated for Flow Cytometry:https://
www.biolegend.com/fr-fr/products/pe-cyanine7-anti-human-mouse-rat-cd278-icos-antibody-6908

20. anti-mouse T-bet antibody: The manufacturer states that specificity has been validated for Flow Cytometry:https://
www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-ruo/pe-
cf594-mouse-anti-t-bet.562467

21. anti-mouse Rorgt antibody: The manufacturer states that specificity has been validated for Flow Cytometry:https://
www.thermofisher.com/antibody/product/ROR-gamma-t-Antibody-clone-B2D-Monoclonal/46-6981-82

22. anti-mouse Ly6G antibody: The manufacturer states that specificity has been validated for Flow Cytometry: https://
www.biolegend.com/en-us/products/brilliant-violet-605-anti-mouse-ly-6g-antibody-12244?GrouplD=BLG 7234

23. anti-mouse Cd11b antibody: The manufacturer states that specificity has been validated for Flow Cytometry:https://
www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-ruo/percp-
cy-5-5-rat-anti-cd11b.561114

24. anti-mouse Cd45/B220 antibody: The manufacturer states that specificity has been validated for Flow Cytometry:https://
www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-ruo/percp-
cy-5-5-rat-anti-mouse-cd45r-b220.552771

25. anti-mouse Cd11c antibody: The manufacturer states that specificity has been validated for Flow Cytometry:https://
www.thermofisher.com/antibody/product/42-0114-82.html?

ef id=CjwKCAjw5pShBhB_EiwAvmnNVOmiRHViUP_dgGczGVPovK4rtZDNtuJVskFrnG1WY9useSwt-

INpYRoCs80QAVD BwE:G:s&s_kwcid=AL13652131459737518508!!1g!1110950825775!
106531320406&cid=bid_pca_aup_r01_co_cp1359 pjt0000_bidOO0O00_Ose_gaw_dy_ pur_con&gclid=CjwKCAjwSpShBhB_EiwAvmnN
VOmMiRHViUP_dgGczGVPovK4rtZDNtulJVskFrnG1WY9useSwt-INpYRoCs80QAVD BwE

26. anti-mouse TCRb antibody: The manufacturer states that specificity has been validated for Flow Cytometry:https://
www.thermofisher.com/antibody/product/TCR-beta-Antibody-clone-H57-597-Monoclonal/47-5961-82

27. anti-mouse Ki67 antibody: The manufacturer states that specificity has been validated for Flow Cytometry:https://
www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-ruo/v450-
mouse-anti-ki-67.561281

28. anti-mouse Cd80 antibody: The manufacturer states that specificity has been validated for Flow Cytometry:https://
www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-ruo/fitc-
hamster-anti-mouse-cd80.553768

29. anti-mouse Cd86 antibody: The manufacturer states that specificity has been validated for Flow Cytometry:https://
www.biolegend.com/en-us/products/pe-anti-mouse-cd86-antibody-256?GrouplD=BLG10719

30. anti-mouse Mr1 antibody: The manufacturer states that specificity has been validated for Flow Cytometry:https://
www.biolegend.com/fr-ch/products/apc-anti-human-mouse-rat-mrl-antibody-9373

31. anti-mouse GzmB antibody: The manufacturer states that specificity has been validated for Flow Cytometry:https://
www.thermofisher.com/antibody/product/Granzyme-B-Antibody-clone-GB11-Monoclonal/GRB0O5

32. anti-mouse Cd103 antibody: The manufacturer states that specificity has been validated for Flow Cytometry:https://
www.bdbiosciences.com/en-nz/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-ruo/buv737-
hamster-anti-mouse-cd103.749393

32. anti-mouse SiglecF antibody: The manufacturer states that specificity has been validated for Flow Cytometry:https://
www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-ruo/apc-
cy-7-rat-anti-mouse-siglec-f.565527

33. anti-mouse Tom20 antibody: The manufacturer states that specificity has been validated for Immunofluorescence:https://
www.cellsignal.com/products/primary-antibodies/tom20-antibody/13929?
Ntk=Products&Ntt=13929&gclid=CjwKCAjw5pShBhB_EiwAvmnNV9SFjaRKitrIHkhZLYOMERMoDN-6nc_MfziMGIMGIYpQ5CqqQK8oAh
0Cuz0QAVD_BwE&gclsrc=aw.ds

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

C57BL/6J mice, Atg5f/f, Vhif/f, Hif1af/f and dLck-Cre mice were purchased from Jackson Laboratory and crossed to generate Atg5f/f
dLck-Cre, VhIf/f dLck-Cre and Vhif/f Hif1af/f dLck-Cre mice. Heterozygous Cre mice were used, together with littermate controls, in all
experiments. All mice were on the C57BL/6J background and used at 6-12 weeks of age. B6;CBA-Tg(Tbx21-cre)1Dlc/J (Thet-cre) were
bred with B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J (Td-tomato) mice (from Jackson Laboratories) to generate the T-bet fate
mapping line. B6.129(SJL)-I117atm1.1(icre)Stck/J (IL-17A-YFP fate-map) mice were purchased from Jackson Laboratory. - Ja18-/-
(Traj18-/-) mice were generated as described previously (see methods section). Mr1-/- mice were kindly provided by Dr. Gilfillan
(Washington University, St. Louis)(see methods for detail). C57BL/6-TgCAG-RFP/EGFP/Map1llc3b transgenic mice were from Jackson
Laboratory. Mice were group-housed under a standard rodent chow (Pico Lab Diet 20, #5053) at ambient temperature (68°F), 50%
humidity in average and a 12 hour light-dark cycle in individually ventilated cages. Food and water were provided ad libitum.

This study did not include wild animals

Both male and female mice were used in these studies. No obvious sex based difference was evident in these experiments, but the
data have not been specifically analyzed after disaggregation for sex.

No field collected samples were used in this study

All procedures were approved by the La Jolla Institute for Immunology or University of California San Diego Animal Care and Use
Committee and are compliant with the ARRIVE standards.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Flow Cytometry

Plots
Confirm that:

[ The axis labels state the marker and flucrochrome used (e.g. CD4-FITC).

[ The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group’ is an analysis of identical markers).

E] All plots are contour plots with outliers or pseudocolor plots.

[ A numerical value for number of cells or percentage (with statstics) is provided.

Methodology

Sample preparation

Instrument

Software
Cell population abundance

Gating strategy

Lung tissue was digested with spleen dissociation medium (Stemcell}, and mechanically dissociated using a GentleMacs
Dissociator (Mittenyi). Cells were then strained though a 70 pm filter and washed with HESS supplemented with 10% fetal
bovine serum [FBS} followed by RBC lysis. For adoptive transfer experiments, Penicillin-Streptomycin (Gibeo) was added to
media throughaut the experiment. For staining of cell surface molecules, cells were suspended in staining buffer [PBS, 1%
bovine serum albumin [BSA), and 0.01% Mal3) and stained using PE- or APC-conjugated MR1 tetramers at & dilution of 1:300
in staining buffer for 30 minutes at room termperature followed by staining with flucrochrome-conjugated antibody at 0.1-1
pg/107 cells, Cells were stained with Live/Dead Yellow {ThermoFisher) at 1:500 and blocked with 2.4G2 antibody at 1:500
and Free Streptavidin at 1:1000 for 15 min at 45, continued with surface antibody staining for 30 min at 4, For cytokine
staining, cells were previously stimulated with 50 ngfrml of PMA and 18g/ml of lonamyein for 2h at 37€ and then incubated in
GolgiStop and GolgiPlug (both from BD Pharmingen) for 2 h at 37C. For in vitro re-activation experiments, cultures were
carried out for 18 hours without stimulation or with 5-0P-RU [1aM) andfor IL-2+L-12+1L-18 (10ng/ml each). Golgistop and
GolgiPlug [both from BD PharMingen) were added for the last 2 hours, Following 5. pneumoniae infection, cells were
incubated in GolgiStop and GolgiPlug for 2 h at 378 with no restimulztion. For intracellular staining, cells were fiked with
CytoFix (BDY) for 20 min, and permeabilized with Perm 1X solution (Thermo Fisher) overnight with antibodies for intracellular
marker detection.

Data were acquired on Fortessa and LSR-I| cytometers and analyzed with Flowdo v10.8 (BD). Sorting was carried out on
FACSAria[TM) Fusion and FACS Aria-3(TM) Cytometers (BD Biosciences)

FACS DIVA 8.0 [BD Biosclences) was used for all Flow Cytometry data aquisition. Flowjo v10.8.1 was used for data analysis
Sorting efficlency was routinely controlled during sorting and didn't drop below S08%.,

Gating strategies are displayed in Extended Data Figure 1 +2

[¥] Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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