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Francisella tularensis induces Th1 like MAIT cells
conferring protection against systemic and local
infection
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Mucosal-associated Invariant T (MAIT) cells are recognized for their antibacterial functions.
The protective capacity of MAIT cells has been demonstrated in murine models of local
infection, including in the lungs. Here we show that during systemic infection of mice with
Francisella tularensis live vaccine strain results in evident MAIT cell expansion in the liver,
lungs, kidney and spleen and peripheral blood. The responding MAIT cells manifest a
polarised Thl-like MAIT-1 phenotype, including transcription factor and cytokine profile, and
confer a critical role in controlling bacterial load. Post resolution of the primary infection, the
expanded MAIT cells form stable memory-like MAIT-1 cell populations, suggesting a basis for
vaccination. Indeed, a systemic vaccination with synthetic antigen 5-(2-oxopropylidenea-
mino)-6-b-ribitylaminouracil in combination with CpG adjuvant similarly boosts MAIT cells,
and results in enhanced protection against both systemic and local infections with different
bacteria. Our study highlights the potential utility of targeting MAIT cells to combat a range
of bacterial pathogens.
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ARTICLE

icrobial infections in patients with compromised

immunity (e.g., organ transplant recipients), in parti-

cular with multi-drug-resistant pathogens, cost several
billion dollars each year!:2. Bacterial sepsis is associated with a
very high mortality of 30-50%%* and is estimated to cause 6
million deaths among 30 million people affected worldwide every
year’, making it a leading cause of death in hospitals. Thus, there
is great interest in the development of new preventive and ther-
apeutic approaches, including T-cell-based vaccination®.
Although some progress has been made in this area, complete
protection by T-cell vaccines has not yet been achieved and there
remains a great need to understand the generation of effective T-
cell memory and responses®.

Mucosal-associated invariant T (MAIT) cells are an abundant
aB-T-cell subset (averaging 3% of T cells in the human blood”),
which express semi-invariant T cell receptors (TCRs), compris-
ing TRAV1-2-TRAJ33/12/20 in humans®-10 or TRAV1-TRAJ33
(Val9-Ja33) in micell, paired with a limited TCR-B chain
repertoire. MAIT cells recognize conserved vitamin B2
metabolite-based antigens (Ag) from microbes, presented by the
major histocompatibility complex (MHC) class I-related protein
1 (MR1) molecule. Riboflavin biosynthesis, the source of MAIT
cell Ag, is an essential and highly conserved metabolic pathway
present in a diverse range of bacteria and yeasts. Indeed, we and
others have shown in mouse models that MAIT cells afford a
protective function against several bacterial pathogens, including
Legionella longbeachae'?, Francisella tularensis'2, Mycobacterium
bovis BCG!3, pathogenic Escherichia coli UT18914, Clostridium
difficile!®, and Klebsiella pneumoniae'®. Human in vitro studies
demonstrated reactivity of MAIT cells to an even broader range
of species, reviewed in ref. 17, including Streptococcus spp!$19,
Shigella flexneri?0, and fungal pathogens Aspergillus fumigatus®!
and Candida albicans??. Alterations in MAIT cell frequency and
function have been reported in patients with tuberculosis?3-2°
and other infectious diseases?0-30. Sandberg and colleagues®’
reported a patient with cystic fibrosis affected by recurrent, and
eventually fatal, bacterial infections, which correlated with a
striking lack of detectable circulating MAIT cells.

Despite the presence of MAIT cells at many sites®!, including
high numbers in the liver’2, female reproductive tract’?, and
intestines?, previous studies have mostly examined their pro-
tective role in local infections!213, Thus far, a protective role has
been demonstrated most convincingly in  respiratory
infections!23°, with little definitive in vivo evidence to date of
their capacity to contribute to protective immunity against sys-
temic infection. F. tularensis causes both respiratory disease and
tularemia, a rare but often fatal systemic infection. Infection can
occur via the respiratory route, by ingestion of contaminated
water or via tick bites3. E. tularensis live vaccine strain (LVS) was
developed as a vaccine strain with reduced pathogenicity®’.
Although its use in humans was discontinued due to the risks
associated with administration of a live organism with unde-
termined genetics, F. tularensis LVS provides a useful model for
pathogenicity and immune response research3$, and it was pre-
viously shown that MAIT cells have a protective role during
respiratory infection!2-3%,

Here we examined the role of MAIT cells in a systemic model of
F. tularensis LVS infection. The kinetics and phenotype of the
MAIT cell response were investigated in multiple organs.
MAIT cells were highly responsive, predominantly secreting
type-1 cytokines, and were not only critical to controlling bacterial
load, but also formed a memory-like population after infection,
which remained at high numbers, and exhibited an altered tran-
scriptome and cell surface phenotype. Vaccination of naive mice
with synthetic 5-(2-oxopropylideneamino)-6-p-ribitylaminouracil
(5-OP-RU) Ag in combination with CpG adjuvant recapitulated

this expanded MAIT-1 cell population and afforded better control
of subsequent systemic and local infections by both F. tularensis
and L. longbeachae.

Results

F. tularensis LVS activates MAIT reporter cells in vitro in an
MR1-dependent manner and induces a systemic MAIT cell
response in vivo. To confirm that F. tularensis LVS, a riboflavin
biosynthesis proficient bacteria as shown in the database Kyoto
Encyclopedia of Genes and Genomes, can stimulate MAIT cells,
we used an in vitro activation assay with Jurkat. MAIT.AF7
reporter cells co-cultured with Class I reduced (CI1R) Ag-
presenting cells expressing MR1 (CIR.MRI cells) as antigen
presenting cells, as previously described!?. Both F. tularensis
culture supernatant and lysate were able to stimulate Jurkat.
MAIT cells in this assay as assessed by the upregulation of cell
surface CD69 expression (Fig. 1A). In addition, CIRMR1 cells
infected for 4h with a multiplicity of infection (MOI) of 100
could stimulate activation of Jurkat. MAIT cells (Fig. 1A). Anti-
MR1 monoclonal antibody (mAb) (26.5), but not an isotype
control mAb, completely blocked this response, consistent with
MR1-dependent activation. Similar to previous studies using
other bacteria?>40, these data demonstrated that F. tularensis LVS
is capable of producing Ags that stimulate MAIT cells in an MR1-
dependent manner.

To examine the MAIT cell response in vivo, C57BL/6 mice
were infected with F. tularensis LVS intravenously (i.v) with a
sublethal dose of 104 colony-forming units (CFU). MAIT cell
frequencies and numbers were assessed in a range of organs (the
liver, lungs, spleen, kidneys) and in the blood by MR1-5-OP-RU
tetramer staining (for gating strategy, see Supplementary Fig. 1A).
Significant MAIT cell accumulation was observed in all organs
tested and in the blood at 14 days post infection (dpi), compared
to uninfected mice (Fig. 1B-D). We also observed an increase in
numbers of MAIT cells in the small intestine (SI), from the very
small numbers detectable in naive mice to ~10% and 15% of af-T
cells in intra-epithelial lymphocyte (IEL) and lamina propria
lymphocyte (LPL) preparations, respectively, at day 6 post
infection (Supplementary Fig. 1B-D). Non-MAIT of-T cells
were also increased in response to infection, as expected (Fig. 1E
and Supplementary Fig. 1E), but their increase was less
pronounced than that observed for MAIT cells. We next tested
the MR1 dependency of MAIT cell accumulation following
infection, using a blocking anti-MR1 mAb. Consistent with our
previous study, which examined Salmonella Typhimurium
infection of mice#?, the accumulation of MAIT cells in the lungs
in response to F. tularensis LVS was blocked with the addition of
MR1-specific mAb, but not with an isotype control mAb,
indicating that their accumulation was dependent on MRI-
mediated activation (Supplementary Fig. 2). There was no
difference in the numbers of responding non-MAIT of-T cells
in the presence of MR1-specific mAb vs. isotype control mAb.

As F. tularensis infection can occur naturally through
inhalation, wounds, or tick bites, we next tested various infection
routes: intratracheal (i.t.), intraperitoneal (i.p.), and subcutaneous
(s.c.), using a range of doses for each. Regardless of the infection
route, systemic dissemination occurred resulting in a significant
MAIT cell accumulation in all tested organs in mice infected with
sufficient dose (Supplementary Fig. 3). Due to the ease of
consistent and accurate delivery of inoculum and rapid
dissemination of bacteria, we chose the i.v. route for all following
infection experiments.

The MAIT cell expansion following F. tularensis infection is
rapid and long-lasting in all organs. Upon F. tularensis LVS
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Fig. 1F. tularensis LVS activates MAIT reporter cells via MR1 in vitro and induces systematic MAIT cell expansion in vivo. A Jurkat. MAIT-AF7 and C1R.
MR1 cells were co-incubated for 16 h with indicated amounts of 5-OP-RU, F. tularensis lysate (in PBS), PBS, F. tularensis culture supernatant, or media control
(BHI). For infection samples, we co-cultured Jurkat. MAIT-AF7 for 16 h with CIR.MRT1 cells that had been infected at the indicated MOI for 4 h, in the
presence of gentamicin. Activation was detected by staining with anti-CD69 antibody. Anti-MR1 antibody (26.5) or isotype control (W6,/32) was added, as
indicated, to C1R.MR1 cells 2 h prior to co-incubation with Jurkat. MAIT cells. Experiment was performed on two separate occasions with similar results.
Data show mean fluorescence intensity (MFI) (mean + SEM of triplicate wells from one experiment). Statistical tests: unpaired t-test (two-tailed)
comparing S/N, lysate, and MOI 100 groups with their respective controls, and one-way ANOVA with Dunnett's multiple comparisons, comparing anti-
MR1 and isotype control with unblocked samples. P-values are indicated. B Flow cytometry plots and € MAIT cell percentage in ap-T cells from the liver,
lung, spleen, kidney, and blood (200 pl) of C57BL/6 mice either uninfected or intravenously infected with 104 CFU F. tularensis LVS for 14 days. D, E
Absolute numbers of MAIT cells and non-MAIT aff-T cells, respectively, in the liver, lung, spleen, kidney, and blood (200 pl) of C57BL/6 mice either
uninfected or intravenously infected, 14 days post infection. The experiment was performed twice with similar results. Data show mean £ SEM n =5 mice
from one experiment. Statistical tests: unpaired t-test (two-tailed) comparing uninfected with infected mice. p-values are indicated. See also
Supplementary Figs. 1 and 2. Source data are provided as a Source Data file.

infection, a typical valley-shaped weight change was recorded in
infected mice (Fig. 2A), with mice losing weight until day 5, then
recovering and reaching their starting weight by day 12. The
bacteria clearance kinetics showed an initial decline in the bac-
terial load in the blood, but accumulation at early stages in all
other sites, which reached a plateau around 3 dpi, followed by
clearance (undetectable level) within 12 days (Fig. 2B).

We next investigated the kinetics of MAIT cell accumulation in
various organs. Both the frequency (relative to total ap-T cells,
Fig. 2C) and number (Fig. 2D-H) of MAIT cells increased
significantly in the early stages of the infection time course.
Remarkably, by day 6, MAIT cells represented ~29% of ap-T cells
in the liver, 27% in the lungs, 26% in the kidneys, 19% in the
blood, and 16% in the spleen. MAIT cell numbers plateaued at
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Fig. 2 Systemic and long-lasting expansion of MAIT cells in F. tularensis LVS infection. A Body weight was recorded daily and calculated in percentage
relative to starting weight of the individual mouse. Data are presented as mean = SEM (n =20 mice). B Bacterial load (CFU/organ or CFU/100 pl blood)
from C57BL/6 mice at indicated time points post infection i.v. with 2 x 104 CFU F. tularensis LVS. Data are presented as mean + SEM. n=for day O, 3, 5, 6,

7,8,and 12: liver 4,14, 8,14, 8,10, 6; spleen 4,14, 8,18, 6, 16, 6; kidney 4, 6, 8,

1,1, 6, 6;lung 5,14, 8, 20, 9, 16, 6; blood 4, 13, 8, 14, 8, 7, 6 individual mice.

C-H Relative and absolute number of MAIT cells and non-MAIT af-T cells detected in various organs (as indicated) from naive and infected mice at

indicated time points post infection. Pooled data from three independent experi

iments (mean £ SEM, n = 7-17 mice per group, as indicated). Statistical test:

one-way ANOVA comparing each time point with O dpi, p-values are indicated. Source data are provided as a Source Data file.

about 6 dpi in all organs. Interestingly, high frequencies and
numbers of MAIT cells (43% in the liver, 8% in the lungs, 21% in
the kidneys, 4% in the blood, and 2% in the spleen) were
maintained at 100 dpi, long after the clearance of bacteria to

undetectable numbers. This was in contrast to non-MAIT of-
T cells, which also expanded in response to infection, but then
contracted as expected to their homeostatic level (in numbers) in
all organs (Fig. 2D-H).
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F. tularensis infection polarizes MAIT cells to a MAIT-1 (Th1-
like) functional phenotype. We next examined the functional
phenotype of the MAIT cell populations that were expanded
during F. tularensis infection by assessing their cytokine profile
and expression of transcription factors (TFs) in naive mice, and
at representative time points of acute infection (6 dpi), recent
bacterial clearance (14 dpi), and memory phase (40 or 100 dpi).
Four cytokines; tumor necrosis factor (TNF), interferon-y
(IFNy), granulocyte-macrophage colony-stimulating factor
(GM-CSEF), and interleukin-17 (IL-17), previously shown to be
produced by MAIT cells*>40, were examined directly ex vivo
(without any further stimulation) (Supplementary Fig. 5), as
well as following stimulation with phorbol 12-myristate 13-
acetate (PMA)/ionomycin (Fig. 3 and Supplementary Fig. 4).
Similar patterns were seen with both methods. MAIT cells were
found to be polarized to a Thl-like phenotype, with highest
proportions, and numbers, of cells producing TNF, IFNy, and
GM-CSF, but few detectable IL-17-producing cells during the
acute phase of infection (6 dpi) (Fig. 3 and Supplementary
Figs. 4 and 5). Interestingly, MAIT cells appeared to produce
these Thl cytokines in an organ-specific pattern, with kinetic
differences in the proportions of cells producing each cytokine.
This was particularly apparent late in infection, with con-
solidation and persistence of the population of MAIT-1 cells in
the liver and spleen, but with a lower proportion of MAIT-1
cells in the lung and kidney (Fig. 3B, C). Functional polariza-
tion was most evident for IFNy-producing MAIT cells (Fig. 3B),
with TNF-producing MAIT cells displaying a similar but less
pronounced pattern (Fig. 3C) and the abundance of GM-CSF-
producing MAIT cells increasing throughout the infection in all
organs, except for the kidney (Fig. 3C). In contrast, the pro-
portion of IL-17-producing MAIT cells declined in both the
liver and lungs (Fig. 3C), but was later increased in the lungs.
The frequencies of cytokine-producing non-MAIT af-T cells
were similar to those of MAIT cells at early time points, but
lower at later times. For both MAIT cells and non-MAIT
T cells, IFNy- and TNF-producing cells were the most abun-
dant of the cytokines tested (Fig. 3 and Supplementary Figs. 4
and 5).

The production of Thl and Th17 cytokines by MAIT cells was
consistent with their expression of the closely correlated TFs T-
bet and RORyt, respectively. We found that naive pulmonary
MAIT cells were predominantly (>80%) T-bet~ RORyt™ (MAIT-
17) (Fig. 4), consistent with our previous study3°, whereas in the
liver ~60% had a MAIT-1 phenotype (T-bet"RORyt™) and there
was a mixture of MAIT-1 and MAIT-17 cells in the kidney,
spleen, and blood (Fig. 4). Following infection (6 dpi) with F.
tularensis, a greater proportion of MAIT cells was T-bet"RORyt™
in all organs and in the blood (Fig. 4). Remarkably, after 40 dpi,
long after bacteria were cleared to undetectable levels (Fig. 2B),
the phenotype of MAIT cells remained skewed towards MAIT-1
(Fig. 4).

We next examined the expression of several markers associated
with memory T cells, by MAIT-1 cells from the liver of naive
mice and mice with recently cleared infection (14 dpi) or long-
term post infection (60+ dpi) (Supplementary Fig. 6). In contrast
to conventional CD8" T cells, MAIT cells are CD44hi, CD62L1
and express CD69 in naive mice, and the expression of these
markers did not change following infection (Supplementary
Fig. 6). MAIT cells upregulated expression of IL-18R and CD49a
by day 14 post infection and these remained high after 60 days.
CD127 (IL-7R) was also increased on MAIT cells at 60 dpi,
consistent with its expression on long-lived memory T cells#],
whereas CD69 was expressed bimodally (Supplementary Fig. 6).
These data are consistent with the development of a long-lived
memory-like MAIT cell pool after infection.

MAIT cells exhibit substantially altered transcriptomes fol-
lowing infection with F. tularensis. To investigate at genome-
scale whether cell-intrinsic changes had occurred to MAIT cells
during infection, we performed droplet-based single-cell RNA
sequencing (scRNA-seq) on cells sorted from the liver prior to
and at days 13 and 48 post infection. After quality control (based
on numbers of unique molecular identifiers, numbers of genes,
and % mitochondrial reads), we retained 1276, 4512, and 4289
cell numbers for naive, day 13, and day 48 samples, respectively
(Supplementary Fig. 7A-C). Unsupervised clustering resulted in
17 different clusters, two of which showed low numbers of
expressed genes and high mitochondrial content, whereas another
cluster had high expression of Ag-presenting cell-related genes
(including CD74, H2-Ebl, H2-Aa, H2-Abl). Therefore, these
three clusters were excluded from subsequent analysis (Supple-
mentary Fig. 7B). Following principal component analysis (PCA),
Uniform Manifold Approximation and Projection (UMAP),
using two (Fig. 5A) or three dimensions (https://haquelab.mdhs.
unimelb.edu.au/MAIT_Francisella/), revealed two distinct MAIT
cell populations present in naive samples. These tended to express
either Tbx21 and Ifng (encoding T-bet and IFNy), supporting
classification as MAIT-1 cells, or Rorc and Il17a (encoding RORyt
and IL-17A), supporting classification as MAIT-17 cells (Fig. 5B).
Crucially, MAIT cells at 13 dpi exhibited substantially altered
transcriptomes compared to naive MAIT cells, consistent with
these cells having acquired an activated state during infection
(Fig. 5A). Moreover, transcriptomes of MAIT cells remained
substantially different at 48 dpi from those of naive MAIT cells,
confirming that molecular changes had been preserved in
MAIT cells during infection (Fig. 5A). Consistent with flow
cytometry analysis of T-bet/RORyt (Fig. 4), the vast majority of
MAIT cells detected during infection exhibited Tbx21 but not
Rorc expression, consistent with a skewing towards a MAIT-1
response, and not MAIT-17 (Fig. 5B).

Unsupervised clustering highlighted not only the presence of
two naive MAIT cell clusters but a large number of activated
MAIT cell clusters from day 13, suggesting a substantial increase
in heterogeneity in MAIT cells induced by F. tularensis LVS
infection, which was largely preserved by day 48 (Supplementary
Fig. 7B). To determine molecular differences between the two
naive MAIT cell clusters, differential gene expression analysis
(DGEA) was conducted between these two clusters alone. This
revealed a number of significantly upregulated genes associated
with either phenotype, including Nkg7 and Gzmb in MAIT-1
cells, and IIr7, Icos, and Rorc in MAIT-17 cells (Fig. 5C and
Supplementary Table 1). To broadly define molecular changes
induced by infection, DGEA was conducted between pooled naive
(Cluster 5+ 7) vs. activated (all remaining clusters, except 12 and
14) MAIT cell clusters. We noted that many genes were
upregulated and preserved after infection, including Nkg7, Ccl5,
Ifng, and Ccl4 (Fig. 5D and Supplementary Table 2), which
reinforces that MAIT cells had acquired an altered cellular state.
Thus, liver MAIT cells exist in two distinct cellular states in naive
mice, which, upon F. tularensis LVS infection, undergo
substantial heterogeneous cellular change, preserved for
several weeks.

MAIT cells are critical for controlling bacteria during F.
tularensis systemic infection. Next, we examined the protective
role of MAIT cells in F. tularensis systemic infection by com-
paring wild-type (WT) (C57BL/6) mice with MrI ~/~ mice, which
lack MAIT cells. Following inoculation of mice i.v. with 104 CFU
F. tularensis LVS, significantly higher bacterial loads were
observed at 6 dpi in all organs (the liver, lung, spleen, and kidney)
and blood of MrI~/~ mice than in WT mice, and the difference
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Fig. 3 Cytokine profiling of MAIT cells upon F. tularensis LVS infection. A Representative flow cytometry plots showing intracellular cytokine staining for
IFNy of TCRB™ lymphocytes from the liver, lungs, spleen, and kidneys of uninfected and infected mice on 6, 14, and 100 dpi with 2 x 104 CFU F. tularensis
LVS i.v, after 4 h of culture with brefeldin A and PMA/ionomycin stimulation. B, C Percentages of B IFNy and € TNF, GM-CSF, and IL-17-producing cells of
gated MAIT cells and non-MAIT af-T cells from the liver, lungs, spleen, and kidneys from mice in A. Pooled data of two independent experiments with
similar results (mean £ SEM, n=5-10 mice per group, as indicated). Statistical tests: one-way ANOVA comparing percentages of cytokine-producing
MAIT cells or non-MAIT af-T cells at indicated time points post infection with the matching uninfected groups. P-values < 0.05 are indicated. Source data
are provided as a Source Data file.
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was also significant at 5 and 7 dpi in some organs (Fig. 6A-E). In
these experiments, bacteria were cleared to undetectable levels by
day 12 post infection either with or without MAIT cells. However,
when a higher infection dose (2.5 x 10* CFU) was used, MrI —I=
mice showed significantly poorer survival (based on humane
endpoints outlined in methods) (Fig. 6F), suggesting that
MAIT cells play a protective role, which can be critical for con-
trolling bacterial growth when other arms of the immune system
are intact. Consistent with this protective role of MAIT cells,
Mrl=/~ mice that succumbed to infection (reached humane
endpoints, thus necessitating euthanasia) had significantly higher
bacterial loads in the liver and spleen than matched WT mice
culled at the same time points (Supplementary Fig. 8).

We next tested the protective role of MAIT cells in a more
severe infection setting. The peritoneal cavity contains only a
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small number of immune cells*? and i.p. inoculation of WT
mice with F. tularensis can cause severe infection and death in
some mice with as few as 10 CFU (Supplementary Fig. 9B).
Here, WT mice received adoptive transfer of MAIT cells,
followed by bacterial challenge with 10 CFU F. tularensis LVS
(Supplementary Fig. 9A, B). Transferred MAIT cells were
sorted from the livers of mice infected with F. tularensis to
boost MAIT cell numbers. When adoptively transferred, these
cells provided a dose-dependent protection with full protection
achieved when 5x 10> MAIT cells were transferred (Supple-
mentary Fig. 9B).

To further test the capacity for MAIT cells to provide
protection, we then turned to an immune-compromised setting
and utilized Rag2~/~yC~/~ mice, which lack T, B, and natural
killer (NK) cells*3. These mice are severely immune compromised
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Fig. 5 Droplet-based scRNA-seq analysis of liver MAIT cells before and upon F. tularensis LVS infection. A UMAP representation of post-QC liver MAIT
cell transcriptomes from naive mice (n =17) and mice at days 13 (n=2) and 48 (n = 4) post infection, calculated using principal components (PC) 1-30.
B UMAP representation of Thx21, Rorc, Ifng, and Il17a expression. €, D Volcano plots of differential gene expression calculated based on unsupervised
clustering (Supplementary Fig. 7B), average log fold changes below —0.25 or above 0.25 are highlighted in red, and gene names were highlighted when the
average log fold change was below —0.6 or above 0.6. € Volcano plots of differential gene expression analysis between MAIT-1 (cluster 5) and MAIT-17
(cluster 7) cells from naive mice. D Volcano plots of differential gene expression analysis between MAIT cells prior to (clusters 5 and 7) and post infection
(clusters 0, 1, 2, 3, 4, 6, 8, 9, 10, 11, and 13). Cluster numbering derived from Supplementary Fig. 7B.

and, as expected, all mice succumbed to a low dose of F. tularensis
LVS (20 CFU) i.v. within 20 dpi (Fig. 7C). For these experiments,
we sourced MAIT cells for adoptive transfer from the livers of
WT mice primed with synthetic 5-OP-RU Ag and CpG adjuvant
(Fig. 7A), to ensure no carry over of live bacteria to the recipient
mice before challenge. This priming method recapitulated the
predominant MAIT-1 phenotype in the liver as seen with F.
tularensis infection (Fig. 7A). Mice receiving adoptively trans-
ferred MAIT cells were able to significantly prolong survival after
subsequent iv. challenge with F. tularensis LVS, compared to
mice without MAIT cell transfer (Fig. 7A-C), suggesting that
MAIT cells can indeed provide protection in their own right, in
the absence of several other immune elements. To further explore
the role of individual cytokines produced by MAIT cells in

protecting against systemic F. tularensis LVS infection, adoptive
transfer of WT vs. cytokine-deficient MAIT cells to Rag2—/~
yC~/~ mice was performed. WT or IL-17-deficient MAIT cells
were able to significantly prolong survival of mice following
infection, with some mice surviving up to 58 dpi (Fig. 7C). In
contrast, MAIT cells deficient in the production of TNF, IFNy, or
GM-CSF were unable to provide protection, with mice succumb-
ing to infection similar to the untreated Rag2~/~yC~/~ mice.
This was consistent with the susceptibility of mice genetically
deficient in individual cytokines (Supplementary Table 3).
Together, these data show that MAIT cells have the capacity to
contribute to systemic protection against bacterial infection and
this can be the difference between life and death in the absence of
other arms of the immune system.
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MR1 deficiency has minimal impact on innate cells during F.
tularensis infection. As previous studies have suggested a role for
MAIT cells in the recruitment of other cell types in infections with
F. tularensis and other bacterial pathogens!23%44, we next examined
the response of a panel of innate immune cells by comparing
Mr1~/= and WT mice at early time points post infection. Specifi-
cally, we assessed neutrophils (Ly6GTCD11bT), NK cells
(NK1.17CD49b+TTCRB ), macrophages (CD11ctF4/807),
CD11b*, and CD103* dendritic cells (MHCIIM8hCD11chigh), in

both the liver and lungs at day 3 and 5 post infection. Consistent
with the findings of others!23%, we observed small, but statistically
significant, differences in the numbers of some innate cells in the
presence and absence of MR1 (Supplementary Fig. 10). Specifically,
there were more NK cells (3 dpi), neutrophils (5 dpi), and mac-
rophages (5 dpi) in the lungs of WT mice than in MrI—/~ mice,
suggesting a role of MAIT cells in recruiting innate cells. However,
no difference was observed in innate cells in the livers between WT
and MrI—/~ mice at either time point. It should be noted that
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Mr1~/= and WT mice have similar bacterial loads at day 3, whereas
by day 5 the bacterial load is higher in MrI—/— mice (Fig. 6),
suggesting the recruitment of macrophages and neutrophils was not
simply due to an increase in bacteria.

Systemically boosted MAIT cells manifest vaccination potential
against local and systemic pathogens. We previously showed that
MAIT cells can be primed locally in the lungs, providing more rapid
control of L. longbeachae infection in the lungs3>4>. In the Legio-
nella infection model, the majority of MAIT cells were MAIT-174°.
Here, an immunization scheme was developed to systemically boost
MAIT-1 cells as a component of vaccination. Modifying our pre-
viously reported methods>>#4445, we used synthetic MAIT Ag 5-
OP-RU administered iv. together with CpG adjuvant (Fig. 8A).
This resulted in a significantly expanded MAIT cell pool systemi-
cally (in liver, lungs, and spleen) without significantly changing the
total numbers of non-MAIT af T cells (Fig. 8A and Supplementary
Fig. 11A, B). Furthermore, the majority of MAIT cells boosted with
this vaccination scheme had a MAIT-1 phenotype (Fig. 8B), similar
to the MAIT cell phenotype driven by systemic F. tularensis LVS
infection (Figs. 3 and 4).

To test the protective capacity afforded by MAIT cell
vaccination, mice were then challenged with F. tularensis LVS
iv. as depicted in Fig. 8C. Vaccinated mice were rested for a

month to foster MAIT memory formation and to allow the
immune system to return to homeostasis. Both the bacterial load
and mouse survival were assessed independently. Vaccinated WT
C57BL/6 mice showed a significant reduction in the bacterial load
in the liver and lungs at 3 and 5 dpi compared to unvaccinated
mice, CpG-only-treated mice, or vaccinated Mrl~/~ mice
(Fig. 8D, E and Supplementary Fig. 11C). Thus, our data show
that a systemic vaccination scheme that targets MAIT cells can
result in greater control of bacterial load at early time points after
infection. Consistent with the stronger MAIT cell response,
vaccinated mice also showed enhanced survival of otherwise
lethal F. tularensis infection (Fig. 8F). We next assessed whether
systemic MAIT cell boosting could provide enhanced protection
when challenged with a different bacterial pathogen. For this, we
used intranasal infection with L. longbeachae. The bacterial load
in the lungs of mice at 5 and 7 days post challenge (intranasally (i.
n.)) were significantly lower in vaccinated C57BL/6 mice than in
the three control groups (Fig. 8G), indicating that vaccination to
boost MAIT cells can provide a level of protection against
unrelated bacterial pathogens.

Discussion
Our data show that MAIT cells respond in several organs and in
the blood during systemic infection of mice with F. tularensis

10 | (2021)12:4355 | https://doi.org/10.1038/s41467-021-24570-2 | www.nature.com/naturecommunications


www.nature.com/naturecommunications

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-24570-2

ARTICLE

A B
i T
7. Liver 7. Lung 100
2 2 80
<0.0001 2
Se ° 56 pe0000l 8 O T-bet+RORyt-
= = = 60
8] 8 < B T-bet-RORyt+
g: g: "(2 40 [ T-bet-RORyt-
< 4] < = 20 B T-bet+RORyt+
=3 =3
S S
3 0
Nil CpG + Liver Lung
5-OP-RU
C
Vaccination Infection
CpG+ .
5.0P-RU 5-OP-RU  F tularensis or Analysis For D-G:
iv. i.v. L. longbeachae CFU count o Nil
O CpG only
O CpG + 5-OP-RU (Mr1+*)
> ® CpG + 5-OP-RU (WT
0-4 days 30 days 3,5,7 dpi pe* WT)
D E
Liver ; Lung
7 ) :
0.0001
o6 0000100()0(504000] <0001 _ <001 %) = 6
0 > Y : s 39
8 = & @ % : % % @ 2 % :I 0.0479 <0.0001 <0.0001
o 5 5 i a G - 5] 00166 <0.0001 ’ <0.0001@
S Sk ' & &
5484, A
L o w o
8 31 S 3;
|
2 " . 2 — —
3 dpi 5 dpi 3 dpi 5 dpi
F G
Lung
1 OO 7' 0.0002 <0.0001
1 o))
= § % 64 & 00495
E 801 S - % 9 0.0031 <0.0001
=~ 54 [u]
3 60- ' o 25 514 % & 0.0043@
g 401 5§ %1 . 3
o 0 <0.0001 ) ‘
Qq_) 201 - S 3] . =
© O 0.0008 16 18 13 17 12 14 16 14
0 Q <0.0001 . . 2 . .
10 4o 20 30 5 dpi 7 dpi

Fig. 8 MAIT cell-targeted vaccination delivers significant protection against both local and systemic bacterial pathogens. A MAIT cell number, and
B T-bet and RORyt phenotype of MAIT cells in the liver and lungs of C57BL/6 mice 30 days after i.v. vaccination with 5-OP-RU and CpG (as depicted in C).
Pooled data from three independent experiments with similar results (mean = SEM. A: n =13 (unvaccinated) or 19 (CpG + 5-OP-RU) mice per group, B:
n =9 mice per group). Unpaired t-test (two-tailed), P-values are indicated. € Schematic flow chart for vaccination and challenge. Mice were administered
with CpG (10 nmol) alone or CpG together with 2 nmol 5-OP-RU in 200 pul PBS at day 0) and 5-OP-RU (2 nmol in 200 pl PBS on day 1, 2, and 4). After
30 days, mice were infected with 2.5 x 104 CFU of F. tularensis LVS i.v. or 104 CFU of L. longbeachae i.n. D, E Bacterial load in the liver and lungs, respectively,
of unvaccinated WT (C57BL/6) mice (Nil, open diamond), mock-vaccinated WT mice (CpG-only, open circle), vaccinated Mr1—/— mice (CpG + 5-OP-RU,
open square), and vaccinated WT mice (CpG + 5-OP-RU, filled circle) at indicated time points post F. tularensis challenge (2.5 x 104 CFU, i.v.). F Survival of
mice vaccinated (as in D-F) after F. tularensis challenge (3 x 104 CFU, i.v.). G Bacterial load in lungs of mice vaccinated and challenged with L. longbeachae at
indicated time points post L. longbeachae challenge. One-way ANOVA on log-transformed data (unvaccinated, CpG-only, and vaccinated Mr1—/~ groups
were compared with vaccinated WT group). P-values are indicated. Pooled data from three independent experiments with similar results (mean + SEM,
n=10 (D, E), 20 (F), or 12-18, as indicated (G) mice per group). Source data are provided as a Source Data file.
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LVS. Regardless of delivery route, the infection resulted in bac-
terial replication in several organs and a significant accumulation
of MAIT cells was observed in the liver, lungs, kidney, spleen,
and blood.

In an earlier study, i.n. delivery of F. tularensis LVS induced
significant MAIT cell expansion in the lungs at day 8 post
infection!2. Although that study defined MAIT cells as CD4~
CD8™ T cells, here we have precisely identified MAIT cells using
MR1-5-OP-RU tetramers, allowing us to detect MAIT cell
accumulation as early as 3 dpi, with the peak of MAIT cell
numbers observed at day 6 post infection in most organs.
MAIT cells are considered to bridge innate and adaptive
immunity*® consistent with our finding that compared with WT
mice, control of bacterial burden was delayed in Mrl1—/~ mice
lacking MAIT cells. However, in both WT and Mr1~/~ mice,
bacteria were cleared to undetectable levels by 12 days post
infection, suggesting that other immune factors, such as con-
ventional T cells, also play an important role. Indeed, the majority
of T cells producing cytokines after infection were non-MAIT
T cells, presumably Ag-specific conventional T cells, or other
innate T-cell subsets, which are known to respond to F. tularensis
infection*”-48, Importantly, in the case of severe systemic infection
(i.e,, with a higher inoculum dose), or in the absence of other
immunity (ie., in Rag2~/~yC~/~ mice), MAIT cell-mediated
protection became of life or death importance.

Mouse MAIT cells were previously reported to egress the
thymus with mutually exclusive MAIT-1 or MAIT-17 effector
phenotypes**0, which correlate with T-bet and RORyt expres-
sion, respectively. In naive mice, we observed a skewed compo-
sition of transcription factor expression according to tissue sites,
with greater proportions of MAIT-1 cells in the liver, MAIT-17
cells in the lungs, and similar proportions of MAIT-1 and MAIT-
17 cells in the kidney, spleen, and blood. Consistent with previous
reports?—31, this observation strongly suggests tissue-specific
imprints can favor one phenotype of MAIT cells. Surprisingly,
infection with F. tularensis LVS resulted in a polarization towards
a MAIT-1 response, regardless of the tissue location. For example,
naive lung MAIT cells display a predominant MAIT-17 pheno-
type and express high levels of IL-173%40, However, upon F.
tularensis LVS infection, >60% of MAIT cells in the lungs were T-
bet"RORyt, distinct from the response to Legionella or Salmo-
nella infection seen previously where MAIT cells from infected
lungs were mostly MAIT-1/17 (T-bet™/RORyt™ double
positive)3>40, The moderate skewing of liver MAIT cell popula-
tion to MAIT-1 in naive mice was further consolidated to >85%
T-bet™ after F. tularensis infection. In a previous study, elevated
IL-17A gene transcription was detected in total lung tissue of WT
compared to Mr1~/~ mice following pulmonary F. tularensis LVS
infection!2. However, here, using intracellular cytokine staining,
we did not observe an increase in IL-17 production in the lungs
by MAIT cells. Thus, in addition to tissue-specific cues, polar-
ization signals from pathogens drive different MAIT cell
responses. MAIT cells have been described as long lived and the
increased numbers relative to naive mice, expression of markers
such as CD127, and persisting altered gene expression suggest the
development and maintenance of a memory pool. However, we
cannot rule out that the MAIT cell population long-term post
infection may also contain a small number of recent thymic
emigrants. It is unclear from the current study whether polarized
MAIT cell populations resulted from a preferential expansion,
recruitment, or MAIT cell plasticity.

Interestingly, despite differences in the functional phenotype of
MAIT cells induced by infection with L. longbeachae3® and F.
tularensis, we saw protection against both bacteria by MAIT-1
cells following vaccination of mice. We previously showed that
IFN-y production from MAIT cells was necessary for their

protective capacity in a model of Legionella infection in the
absence of other T cells, B cells, or NK cells>. Here, significant
proportions of MAIT cells produced IFNy, TNF, and GM-CSF in
response to F. tularensis infection and adoptive transfer experi-
ments showed that all three cytokines were equally important for
the ability of MAIT cells to provide protection in an immuno-
compromised setting. Moreover, we found that mice lacking
IFNy or TNF were more susceptible than GM-CSF-deficient
mice. However, in immune-sufficient mice, the mechanisms
behind the protective contribution of MAIT cells are not clear.
Indeed, they do not represent the majority of T cells producing
these cytokines. Previous studies suggested an indirect protection
role of MAIT cell in pulmonary F. tularensis LVS infection,
whereby MAIT cell-derived GM-CSF attracted monocyte
maturation and subsequent conventional CD4" T-cell
recruitment!23°, Here we observed that GM-CSF production by
MAIT cells in the lungs, spleen, and kidneys was detectable from
day 6 and increased around day 14 post infection. Consistent with
these previous studies, we also observed small but significant
increases in innate cells, including NK cells, neutrophils, and
macrophages in WT compared to Mrl~/~ mice. Thus,
MAIT cells may limit bacterial load, at least in the lungs, in part
by recruiting other cell types. Together, our data support a direct
protection role for MAIT cells in this model where no other
T cells are present, whereas in the presence of a complete immune
response, the exact mechanism of MAIT cells’ protective effect is
less clear, warranting further exploration.

MAIT cells have been termed effector-memory cells due to
their expression, u};lon thymic egress, of a memory-like phenotype
(CD62L1ow, CD44high)4® We show here that, upon infection,
their initial response (accumulation and cytokine secretion) eli-
cited a critical bridging protection role between innate and
adaptive immunity. After the resolution of infection, an expanded
MAIT cell pool was formed and maintained at significantly
higher frequency among af T cells. This MAIT cell pool had an
altered phenotype (MAIT-1), increased expression of markers
associated with T-cell memory, and altered heterogeneous tran-
scriptomes. A single vaccination reconstituted a similarly
expanded MAIT cell pool post infection (i.e., boosted number of
MAIT-1 cells). The vaccinated mice controlled bacterial burdens
more efficiently than naive, non-boosted mice, reducing the
bacterial load at day 3 and day 5 post infection. It should be noted
that although we did not test the kinetics of bacterial clearance
(below detection limit), vaccination reduced the number of mice
that succumbed to infection but did not alter the kinetics of
survival. Thus, this study shows that MAIT-1 cells have both an
innate-like rapid response and adaptive memory-like features,
consistent with our previous observations on MAIT-17/1 cells
from respiratory infection models with S. Typhimurium and L.
longbeachae3>40, which amplifies our knowledge of both pheno-
types of MAIT cells. Consistent with previous studies®3>1>2, our
data suggest that tissue-specific signals foster different polariza-
tion of MAIT cells at different sites. During infection,
both pathogen and host tissue signals appear to drive the polar-
ization of MAIT cells, and in the long term after infection, the
resultant MAIT cells are likely to be shaped by a balance of these
factors.

The augmented number and longevity of the expanded MAIT
cell population and altered functional phenotype (MAIT-1) post
infection support the concept of MAIT cell memory induction,
and hence their potential as a vaccine target. Our vaccination and
challenge data indeed provide proof-of-concept that MAIT cells
that are systemically boosted in number and polarized in function
can confer better protection against different pathogens at dif-
ferent sites: F. tularensis LVS systemic infection and L. long-
beachae pulmonary infection. Our findings support MAIT cells as
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a target for immune interventions, including against antibiotic-
resistant pathogens.

Methods

Mice. All mice were bred and housed in the Biological Research Facility of the
Peter Doherty Institute for Infection and Immunity (Melbourne, Victoria, Aus-
tralia), with a 12 h day/night light cycle (light from 7 a.m. to 7 p.m. and dark from
7 p.m. to 7 a.m.), humidity of 40-70%, and temperature of 19-22 °C. Mr1—/~ mice
were generated as previously described®? by breeding Va19iCa~/~Mrl1~/~ mice>*
(from Susan Gilfillan, Washington University, St. Louis School of Medicine, St
Louis, MO) with C57BL/6 mice and inter-crossing of F1 mice. The genotype was
determined by tail DNA PCR at the MRI locus as previously described. Mice
aged 6-12 weeks were used in experiments, after approval by the University of
Melbourne Animal Ethics Committee.

Compounds, immunogens, and tetramers. 5-OP-RU was prepared as described
previously®. Ac-6-FP was purchased from Shircks Laboratories. CpG combo (CpG
B and CgG P together), sequence: 5'-T*C*G*T*C*G*T*T*T*T*G*T*C*G*T*T
FTAT*GFT*CY*G¥*T*T T*CG* T*CG*A*CG*A* T*CG* G* C*G*CG*C*G*C*C*G-
3’ (*phosphorothioate linkage) non-methylated cytosine-guanosine oligonucleo-
tides was purchased from Integrated DNA Technologies, Singapore. Murine MR1
and B2-microglobulin genes were expressed in E. coli purified from inclusion
bodies, and were refolded and purified as described previously!7-°. MR1-5-OP-RU
and MRI1-6-FP tetramers were generated as described previously®’.

Bacterial strains. Cultures of F. tularensis LVS were grown in 10 ml of brain heart
infusion (BHI) broth for 16-18 h at 37 °C with shaking at 180 r.p.m., or on
Cysteine Heart Agar (CHA) plates containing 10 pg/ml ampicillin, 7.5 pg/ml
colistin, and 4 ug/ml trimethoprim for 4 days. For the infecting inoculum, with the
estimation that 1 ODggo = 2.4 x 109/ml, bacteria from overnight cultures were
washed and diluted in phosphate-buffered saline (PBS) for instillation to mice. A
sample of inoculum was plated onto CHA plates with appropriate antibiotics (as
above mentioned) for verification of bacterial concentration by counting CFU. L.
longbeachae NSW150 was grown in buffered yeast extract (BYE) broth or agar
plates supplemented with streptomycin (50 pg/ml).

Bacterial culture supernatant was taken from similarly prepared cultures after
centrifugation (benchtop centrifuge: 16,200 x g, 1 min) and filtration through 0.2
um filters to remove bacterial cells. To prepare lysates, the cell pellets after
centrifugation, from the same cultures, were washed twice with 1 ml cold PBS and
resuspended in 1 ml cold PBS. Bacteria were then lysed by repeated ultrasonication
(Misonix S4000 sonicator, 50 amplitude 10 x 20's) and the samples stored at
—80 °C until use.

In vitro activation assays. Activation of MAIT cells was assessed using a MAIT
reporter assay'®!17. CIRMRI cells!? were uninfected or infected with F. tularensis
(MOI 10 or 100) for 4 h. These were then washed and co-cultured overnight at 10°
cells per well in 96-well U-bottom plates with an equal number of Jurkat. MAIT.
AF7 cells!7 (derived from the parental Jurkat cell line J.RT3-T3.5 (ATCC TIB-
153)), which express a TRAV1-2/TRBV6-1 TCR!!, in RPMI-1640 media (Gibco)
containing 10% fetal calf serum (FCS) and 100 ug/ml gentamicin at 37 °C, 5% CO,.
In separate wells, uninfected CIR.MRI1 cells were co-incubated with Jurkat.
MAIT cells in the presence of bacterial lysates or filtered bacterial culture super-
natants from overnight cultures in BHI broth. To block MR1 presentation, anti-
MR1 mADb 26.5 or isotype control mAb W6/32 was added, as indicated, to the CIR.
MRI cells at 20 ug/ml prior to co-culture with Jurkat. MAIT cells. Following
overnight incubation, cells were stained with antibodies to CD3-phycoerythrin
(PE)-Cy7 (UCHT], eBioscience; 1:300), CD69-allophycocyanin (APC) (FN50, BD
Biosciences; 1:25), and 7-aminoactinomycin D (7AAD; 1:500) before analysis on a
BD Fortessa (BD Biosciences) flow cytometer using Diva Software (version 7, BD
Biosciences). Activation of Jurkat. MAIT cells was measured by an increase in
surface CD69 expression. Infection of CIR cells was confirmed by spreading an
aliquot of cells on CHA plates with antibiotics (as above) and incubation for 4 days
at 37 °C under aerobic conditions before counting the resultant colonies.

Inoculation of and assessment of infected mice. F. tularensis LVS was delivered
by i.v. injection via the tail vein (10-3 x 10* CFU in 200 pul PBS), i.n. (50-200 CFU
in 50 ul PBS), i.t. (10-50 CFU in 50 ul PBS), i.p. (20-60 CFU in 100 ul PBS), or s.c.
(5% 102-5 x 10° CFU in 50 pl PBS). L. longbeachae NSW150 was delivered by in.
instillation (10* CFU in 50 pl PBS). Detailed protocols for inoculum preparation
and in. instillation were described elsewhere®. To block MR1-mediated responses,
in some experiments mice were injected i.p. four times with 0.25 mg anti-MR1
(8F2.F9°%00) or isotype control (3E12°!) antibodies (prepared in-house) on days
—1, 1, 3, and 5 (relative to infection on day 0). Mice were weighed daily and
assessed for visual signs of clinical disease, including inactivity, ruffled fur, labored
breathing, and huddling behavior. Animals that had lost >20% of their original
body weight and/or displayed evidence of pneumonia were killed.

Determination of bacterial counts in infected organs. Bacterial colonization was
determined by counting CFU obtained from plating homogenized organs in

duplicate or 100 pl whole blood, from infected mice (5 per group) on CHA (for F.
tularensis) or BYE (for L. longbeachae) agar containing the appropriate antibiotics
(listed above) and colonies counted after 4 days at 37 °C under aerobic conditions.

Vaccination. Age- and gender-matched C57BL/6 and MrI~/~ mice were inocu-
lated (i.v.) with 10 nmol CpG together with 5-OP-RU (2 nmol in 200 ul) on day 0,
followed by three additional 5-OP-RU injections at day 1, 3, and 5. Control mouse
groups included untreated C57BL/6 and CpG alone vaccinated. Immunized mice
were left for 4 weeks prior to challenge with either F. tularensis LVS or L.
longbeachae.

Preparation of cells for flow cytometry. Detailed protocols for preparation of
samples for flow cytometry from various organs and blood, were described
elsewhere>8. Briefly, for lungs, perfusion through the heart was performed with 10
ml cold PBS and lung single-cell suspensions were prepared by finely chopping the
lungs, followed by collagenase (type IV) digestion and red blood cell (RBC) lysis.
Liver MAIT cells were prepared after by portal vein perfusion with 10 ml cold PBS
and pushing the liver tissue through 70 pm cell strainers, followed by gradient
(33.75%:70% Percoll) centrifugation to enrich lymphocytes and RBC lysis. Samples
for which there was poor perfusion were excluded in an unbiased manner prior to
staining. For blood, MAIT cells were analyzed from 200 pl whole blood after RBC
lysis. TELs and LPLs were prepared essentially as previously described®%63, Briefly,
the SI was collected into Hank’s buffered salt solution (HBSS) containing 2% FCS
after perfusion through the heart with 10 ml cold PBS. Peyer’s patches and fat were
removed by dissection, the SI cut longitudinally, then into 2 cm pieces, and vor-
texed vigorously for 30 s. IELs were dislodged from the SI tissue with vigorous
shaking (230 r.p.m.) for 30 min at 37 °C in 30 ml HBSS buffer supplemented with
HEPES, 8% FCS, and 1 mM EDTA. IEL containing supernatant was then filtered
through 70 um cell strainers. The remaining tissue was then digested with col-
lagenase type I (Worthington, 100 U/ml; 35 ml/mouse) at 37 °C for 45 min with
shaking (230 r.p.m.). The digest, containing LPLs, was pushed through a 70 um cell
strainer. Both IELs and LPLs were separated from epithelial cells via Percoll gra-
dient (44%:70%) centrifugation and kept on ice prior to staining for flow cyto-
metry. The absolute numbers of MAIT and non-MAIT T cells were calculated with
reference to the number of counting beads (Sphero Rainbow Calibration Particles,
BD Biosciences) added to each sample prior to flow cytometry.

MAIT cell preparation for cell sorting and adoptive transfer. As MAIT cell
frequencies are low in naive mice, prior to adoptive transfer experiments, MAIT
cell populations were expanded in WT (C57BL/6) or cytokine knockout mice by
vaccination (as above) to increase MAIT cell numbers. After 7 days, single cells
were prepared from the liver live CD3tCD45TMR1-5-OP-RU tetramer™ cells
sorted using a BD FACS Aria III. Detailed protocols for the preparation of samples
for fluorescence-activated cell sorting (FACS) are described elsewhere?®.

MAIT cells (10%) were injected into the tail veins of recipient mice, which then
received 0.1 mg each of anti-CD4 (GK1.5) and anti-CD8 (53.762) mAb i.p. on days
2 and either 5 or 6, to control residual conventional T cells. Mice were rested for
2 weeks post transfer, to allow full expansion of the MAIT cell population prior to
subsequent infectious challenge.

Antibodies and flow cytometry. Antibodies against murine CD45.2 (Clone 104, Cat
#553772, fluorescein isothiocyanate, 1:200), CD19 (clone 1D3, Cat #551001,
PerCPcy5.5, 1:200), TCRp (clone H57-597, Cat #553174, APC, 1:200 or Cat
#553172, PE, 1:200), CD44 (clone IM7, Cat #612799, BUV737, 1:200 or Cat
#740215, BUV395, 1:200), CD4 (clone GK1.5, Cat #552051, APC-Cy7, 1:200),
IFNy (clone XMG1.2, Cat #557649, PE-Cy7, 1:400), IL-17A (clone TC11-18H10,
Cat #559502, PE, 1:200), GM-CSF (clone MP1-22E9, Cat #554406, PE, 1:200), TNF
(clone MP6-XT22, Cat #557644, PE-Cy7, 1:200), Ly6G (clone 1A8, Cat #560601,
PEcy7, 1:200), CD103 (clone M290, Cat #740238, BUV395, 1:200), CD11b (clone
M1/70, Cat #557657, APC-Cy7, 1:200), Ly6C (clone AL-21, Cat #563011, BV605,
1:200), CD49a (clone Ha31/8, Cat #740375, BV605, 1:200), CD62L (clone MEL-14,
Cat #565159, APC-R700, 1:400), and CD8p (clone:H35-17.2, Cat#747505, BV750,
1:400) were purchased from BD Biosciences (Franklin Lakes, NJ). Antibodies
against CD8a (clone 53-6.7, #12-0081-83, PE, 1:1000), RORyt (clone: B2D, #17-
6981-82, APC, 1:200), T-bet (clone: 4B10, #25-5825-82, PE-Cy?7, 1:200), CD49b
(clone DX5, #25-5971-81, PE-Cy7, 1:200), IL-18Ra (clone P3TUNYA, #48-5183-
82, eFluor 450, 1:400), CD69 (clone H1.2F3, #15-0691-82, PE-Cy5, 1:200), and
CD45 (clone: 30-F11, #58-0451-82, AF532, 1:200) were purchased from
eBioscience (San Diego, CA). Abs against F4/80 (clone BM8, Cat #123116, APC,
1:200), MHCII (clone M5/114, Cat #107631, BV421, 1:200), CD11c (clone N418,
Cat #117308, PE, 1:200), NK1.1 (clone PK136, Cat #108731, BV421, 1:200) and
CD127 (clone A7R34, Cat #135031, PE/Dazzle 594, 1:200), TCRp (clone:H57-597,
Cat#109246, APC/Fire 750, 1:400), and CD8a (clone:53-6.8, Cat#100782, Spark
NIR685, 1:400) were purchased from BioLegend (San Diego, CA). Blocking Ab
(26.5: anti-human MR1 MoAb or 8F2.F9: anti-mouse MR1 MoAb) and isotype
controls (3E12, 8A5), as well as MR1 tetramers, were prepared in-house.
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To block nonspecific staining, cells were incubated with unlabeled MR1-6-FP
tetramer and anti-Fc receptor (2.4G2) for 15 min at room temperature and then
incubated at room temperature with Ab/tetramer cocktails in PBS/2% FCS. 7AAD
(Sigma-Aldrich) was added during antibody staining.

Cells were fixed with 1% paraformaldehyde prior to analysis on LSRII or LSR
Fortessa or Canto II (BD Biosciences) or Aurora (Cytek) flow cytometers. For
intracellular cytokine staining, Golgi plug (BD Biosciences) was used during all
processing steps. Cells stimulated with PMA/ionomycin (20 ng/ml and 1 pg/ml,
respectively) for 3 h at 37 °C were included as positive controls. Fixable Viability
Dye (eBioscience) was added for 30 min at 4 °C before surface staining. Surface
staining was performed at room temperature and cells were stained for intracellular
cytokines using the BD Fixation/Permeabilization Kit (BD, Franklin Lakes, NJ) or
TFs using the transcription buffer staining set (eBioscience) according to the
manufacturers’ instructions.

scRNA-seq and analysis. MAIT cells were sorted (BD FACS Aria III) from the
pooled livers of 17 naive C57BL/6 mice or C57BL/6 mice infected with 104 CFU F.
tularensis LVS for 13 (pooled from 2 mice) or 48 days (pooled from 4 mice).
Approximately 3500 MAIT cells from naive mice or 10,000 at 13 and 48 dpi were
loaded per channel onto a Chromium controller (10x Genomics) for generation of
gel bead-in-emulsions using 3’-gene expression kits (v3; 10x Genomics). cDNA
libraries were generated according to the manufacturer’s instructions (10x Geno-
mics) and then converted using the MGIEasy Universal Library Conversion Kit
(BGI) before sequencing on a MGISEQ-2000 instrument (BGI). FASTQ files were
processed using the cellranger count pipeline from Cell Ranger version 3.1.0 (10x
Genomics) with 10x mouse genome 2020-A release as a reference. Only genes
expressed in three or more cells were considered. Cells outside the threshold of
200-4000 expressed genes and those with more than 15% mitochondrial content
were excluded. scRNA-seq data were normalized and highly variable genes iden-
tified using the SCTransform function from Seurat version 3.1.5. PCA was per-
formed using the Seurat’s RunPCA function. The PCA output was used to generate
UMAP using RunUMAP function from Seurat, with 30 principal components as
input. Unsupervised cell clustering was performed using the Seurat’s FindClusters
function, with resolution parameter of 0.7. DGEA was performed using the Seurat’s
FindMarkers function at default parameters, by comparing between clusters as
specified in each analysis.

Statistical analysis. Statistical tests were performed using the Prism GraphPad
software (version 9.1 La Jolla, CA). Comparisons between groups were performed
using Student’s ¢-tests or analysis of variance tests as appropriate, unless otherwise
stated. Survival curves were compared using the Log-rank (Mantel-Cox) test for
multiple groups. Flow cytometric data analysis was performed with

FlowJo10 software (Ashland, OR).

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

All relevant data from this study, including raw flow cytometry data, are available from
the corresponding authors upon reasonable request. The full raw single-cell RNA-
sequencing data generated has been submitted to ArrayExpress database (10x Genomics
scRNA-seq data under accession number E-MTAB-10239). Source data are provided
with this paper.

Received: 1 July 2020; Accepted: 15 June 2021;
Published online: 16 July 2021

References

1. Ventola, C. L. The antibiotic resistance crisis: part 1: causes and threats. P T
40, 277-283 (2015).

2. Heyland, D. K., Hopman, W., Coo, H., Tranmer, J. & McColl, M. A. Long-
term health-related quality of life in survivors of sepsis. Short Form 36: a valid
and reliable measure of health-related quality of life. Crit. Care Med. 28,
3599-3605 (2000).

3. Iwashyna, T. ], Netzer, G., Langa, K. M. & Cigolle, C. Spurious inferences
about long-term outcomes: the case of severe sepsis and geriatric conditions.
Am. J. Respir. Crit. Care Med. 185, 835-841 (2012).

4.  Turnbull, I R. et al. Effects of aging on the immunopathologic response to
sepsis. Crit. Care Med. 37, 1018-1023 (2009).

5. Fleischmann, C. et al. Assessment of global incidence and mortality of
hospital-treated sepsis. Current estimates and limitations. Am. J. Respir. Crit.
Care Med. 193, 259-272 (2016).

10.

11.

12.

13.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

Thampy, L. K. et al. Restoration of T Cell function in multi-drug resistant
bacterial sepsis after interleukin-7, anti-PD-L1, and OX-40 administration.
PLoS ONE 13, 0199497 (2018).

Gherardin, N. A, et al. Human blood MAIT cell subsets defined using MR1
tetramers. Immunol. Cell Biol. 96, 507-525 (2018).

Gold, M. C. & Lewinsohn, D. M. Co-dependents: MR1-restricted MAIT cells
and their antimicrobial function. Nat. Rev. Microbiol. 11, 14-19 (2013).
Lepore, M. et al. Parallel T-cell cloning and deep sequencing of human
MAIT cells reveal stable oligoclonal TCRbeta repertoire. Nat. Commun. 5,
3866 (2014).

Reantragoon, R. et al. Antigen-loaded MRI1 tetramers define T cell receptor
heterogeneity in mucosal-associated invariant T cells. J. Exp. Med. 210,
2305-2320 (2013).

Tilloy, F. et al. An invariant T cell receptor alpha chain defines a novel TAP-
independent major histocompatibility complex class Ib-restricted alpha/beta T
cell subpopulation in mammals. J. Exp. Med. 189, 1907-1921 (1999).
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).

Chua, W. J. et al. Polyclonal mucosa-associated invariant T cells have unique
innate functions in bacterial infection. Infect. Immun. 80, 3256-3267 (2012).
Cui, Y. et al. Mucosal-associated invariant T cell-rich congenic mouse strain
allows functional evaluation. J. Clin. Invest. 125, 4171-4185 (2015).

Smith, A. D. et al. Microbiota of MR1 deficient mice confer resistance against
Clostridium difficile infection. PLoS ONE 14, €0223025 (2019).

Georgel, P., Radosavljevic, M., Macquin, C. & Bahram, S. The non-
conventional MHC class I MR1 molecule controls infection by Klebsiella
pneumoniae in mice. Mol. Immunol. 48, 769-775 (2011).

Kjer-Nielsen, L. et al. An overview on the identification of MAIT cell antigens.
Immunol. Cell Biol. 96, 573-587 (2018).

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).
Kurioka, A. et al. Diverse Streptococcus pneumoniae strains drive a mucosal-
associated invariant T-cell response through major histocompatibility
complex class I-related molecule-dependent and cytokine-driven pathways. J.
Infect. Dis. 217, 988-999 (2018).

Le Bourhis, L. et al. MAIT cells detect and efficiently lyse bacterially-infected
epithelial cells. PLoS Pathog. 9, e1003681 (2013).

Jahreis, S. et al. Human MAIT cells are rapidly activated by Aspergillus spp. in
an APC-dependent manner. Eur. J. Immunol. 48, 1698-1706 (2018).

Dias, J., Leeansyah, E. & Sandberg, J. K. Multiple layers of heterogeneity and
subset diversity in human MAIT cell responses to distinct microorganisms
and to innate cytokines. Proc. Natl Acad. Sci. USA 114, E5434-E5443 (2017).
Coulter, F. et al. IL-17 production from T helper 17, mucosal-associated
invariant T, and gammadelta cells in tuberculosis infection and disease. Front.
Immunol. 8, 1252 (2017).

Gold, M. C. et al. Human mucosal associated invariant T cells detect
bacterially infected cells. PLoS Biol. 8, 1000407 (2010).

Le Bourhis, L. et al. Antimicrobial activity of mucosal-associated invariant

T cells. Nat. Immunol. 11, 701-708 (2010).

Leung, D. T. et al. Circulating mucosal associated invariant T cells are
activated in Vibrio cholerae O1 infection and associated with
lipopolysaccharide antibody responses. PLoS Negl. Trop. Dis. 8, €3076 (2014).
Pincikova, T. et al. Severely impaired control of bacterial infections in a
patient with cystic fibrosis defective in mucosal-associated invariant T cells.
Chest 153, €93-e96 (2018).

Smith, D. J., Hill, G. R,, Bell, S. C. & Reid, D. W. Reduced mucosal associated
invariant T-cells are associated with increased disease severity and
Pseudomonas aeruginosa infection in cystic fibrosis. PLoS ONE 9, 109891
(2014).

Salerno-Goncalves, R. et al. Challenge of humans with wild-type Salmonella
enterica serovar typhi elicits changes in the activation and homing
characteristics of mucosal-associated invariant T cells. Front. Immunol. 8, 398
(2017).

van Wilgenburg, B. et al. MAIT cells are activated during human viral
infections. Nat. Commun. 7, 11653 (2016).

Godfrey, D. L, Koay, H. F., McCluskey, J. & Gherardin, N. A. The biology and
functional importance of MAIT cells. Nat. Immunol. 20, 1110-1128 (2019).
Rha, M. S,, et al. Human liver CD8+ MAIT cells exert TCR/MR1-independent
innate-like cytotoxicity in response to IL-15. J. Hepatol. 73, 640-650 (2020).
Gibbs, A. et al. MAIT cells reside in the female genital mucosa and are biased
towards IL-17 and IL-22 production in response to bacterial stimulation.
Mucosal Immunol. 10, 35-45 (2017).

Hama, L. et al. Different distribution of mucosal-associated invariant T cells
within the human cecum and colon. Cent. Eur. J. Immunol. 44, 75-83 (2019).
Wang, H. et al. MAIT cells protect against pulmonary Legionella longbeachae
infection. Nat. Commun. 9, 3350 (2018).

14 | (2021)12:4355 | https://doi.org/10.1038/s41467-021-24570-2 | www.nature.com/naturecommunications


https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-10239/
www.nature.com/naturecommunications

ARTICLE

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Sjostedt, A. Tularemia: history, epidemiology, pathogen physiology, and
clinical manifestations. Ann. N. Y. Acad. Sci. 1105, 1-29 (2007).

Dennis, D. T. et al. Tularemia as a biological weapon: medical and public
health management. JAMA 285, 2763-2773 (2001).

Wayne, C. J., Chen, W., Bosio, C. M., Cowley, S. C. & Elkins, K. L. Infection of
mice with Francisella as an immunological model. Curr. Protoc. Immunol. Ch.
19, Unit 19.14 (2011).

Meierovics, A. 1. & Cowley, S. C. MAIT cells promote inflammatory monocyte
differentiation into dendritic cells during pulmonary intracellular infection. J.
Exp. Med. 213, 2793-2809 (2016).

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).

Huster, K. M. et al. Selective expression of IL-7 receptor on memory T cells
identifies early CD40L-dependent generation of distinct CD8+ memory T cell
subsets. Proc. Natl Acad. Sci. USA 101, 5610-5615 (2004).

Ibidapo-Obe, O. et al. Mucosal-associated invariant T cells redistribute to
the peritoneal cavity during spontaneous bacterial peritonitis and contribute
to peritoneal inflammation. Cell Mol. Gastroenterol. Hepatol. 9, 661-677
(2020).

Mazurier, F. et al. A novel immunodeficient mouse model-RAG2 x common
cytokine receptor gamma chain double mutants-requiring exogenous
cytokine administration for human hematopoietic stem cell engraftment. J.
Interferon Cytokine Res. 19, 533-541 (1999).

D’Souza, C. et al. Mucosal-associated invariant T cells augment
immunopathology and gastritis in chronic Helicobacter pylori infection. J.
Immunol. 200, 1901-1916 (2018).

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

Toubal, A., Nel, I, Lotersztajn, S. & Lehuen, A. Mucosal-associated invariant
T cells and disease. Nat. Rev. Immunol. 19, 643-657 (2019).

Roberts, L. M., Powell, D. A. & Frelinger, J. A. Adaptive immunity to
Francisella tularensis and considerations for vaccine development. Front. Cell
Infect. Microbiol. 8, 115 (2018).

Hill, T. M. et al. Border patrol gone awry: lung NKT cell activation by
Francisella tularensis exacerbates Tularemia-like disease. PLoS Pathog. 11,
1004975 (2015).

Koay, H. F. et al. A three-stage intrathymic development pathway for the
mucosal-associated invariant T cell lineage. Nat. Immunol. 17, 1300-1311
(2016).

Legoux, F. et al. Molecular mechanisms of lineage decisions in metabolite-
specific T cells. Nat. Immunol. 20, 1244-1255 (2019).

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).

Constantinides, M. G. et al. MAIT cells are imprinted by the microbiota in
early life and promote tissue repair. Science 366, eaax6624 (2019).

Chen, X. et al. IL-17R-EGEFR axis links wound healing to tumorigenesis in
Lrigl(+4) stem cells. J. Exp. Med. 216, 195-214 (2019).

Kawachi, I., Maldonado, J., Strader, C. & Gilfillan, S. MR1-restricted V alpha
19i mucosal-associated invariant T cells are innate T cells in the gut lamina
propria that provide a rapid and diverse cytokine response. J. Immunol. 176,
1618-1627 (2006).

Mak, J. Y. et al. Stabilizing short-lived Schiff base derivatives of 5-aminouracils
that activate mucosal-associated invariant T cells. Nat. Commun. 8, 14599
(2017).

Patel, O. et al. Recognition of vitamin B metabolites by mucosal-associated
invariant T cells. Nat. Commun. 4, 2142 (2013).

Corbett, A. J. et al. T-cell activation by transitory neo-antigens derived from
distinct microbial pathways. Nature 509, 361-365 (2014).

Chen, Z. et al. Characterization and purification of mouse mucosal-associated
invariant T (MAIT) cells. Curr. Protoc. Immunol. 127, €89 (2019).

Chua, W. J. et al. Endogenous MHC-related protein 1 is transiently expressed
on the plasma membrane in a conformation that activates mucosal-associated
invariant T cells. J. Immunol. 186, 4744-4750 (2011).

Huang, S. et al. Evidence for MR1 antigen presentation to mucosal-associated
invariant T cells. J. Biol. Chem. 280, 21183-21193 (2005).

Kostenko, L. et al. Rapid screening for the detection of HLA-B57 and
HLA-B58 in prevention of drug hypersensitivity. Tissue Antigens 78, 11-20
(2011).

62. Frizzell, H. et al. Organ-specific isoform selection of fatty acid-binding
proteins in tissue-resident lymphocytes. Sci. Immunol. 5, eaay9283 (2020).

63. Casey, K. A. et al. Antigen-independent differentiation and maintenance of
effector-like resident memory T cells in tissues. J. Immunol. 188, 48664875
(2012).

Acknowledgements

This research was supported by the National Health and Medical Research Council of
Australia (NHMRC) (1113293, 1120467, 1125493, and 1193745) and the National
Institute of Allergy and Infectious Diseases of the National Institutes of Health (NTH)
(RO1AI148407). A.J.C. is supported by a Future Fellowship (FT160100083) from the
Australian Research Council (ARC) and a Dame Kate Campbell Research Fellowship
from the University of Melbourne. S.B.G.E. was supported by a DECRA Fellowship
(DE170100407, ARC) and an NHMRC Investigator Fellowship (1196881). D.P.F. and
J.R. acknowledge support from the ARC (CE140100011). D.P.F. was supported by an
NHMRC Senior Principal Research Fellowship (1117017). J.R. is an Australian ARC
Laureate Fellow (FL160100049). The content is solely the responsibility of the authors
and does not necessarily represent the official views of the NIH, NHMRC, or ARC. This
work was kindly supported by the Harold and Cora Brennen Benevolent Trust through
the purchase of the 10X Chromium Controller. We thank Professor Dale Godfrey for
critical review of the work; Tina Luke and the staff at the Doherty Institute node of the
Melbourne Cytometry Platform for facility access and technical assistance; and Dr Wei-
Jen Chua and Dr Ted Hansen for their kind provision of the 26.5 and 8F2.F9 mAb. F.
tularensis LVS and L. longbeachae NSW150 were kindly provided by Dr. Thomas J.
Inzana (Virginia Tech, USA) and Dr. Hayley Newton (University of Melbourne, Doherty
Institute, Australia), respectively.

Author contributions

Z.Z., HW., and ML.S. are joint first authors and designed, performed, and analyzed data
from the experiments. T.Z,, T.P,, X.L, B.M,, AN,, M.M,, C.T.,, M.B,, H].L, CGW., AH,
ME, J]YW.M, D.PF, SB.GE, J.R, A.C, and Z.C. performed experiments, provided
key reagents, analyzed data, and/or provided intellectual input. J.M., A.C,, and Z.C. are
joint senior and corresponding authors.

Competing interests
AC, ZC, SE,]JYWM, JR, DF, and ].M. are inventors on patents describing MR1
tetramers and MAIT cell antigens. The other authors declared no conflict of interest.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-24570-2.

Correspondence and requests for materials should be addressed to J.M., A.J.C. or Z.C.

Peer review information Nature Communications thanks Johan Sandberg, Mark Travis,
and the other, anonymous, reviewer(s) for their contribution to the peer review of
this work.

Reprints and permission information is available at http://www.nature.com/reprints

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

BY 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) 2021

| (2021)12:4355 | https://doi.org/10.1038/s41467-021-24570-2 | www.nature.com/naturecommunications 15


https://doi.org/10.1038/s41467-021-24570-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Francisella tularensis induces Th1 like MAIT�cells conferring protection against systemic and local infection
	Results
	F. tularensis LVS activates MAIT reporter cells in�vitro in an MR1-dependent manner and induces a systemic MAIT cell response in�vivo
	The MAIT cell expansion following F. tularensis infection is rapid and long-lasting in all organs
	F. tularensis infection polarizes MAIT�cells to a MAIT-1 (Th1-like) functional phenotype
	MAIT�cells exhibit substantially altered transcriptomes following infection with F. tularensis
	MAIT�cells are critical for controlling bacteria during F. tularensis systemic infection
	MR1 deficiency has minimal impact on innate cells during F. tularensis infection
	Systemically boosted MAIT�cells manifest vaccination potential against local and systemic pathogens

	Discussion
	Methods
	Mice
	Compounds, immunogens, and tetramers
	Bacterial strains
	In vitro activation assays
	Inoculation of and assessment of infected mice
	Determination of bacterial counts in infected organs
	Vaccination
	Preparation of cells for flow cytometry
	MAIT cell preparation for cell sorting and adoptive transfer
	Antibodies and flow cytometry
	scRNA-seq and analysis
	Statistical analysis

	Reporting summary
	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




