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Type | interferons drive MAIT cell functions against

bacterial pneumonia
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Simon L. Priestnall>*®, Jeffrey Aubé*®, Andreas Wack?®, Paul Klenerman®®, Jose A. Bengoechea’®, and Patricia Barral"2@®

Mucosal-associated invariant T (MAIT) cells are abundant in the lung and contribute to host defense against infections. During
bacterial infections, MAIT cell activation has been proposed to require T cell receptor (TCR)-mediated recognition of antigens
derived from the riboflavin synthesis pathway presented by the antigen-presenting molecule MR1. MAIT cells can also be
activated by cytokines in an MR1-independent manner, yet the contribution of MR1-dependent vs. -independent signals to
MAIT cell functions in vivo remains unclear. Here, we use Klebsiella pneumoniae as a model of bacterial pneumonia and
demonstrate that MAIT cell activation is independent of MR1 and primarily driven by type I interferons (IFNs). During
Klebsiella infection, type I IFNs stimulate activation of murine and human MAIT cells, induce a Thl/cytotoxic transcriptional
program, and modulate MAIT cell location within the lungs. Consequently, adoptive transfer or boosting of pulmonary
MAIT cells protect mice from Klebsiella infection, with protection being dependent on direct type I IFN signaling on

MAIT cells. These findings reveal type I IFNs as new molecular targets to manipulate MAIT cell functions during bacterial

infections.

Introduction

Unconventional T cells comprise several families of lymphocytes
that rapidly sense the presence of microbes at mucosal and non-
mucosal surfaces, functioning as sentinels of tissue integrity
during infections. Among the families of unconventional T cells,
mucosal-associated invariant T (MAIT) cells have recently
emerged as central players of immunity in the airways, per-
forming protective roles against bacterial and viral infections
(Godfrey et al., 2019; Leeansyah et al, 2021; Provine and
Klenerman, 2020; Ussher et al., 2018). MAIT cells carry a
semi-invariant TCR that recognizes antigens presented by the
ubiquitously expressed MHC class I-related molecule 1 (MRJ;
Kjer-Nielsen et al., 2012). Several bacteria and fungi produce
antigens to stimulate MAIT cells, which include metabolites
derived from the riboflavin synthesis pathway (Corbett et al.,
2014). Consequently, MAIT cells are activated in vitro by many
of these pathogens and contribute to protective immune re-
sponses in vivo against pulmonary infection by bacteria such as
Francisella tularensis or Legionella longbeachae (Meierovics et al.,
2013; Meierovics and Cowley, 2016; Wang et al., 2018, 2019). In
addition to MR1-TCR-dependent activation, MAIT cells can also
be activated in response to cytokines through MR1-independent

mechanisms. This is the case during viral infections in which
cytokines are sufficient to stimulate MAIT cells. For instance,
during infection with dengue, hepatitis C, or influenza virus, IL-
18 drives MAIT cell activation in synergy with IL-12, IL-15, and/
or type I IFNs (van Wilgenburg et al., 2016). Despite the
increasingly well-characterized functions of MAIT cells, the
mechanisms driving their local activation and effector function
in the tissues remain poorly defined. Moreover, whether MRI-
independent signals are sufficient to control MAIT cell functions
in vivo during bacterial infections has not yet been addressed.
Type I IFNs (including IFNa and IFNB) are known for driving
a potent immunomodulatory action combating viral infections,
yet their functions during bacterial infection remain unclear
(McNab et al., 2015). Type I IFNs have been shown to play a
protective role in some bacterial infections (Escherichia coli,
Helicobacter pylori), but they appear to be harmful in others
(Listeria monocytogenes). The mechanisms by which IFNa/pB
promote host protection or susceptibility to bacterial pathogens
are poorly defined and seem to be bacterium dependent
(Kovarik et al., 2016). Thus, understanding the mechanisms by
which type I IFNs contribute to the immune response against
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bacterial infections is of utmost importance. Type I IFNs are part
of a complex crossregulatory network and can directly control
the activation and function of a variety of immune and non-
immune cells. IFNa/f can act directly on conventional CD4 and
CD8 T cells and have stimulatory or inhibitory effects on T cell
survival and proliferation, cytokine production, and memory
formation (Crouse et al., 2015; Kuka et al., 2019). In the case of
MAIT cells, type I IFNs contribute to MAIT cell activation during
viral infection or adenovirus vector vaccine by acting in synergy
with IL-18 (Provine et al., 2021; van Wilgenburg et al., 2016).
Furthermore, in vitro experiments suggest that IFNa can syn-
ergize with TCR signals to increase MAIT cell effector functions
(Lamichhane et al., 2020; Pavlovic et al., 2020). Nonetheless,
whether type I IFNs modulate MAIT cell activation and/or
functions during bacterial infections and the relevance of this
regulation in vivo remain unknown.

Klebsiella pneumoniae is a Gram-negative opportunistic en-
terobacterium causing severe pneumonia, sepsis, and urinary
tract infections (Bengoechea and Sa Pessoa, 2019). This bacte-
rium has been cataloged as a global health threat due to
the increasing prevalence of antibiotic-resistant isolates and
has been identified by the World Health Organization as
of critical priority for the development of new treatments
(Theuretzbacher, 2017). Previous studies suggested that
MAIT cells are activated by and contribute to the control of K.
pneumoniae (Georgel et al., 2011; Le Bourhis et al., 2010), al-
though the mechanisms underlying these processes remain
unknown. Klebsiella encodes genes involved in riboflavin bio-
synthesis (Vitreschak et al., 2002), suggesting an MRI-
dependent mechanism of MAIT cell activation. However, we
unexpectedly found that Klebsiella drives activation and effector
functions of murine and human MAIT cells through an MRI-
independent mechanism. Accordingly, our experiments dem-
onstrate that Klebsiella induces activation, tissue relocation, and a
Thi/cytotoxic transcriptional program in MAIT cells, all of which
are regulated by type I IFN, independently on MRI-TCR signals.
Consequently, transfer of MAIT cells to immune-deficient mice
or expansion of pulmonary MAIT cells protect mice from Kleb-
siella infection, with protection being dependent on direct type I
IFN signaling on MAIT cells. Our data indicate that type I IFNs
drive the activation and antimicrobial function of MAIT cells
during bacterial pneumonia, contributing to host protection.

Results and discussion

MR1-independent activation of MAIT cells during K.
pneumoniae infection

While MAIT cells have been proposed to participate in the im-
mune response against K. pneumoniae (Georgel et al., 2011; Le
Bourhis et al., 2010), the signals driving MAIT cell activation in
the tissues remain unknown. To investigate the mechanisms
controlling the activation of pulmonary MAIT cells, we infected
WT mice with K. pneumoniae (KP, strain Kp43816) through in-
tranasal (i.n.) challenge with 5 x 10* live bacteria (Fig. 1 and Fig.
S1). This strain is widely used to study the host response to
Klebsiella as it recapitulates Klebsiella-triggered human pneu-
monia, inducing acute disease with fatal systemic spread at a low
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infectious dose (Chen et al., 2016a; Lawlor et al., 2005). Infected
mice rapidly lost weight, and we recovered bacteria from the
lungs of inoculated animals 24 h post-infection (hpi) and from
distal organs (spleen and liver) at 48 hpi (Fig. S, B and C).
Phenotyping of pulmonary MAIT cells (defined as
CD44*TCRB*MRI1(5-OP-RU)-Tetramer*; Fig. 1, A and B; and Fig.
S1 A) indicated that these cells were readily activated in re-
sponse to Klebsiella as we detected upregulation of the activation
markers CD69 and CD25 (Fig. 1, A and B). MAIT cell activation
was accompanied by an increase in MAIT cell frequencies and
absolute numbers at 48 hpi (Fig. 1, A and B; and Fig. S1 D). We
further phenotyped pulmonary MAIT cells at 48 hpi by exam-
ining the expression of transcription factors (T-bet and RORyt)
and surface markers (Fig. S1, E and F). As previously described
(Rahimpour et al., 2015), the majority of MAIT cells in the lungs
of uninfected animals are T-bet"RORyt* and lack expression of
CD4 and CD8, and these proportions are not altered in response
to Klebsiella infection (Fig. S1 F).

Since the K. pneumoniae genome contains genes encoding
enzymes of the riboflavin pathway (Vitreschak et al., 2002), we
investigated whether pulmonary MAIT cell activation was me-
diated by MRI-TCR engagement by injecting mice with aMR1
blocking antibody prior to infection (Fig. 1 C). Surprisingly, MR1
blocking did not affect MAIT cell activation, and MAIT cell ab-
solute numbers (and frequencies), upregulation of CD69 and
CD25, and lung bacterial burden (CFUs) were comparable for
infected mice receiving aMR1 or isotype control (Fig. 1 C). Im-
portantly, the same dose of aMR1 reduced activation markers in
pulmonary MAIT cells after i.n. inoculation of mice with the
MAIT cell ligand (5-(2-oxopropylideneamino)-6-D-ribitylami-
nouracil; 5-OP-RU), confirming its effectiveness (Fig. S1 G).
Moreover, endogenous MAIT cell Nur77 (which is used as an
indicator of TCR signaling; Moran et al., 2011) was not signifi-
cantly upregulated in pulmonary MAIT cells in response to
Klebsiella infection (vs. uninfected controls) or when comparing
CD69* vs. CD69~ MAIT cells within infected animals (Fig. S1 H).
However, we detected Nur77 upregulation in pulmonary
MAIT cells after i.n. challenge with 5-OP-RU as well as in splenic
cells after infection of mice with E. coli (Fig. S1 H). Thus,
these data suggest that pulmonary MAIT cells are activated
during K. pneumoniae infection thorough an MRI1-independent
mechanism.

Activation of MAIT cells during bacterial infections has been
proposed to require TCR engagement, although during viral
infections cytokines (such as IL-12 and IL-18) function in a TCR-
independent manner to stimulate MAIT cells (van Wilgenburg
et al., 2016). To investigate the signals controlling MAIT cell
activation in response to Klebsiella, we cocultured in vitro mu-
rine T cells (enriched as B220- cells from spleen and lymph
nodes) with RAW264.7 macrophages (which constitutively ex-
press surface MR1) in the presence/absence of Klebsiella for 3 h
(Fig. 1 D and Fig. S1, I and J). As expected, Klebsiella induced the
activation of MAIT cells (gated as CD44*TCRB*MR1(5-OP-RU)-
Tetramer*), as evidenced by CD69 upregulation, yet CD69 levels
were unaffected by aMR1 blockade (1 pg/ml, Fig. 1 D). Moreover,
blockade of other known MAIT cell-activating cytokines (IL-18,
IL-12/23p40) alone, or in combination with aMR1, did not alter
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Figure 1. K. pneumoniae induces MR1-independent accumulation and activation of pulmonary MAIT cells. (A and B) Flow cytometry plots and
quantification of MAIT cell absolute numbers (A) or mean fluorescence intensity (MFI) for MAIT cells’ CD69 and CD25 (B) in the lungs of WT mice 48 h after
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infection with K. pneumoniae (+KP, red) or uninfected controls (-KP, blue). Stainings with 5-OP-RU MR1-loaded tetramer (top) or control Ac-6-FP-loaded
tetramer (bottom) are shown in A. Lines represent mean + SEM, each dot is a mouse (n = 5-17), and data are pooled from more than three independent
experiments. *P < 0.05, **P < 0.01, ***P < 0.001; two-way ANOVA with Tukey’s multiple comparisons (A) or unpaired two-tailed t test (B). (C) WT mice were
injected with aMR1 antibody or isotype control prior to Klebsiella infection. Absolute numbers and frequency of pulmonary MAIT cells and non-MAIT T cells, MFI
for CD69 and CD25, and lung bacterial burden (CFUs) are shown. Lines represent mean + SEM, each dot is a mouse (n = 6-9), and data are pooled from two to
three independent experiments. *P < 0.05, **P < 0.01; one-way ANOVA with Tukey’s multiple comparisons. (D) Murine T cells (enriched from spleen and
inguinal lymph nodes of WT mice as B220~ cells) were cultured (for 3 h) with RAW264.7 macrophages in the presence/absence of alive K. pneumoniae (MOI =
100) or 5-OP-RU and blocking antibodies as indicated. The frequency of CD69* MAIT cells measured by flow cytometry is shown. Bars represent mean + SEM,
each dot is an independent experiment (n = 4-5) performed with T cells obtained from five to six mice. Right: Representative histograms for MAIT cells’ CD69
(including MFI values) after culture with Klebsiella (top) or 5-OP-RU (bottom). ***P < 0.001, ****P < 0.0001; ns, not significant, two-way ANOVA with Tukey’s
multiple comparisons test. (E) Human CD8* T cells were cultured (for 18 h) with autologous CD14* monocytes in the presence/absence of (fixed) K. pneumoniae
or 5-OP-RU and blocking antibodies as indicated. The frequency of CD69* MAIT cells measured by flow cytometry is shown. Bars represent mean + SEM, each
dot is an independent experiment (n = 4) with data from two donors. Right: Representative histograms for MAIT cells’ CD69 (including MFI values) after culture
with Klebsiella (top) or 5-OP-RU (bottom). *P < 0.5, **P < 0.01, ****P < 0.0001; ns, not significant, two-way ANOVA with Tukey’s multiple comparisons test.
(F) Experimental setup for coculture of murine (G) and human (H) MAIT cells with WT (KP, Kp43816) or mutant (KPAribD) Klebsiella. (G) Murine T cells (enriched
from spleen and inguinal lymph nodes of WT mice as B220- cells) were cultured (for 3 h) with RAW264.7 macrophages in the presence/absence of WT (KP,
Kp43816) or mutant KPAribD as indicated. Representative histograms and frequency of CD69* MAIT cells measured by flow cytometry are shown. Bars
represent mean + SEM, data are pooled from two independent experiments performed with T cells obtained from three mice. **P < 0.03; ns, not significant,
one-way ANOVA with Tukey’s multiple comparisons test. (H) Human CD8* T cells were cultured (for 18 h) with autologous CD14* monocytes in the presence/
absence of WT (KP, Kp43816) or mutant KPAribD as indicated. Representative histograms and frequency of CD69* MAIT cells measured by flow cytometry are
shown. Bars represent mean + SEM, data pooled from two independent experiments. ****P < 0.0001; ns, not significant, one-way ANOVA with Tukey’s

multiple comparisons test.

CD69 levels (Fig. 1 D). Similarly, MAIT cell CD69 was also un-
altered when cells were cocultured with Klebsiella for a longer
period of time (24 h) in the presence of a higher dose of aMR1 (10
pg/ml; Fig. S1]). On the other hand, aMR1 blocked activation of
MAIT cells in the presence of 5-OP-RU (Fig. 1 D, right), while
alL-18 or alL-12/23p40 reduced MAIT cell CD69 in response to
Staphylococcus aureus (SA, Fig. S1]), confirming the functionality
of these antibodies in our experimental settings. Comparable
results were obtained while measuring activation of human
MAIT cells in response to Klebsiella (Fig. 1 E). Coculture
of human circulating CD8* T cells (MAIT cells gated as
CD3*CD8*CD161*Va7.2* cells) with autologous CD14* monocytes
in the presence of Klebsiella resulted in MAIT cell CD69 upre-
gulation, which was independent of MR1 (1 pg/ml; Fig. 1 E).
MAIT cell activation in response to Klebsiella was also unaltered
by a higher dose of aMR1 (10 ug/ml), while this antibody effi-
ciently blocked human MAIT cell CD69 upregulation in response
to 5-OP-RU (Fig. 1 E, right).

To unequivocally address the requirement for microbial ri-
boflavin metabolites in driving MAIT cell responses during
Klebsiella infection, we constructed a K. pneumoniae mutant
strain in which we deleted the ribD gene (KPAribD; Fig. 1, F-H),
which is essential for the production of 5-A-RU, the precursor of
the MAIT cell antigens 5-OP-RU and 5-OE-RU (Corbett et al.,
2014). We cocultured in vitro murine T cells (enriched as
B220~ cells from spleen and lymph nodes) with RAW264.7
macrophages in the presence of WT (KP, Kp43816) or KPAribD
Klebsiella for 3 h (Fig. 1 G). Strikingly, both WT and KPAribD
induced activation of MAIT cells to comparable levels as evi-
denced by CD69 upregulation (Fig. 1 G). Comparable results were
obtained for human MAIT cells which when cultured with
Kp43816 or the ribD mutant showed similar levels of CD69 in-
duction (Fig. 1 H).

Collectively, these data suggest that K. pneumoniae mediates
activation of murine and human MAIT cells primarily through
an MRI-independent mechanism.

L6épez-Rodriguez et al.
Type | IFNs control MAIT cell activation

Klebsiella induces a dominant type | IFN signature in MAIT cells
Next, we investigated the signaling pathways driving activation
of MAIT cells in response to Klebsiella. To obtain an unbiased
overview of the phenotype and properties of MAIT cells in re-
sponse to infection, we isolated human MAIT cells (from pe-
ripheral blood mononuclear cells [PBMCs] from four healthy
donors) after overnight culture in the presence/absence of
Klebsiella and analyzed their gene-expression profile by RNA
sequencing (RNAseq). These analyses revealed 401 genes that
were differentially expressed (DEG) in MAIT cells + Klebsiella
(adjusted P value <0.01, log, fold change >0.5), with 255 upre-
gulated and 146 downregulated genes (Fig. 2 and Fig. S2). As
expected, MAIT cells were markedly activated by Klebsiella as
analyses of genes involved in early T cell activation confirmed
the upregulation of transcripts such as CD69 or IL2RA (CD25;
Fig. 2, A and B; and Fig. S2). Gene set enrichment analyses
(GSEA) showed enrichment of an IFNa response signature in-
duced in MAIT cells in response to Klebsiella (IRF1, IRF7, IFITI,
and MXJ; Fig. 2 B). In line with this, gene ontology (GO) analysis
using PANTHER analysis tools demonstrated that Klebsiella in-
duced a significant enrichment for genes related to “type I IFN
signaling pathway” as well as “response to virus” (Fig. S2 A).
Thus, Klebsiella induces a dominant type I IFN signature in
MAIT cells.

To further investigate the effect of type I IFNs in MAIT cell
activation, we compared the transcriptional program acquired
by MAIT cells in response to Klebsiella with that of cells stimu-
lated with IFNa or influenza virus (Fig. 2, C and D; and Fig. S2,
B-E). Venn diagrams highlight the overlapping and unique
transcriptional signatures elicited by these three stimulations
(Fig. 2 C). Strikingly, from the 401 DEG induced by Klebsiella,
more than 40% of genes (168) were also induced after stimula-
tion with IFNa and 124 genes were common for the three
stimulations. As expected, most of these common genes are IFN-
related genes, and GO enrichment analysis revealed a dominant
type I IFN signaling signature (Fig. S2 B). On the other hand, 210
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Figure 2. Type I IFN drives MAIT cell activation in response to Klebsiella. (A-E) Human MAIT cells were sorted from PBMCs (four healthy donors) after
incubation with Klebsiella, IFNa2A, influenza virus, or no stimuli (control) and subjected to RNAseq analyses. (A) Volcano plot including DEGs up- (red) or
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downregulated (blue) in response to Klebsiella vs. control. Labeled genes are colored black. A log, fold change cut-off of 0.5 and adjusted P value cut-off of 0.01
were applied. (B) Left: Relative gene expression of selected transcripts in MAIT cells exposed to Klebsiella (red) vs. control (blue). Boxes show 25th to 75th
percentiles with whiskers being max/min values. Top right: Results of GSEA hallmark pathway analysis showing top enriched gene sets. Normalized en-
richment score (NES) values indicate enrichment (red bars, positive NES) in response to Klebsiella or in control (blue bars, negative NES). Bottom right: GSEA
enrichment plot of “interferon alpha response” gene set. (C) Venn diagram showing the number of DEGs in MAIT cells in response to Klebsiella, IFNa2A, or
influenza. (D) Heatmap for fold change of selected transcripts significantly changed in MAIT cells in response to Klebsiella, IFNa2A, or influenza vs. control.
(E) Venn diagram (left) showing the number of DEGs in MAIT cells in response to Klebsiella and 5-OP-RU (transcriptomic data obtained from Hinks et al. [2019];
Lamichhane et al. [2019]). Functional enrichment analysis (right) of genes positively changed on MAIT cells exposed to 5-OP-RU and Klebsiella (“common
DEGs,” top) or for DEGs enriched only on MAIT cells exposed to Klebsiella but not in cells treated with 5-OP-RU (“Klebsiella only DEGs,” bottom). Top GO terms
are shown ranked by P values. (F) Human CD8* T cells were cultured (for 18 h) with autologous CD14* monocytes in presence/absence of (fixed) K. pneumoniae
and blocking antibodies and/or the type | IFN inhibitor B18R as indicated. Frequency of CD69* MAIT cells (measured by flow cytometry) is shown. Bars
represent mean + SEM, each dot is an independent experiment (n = 4) with data from two donors, ***P < 0.001, ****P < 0.0001; ns, not significant, two-way
ANOVA with Tukey’s multiple comparisons test. (G) Murine MAIT cells were sorted from the lungs of WT or IFNAR-KO mice (previously injected with 5-OP-
RU+LPS to expand the MAIT cell population) and cultured (for 18 h) with RAW264.7 macrophages in the presence/absence of (fixed) K. pneumoniae and
blocking antibodies as indicated. Left: Representative histograms for MAIT cells’ CD69 (including MFI values) after culture with Klebsiella and blocking anti-
bodies. Right: Frequency of CD69* MAIT cells measured by flow cytometry. Bars represent mean + SEM, each dot is an independent experiment (n = 3-8)
performed with MAIT cells obtained from 5 to 10 mice. ***P < 0.001, ****P < 0.0001, one-way ANOVA with Tukey’s multiple comparisons test. (H) WT mice
were injected with alFNAR antibody or isotype control prior to infection with K. pneumoniae. Flow cytometry plot for CD69 expression (middle) and quan-
tification of CD69 MFI (right) for pulmonary MAIT cells are shown. Lines represent mean + SEM, each dot is a mouse (n = 5-6), and data are pooled from two
independent experiments. ****P < 0.0001, one-way ANOVA with Tukey’s multiple comparisons test. (1) Murine MAIT cells were sorted from the lungs of WT
mice (previously injected with 5-OP-RU+LPS to expand the MAIT cell population) and cultured with IFNa (top) or the supernatant of Klebsiella-treated
RAW264.7 cells (bottom). Representative flow cytometry plots (from three independent experiments) show phosphorylation of STATL in MAIT cells after
60 min of stimulation. Red profile = stimulated cells; blue = unstimulated controls. (J) MAIT cells were sort-purified from murine lungs (left) or human PBMCs
(right) and incubated with IFNa for 18 h. Frequency of CD69* MAIT cells (measured by flow cytometry) is shown. Bars represent mean + SEM, and each dot is a
replicate from three independent experiments performed with MAIT cells obtained from five mice each (left) or pooled data from two donors (right). **P <

0.01, ***P < 0.001, unpaired two-tailed t test.

genes appeared exclusively altered by K. pneumoniae, being
substantially enriched in genes involved in “cellular response to
TNF” including those related to TNF-dependent signaling (CDI37
[TNFRSF9], CSFI, and TNFAIP2) and members of the TNF su-
perfamily (CD40L [TNFSF5], GITR [TNFRSFI8], and LTA [TNFB];
Fig. 2 D and Fig. S2 E).

We next compared the transcriptional program induced in
MAIT cells by Klebsiella, with two publicly available datasets of
MAIT cells stimulated with the MAIT cell antigen 5-OP-RU
(Hinks et al., 2019; Lamichhane et al., 2019; Fig. 2 E). We de-
tected 170 DEGs that were induced by Klebsiella and also found to
be altered in response to 5-OP-RU in one or both datasets. GO
analyses of these “common” DEGs showed an enrichment on
“cytokine-mediated signaling” pathways, while DEGs only in-
duced by Klebsiella but not 5-OP-RU (231) retained enrichment in
IFN signatures. Also, while MAIT cells have been shown to ac-
quire a “tissue-repair” signature in response to TCR stimulation
(Hinks et al., 2019; Lamichhane et al., 2019; Leng et al., 2019), we
didn’t detect a significant enrichment of tissue repair-related
genes in response to Klebsiella (Fig. S2 F).

Given the dominant type I IFN signature induced by Klebsi-
ella, we investigated whether type I IFNs are the main drivers
controlling MAIT cell responses during infection. Indeed, in
in vitro cocultures using human (Fig. 2 F) or pulmonary murine
(Fig. 2 G) cells, blocking type I IFN signaling with the IFNa/B
inhibitor B18R (human) or IFNa/B receptor (IFNAR) blocking
antibody (aIFNAR, mouse) reduced CD69 upregulation in
MAIT cells in response to Klebsiella. This process was indepen-
dent of MR1 as it was not blocked by aMR1 incubation, while this
antibody efficiently blocked 5-OP-RU-mediated CD69 upregu-
lation in murine pulmonary MAIT cells (Fig. S2, G and H).
Similar results were obtained in cocultures performed with
RAW?264.7 macrophages and MAIT cells isolated from mice

L6épez-Rodriguez et al.
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lacking type I IFN receptor (IFNAR-KO), which show strongly
impaired Klebsiella-mediated CD69 upregulation (Fig. 2 G,
right), indicating a cell-intrinsic effect for type I IFN signal-
ing in regulating MAIT cell responses. Moreover, type I
IFNs also controlled MAIT cell-CD69 upregulation in vivo
(Fig. 2 H). Blocking IFNAR in vivo by injection of a blocking
antibody to WT mice prior to Klebsiella infection also resulted
in significantly lower CD69 levels vs. isotype-treated mice
(Fig. 2 H).

Next, we investigated the cell-intrinsic effects of type I IFNs
on MAIT cells. Signal transducer and activator of transcription
1 (STATI) is a critical component of IFN-I signaling, regulating
the expression of hundreds of IFN-regulated genes, and it is
transcriptionally induced in MAIT cells in response to Klebsiella
or IFNa (Fig. 2 D). Thus, we analyzed the phosphorylation of
STAT1 in sorted murine pulmonary MAIT cells in response to
incubation with IFNa or with the supernatant of Klebsiella-
infected RAW264.7 macrophages. Both type I IFN and RAW-
supernatant induced a time-dependent phosphorylation of
STATI in MAIT cells, which was evident already at 15-30 min of
stimulation and sustained after 2 h (Fig. 2 1and Fig. S3 A). In line
with this, incubation of sort-purified MAIT cells with IFNa was
sufficient to induce CD69 upregulation of both murine and hu-
man MAIT cells (Fig. 2 J).

Altogether, these data demonstrate that Klebsiella induces a
dominant type I IFN signature in MAIT cells, and type I IFNs are
key drivers of MAIT cell responses during infection. Nonethe-
less, we cannot discard that other signals may also contribute to
MAIT cell activation during Klebsiella infection. For example,
RNAseq analyses detected a signature for “cellular response to
TNF” induced by Klebsiella (Fig. 2 B), and TNF has been shown to
contribute to MAIT cell activation in response to adenovirus-
based vaccines (Provine et al., 2021).
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Intrinsic type I IFN signaling controls MAIT cell

effector functions

Next, we investigated the MAIT cell effector functions induced
by Klebsiella and the mechanisms regulating those functions. A
recent single-cell transcriptomic atlas of human peripheral
blood MAIT cells revealed their phenotypical and functional
heterogeneity covering a broad range of homeostatic, effector,
helper, tissue-infiltrating, regulatory, and exhausted pheno-
types (Vorkas et al., 2022). Comparison of the transcriptomic
signatures of MAIT cells activated with Klebsiella or IFNa re-
vealed that these stimuli induced a significant enrichment in
MAITI1-cytotoxic/effector signature in MAIT cells (Fig. 3 A),
which included cells with a combined granzyme and Thl-helper
associated phenotype (Vorkas et al., 2022).

To investigate the type I IFN-dependent effector functions of
MAIT cells, we analyzed the production of effector molecules by
culturing sorted murine pulmonary MAIT cells with RAW264.7
macrophages in the presence/absence of Klebsiella (Fig. 3, B and
C). In response to Klebsiella, MAIT cells produced IFN-y, Gran-
zyme B, and to a lesser extent IL-17A (Fig. 3 B). Secretion of these
three effectors was independent of MRI1 (not affected by aMR1
antibody), yet secretion of Granzyme B and IFN-y (but not IL-17)
were regulated by type I IFNs. Accordingly, Granzyme B and
IFN-y secretion induced by Klebsiella was significantly reduced
by an aIFNAR blocking antibody, as well as in cocultures per-
formed with IFNAR-KO MAIT cells (Fig. 3 C). This suggests that
intrinsic type I IFN signaling controls MAIT cell effector func-
tions. In line with this, IFNa is sufficient to induce Granzyme B
production by sort-purified pulmonary murine MAIT cells
(Fig. 3 D). We also measured IFN-dependent secretion of cyto-
kines by pulmonary MAIT cells in vivo after infection with
Klebsiella (Fig. 3 E). MAIT cell-Granzyme B secretion was re-
duced when WT mice were injected with aIFNAR blocking an-
tibody prior to infection as well as in infected IFNAR-KO mice,
while IL-17 production was independent of IFNAR (Fig. 3 E).
Comparable results were obtained for human MAIT cells when
CD8"T cells were cocultured with autologous monocytes, as se-
cretion of effector molecules was blocked by incubation with
BISR (Fig. 3 F). Importantly, mutant KPAribD induced secretion
of cytokines (and CD69 upregulation) by murine (Fig. 3 G and
Fig. S3 B) and human (Fig. 3 H) MAIT cells at comparable levels
with those induced by Kp43816 (KP), further supporting MR1-
independent mechanisms as main drivers of MAIT cell effector
functions in response to Klebsiella. Collectively, these data indi-
cate that type I IFNs are key regulators of MAIT cells during
Klebsiella infection. The type I IFN effects are—at least in
part—due to intrinsic IFN signaling on MAIT cells as it directly
contributes to controlling their activation and effector functions.
Thus, in response to Klebsiella, MAIT cells become potent ef-
fectors by sensing inflammation independently of cognate
antigen.

Type | IFNs regulate MAIT cell-dependent control of
pulmonary Klebsiella

While our experiments confirm a key role for type I IFNs in
regulating MAIT cell functions, the relevance of MAIT cell-
intrinsic IFNAR for host protection remains unknown. To
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address whether IFNAR expression by MAIT cells confers pro-
tection against Klebsiella, we combined a variety of approaches to
restrict IFNAR expression/depletion to MAIT cells in vivo
(Fig. 4, A-C). First, we adapted a previously published approach
(van Wilgenburg et al., 2018; Wang et al., 2018) by adoptively
transferring pulmonary WT or IFNAR-KO MAIT cells into TCRa-
KO mice (Fig. 4 A). Residual contaminating conventional T cells
were depleted in recipients by injection of aCD4 and aCD8 an-
tibodies. Mice were rested for 2 wk, to allow for MAIT cell ex-
pansion, and subsequently infected with Klebsiella. Strikingly,
adoptively transferred MAIT cells contributed to the control of
Klebsiella infection, as we recovered significantly lower CFUs
from the lungs of mice receiving WT MAIT cells vs. control
(untreated) animals (Fig. 4 A). However, the protective effect of
MAIT cells was abrogated when the transferred cells were de-
ficient in IFNAR, indicating that the protective role of MAIT cells
is dependent on intrinsic IFNAR signaling (Fig. 4 A). As type I
IFN signaling-deficient mice are susceptible to K. pneumoniae
infection (Ivin et al., 2017), we asked whether MAIT cells are
sufficient to control bacterial infection in an IFNAR-deficient
context. To investigate this, we adoptively transferred WT pul-
monary MAIT cells into IFNAR-KO recipients prior to infection
with Klebsiella (Fig. 4, B and C). As previously described, IFNAR-
KO mice showed increased bacterial loads in the lungs after
infection in comparison with WT controls (Fig. 4 C). Strikingly,
transfer of WT MAIT cells into IFNAR-KO recipients was suffi-
cient to reduce bacterial loads (Fig. 4 C), confirming their pro-
tective role during Klebsiella infection. On the other hand,
transfer of MAIT cells into MR1-KO recipients also conferred
protection as evidenced by reduced body-weight loss and bac-
terial burden after infection, suggesting an MRI-independent
mechanism driving MAIT cell protection in this setting
(Fig. 4 D). Thus, these data indicate that type I IFN-mediated
activation of MAIT cells drives their protective role during K.
pneumoniae infection.

While MAIT cells are abundant in humans, in specific
pathogen-free C57BL/6 mice, baseline frequencies of MAIT cells
are very low. However, pulmonary MAIT cells can be expanded
in mice via vaccination with 5-OP-RU in the presence of TLR
agonists (Chen et al., 2016b; Hinks et al., 2019). Thus, we in-
vestigated whether MAIT cells contribute to the control of pul-
monary Klebsiella infection and the relevance of type I IFNs in
this system. To test this, we i.n. administered WT mice with 5-
OP-RU+LPS and infected mice with K. pneumoniae a week later.
As controls, we injected mice with either vehicle (PBS) or LPS
(Fig. 4 E and Fig. S3 C). Administration of 5-OP-RU+LPS induced
a strong increase in the total number of MAIT cells accumulated
in the lung, which was not observed in mice receiving LPS alone
or vehicle control (Fig. S3 C). MAIT cells from 5-OP-RU+LPS-
treated mice showed comparable levels of cytokines, transcrip-
tion factor expression, and surface markers, but increased levels
of CD69 in comparison to MAIT cells from control (PBS treated)
mice (Fig. S3 D). Strikingly, MAIT cell expansion resulted in
protection from Klebsiella infection as evidenced by prevention
of weight loss, decrease in bacterial CFUs, and decreased lung
inflammation in 5-OP-RU+LPS-treated mice (Fig. 4, E and F).
This protection was not observed in mice treated exclusively

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20230037

920z Aeniged 0| uo 3senb Aq ypd-2£00£202 Wal/8Z95 | 61/.£00£2028/01/0ZZ/4Ppd-8jonie/wal/Bio ssaidny//:dpy woy papeojumoq

70f 16


https://doi.org/10.1084/jem.20230037

>

Enrichment score

Enrichment score

MAIT1 Cytotoxic/effector

B

071 /= Klebsiella A ]
05 / S~ NES 2.93 _ 1.2% 0.8% 0.8%
f “~._FDRq0.0 = i 40 -
03| . g @ O GrzB
01| =N o < o o IL-17
\ B " 5 30 o
T
(8]
wm Pt
+KP -KP ] ] g 204
0.5 :’_,_,-“\\;\‘ IFNo2A ] ] 11.7% 5.9% a}
03l = NES 1.85 o £ 10
~ . FDRq10* ¥ 5 07
01| N + s
| I 1 =) 5
-01 e g -
0 A - S S, >
‘ GrzB IFN-y L7 ”
+IFNo. -IFNa.
C 2.0 - 2.0+ 3.0 o ns
- e - ns
ke) Hkkk Hkkk k=) kK * k] o
(<] (e} [e]
£ 154 £ 154 ) =3
2 @ 2 ° 220 g
E 8 E 8
E 1.0 E 1.04 o =
< o < e} < i o
= = o & o =
§ 1.0 4 o)
o L & o o
R 054 o 4 2 0.5 o & 3
O ?% w o = ©
o)
2 e o é':q 5%9
0'_@853 T T T T 0 T T T T T 0 T T T T T
KP - + + + + KP - + + + + KP - + + + +
aMR1 - - + - - aMR1 - - + - - aMR1 - - + - -
alFNAR - - - + - alFNAR - - - + - alFNAR - - - + -
WT IFNAR-KO WT IFNAR-KO WT IFNAR-KO
20 e 20+ = F 20 e .
[ ns
& 151 ° & 154 £ 15- o° °
2 P 2 %
3 3 " 3 %
5
E 104 ® E 104 E 10 S
< < < o o)
= = o o © =
5 s ¢ J 5
N 57 = 57 - N 0T o o
(O] = (] C]
= ody | - g5 | [ 1°] o
0- 0~ = 0 T T T T T T
-KP  Iso alFNAR -KP  +KP -KP  Iso olFNAR -KP  +KP KB = 4 . N ; 4
+KP IFNAR-KO +KP IFNAR-KO B18R - - + - - +
WT mice mice WT mice mice aMR1 - - - % + +
G, H *
] 12.7% 15+ T
ns
* o
X 3 — o
v ¥ IS ©° 0
MFI ] o
0 04 2 104
i 8
| 3987 |control E
9720 |+kP ! =512
+ 5
+ ; Q 3 m
= /\10508 +KPAMBD 2 X
0 R— ey = E ]
> 0 <
S = o
S  CD69 X | 0
el S} + ol |\ T T
Sl . , =] [ A &8
3 B [ o 3 § {gv
> > > e —

Figure 3. Type | IFNs control MAIT cell effector functions during K. pneumoniae infection. (A) GSEA plots showing enrichment for the transcriptional
signatures for MAIT1-cytotoxic/effector phenotype (Vorkas et al,, 2022) for MAIT cells treated with Klebsiella (top) or IFNa2A (bottom). FDR, false discovery
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rate. (B and C) Murine MAIT cells were sorted from the lungs of WT or IFNAR-KO mice (previously injected with 5-OP-RU+LPS to expand the MAIT cell
population) and cultured (for 18 h) with RAW264.7 macrophages in the presence/absence of K. pneumoniae and blocking antibodies as indicated. Flow cy-
tometry profiles (B) and normalized frequencies (respect to KP+ condition, C) of Granzyme B (GrzB)*, IFN-y*, or IL-17* MAIT cells (measured by flow cytometry)
are shown. Bars represent mean + SEM, each dot is an independent experiment (n = 3-8) performed with MAIT cells obtained from 5 to 10 mice. ns, not
significant; *P < 0.05, **P < 0.01, ****P < 0.0001, one-way ANOVA with Tukey’s multiple comparisons test. (D) Secretion of Granzyme B (GrzB), IL-17A, and
IFN-y by sorted pulmonary murine MAIT cells after overnight incubation with IFNa (or untreated control). Bars represent mean + SEM, data are pooled from
five independent experiments performed with MAIT cells obtained from 5 to 10 mice each, ***P < 0.001; one-way ANOVA with Tukey’s multiple comparisons
test. (E) WT mice or IFNAR-KO mice were infected with Klebsiella (+KP) and frequency of Granzyme B* or IL-17* MAIT cells in the lung of infected animals was
measured at 48 hpi. WT mice were injected with alFNAR antibody or isotype control (Iso) prior to infection as indicated. Bars represent mean + SEM, each dot
is a mouse (n = 5-12), and data pooled from three to four independent experiments. **P < 0.01 ***P < 0.001, ****P < 0.0001, one-way ANOVA with Tukey’s
multiple comparisons test. (F) Human CD8* T cells were cultured (for 18 h) with autologous CD14* monocytes in the presence/absence of (fixed) K. pneumoniae
and blocking antibodies and/or the type I IFN inhibitor B8R as indicated. The frequency of Granzyme B* MAIT cells is shown. Bars represent mean + SEM, each
dot is an independent experiment (n = 4) with data from two donors, ****P < 0.0001; ns, not significant, two-way ANOVA with Tukey’s multiple comparisons
test. (G) Murine MAIT cells were sorted from the lungs of WT mice (previously injected with 5-OP-RU+LPS to expand the MAIT cell population) and cultured
(for 18 h) with RAW264.7 macrophages in presence of WT (KP, Kp43816) or mutant KPAribD as indicated. Representative flow cytometry profiles of Granzyme
B (GrzB)*, IFN-y*, or IL-17* MAIT cells (left) and CD69 expression (MFI, right) are shown. Data are representative from two independent experiments performed
with MAIT cells obtained from three to five mice. (H) Human CD8* T cells were cultured (for 18 h) with autologous CD14* monocytes in presence/absence of
WT (KP, Kp43816) or mutant KPAribD as indicated. Flow cytometry profiles and frequencies of Granzyme B (GrzB)* MAIT cells is shown. Bars represent mean

SEM, with data pooled from two independent experiments. *P < 0.05; one-way ANOVA with Tukey’s multiple comparisons test.

with LPS, which showed comparable numbers of MAIT cells,
weight loss, bacterial CFUs, and lung pathology as control (un-
treated) mice (Fig. 4, E and F). To define the mechanisms
mediating the MAIT cell-dependent control of Klebsiella,
we injected mice with blocking antibodies prior to infection
(Fig. 4 G). We found that the MAIT cell protective effect was
independent of MRI but dependent on type I IFN (Fig. 4 G).
Accordingly, injection (prior to infection) of aIFNAR blocking
antibody or aSiglecH (which reduces type I IFN secretion by
plasmacytoid dendritic cells; Blasius et al., 2006) resulted in
increased bacterial loads recovered from the lungs of infected
mice (Fig. 4 G). Furthermore, the protective MAIT cell function
was also lost when we expanded MAIT cells (5-OP-RU+LPS as
above) in IFNAR-KO mice as we recovered increased bacterial
counts in the lungs of these animals vs. WT controls (Fig. 4 H).
Thus, expansion of MAIT cells is sufficient to confer protection
from Kiebsiella infection through a mechanism dependent on
type I IFN but independent of MR1.

Our data are in agreement with previous reports in which
MAIT cell expansion with 5-OP-RU in combination with TLR
ligands or IL-23 provides protection from bacterial infection
(Wang et al., 2018, 2019). Similarly, adoptive transfer of pul-
monary MAIT cells into immunodeficient mice, protects from
infection with influenza or L. longbeachae (van Wilgenburg et al.,
2018; Wang et al.,, 2018). Interestingly, whereas protection by
transferred MAIT cells is dependent on MR1 during Legionella
infection (Wang et al., 2018), in the case of Klebsiella and influ-
enza (van Wilgenburg et al., 2018), MAIT cells are able to exert
antimicrobial functions in the absence of MR1. The mechanisms
by which MAIT cells promote protection from Klebsiella will
require further investigation, but it is possible that they con-
tribute to bacterial clearance either by direct secretion of cyto-
lytic molecules or by indirectly controlling the activation and
recruitment of other immune cells. For instance, in response
to E. coli, release of granzymes and granulysin by human
MAIT cells mediates control of both cell-associated and extra-
cellular forms of the bacteria (Boulouis et al., 2020). In this
setting, granulysin contributes to direct killing of extracellular
bacteria, while Granzyme B reduces cell-associated bacteria.

L6épez-Rodriguez et al.
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Although murine cells do not secrete granulysin, K. pneumoniae
can survive within macrophages (Cano et al., 2015), thus
MAIT cell-derived granzyme could contribute to kill cell-
associated bacteria. Added to this, MAIT cell-derived IFN-y
has been shown to be protective during influenza or L. long-
beachae infections (van Wilgenburg et al., 2018; Wang et al.,
2018), and IFN-y deficient mice are highly susceptible to Kleb-
siella infection (Moore et al., 2002), suggesting further possible
mechanisms for anti-bacterial MAIT cell functions.

Type | IFNs modulate tissue location of MAIT cells during
pulmonary Klebsiella infection

Given that MAIT cells limit bacterial expansion in the lungs and
preserve lung pathology during infection, we investigated the
effect of bacterial infection in MAIT cell spatial location in the
lung (Fig. 5). First, we analyzed the location of MAIT cells in
the lung by intravenously injecting fluorescently labeled anti-
CD45 antibody (CD45-FITC) 3 min before tissue collection. This
approach labels CD45* cells located in circulation and leaves cells
in the interstitial tissue and alveoli unlabeled (Salou et al., 2019).
Analyses of pulmonary MAIT cells at steady-state demonstrated
that around 30% of MAIT cells are located in the lung paren-
chyma and inaccessible to CD45 labeling. However, the pro-
portion of unlabeled cells significantly increased to around 70%
at 48 h after infection, suggesting that cells are relocating into
the tissue (Fig. 5 A). Moreover, unlabeled (parenchymal, anti-
CD45°) MAIT cells showed an increase in expression of the
activation marker CD69, in comparison with circulating
MAIT cells (intravascular, anti-CD45"; Fig. 5 B), suggesting lo-
cal activation within the tissue.

Next, we investigated how Klebsiella infection influenced the
location of pulmonary MAIT cells in situ. To do this, we took
advantage of CXCR6-GFP mice as MAIT cells (as well as other
unconventional T cells) express CXCR6 in the lung and can be
identified in the tissues on the basis of GFP expression (Fig. S3,E
and F). MAIT cells represent around 5% of the GFP*CD3* pop-
ulation in CXCR6-GFP lungs, but after MAIT cell expansion (5-
OP-RU+LPS as above) MAIT cells constitute ~80% of GFP*CD3*
cells (Fig. S3 F). Thus, we expanded MAIT cells in the lungs of
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Figure 4. Type | IFN controls MAIT cell-dependent protection from K. pneumoniae infection. (A) Pulmonary MAIT cells from WT or IFNAR-KO mice
(previously injected with 5-OP-RU+LPS to expand the MAIT cell population) were sorted and transferred intravenously into TCRa-deficient mice (day 0),
followed by i.p. anti-CD4 and anti-CD8 antibody injection (days 2 and 6) to deplete any residual conventional T cells. On day 14, mice were infected with
Klebsiella. Flow cytometry plots show the population of MAIT cells recovered from the lungs of control mice (no adoptive transfer) or those receiving WT
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(middle) or IFNAR-KO MAIT cells (right). Lung bacterial burden (absolute CFUs) were quantified at 48 hpi (right). Boxes show 25th to 75th percentiles with
whiskers being max/min values, each dot is a mouse (n = 4-13), and data are pooled from three to six independent experiments, **P < 0.01, Kruskal-Wallis
test. (B-D) Pulmonary MAIT cells from WT mice (previously injected with 5-OP-RU+LPS to expand the MAIT cell population) were sorted and transferred
intravenously into IFNAR-KO (C) or MR1-KO mice (D). On day 7, after transfer, mice were infected with Klebsiella. Body-weight loss and lung bacterial burden
(as absolute number of CFUs) were quantified at 48 hpi in WT, IFNAR-KO, or IFNAR-KO+MAIT mice (C) or in MR1-KO and MR1-KO+MAIT mice (D). Lines
represent mean + SEM (left) and boxes (right) show 25th to 75th percentiles with whiskers being max/min values, each dot is a mouse (n = 3-10), and data are
pooled from two to four independent experiments, *P < 0.05, **P < 0.01, ***P < 0.001; ANOVA with Tukey’s multiple comparisons test (C, left), Kruskal-Wallis
test (C, right), unpaired t test (D, left), Mann-Whitney test (D, right). (E and F) WT mice received three doses of 5-OP-RU+LPS, LPS, or PBS (control) as
indicated (days 0, 2, and 4) and were infected with Klebsiella at day 7. (E) Body-weight loss (left) and lung bacterial burden (as absolute number of CFUs, right)
are shown for mice receiving PBS (control, blue), LPS (black), or 5-OP-RU+LPS (red). Lines represent mean + SEM (left) and boxes (right) show 25th to 75th
percentiles with whiskers being max/min values. Each dot is a mouse (n = 6-7) and data are pooled from three to four independent experiments, **P < 0.01,
**¥*P < 0.001, ****P < 0.0001 two-way ANOVA with Tukey’s multiple comparisons test (left) or Kruskal-Wallis test (right). (F) Lung sections stained with H&E
of Klebsiella-infected WT mice pretreated with PBS, LPS, or 5-OP-RU+LPS as indicated. Quantification of lung injury (alveolar macrophages and neutrophils
infiltration as well as intravascular bacterial lesions) is shown. Lung injury scores were determined by blinded scoring (from 0 to 12). Scale bar = 200 pm. Lines
represent mean + SEM, each dot is a mouse (n = 3-6), **P < 0.01, ***P < 0.001, two-way ANOVA with Tukey’s multiple comparisons test. (G) WT mice received
three doses of 5-OP-RU+LPS and were injected with the depicted blocking antibodies (or isotype controls) prior to infection with Klebsiella. Bacterial burden
(CFUs) recovered from the lungs are shown. Boxes show 25th to 75th percentiles with whiskers being max/min values, each dot is a mouse (n = 4-7), and data
are pooled from two to three independent experiments, **P < 0.01, ns, not significant, Mann-Whitney test. (H) WT or IFNAR-KO mice were i.n. treated with 5-
OP-RU+LPS and then infected with 5 x 10* CFUs of K. pneumoniae. Plots represent lung bacterial burden (CFUs) at 48 hpi for WT (blue) and IFNAR-KO (red)
mice. Boxes show 25th to 75th percentiles with whiskers being max/min values, each dot is a mouse (n = 7-8), and data are pooled from three independent

experiments, **P < 0.01, Mann-Whitney test.

CXCR6-GFP mice and analyzed their tissue distribution by
FLASH (fast light-microscopic analysis of antibody-stained
whole organs; Messal et al., 2021). This approach enabled us to
perform high-resolution immunofluorescence in 3D sections of
lungs at steady-state as well as after Klebsiella infection. In the
absence of infection, MAIT cells (GFP*CD3", white arrows) ap-
pear widely dispersed along the alveolar parenchyma (in blue,
podoplanin® cells). However, 48 h after Klebsiella infection,
MAIT cells relocate and accumulate in the peri-bronchial spaces
(Fig. 5 C). Cell crowding around this region was quantified by
calculating the average distance (um) between all cells appear-
ing in an image (Zepp et al., 2017). Distance between cells was
significantly reduced after Klebsiella infection, confirming the
targeted recruitment of MAIT cells to peri-bronchial spaces in-
duced by Klebsiella (Fig. 5 C). Since type I IFNs control the ex-
pression of chemokines involved in lung homing of T cells
(Padovan et al., 2002; Voillet et al., 2018), we hypothesized that
MAIT cell relocation could also depend on type I IFN signaling.
Indeed, MAIT cell clustering was prevented by injection of mice
with aIFNAR blocking antibody prior to infection (Fig. 5 C).
Thus, type I IFNs modulate tissue location of pulmonary
MAIT cells during infection.

Concluding remarks

Our data identify type I IFNs as key drivers of MAIT cell func-
tions during pulmonary infection with K. pneumoniae. Type I
IFNs act on MAIT cells controlling their activation, effector
functions, and induction of a Thl/cytotoxic transcriptional
program, ultimately contributing to host protection. Thus,
during Klebsiella infection, MAIT cells become potent effectors
by sensing inflammation independently of cognate antigen. This
behavior strongly resembles that of memory CD8* T cells, whose
effector functions (Kohlmeier et al., 2010; Soudja et al., 2012) and
trafficking (Sung et al., 2012) can be regulated by type I IFNs in
an antigen-independent manner. The cytokine-mediated acti-
vation of MAIT cells in response to Klebsiella contrasts with the
MRI-dependent activation during infection with other bacteria
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such as F. tularensis or L. longbeachae (Meierovics et al., 2013;
Wang et al., 2018, 2019). The distinct timeframes of the in-
fections (2 d vs. 2 wk) and the different activation/recruitment of
immune cells associated with the specific pathogens may con-
tribute to these differences. Accordingly, it is likely that the
timing and (local) concentration of type I IFN delivery accom-
panying different infections will critically regulate subsequent
MAIT cell responses. In keeping with this, IFN-B treatment of
human naive T cells induces several temporal transcriptional
waves that regulate the dynamics of T cell activation and differ-
entiation (Sumida et al., 2022). Given the abundance of MAIT cells
in humans and their rapid response to inflammatory signals, we
propose that type I IFNs may serve as a new molecular target to
manipulate MAIT cell functions during infections.

Materials and methods
Mice, cells, and chemicals
Mice (WT, IFNARI-KO, TCRa-KO, MR1-KO on C57BL/6] back-
ground; and CXCR6-EGFP “knock-in” in FVB/N background—
the latter kindly provided by Adrian Hayday at the Francis Crick
Institute, London, UK) were bred under specific pathogen-free
conditions at the Francis Crick Institute animal facility. Ex-
periments were carried out using 7-10-wk-old mice with age
and gender-matched between genotypes. All experiments have
been approved by the Francis Crick Institute and the King’s
College London’s Animal Welfare and Ethical Review Body, and
UK Home Office under the project license POBD71419, performed
in accordance with the Animals (Scientific Procedures) Act 1986.

Healthy human PBMCs were isolated from leukocyte cones
purchased from the NHS Blood and Transplant (UK) and ob-
tained from fully anonymized donors with informed consent.
PBMCs were flushed from the leukocyte cones using a syringe
and isolated using density gradient centrifugation.

RAW264.7 cells (ATCC TIB-71) were cultured in DMEM
(Gibco; 10% FBS, 100 U/ml penicillin, 100 pg/ml streptomycin,
and 14.3 uM B-mercaptoethanol) at 37°C in 5% CO,.
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Figure 5. K. pneumoniae infection induces MAIT cell relocation in the lung tissue. (A and B) WT mice were infected with K. pneumoniae or received PBS
(-KP, control) and were i.v. injected with FITC-labeled aCD45 antibody 3 min prior to tissue collection. (A) Representative flow cytometry plots (middle) and
quantification (right) of the frequency of pulmonary MAIT cells stained (CD45*) or not (CD45") with FITC-labeled aCD45. (B) Representative flow cytometry
plots (left) and quantification (right) of the frequency of CD69* pulmonary MAIT cells stained (CD45*) or not (CD45-) with FITC-labeled aCD45. Lines represent
mean + SEM, each dot is a mouse (n = 5), and data are pooled from two to three independent experiments. *P < 0.05, ***P < 0.001, ****P < 0.0001, two-way
ANOVA with Tukey’s multiple comparisons test. (C) Left: Staining of lung tissue (FLASH) for CXCR6-GFP mice (previously injected with 5-OP-RU+LPS to
expand the MAIT cell population) showing GFP (pink), CD3 (yellow), and podoplanin (blue). Arrowheads indicate MAIT cells identified as CD3*GFP* cells. Mice
were infected with K. pneumoniae (+KP) or received PBS (~KP) and alFNAR blocking antibody (bottom) or isotype control (top) prior to infection. Scale bar = 50
um. Right: Quantification of cell distance evaluated by measuring the spatial distance (um) between CD3*GFP* cells. Each dot represents the average distance
(um) between all CD3*GFP* cells per frame (n = 9-18 frames per condition) from two independent experiments. *P < 0.05, **P < 0.01, two-way ANOVA with

Tukey’s multiple comparisons.

5-OP-RU was freshly prepared by mixing 5-A-RU and
methylglyoxal (Sigma-Aldrich) as previously described (Li et al.,
2018).

Bacterial strains and growth conditions

K. pneumoniae (43816 strain, OIK2 serotype) cultures were
grown in Luria-Bertani (LB) broth from glycerol stocks at 37°C
overnight with shaking at 180 rpm. For the preparation of
the inoculum for in vivo infections, bacteria were re-
inoculated in prewarmed LB medium for 1-2 h culture until
reaching ODggo = 0.6 (with the estimation that 1 ODggq = 7 x
108 CFUs/ml). The bacterial pellet was washed and diluted in
phosphate-buffered saline (PBS) for i.n. delivery to mice
under isoflurane-induced anesthesia. Bacterial concentra-
tion in the inoculum was verified by counting CFUs grown on
LB Agar plates.

Lépez-Rodriguez et al.
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To construct a Klebsiella ribD mutant (KPAribD), we used
A-red-mediated homologous recombination, as described pre-
viously (Hancock et al., 2020). Homologous regions upstream
and downstream of ribD were amplified via PCR using primers
Kp43-ribD.2 (5'-GCATTGCCCTTTCTGTTTC-3') and Kp43-ribD.3
(5'-GGAATAGGAACTAAGGAGGAAGGATGGGTAGTAAAGCG-
3') as well as Kp43-ribD.4 (5'-CCTACACAATCGCTCAAGACTGCC
TGCATTTAACCACTG-3') and Kp43-ribD.5 (5'-GCTTCTGCACCT
TTGTTACC-3'), respectively, and they were sewn together with
the kanamycin cassette amplified from pKD4 (Datsenko and
Wanner, 2000) using primers cm.3a (5'-TCCTCCTTAGTTCCT
ATTCC-3') and cm.4a (5'-GTCTTGAGCGATTGTGTAGG-3'). The
PCR products were amplified with primers Kp43-ribD.2 and
Kp43-ribD.5, and the PCR fragment was purified with a Qiagen
MinElute Kit. Strain Kp43 was transformed with pKOBEG-gent,
which encodes the A phage redyBa operon (Balestrino et al.,
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2005) and was expressed under the control of the arabinose-
inducible pBAD promoter. Briefly, Kp43816 was grown over-
night and subcultured 1:100 in 200 ml of LB supplemented with
gentamicin and 0.2% arabinose. Cells were grown at 37°C until
reaching an ODgoo of 0.4, cooled on ice, pelleted, resuspended in
ice-cold 10% glycerol, and incubated on ice for 1 h. The cells were
electroporated with 1 pug three-way-PCR DNA in a 2-mm cuvette
with 2.5 kV, 200 Q, and 25 pF. Transformed cells were selected
via plating on LB agar supplemented with kanamycin and ri-
boflavin at 30°C. The replacement of the WT allele by the mutant
was confirmed via PCR using primers Kp43-ribD.1 (5'-TGCTTA
ATGGTAGCCAAACC-3') and Kp43-ribD.6 (5'-CAGGAACTGGTA
TTCGACATC-3'). The pKOBEG-gent plasmid was cured from the
mutant strain via overnight growth at 37°C. ribD is an essential
gene in K. pneumoniae and therefore the mutant needs to be
grown in the presence of riboflavin (10 ng/ml).

In vivo inoculations and bacterial infections
For infection experiments, mice were i.n. challenged with 5 x
10* CFUs of K. pneumoniae in 30 pl of sterile PBS. For in vivo
antibody-mediated blocking experiments, mice were intraperi-
toneally (i.p.) injected with the following antibodies 24-48 h
before infection: aMR1 (150 pg/mouse; clone 26.5; Biolegend,
Mouse IgG2a), alFNARI (200 pg/mouse; clone MARI-5A3; Bio-
XCell, Mouse IgGl), aSiglecH (150 pg/mouse; clone 440c; Bio-
XCell, Rat IgG2b), or their respective isotype controls: Mouse
IgG2a (150 ug/mouse; clone MOPC-173; Biolegend), Mouse IgGl
(200 pg/mouse; clone MOPC-21; BioXCell), and Rat IgG2b (150
pg/mouse; clone LTF-2; BioXCell). When indicated, MAIT cell
expansion in vivo was performed through a repeated i.n. inoc-
ulation (3x) of 5-OP-RU (100 pM) and LPS (17.4 pg/mouse;
Invivogen).

Bacterial loads were determined by counting CFUs after
plating 100-fold dilution series of tissue homogenates obtained
from bacteria-infected mice. Colonies were counted at 24 h.

Tissue processing, flow cytometry, and MAIT cell sorting

Mice were euthanized by cervical dislocation, and spleen, in-
guinal lymph nodes, liver, and lungs were harvested. Lungs,
inguinal lymph nodes, and liver were finely chopped and di-
gested with 1.5 mg/ml collagenase D (Sigma-Aldrich), 0.1 mg/ml
DNase I (ITW Reagents), 0.6 mg/ml NADase (Sigma-Aldrich),
and 5% FBS (Thermo Fisher Scientific) in PBS for 60 min at 37°C
with gentle shaking. Cells were then passed through a cell
strainer (40-70 pm) and washed with sterile PBS. For flow cy-
tometric analysis, cell suspensions were depleted from red blood
cells using the hypotonic buffer Tris-based amino-chloride
(5 min, room temperature) prior to staining with the anti-
bodies depicted below.

Flow cytometry staining was performed in FACS buffer (1%
FBS, 1% BSA, 0.02% sodium azide) using the following antibodies
from Biolegend unless specified otherwise: Anti-mouse anti-
bodies: B220 (RA3-6B2), CDilb (M1/70), CDllc (N418), CD27
(LG.3A10), CD28 (37.51), CD69 (HI1.2F3), CD25 (PCé1), CD44
(IM7), CD137 (17B5), ICOS (7E.17G9; Invitrogen), PD-1 (29F.1A12),
TCRB (H57-597), TCR v/8 (clone GL3), IL-17A (TCI1-18H10.1),
IFNy (XMGL.2), Granzyme B (QA16A02), and pSTATI1(Ser727;
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A15158B). Anti-human antibodies were as follows: CD14
(HCD14), CD19 (HIB19), CD3e (HIT3a), CD8a (HIT8a), CD161 (HP-
3G10), Va7.2 (3C10), CD69 (FN50), and Granzyme B (QA16A02).
Dead cells were excluded from the analyses using Zombie fixable
viability dye (Biolegend). For intracellular staining, cells were
fixed and permeabilized using BD Cytofix/Cytoperm Solution kit
(BD Biosciences) according to the manufacturer’s instructions.
MRI1(5-OP-RU), MRI1(6-formyl pterin, Ac-6-FP), and CD1d(PBS-57)-
loaded tetramers were provided by the National Institutes of Health
(NIH) Tetramer Facility. The MRI tetramer technology was devel-
oped jointly by James McCluskey, Jamie Rossjohn, and David Fairlie,
and the material was produced by the NIH Tetramer Core Facility as
permitted to be distributed by the University of Melbourne. Data
were recorded using LSR-II or LSR Fortessa cytometers (BD Bio-
sciences) and analyzed with FlowJo software (TreeStar).

For cell sorting of pulmonary murine MAIT cells, T cells were
previously enriched in lung single-cell suspensions using aCD3e
microbeads (Miltenyi Biotec). Murine MAIT cells were sorted as
Zombie B220-CD11b-CD11c"TCRB*MR1(5-OP-RU)
tetramer~ cells.

Human MAIT cells were sorted from PBMCs as
Zombie CD14-CD19-CD3e*CD8a*CD161*Va7.2* cells.

Adoptive transfer
For adoptive transfer experiments, pulmonary MAIT cells (WT
or IFNAR-KO) were isolated from the lungs of mice after ex-
pansion with 5-OP-RU/LPS as described above. 2-3 x 10°
MAIT cells were injected into the tail veins of TCRa-KO recipient
mice. To control residual contamination of conventional T cells,
mice were i.p. injected with 100 ug each of aCD4 (clone GKL5;
BioXCell, Rat IgG2b) and aCD8 (clone 53-6.7; BioXCell, Rat
IgG2a) blocking antibodies on days 2 and 6. To allow full ex-
pansion of the MAIT population in the lungs, mice were rested
for 14 d prior to infection with K. pneumoniae.

For adoptive transfer into IFNAR-KO or MR1-KO mice, 2-4 x
105 MAIT cells were injected into the tail veins of recipient mice.
Mice were infected with Klebsiella 7 d after transfer.

Lung histopathological evaluation

Harvested lungs were fixed in 10% neutral buffer formalin be-
fore routine histological processing in paraffin wax. 3-um-thick
sections were cut and H&E staining was performed following
standard protocols. H&E-stained slides were evaluated concur-
rently by two board-certified veterinary pathologists (A. Sudrez-
Bonnet and S.L. Priestnall) blinded to the experimental groups
using an BX43 microscope (Olympus). Representative slides
were scanned using Panoramic Scan II slide scanner (3D His-
tech). Presence of airway inflammation (cell infiltration of the
airways, bacterial presence within inflamed regions) was ex-
amined in the sections. Additional tissue sections were
immunohistochemically stained using a rabbit monoclonal
antibody anti-F4/80 (clone EPR26545-166; Abcam) to highlight
macrophages and semiquantitatively evaluated. Standard his-
topathological criteria were used for the assignment of the lung
injury scores as follows: score O (no lesion, 1-4%), score 3
(minimal, 5-9%), score 6 (mild, 10-19%), score 9 (moderate,
20-50%), and score 12 (marked, >51%).
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In vitro stimulation and coculture experiments

For in vitro stimulation experiments, MAIT cells were sorted
from the lungs of mice (previously injected with 5-OP-RU+LPS
to expand the MAIT cell population). Cells were incubated with
IFNa (1 pg/ml; Biolegend) or the supernatant of RAW264.7
macrophages previously exposed to Klebsiella (for 2 h).

For coculture experiments with murine cells, T cells from
spleen and inguinal lymph nodes (negatively selected using bi-
otin anti-mouse B220 antibody [RA3-6B2] and Dynabeads Biotin
Binder [Invitrogen]) were cocultured with RAW264.7 macro-
phages (1:2 cell ratio) in the presence of live K. pneumoniae
(multiplicity of infection [MOI] 100) for 3 h. Alternatively,
sorted pulmonary MAIT cells (as above) were cocultured with
RAW?264.7 macrophages (1:4 cell ratio) in the presence of fixed K.
pneumoniae (100 bacteria per cell) for 18 h. For detection of in-
tracellular cytokines, brefeldin A (Sigma-Aldrich) was added to
the final 4 h of the coculture. In some experiments, the following
blocking antibodies were added to the cultures: aMR1 (26.5;
Biolegend, Mouse IgG2a), alFNAR1 (MARI1-5A3; BioXCell, Mouse
IgGl), alL-12/23p40 (Cl17.8; Biolegend, Rat IgG2a), alL-18 (YI-
GIF74-1G7; BioXCell, Rat IgG2a); or respective isotype control
antibodies: Mouse IgG2a (clone MOPC-173; Biolegend), Mouse
IgGl (clone MOPC-21; BioXCell), Rat IgG2a (clone RTK2758; Bio-
legend), and Rat IgG2a (clone 2A3; BioXCell).

For in vitro experiments with human cells, CD8* T cells and
CD14* monocytes were isolated from PBMCs using aCD8a and
aCD14 microbeads (Miltenyi Biotec). Cells were cocultured in
the presence of fixed K. pneumoniae (100 bacteria per cell) in a 2:
1 cell ratio (CD14*:CD8* cells) in complete RPMI medium (Gibco;
10% FBS, 100 U/ml penicillin, 100 pg/ml streptomycin, and 14.3
MM B-mercaptoethanol). For detection of intracellular cytokines,
brefeldin A (Sigma-Aldrich) was added to the final 4 h of the
coculture. In some experiments, aMR1 (1 pg/ml, clone 26.5;
Biolegend, Mouse IgG2a) or vaccinia virus BISR protein (5 pg/
ml; eBioscience) were added to the cultures.

RNAseq and data analysis

Human PBMCs (from four different healthy donors) were in-
cubated during 20 h with fixed K. pneumoniae (100 bacteria per
cell) or, alternatively, with IFNa2A (50 ng/ml; Sigma-Aldrich) or
influenza A virus (H3N2, X31 strain, MOI 1). MAIT cells were
sorted as Zombie CD14-CD19-CD3e*CD8a*CD161*Va7.2+ cells,
and RNA was extracted with NucleoSpin RNA XS kit (Macherey-
Nagel) following the manufacturer’s instructions. Libraries were
generated using NEBNext Ultra II Directional PolyA mRNA kit
(New England Biolabs), barcoded, and run on an Illumina No-
vaSeq 6000 system generating 25 million single-end 75 bp reads
per sample. Gene expression was quantified from raw FastQ files
in the GRCh38 genome with Ensembl release-95 gene models
using the nf-core/rnaseq pipeline (version 3.3; Ewels et al.,
2020). Reads were trimmed for adapters with trimgalore (ver-
sion 0.6.6) and aligned and quantified with RSEM/STAR (ver-
sion 1.3.1). Data quality was inspected using FastQC (version
0.11.9), Picard (version 2.23.9), and RSeQC (version 3.0.1).
Quantified gene expression tables were loaded into R (version
4.1.1) using the tximport package (version 1.20.0; Soneson et al.,
2015). DEGs resulting from each treatment, while accounting for
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between-donor variation, were identified using the DESeq2
package (version 1.32.0; Love et al., 2014). An adjusted P value
threshold of 0.01 and log, fold change >0.5 were applied to pro-
vide lists of DEGs. Sequencing data have been deposited in the
National Center for Biotechnology Information’s Gene Expression
Omnibus repository under the accession number GSE218601.

Microscopy

MAIT cells were expanded (with 5-OP-RU/LPS as described
above) in CXCR6-EGFP mice which were subsequently infected
with Klebsiella. Lungs were harvested and fixed overnight in 4%
paraformaldehyde (Sigma-Aldrich). Once fixed, antigen re-
trieval, sample preparation, and staining were performed fol-
lowing the FLASH immunofluorescence protocol (Messal et al.,
2021). Samples were stained with rabbit polyclonal aCD3e an-
tibody (Abcam), aPodoplanin/gp36 (PMab-1; Abcam), and goat
polyclonal aGFP (Abcam) antibodies followed by donkey anti-
rabbit IgG Alexa Fluor Plus 594 (Invitrogen), donkey anti-rat IgG
DyLight 680 (Invitrogen), and donkey anti-goat IgG Alexa Fluor
488 (Invitrogen). Images were acquired by using an inverted
Zeiss LSM 710 microscope. Cell clustering was calculated (Zepp
et al., 2017) by measuring the average distance (um) between
CD3*GFP* cells on at least 9-10 different images per condition by
using Fiji/Image ] software.

Statistical analysis and figure preparation
Statistical tests were performed using Prism GraphPad software
(version 9.4.0). Comparison between groups was performed
using Student’s t tests, one-way, two-way ANOVA tests, or
Mann-Whitney tests as appropriate unless otherwise stated.
Some figures were drawn using pictures from Servier Med-
ical Art. Servier Medical Art by Servier is licensed under a
Creative Commons Attribution 3.0 Unported License (https://
creativecommons.org/licenses/by/3.0/).

Online supplementary material

Fig. S1 shows data related to Fig. 1, including MAIT cell gating
strategy and additional controls for aMR1 in vivo. Fig. S2 shows
additional RNAseq analyses and data related to Fig. 2, and Fig. S3
shows data related to Fig. 2 (pSTATI time-course), Fig. 3
(quantification of MAIT cell responses to WT Klebsiella and
KPAribD), Fig. 4 (phenotyping of MAIT cells after expansion
in vivo with LPS+5-OP-RU), and Fig. 5 (characterization of
MAIT cells in CXCR6-GFP mice). Tables S1, S2, and S3 include
DEGs obtained from RNAseq for human MAIT cells in response
to Klebsiella, IFNa, or influenza (vs. control).

Data availability

Sequencing data have been deposited in the National Center for
Biotechnology Information’s Gene Expression Omnibus reposi-
tory under the accession number GSE218601. All other data are
available in the article itself and its supplementary materials.

Acknowledgments
We thank the NIH Tetramer Facility for provision of MR1 and
CD1d tetramers.

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20230037

920z Aeniged 0| uo 3senb Aq ypd-2£00£202 Wal/8Z95 | 61/.£00£2028/01/0ZZ/4Ppd-8jonie/wal/Bio ssaidny//:dpy woy papeojumoq

14 of 16


https://creativecommons.org/licenses/by/3.0/
https://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1084/jem.20230037

This work was funded by the UK Biotechnology and Biolog-
ical Sciences Research Council (grant to P. Barral BB/S005560/
1 and grant to J.A. Bengoechea BB/T001976/1). The authors ac-
knowledge technical support from the Biological Research Fa-
cility, Advanced Sequencing, Histopathology, Flow Cytometry,
and Light Microscopy Platforms from The Francis Crick Institute
(which receives its core funding from Cancer Research UK, the
UK Medical Research Council, and the Wellcome Trust).

Author contributions: P. Barral conceptualized and super-
vised the study; J.C. Lépez-Rodriguez conducted most of the
experiments; S.J. Hancock constructed the ribD mutant and es-
tablished growing conditions; P. Klenerman, J.A. Bengoechea, and
A. Wack contributed to experimental interpretation and discus-
sion; A. Suarez-Bonnet and S.L. Priestnall performed pathology
analyses; C. Barrington performed RNAseq analyses; J. Aubé and
K. Li synthesized and provided 5-A-RU; S. Crotta and A. Wack
provided influenza stocks; P. Barral and J.C. Lépez-Rodriguez
wrote the paper, which was revised and edited by all authors.

Disclosures: P. Klenerman reported having acted as a consul-
tant/advisory board member for UCB, AZ, Infinitopes, and Bio-
munex. No other disclosures were reported.

Submitted: 6 January 2023
Revised: 31 May 2023
Accepted: 11 July 2023

References

Balestrino, D., J.A. Haagensen, C. Rich, and C. Forestier. 2005. Characteri-
zation of type 2 quorum sensing in Klebsiella pneumoniae and rela-
tionship with biofilm formation. J. Bacteriol. 187:2870-2880. https://doi
.org/10.1128/]B.187.8.2870-2880.2005

Bengoechea, J.A., and J. Sa Pessoa. 2019. Klebsiella pneumoniae infection
biology: Living to counteract host defences. FEMS Microbiol. Rev. 43:
123-144. https://doi.org/10.1093/femsre/fuy043

Blasius, A.L., M. Cella, ]. Maldonado, T. Takai, and M. Colonna. 2006. Siglec-H
is an IPC-specific receptor that modulates type I IFN secretion through
DAPI12. Blood. 107:2474-2476. https://doi.org/10.1182/blood-2005-09-3746

Boulouis, C., W.R. Sia, M.Y. Gulam, J.Q.M. Teo, Y.T. Png, T.K. Phan, J.Y.W.
Mak, D.P. Fairlie, I.LK.H. Poon, T.H. Koh, et al. 2020. Human MAIT cell
cytolytic effector proteins synergize to overcome carbapenem resis-
tance in Escherichia coli. PLoS Biol. 18:e3000644. https://doi.org/10
.1371/journal.pbio.3000644

Cano, V., C. March, J.L. Insua, N. Aguilé, E. Llobet, D. Moranta, V. Regueiro,
G.P. Brennan, M.I. Milldn-Lou, C. Martin, et al. 2015. Klebsiella pneu-
moniae survives within macrophages by avoiding delivery to lyso-
somes. Cell. Microbiol. 17:1537-1560. https://doi.org/10.1111/cmi.12466

Chen, K., T. Eddens, G. Trevejo-Nunez, E.E. Way, W. Elsegeiny, D.M. Ricks,
A.V. Garg, CJ. Erb, M. Bo, T. Wang, et al. 2016a. IL-17 receptor signaling
in the lung epithelium is required for mucosal chemokine gradients and
pulmonary host defense against K. pneumoniae. Cell Host Microbe. 20:
596-605. https://doi.org/10.1016/j.chom.2016.10.003

Chen, Z., H. Wang, C. D’Souza, S. Sun, L. Kostenko, S.B. Eckle, B.S. Meehan,
D.C. Jackson, R.A. Strugnell, H. Cao, et al. 2016b. 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. https://doi.org/10.1038/mi.2016.39

Corbett, AJ., S.B. Eckle, R.W. Birkinshaw, L. Liu, O. Patel, J. Mahony, Z. Chen,
R. Reantragoon, B. Meehan, H. Cao, et al. 2014. T-cell activation by
transitory neo-antigens derived from distinct microbial pathways.
Nature. 509:361-365. https://doi.org/10.1038/naturel3160

Crouse, J., U. Kalinke, and A. Oxenius. 2015. Regulation of antiviral T cell
responses by type I interferons. Nat. Rev. Immunol. 15:231-242. https://
doi.org/10.1038/nri3806

Lépez-Rodriguez et al.
Type | IFNs control MAIT cell activation

Datsenko, K.A., and B.L. Wanner. 2000. One-step inactivation of chromo-
somal genes in Escherichia coli K-12 using PCR products. Proc. Natl.
Acad. Sci. USA. 97:6640-6645. https://doi.org/10.1073/pnas.120163297

Ewels, P.A.,, A. Peltzer, S. Fillinger, H. Patel, J. Alneberg, A. Wilm, M.U.
Garcia, P. Di Tommaso, and S. Nahnsen. 2020. The nf-core framework
for community-curated bioinformatics pipelines. Nat. Biotechnol. 38:
276-278. https://doi.org/10.1038/541587-020-0439-x

Georgel, P., M. Radosavljevic, C. Macquin, and S. Bahram. 2011. The non-
conventional MHC class I MR1 molecule controls infection by Klebsi-
ella pneumoniae in mice. Mol. Immunol. 48:769-775. https://doi.org/10
.1016/j.molimm.2010.12.002

Godfrey, D.I., H.F. Koay, J. McCluskey, and N.A. Gherardin. 2019. The biology
and functional importance of MAIT cells. Nat. Immunol. 20:1110-1128.
https://doi.org/10.1038/541590-019-0444-8

Hancock, S.J., M.D. Phan, Z. Luo, A.W. Lo, K.M. Peters, N.T.K. Nhu, B.M.
Forde, ]. Whitfield, J. Yang, R.A. Strugnell, et al. 2020. Comprehensive
analysis of IncC plasmid conjugation identifies a crucial role for the
transcriptional regulator AcaB. Nat. Microbiol. 5:1340-1348. https://doi
.org/10.1038/s41564-020-0775-0

Hinks, T.S.C., E. Marchi, M. Jabeen, M. Olshansky, A. Kurioka, T.J. Pediongco,
B.S. Meehan, L. Kostenko, S.J. Turner, A.]. Corbett, et al. 2019. Activa-
tion and In Vivo evolution of the MAIT cell transcriptome in mice and
humans reveals tissue repair functionality. Cell Rep. 28:3249-3262.e5.
https://doi.org/10.1016/j.celrep.2019.07.039

Ivin, M., A. Dumigan, F.N. de Vasconcelos, F. Ebner, M. Borroni, A. Kavir-
ayani, K.N. Przybyszewska, R.J. Ingram, S. Lienenklaus, U. Kalinke,
et al. 2017. Natural killer cell-intrinsic type I IFN signaling controls
Klebsiella pneumoniae growth during lung infection. PLoS Pathog. 13:
€1006696. https://doi.org/10.1371/journal.ppat.1006696

Kjer-Nielsen, L., O. Patel, A.]. Corbett, J. Le Nours, B. Meehan, L. Liu, M. Bhati,
Z. Chen, L. Kostenko, R. Reantragoon, et al. 2012. MRI1 presents mi-
crobial vitamin B metabolites to MAIT cells. Nature. 491:717-723.
https://doi.org/10.1038/naturel1605

Kohlmeier, J.E., T. Cookenham, A.D. Roberts, S.C. Miller, and D.L. Woodland.
2010. Type I interferons regulate cytolytic activity of memory CD8(+)
T cells in the lung airways during respiratory virus challenge. Immu-
nity. 33:96-105. https://doi.org/10.1016/j.immuni.2010.06.016

Kovarik, P., V. Castiglia, M. Ivin, and F. Ebner. 2016. Type I interferons in
bacterial infections: A balancing act. Front. Immunol. 7:652. https://doi
.org/10.3389/fimmu.2016.00652

Kuka, M., M. De Giovanni, and M. Iannacone. 2019. The role of type I in-
terferons in CD4* T cell differentiation. Immunol. Lett. 215:19-23.
https://doi.org/10.1016/j.imlet.2019.01.013

Lamichhane, R., H. Galvin, R.F. Hannaway, S.M. de la Harpe, F. Munro, J.D.
Tyndall, A.J. Vernall, J.L. McCall, M. Husain, and J.E. Ussher. 2020. Type
ILinterferons are important co-stimulatory signals during T cell receptor
mediated human MAIT cell activation. Eur. J. Immunol. 50:178-191.
https://doi.org/10.1002/eji.201948279

Lamichhane, R., M. Schneider, S.M. de la Harpe, T.W.R. Harrop, R.F.
Hannaway, P.K. Dearden, ].R. Kirman, ].D.A. Tyndall, A.J. Vernall, and
J.E. Ussher. 2019. TCR- or cytokine-activated CD8* mucosal-associated
invariant T cells are rapid polyfunctional effectors that can coordinate
immune responses. Cell Rep. 28:3061-3076.e5. https://doi.org/10.1016/j
.celrep.2019.08.054

Lawlor, M.S., J. Hsu, P.D. Rick, and V.L. Miller. 2005. Identification of
Klebsiella pneumoniae virulence determinants using an intranasal in-
fection model. Mol. Microbiol. 58:1054-1073. https://doi.org/10.1111/j
.1365-2958.2005.04918.x

Le Bourhis, L., E. Martin, I. Péguillet, A. Guihot, N. Froux, M. Coré, E. Lévy,
M. Dusseaux, V. Meyssonnier, V. Premel, et al. 2010. Antimicrobial
activity of mucosal-associated invariant T cells. Nat. Immunol. 11:
701-708. https://doi.org/10.1038/ni.1890

Leeansyah, E., C. Boulouis, A.L.H. Kwa, and ].K. Sandberg. 2021. Emerging
role for MAIT cells in control of antimicrobial resistance. Trends Mi-
crobiol. 29:504-516. https://doi.org/10.1016/j.tim.2020.11.008

Leng, T., H.D. Akther, C.P. Hackstein, K. Powell, T. King, M. Friedrich, Z.
Christoforidou, S. McCuaig, M. Neyazi, C.V. Arancibia-Carcamo, et al.
2019. TCR and inflammatory signals tune human MAIT cells to exert
specific tissue repair and effector functions. Cell Rep. 28:3077-3091.e5.
https://doi.org/10.1016/j.celrep.2019.08.050

Li, K., C.K. Vorkas, A. Chaudhry, D.L. Bell, R.A. Willis, A. Rudensky, J.D.
Altman, M.S. Glickman, and J. Aubé. 2018. Synthesis, stabilization, and
characterization of the MR1 ligand precursor 5-amino-6-D-ribitylami-
nouracil (5-A-RU). PLoS One. 13:e0191837. https://doi.org/10.1371/
journal.pone.0191837

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20230037

920z Aeniged 0| uo 3senb Aq ypd-2£00£202 Wal/8Z95 | 61/.£00£2028/01/0ZZ/4Ppd-8jonie/wal/Bio ssaidny//:dpy woy papeojumoq

15 of 16


https://doi.org/10.1128/JB.187.8.2870-2880.2005
https://doi.org/10.1128/JB.187.8.2870-2880.2005
https://doi.org/10.1093/femsre/fuy043
https://doi.org/10.1182/blood-2005-09-3746
https://doi.org/10.1371/journal.pbio.3000644
https://doi.org/10.1371/journal.pbio.3000644
https://doi.org/10.1111/cmi.12466
https://doi.org/10.1016/j.chom.2016.10.003
https://doi.org/10.1038/mi.2016.39
https://doi.org/10.1038/nature13160
https://doi.org/10.1038/nri3806
https://doi.org/10.1038/nri3806
https://doi.org/10.1073/pnas.120163297
https://doi.org/10.1038/s41587-020-0439-x
https://doi.org/10.1016/j.molimm.2010.12.002
https://doi.org/10.1016/j.molimm.2010.12.002
https://doi.org/10.1038/s41590-019-0444-8
https://doi.org/10.1038/s41564-020-0775-0
https://doi.org/10.1038/s41564-020-0775-0
https://doi.org/10.1016/j.celrep.2019.07.039
https://doi.org/10.1371/journal.ppat.1006696
https://doi.org/10.1038/nature11605
https://doi.org/10.1016/j.immuni.2010.06.016
https://doi.org/10.3389/fimmu.2016.00652
https://doi.org/10.3389/fimmu.2016.00652
https://doi.org/10.1016/j.imlet.2019.01.013
https://doi.org/10.1002/eji.201948279
https://doi.org/10.1016/j.celrep.2019.08.054
https://doi.org/10.1016/j.celrep.2019.08.054
https://doi.org/10.1111/j.1365-2958.2005.04918.x
https://doi.org/10.1111/j.1365-2958.2005.04918.x
https://doi.org/10.1038/ni.1890
https://doi.org/10.1016/j.tim.2020.11.008
https://doi.org/10.1016/j.celrep.2019.08.050
https://doi.org/10.1371/journal.pone.0191837
https://doi.org/10.1371/journal.pone.0191837
https://doi.org/10.1084/jem.20230037

Love, M.I., W. Huber, and S. Anders. 2014. Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2. Genome Biol. 15:
550. https://doi.org/10.1186/s13059-014-0550-8

McNab, F., K. Mayer-Barber, A. Sher, A. Wack, and A. O’Garra. 2015. Type I
interferons in infectious disease. Nat. Rev. Immunol. 15:87-103. https://
doi.org/10.1038/nri3787

Meierovics, A., W.J. Yankelevich, and S.C. Cowley. 2013. MAIT cells are
critical for optimal mucosal immune responses during in vivo pulmo-
nary bacterial infection. Proc. Natl. Acad. Sci. USA. 110:E3119-E3128.
https://doi.org/10.1073/pnas.1302799110

Meierovics, A.L, and S.C. Cowley. 2016. MAIT cells promote inflammatory
monocyte differentiation into dendritic cells during pulmonary intra-
cellular infection. J. Exp. Med. 213:2793-2809. https://doi.org/10.1084/
jem.20160637

Messal, H.A,, J. Almagro, M. Zaw Thin, A. Tedeschi, A. Ciccarelli, L. Blackie, K.I
Anderson, I. Miguel-Aliaga, J. van Rheenen, and A. Behrens. 2021. Antigen
retrieval and clearing for whole-organ immunofluorescence by FLASH.
Nat. Protoc. 16:239-262. https://doi.org/10.1038/s41596-020-00414-z

Moore, T.A., M.L. Perry, A.G. Getsoian, M.W. Newstead, and T.J. Standiford.
2002. Divergent role of gamma interferon in a murine model of pul-
monary versus systemic Klebsiella pneumoniae infection. Infect. Im-
mun. 70:6310-6318. https://doi.org/10.1128/1A1.70.11.6310-6318.2002

Moran, A.E., K.L. Holzapfel, Y. Xing, N.R. Cunningham, J.S. Maltzman, J. Punt,
and K.A. Hogquist. 2011. T cell receptor signal strength in Treg and
iNKT cell development demonstrated by a novel fluorescent reporter
mouse. J. Exp. Med. 208:1279-1289. https://doi.org/10.1084/jem.20110308

Padovan, E., G.C. Spagnoli, M. Ferrantini, and M. Heberer. 2002. IFN-alpha2a
induces IP-10/CXCL10 and MIG/CXCL9 production in monocyte-
derived dendritic cells and enhances their capacity to attract and
stimulate CD8+ effector T cells. J. Leukoc. Biol. 71:669-676. https://doi
.0rg/10.1189/41b.71.4.669

Pavlovic, M., C. Gross, C. Chili, T. Secher, and E. Treiner. 2020. MAIT cells
display a specific response to type 1 IFN underlying the adjuvant effect
of TLR7/8 ligands. Front. Immunol. 11:2097. https://doi.org/10.3389/
fimmu.2020.02097

Provine, N.M., A. Amini, L.C. Garner, AJ. Spencer, C. Dold, C. Hutchings, L.
Silva Reyes, M.E.B. FitzPatrick, S. Chinnakannan, B. Oguti, et al. 2021.
MAIT cell activation augments adenovirus vector vaccine immunoge-
nicity. Science. 371:521-526. https://doi.org/10.1126/science.aax8819

Provine, N.M., and P. Klenerman. 2020. MAIT cells in health and disease.
Annu. Rev. Immunol. 38:203-228. https://doi.org/10.1146/annurev
-immunol-080719-015428

Rahimpour, A., H.F. Koay, A. Enders, R. Clanchy, S.B. Eckle, B. Meehan, Z.
Chen, B. Whittle, L. Liu, D.P. Fairlie, et al. 2015. Identification of phe-
notypically and functionally heterogeneous mouse mucosal-associated
invariant T cells using MRI tetramers. J. Exp. Med. 212:1095-1108.
https://doi.org/10.1084/jem.20142110

Salou, M., F. Legoux, J. Gilet, A. Darbois, A. du Halgouet, R. Alonso, W. Richer,
A.G. Goubet, C. Daviaud, L. Menger, et al. 2019. A common tran-
scriptomic program acquired in the thymus defines tissue residency of
MAIT and NKT subsets. J. Exp. Med. 216:133-151. https://doi.org/10
.1084/jem.20181483

Soneson, C., M.I. Love, and M.D. Robinson. 2015. Differential analyses for
RNA-seq: Transcript-level estimates improve gene-level inferences.
FI000 Res. 4:1521. https://doi.org/10.12688/f1000research.7563.1

Lépez-Rodriguez et al.
Type | IFNs control MAIT cell activation

Soudja, S.M., A.L. Ruiz, J.C. Marie, and G. Lauvau. 2012. Inflammatory
monocytes activate memory CD8(+) T and innate NK lymphocytes
independent of cognate antigen during microbial pathogen inva-
sion. Immunity. 37:549-562. https://doi.org/10.1016/j.immuni.2012
.05.029

Sumida, T.S., S. Dulberg, J.C. Schupp, M.R. Lincoln, H.A. Stillwell, P.P. Axisa,
M. Comi, A. Unterman, N. Kaminski, A. Madji, et al. 2022. Type I in-
terferon transcriptional network regulates expression of coinhibitory
receptors in human T cells. Nat. Immunol. 23:632-642. https://doi.org/
10.1038/541590-022-01152-y

Sung, J.H., H. Zhang, E.A. Moseman, D. Alvarez, M. Iannacone, S.E. Hen-
rickson, ].C. de la Torre, J.R. Groom, A.D. Luster, and U.H. von Andrian.
2012. Chemokine guidance of central memory T cells is critical for
antiviral recall responses in lymph nodes. Cell. 150:1249-1263. https://
doi.org/10.1016/j.cell.2012.08.015

Theuretzbacher, U. 2017. Global antimicrobial resistance in Gram-negative
pathogens and clinical need. Curr. Opin. Microbiol. 39:106-112. https://
doi.org/10.1016/j.mib.2017.10.028

Ussher, J.E., C.B. Willberg, and P. Klenerman. 2018. MAIT cells and viruses.
Immunol. Cell Biol. 96:630-641. https://doi.org/10.1111/imch.12008

van Wilgenburg, B., L. Loh, Z. Chen, T.J. Pediongco, H. Wang, M. Shi, Z. Zhao,
M. Koutsakos, S. Niissing, S. Sant, et al. 2018. MAIT cells contribute to
protection against lethal influenza infection in vivo. Nat. Commun. 9:
4706. https://doi.org/10.1038/s41467-018-07207-9

van Wilgenburg, B., I. Scherwitzl, E.C. Hutchinson, T. Leng, A. Kurioka, C.
Kulicke, C. de Lara, S. Cole, S. Vasanawathana, W. Limpitikul, et al. 2016.
MAIT cells are activated during human viral infections. Nat. Commun. 7:
11653. https://doi.org/10.1038/ncommsl11653

Vitreschak, A.G., D.A. Rodionov, A.A. Mironov, and M.S. Gelfand. 2002.
Regulation of riboflavin biosynthesis and transport genes in bacteria by
transcriptional and translational attenuation. Nucleic Acids Res. 30:
3141-3151. https://doi.org/10.1093/nar/gk{433

Voillet, V., M. Buggert, C.K. Slichter, ].D. Berkson, F. Mair, M.M. Addison,
Y. Dori, G. Nadolski, M.G. Itkin, R. Gottardo, et al. 2018. Human
MAIT cells exit peripheral tissues and recirculate via lymph in
steady state conditions. JCI Insight. 3:e98487. https://doi.org/10.1172/
jei.insight.98487

Vorkas, C.K., C. Krishna, K. Li, J. Aube, D.W. Fitzgerald, L. Mazutis, C.S. Le-
slie, and M.S. Glickman. 2022. Single-cell transcriptional profiling re-
veals signatures of helper, effector, and regulatory MAIT cells during
homeostasis and activation. J. Immunol 208:1042-1056. https://doi.org/
10.4049/jimmunol.2100522

Wang, H., C. D’Souza, X.Y. Lim, L. Kostenko, T.J. Pediongco, S.B.G. Eckle, B.S.
Meehan, M. Shi, N. Wang, S. Li, et al. 2018. MAIT cells protect against
pulmonary Legionella longbeachae infection. Nat. Commun. 9:3350.
https://doi.org/10.1038/541467-018-05202-8

Wang, H., L. Kjer-Nielsen, M. Shi, C. D’Souza, T.J. Pediongco, H. Cao, L.
Kostenko, X.Y. Lim, S.B.G. Eckle, B.S. Meehan, et al. 2019. IL-23 cos-
timulates antigen-specific MAIT cell activation and enables vaccination
against bacterial infection. Sci. Immunol. 4:eaaw0402. https://doi.org/10
.1126/sciimmunol.aaw0402

Zepp, J.A., WJ. Zacharias, D.B. Frank, C.A. Cavanaugh, S. Zhou, M.P. Morley,
and E.E. Morrisey. 2017. Distinct mesenchymal lineages and niches
promote epithelial self-renewal and myofibrogenesis in the lung. Cell.
170:1134-1148 e1110. https://doi.org/10.1016/j.cell.2017.07.034

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20230037

920z Aeniged 0| uo 3senb Aq ypd-2£00£202 Wal/8Z95 | 61/.£00£2028/01/0ZZ/4Ppd-8jonie/wal/Bio ssaidny//:dpy woy papeojumoq

16 of 16


https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1038/nri3787
https://doi.org/10.1038/nri3787
https://doi.org/10.1073/pnas.1302799110
https://doi.org/10.1084/jem.20160637
https://doi.org/10.1084/jem.20160637
https://doi.org/10.1038/s41596-020-00414-z
https://doi.org/10.1128/IAI.70.11.6310-6318.2002
https://doi.org/10.1084/jem.20110308
https://doi.org/10.1189/jlb.71.4.669
https://doi.org/10.1189/jlb.71.4.669
https://doi.org/10.3389/fimmu.2020.02097
https://doi.org/10.3389/fimmu.2020.02097
https://doi.org/10.1126/science.aax8819
https://doi.org/10.1146/annurev-immunol-080719-015428
https://doi.org/10.1146/annurev-immunol-080719-015428
https://doi.org/10.1084/jem.20142110
https://doi.org/10.1084/jem.20181483
https://doi.org/10.1084/jem.20181483
https://doi.org/10.12688/f1000research.7563.1
https://doi.org/10.1016/j.immuni.2012.05.029
https://doi.org/10.1016/j.immuni.2012.05.029
https://doi.org/10.1038/s41590-022-01152-y
https://doi.org/10.1038/s41590-022-01152-y
https://doi.org/10.1016/j.cell.2012.08.015
https://doi.org/10.1016/j.cell.2012.08.015
https://doi.org/10.1016/j.mib.2017.10.028
https://doi.org/10.1016/j.mib.2017.10.028
https://doi.org/10.1111/imcb.12008
https://doi.org/10.1038/s41467-018-07207-9
https://doi.org/10.1038/ncomms11653
https://doi.org/10.1093/nar/gkf433
https://doi.org/10.1172/jci.insight.98487
https://doi.org/10.1172/jci.insight.98487
https://doi.org/10.4049/jimmunol.2100522
https://doi.org/10.4049/jimmunol.2100522
https://doi.org/10.1038/s41467-018-05202-8
https://doi.org/10.1126/sciimmunol.aaw0402
https://doi.org/10.1126/sciimmunol.aaw0402
https://doi.org/10.1016/j.cell.2017.07.034
https://doi.org/10.1084/jem.20230037

Supplemental material

Lépez-Rodriguez et al.
Type | IFNs control MAIT cell activation

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20230037

S1

920z Aeniged 0| uo 3senb Aq ypd-2£00£202 Wal/8Z95 | 61/.£00£2028/01/0ZZ/4Ppd-8jonie/wal/Bio ssaidny//:dpy woy papeojumoq


https://doi.org/10.1084/jem.20230037

TCRp

Lung 48 hpi
10° 107 — -
De oo
107 5 € il ~ e
B ° e 210 De °  Zis P
E g 2 . g
3 > ®* S 3.3 : .
Gl 'i— ° L T B0y & g0
3 1] geo 10¢ e 2 1%ee = & ?
S ° 8 0 ° 8 s ﬁ
5 3 ° = E
10 10 £ 2 2‘3 P &
e 10° L T ol : Fool i
24 48  hpi Spleen  Liver 2 24 48 hpi 24 48 hpi
Pulmonary MAIT cells (48 hpi) F 100 o.KP

80 !‘ ® +KP
1 2
| I ] 8
J\ \ 2 e
A | Y :,
5
=
H 20
CD28 CD137 icos CD27 ° :‘
0
G PBS (control) 5.0P-RU (Is0)  5-OP-RU (aMR1) «x,e‘x R 00%’09?’;00‘5‘ o
E A R ol N PN O
g 1 " 1 " ¥ o of @ O P
8.82% 77.8% 32.9% S o)
] : ] 'S O PISIES
1 & 1 49 1
B 10" s 08 20 08
o3 E| i s o W P o control
105 o pu— J—
e e . B %6 S oe]  Bis ) 06
CD69 2408 g 9 g © +5-OP-RU
= g ° ¥
9 9 E| 2 - S 04 £10 04 #:+5:0PRU
235% 25.6% E10] — 3 < se +oMR1
i i 2yg 8 % 2
3 ® L s x
b 1, 3] @ S gos 0 02 2
i i ° = $ ®
102 0.0. 0 0
e v MAIT  non MAIT T CD69 CD25
MAIT cells

Nur77 (% of MAIT cells)

MR1:Tet (5-OP-RU,

Control

1.8%

MR1:Tet (5-OP-RU

~ X\L\’O S K L0
S

I RAW264.7 cells

CD14+ monocytes

J

+ KP (24h)
aMR1 (10 pg/mi)

+SA (3h)
lL12/23p40 or alL18

MFI
2974

J IR 9042
9104
e,

control

+KP (+is0)
+KP+aMR1

M|
A 972 control
i 1668| +SA (+is0)

.
Pan. 1238 +sAcallis
Mo 1377) +SA+all12

CDB9 (% of MAIT cells)

0
CD69

o
CD69

Figure S1. Pulmonary MAIT cell populations during K. pneumonia infection. (A) Flow cytometry gating strategy for pulmonary MAIT cells
(Zombie~TCRB*CD44*MR1:Tetramer (5-OP-RU)*) in WT C57BL/6) mice. (B) Body-weight loss in WT mice at 24 and 48 h after infection with K. pneumoniae
(+KP, red) or uninfected controls (-KP, blue). Lines represent mean + SEM, each dot is a mouse (n = 12-23). ***P < 0.001, ****P < 0.0001, two-way ANOVA
with Tukey’s multiple comparisons test. (C) Bacterial burden in the lungs, spleen, and liver of infected WT mice at the indicated time points; each dot is a mouse
(n = 5-8). (D) Absolute numbers of pulmonary non-MAIT T cells (left) and MAIT cell frequencies (respect to TCRB* cells, right) in WT mice 48 h after infection
with K. pneumoniae (+KP, red) or uninfected controls (-KP, blue). Lines represent mean + SEM, each dot is a mouse (n = 5-17), data pooled from more than
three independent experiments. **P < 0.01; two-way ANOVA with Tukey’s multiple comparisons. (E) Representative flow cytometry plots showing expression
of the depicted markers in pulmonary MAIT cells 48 h after infection with K. pneumoniae. FMO, fluorescence minus one. (F) Flow cytometry quantification of
RORyt/T-bet expression and CD4/CD8 expression for pulmonary MAIT cells 48 h after infection with K. pneumoniae (+KP, red) or uninfected controls (-KP,
blue). Each dot is a mouse (n = 3-7); data pooled from two to three independent experiments. (G) Flow cytometry plots showing expression of CD69 and CD25
in pulmonary MAIT cells from WT mice receiving i.n. 5-OP-RU or PBS (control). Mice were injected with anti-MR1 blocking antibody or isotype control (iso) 24 h
earlier. Absolute numbers and frequency of pulmonary MAIT cells and non-MAIT T cells and MFI for CD69 and CD25 are shown. Lines represent mean + SEM,
each dot is a mouse (n = 3-4). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; one-way ANOVA with Tukey’s multiple comparisons. (H) Left: Nur77
expression in pulmonary MAIT cells from WT mice infected with Klebsiella (left), CD69* and CD69~ MAIT cells from Klebsiella-infected mice (middle), pulmonary
MAIT cells from 5-OP-RU injected mice (5-OP), or splenic MAIT cells from mice infected with E. coli (i.p., 5 x 10> CFUs/mouse, right). Lines represent mean
SEM; each dot is a mouse (n = 4); data pooled from two to three independent experiments. Right: Representative flow cytometry plots for Nur77 expression for
pulmonary MAIT cells for mice infected with Klebsiella (left) or receiving 5-OP-RU (right). *P < 0.05; **P < 0.01; ns, not significant, unpaired two-tailed t test.
(1) Representative flow cytometry profiles showing expression of MR1 in RAW264.7 cells (left) or CD14* monocytes (right). (J) Murine T cells (enriched from
spleen and inguinal lymph nodes of WT mice as B220~ cells) were cultured with RAW264.7 macrophages in the presence/absence of K. pneumoniae (for 24 h,
left) or S. aureus (SA, for 3 h, right) and blocking antibodies as indicated. Representative histograms for MAIT cells CD69 (including MFI values) and frequency of
CD69* MAIT cells in response to SA (right) are shown. Bars represent mean + SEM, data are pooled from two independent experiments with T cell isolated
from three to five mice. *P < 0.5, **P < 0.01, ANOVA with Tukey’s multiple comparisons test.
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Figure S2. MAIT cells’ transcriptional programs. (A-F) Human MAIT cells were sorted from PBMCs (four healthy donors) after incubation with Klebsiella,
IFNa2A, influenza virus, or no stimuli (control) and subjected to RNAseq analyses. (A and B) Functional enrichment analysis of genes positively changed in
MAIT cells exposed to Klebsiella vs. control (A), or for DEGs enriched in MAIT cells exposed to Klebsiella, IFNa, and influenza (B; “common DEGs”). The GO terms
are shown ranked by P values. Enrichment and P values (from a Fisher’s exact test with Bonferroni correction) were calculated with PANTHER tools. (C and D)
Human MAIT cells were sorted from PBMCs (four healthy donors) after incubation with IFNa2A (C), influenza virus (D; or no stimuli [control]) and subjected to
RNAseq analyses. Left: Volcano plots including DEGs up- (red) or downregulated (blue) in response to IFNa vs. control (C) or influenza vs. control (D). Labeled
genes are colored black. A log, fold change cut-off of 0.5 and adjusted P value cut-off of 0.01 were applied. Right: Results of GSEA hallmark pathway analysis
showing enriched gene sets. Adjusted P values and NES for the indicated pathways are shown (red bars, positive NES; blue bars, negative NES). (E) Analyses of
DEGs enriched in MAIT cells exposed to Klebsiella but not in cells exposed to IFNa or influenza (K. pneumoniae “only DEGs”). Labeled genes are colored black. A
log, fold change cut-off of 0.5 and adjusted P value cut off of 0.01 were applied. Top right: Functional enrichment analysis of K. pneumoniae “only DEGs.” The
GO terms are shown ranked by P values. Enrichment and P values (from a Fisher’s exact test with Bonferroni correction) were calculated with PANTHER tools.
Bottom right: Relative gene expression of selected transcripts in MAIT cells exposed to Klebsiella (red) vs. control (blue). Boxes show 25th to 75th percentiles
with whiskers being max/min values. (F) Heatmap (left) and GSEA plot (right) for “tissue repair” associated genes as described by Hinks et al. (2019). (G and H)
MAIT cells were sorted from the lungs of WT mice (previously injected with 5-OP-RU+LPS to expand the MAIT cell population) and cultured (18 h) with
RAW?264.7 macrophages in the presence/absence of K. pneumoniae, 5-OP-RU, and/or anti-MR1 blocking antibody (1 or 10 pg/ml) or isotype (control) as in-
dicated. Frequencies (G) and representative histograms (H) for MAIT cells CD69 (including MFI values) are shown from two independent experiments per-
formed with MAIT cells obtained from three to five mice. Bars represent mean + SEM, ****P < 0.0001, one-way ANOVA with Tukey’s multiple
comparisons test.
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Figure S3. Type I IFN-dependent MAIT cell activation. (A) Murine MAIT cells were sorted from the lungs of WT mice (previously injected with 5-OP-
RU+LPS to expand the MAIT cell population) and cultured with IFNa or the supernatant of Klebsiella-treated RAW264.7 cells. Representative flow cytometry
plots (from three independent experiments) show phosphorylation of STAT1 in MAIT cells at the indicated time points after stimulation with IFNa (top) or the
supernatant of Klebsiella-treated RAW264.7 cells (bottom). Red profile = stimulated cells; blue = unstimulated controls. (B) MAIT cells were sorted from the
lungs of WT mice (previously injected with 5-OP-RU+LPS to expand the MAIT cell population) and cultured (for 18 h) with RAW264.7 macrophages in
the presence/absence of WT (KP, Kp43816) or mutant KPAribD as indicated. Frequencies of Granzyme B (GrzB*), IFN-y*, IL-17*, or CD69* MAIT cells is shown;
data are pooled from two independent experiments with MAIT cells obtained from three to five mice. Bars represent mean + SEM, *P < 0.5, ***P < 0.001,
¥¥¥¥P < 0.0001; ns, not significant, one-way ANOVA with Tukey’s multiple comparisons test. (C) Flow cytometry plots and quantification of MAIT cell fre-
quency in WT mice after i.n. challenges with PBS (blue), LPS (black), and 5-OP-RU+LPS (red). Lines represent mean + SEM, each dot represents a mouse (n =
5-20). **P < 0.01, one-way ANOVA with Tukey’s multiple comparisons test. (D) Flow cytometry plots showing T-bet/RORyt, CD4/CD8, CD69/CD25/CD137,
IFNy/IL-17A/GramB in pulmonary MAIT cells from PBS-treated (control) vs. 5-OP-RU/LPS-treated mice. (E) Flow cytometry plots for CXCR6 expression in
MAIT cells (CD3&*MR1(5-OP-RU)Tetramer*), invariant natural killer T (iNKT) cells (CD3e*CD1d(PBS-57)Tetramer*), and y5T cells (CD3&*TCRy8*) in the lungs of
WT mice. (F) Flow cytometry plots showing CD3*GFP* cells and frequency of MAIT cells, iNKT cells, and y& T cells within the CD3*GFP* population in the lung
of CXCR6-eGFP mice without (top) or with (bottom) 5-OP-RU+LPS administration.
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Provided online are three tables. Table S1 shows the human Klebsiella-stimulated MAIT vs. non-stimulated MAITs gene list used in
this study. Table S2 shows the human INFa-stimulated MAIT vs. non-stimulated MAITs gene list used in this study. Table S3 shows
the human influenza-stimulated MAIT vs. non-stimulated MAITs gene list used in this study.
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