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SUMMARY

Pseudomonas aeruginosa is a common cause of pulmonary infection. As a Gram-negative
pathogen, it can initiate a brisk and highly destructive inflammatory response; however, most
hosts become tolerant to the bacterial burden, developing chronic infection. Using a murine model
of pneumonia, we demonstrate that this shift from inflammation to disease tolerance is promoted
by ketogenesis. In response to pulmonary infection ketone bodies are generated in the liver and
circulate to the lungs where they impose selection for P aeruginosa strains unable to display
surface lipopolysaccharide (LPS). Such keto-adapted LPS strains fail to activate glycolysis and
tissue damaging cytokines and, instead, facilitate mitochondrial catabolism of fats and oxidative
phosphorylation (OXPHOS), which maintains airway homeostasis. Within the lung, P aeruginosa
exploits the host immunometabolite itaconate to further stimulate ketogenesis. This environment
enables host-£ aeruginosa coexistence, supporting both pathoadaptive changes in the bacteria and
the maintenance of respiratory integrity via OXPHOS.
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Tomlinson et al report how ketogenesis, a metabolic response to host energy deprivation, promotes
disease tolerance during £ aeruginosa pneumonia. Ketone bodies select P, aeruginosa strains
unable to assembly surface LPS, preserving thus the ability of infected airway cells to produce
ATP in mitochondria. This favorable microenvironment facilitates host-pathogen coexistence.

INTRODUCTION

Pseudomonas aeruginosa is a feared pulmonary pathogen associated with acute,
inflammatory infection resulting in substantial lung destruction caused by its expression

of potent toxins and proteases®. More commonly, however, it is associated with persistent
infection in people with cystic fibrosis (CF)23, bronchiectasis*®, chronic obstructive
pulmonary disease®7 and primary ciliary dyskinesia®®, subjects without underlying immune
dysfunction. These patients develop tolerance to infection, also known as disease tolerance,
an evolutionarily conserved defense strategy that controls damage in infected tissues

by limiting the inflammatory response against the infectious agent'9-12, By reducing
inflammation, tolerance to infection not only preserves organ function, but also enables
pathogen coexistence with the host19-12, Exactly how the host shifts from an immune
response that is highly damaging to one that tolerates bacterial burden in the airway is not
well understood.
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The physiological processes that normally maintain pulmonary homeostasis are
predominantly sustained by oxidative phosphorylation (OXPHOS)13-15, OXPHOS produces
ATP in mitochondria, a process fueled by fats that are normally assimilated from the
diet!6.17, The energy provided by OXPHOS not only supports airway cell viability, but

also promote numerous processes essential for normal pulmonary function, such as gas
exchange, airway mucus clearance, and surfactant production18-22, In response to an
infectious threat, including lipopolysaccharide (LPS) displayed by Gram-negative pathogens
like P aeruginosa, there is a rapid shift from these basal biological activities supported by
OXPHOS to glycolysis®:17:23-25 This metabolic reprogramming generates inflammatory
cytokines to eradicate infection23:25, This acute inflammation compromises the integrity

of the lung and can be fatal if not regulated’10:11.26.27 ' However, LPS not only drives

local bioenergetic alterations, but also systemic host adaptations like ketogenesis?8:29, By
prompting ketogenesis, hepatic cells redirect fatty acids to produce ketone bodies, which
travel to affected organs to stimulate ATP synthesis via OXPHOS29:30, By refueling ATP
generation, ketone bodies impede tissue necrosis, phagocyte activation, and inflammation2®.,
Hosts tolerant of pulmonary infection thus must tightly control the balance between
OXPHQOS, glycolysis, ketogenesis, and inflammation to safeguard lung integrity.

Bacteria also must adapt to the bioenergetic configuration of the airway. Clinical isolates
of A, aeruginosa from the lung of tolerant subjects exhibit numerous LPS alterations3-31,
especially inactivating /ofD mutations32. LptD is a key transporter that enables the display
of LPS on the outer membrane of the bacterial surface, and is thus essential for its pro-
inflammatory activity33:34, Along with changes in cell surface structures, these pathogens
readily adapt their own metabolic activity to contribute to the preservation of the local
environment33%, In such a favorable milieu, 2 aeruginosa evolves to persist as discrete
communities that engraft within the local microbiome?-7:36:37_ Adaptive changes observed
in A aeruginosa strains from chronically infected patients must synchronize with the
bioenergetic setting that conserves pulmonary integrity: OXPHOS.

Here, we establish that tolerance to 2. aeruginosa lung infection is closely associated with
the maintenance of OXPHOS in airway cells. We demonstrate that the infected, tolerant host
abrogates glycolysis and the release of airway-damaging cytokines by fueling pulmonary
OXPHOS with fat metabolism. Ketogenesis and local immunometabolites in turn drive the
selection of £ aeruginosa strains with limited display of LPS and enhanced ability to sustain
the tolerogenic environment. This milieu not only safeguards respiratory integrity, but also
promotes pathogen survival, enabling host-£ aeruginosa coexistence, which is hallmark of
tolerance to infection.

P. aeruginosa surface LPS drives airway OXPHOS impairment via depletion of ATP

synthase —

Using a LptD mutant of the laboratory P, aeruginosa strain PAO1 unable to display LPS on
the surface (AlptD PAO1)32:38 e demonstrated that LPS anchored to the outer membrane
induces pulmonary OXPHOS dysfunction. In contrast with mice exposed to A/ptD PAOL
(~106 CFUs; Fig. S1A), lung protein extracts from animals infected with WT PAO1
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exhibited depletion of ATP5A, a key component of ATP synthase (also known as complex
V), the OXPHOS machinery that generates ATP3? (Fig. 1A). We did not observe substantial
changes in other mitochondrial complexes involved in OXPHOS, including Sdhb (complex
I1: succinate dehydrogenase) and Mtcol (complex IV: cytochrome C oxidase)*%4! (Fig.
1A). As expected, depletion of ATP synthase in response to 2 aeruginosa surface LPS
correlated with activation of compensatory routes like glycolysis, illustrated by augmented
expression of the pro-glycolytic enzyme hexokinase 2 (HK2)*2 (Fig. 1A) and increased
glucose concentration in bronchoalveolar lavage (BAL) fluids (Fig. 1B).

We found that P aeruginosa surface LPS provoked pulmonary depletion of ATP synthase
via pathogen burden. Compared to the AjptD mutant, the WT PAO1 strain more readily
consumed the pro-ATP NADH and FADH, intermediates that are generated from succinate
and its precursor a—ketoglutarate*3 (Fig. 1C). This increased bioenergetic efficiency
augmented £ aeruginosa biomass generation in succinate (Fig. 1D). To amplify AljptD PAO1
loads in the host airway, we exposed mice to an increasing inoculum of this strain. At lower
doses (e.g., ~10° CFUs), A/ptD PAO1 did not provoke substantial depletion of the ATP
synthase constituent ATP5A, but at higher inoculum (e.g., > ~108 CFUs) it did (Fig. 1E).

We confirmed these findings /n vitro. Bone-marrow derived macrophages (BMDMs) were
exposed to either PBS or a similar inoculum of either WT PAO1 or A/ptD PAO1L, and

their OXPHOS response was analyzed via Seahorse technology. Compared to BMDMs
administered A/pfD PAO1, cells exposed to WT PAOL1 had a higher oxygen consumption
rate (OCR) (Fig. 1F), which is a signature of mitochondrial OXPHOS impairment by

LPS stimulation324445 (Fig. 1G). However, when compared to BMDM s treated with PBS,
cells exposed to either pathogen elicited significantly higher OCR throughout the course
of the assay (Fig. 1F), supporting the idea that £ aeruginosa LptD causes host OXPHOS
interference via both LPS display and bacterial burden.

P. aeruginosa inhibition of host ATP synthase triggers damaging inflammation —

We confirmed the damaging consequences of £ aeruginosa interference of host ATP
synthase in a model of acute pneumonia. We treated animals with a sublethal dose of
oligomycin (~0.2mg/Kg), which is a specific inhibitor of ATP synthase*, prior to infection
with ~10° CFUs of WT PAO1. Oligomycin amplified the accumulation of IL-1p and
TNFa (Fig. 2A), cytokines associated with tissue damage, as well as increased WT PAO1
burden (Fig. 2B). To further demonstrate that blockade of host mitochondrial bioenergetics
exacerbates lung inflammatory stress during infection, we blocked fatty acid p-oxidation
(FAO), a pathway upstream of OXPHOS that fuels host ATP synthase activity*’. FAO
metabolizes fatty acids that are trafficked into mitochondria by the transporter Cpt1a*’.
These imported metabolites are then p-oxidized, generating intermediates that enter the
TCA cycle to fuel OXPHOS and ATP synthase function. To interfere with host FAO, we
treated mice with a specific CptZablocker, etomoxir#8. In contrast with controls, mice
treated with etomoxir and infected with WT PAO1 had significantly higher levels of IL-6
and TNFa (Fig. 2C) and increased bacterial burden (Fig. 2D). Similar findings were
observed in animals exposed to 4/ptD PAO1 (Fig. 2E-F), confirming that impairment of
pathways that fuel host ATP synthase intensifies airway disease.
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We observed that cytokines promoted by host ATP synthase interference triggered an
inflammatory feedback loop that worsened pulmonary integrity. Compared to /27~ mice,
which are unable to signal through IL-18, //Z/+/* animals exposed to WT PAO1 had
significantly increased airway levels of IL-6 (~2.7 fold) and TNFa (~1.8 fold) (Fig. S1B),
augmented bacterial burden in BAL (~27 fold) (Fig. S1C), and greater albumin leakage into
the airway fluid (Fig. S1D), which is an indicator of vascular barrier damage®®-0. These
findings were further supported using WT and A/ptD PAOL1 strains (Fig. S1E-G).

P. aeruginosa strains from tolerant hosts preserve lung OXPHOS during pneumonia —

We next addressed whether clinical isolates of 2 aeruginosa from tolerant subjects, in fact,
maintain host OXPHOS and if this is linked to the repression of LptD. We found that ~85%
of P, aeruginosa strains from the airways of 13 subjects in the intensive care unit (ICU)
exhibited substantially lower mRNA expression of /ptD, in contrast with WT PAOL1 (Fig.
3A). Similar findings were observed with longitudinal collections of 2 aeruginosaisolates
from the lungs of two chronically infected individuals with CF (CF#1 and CF#2). Analysis
of 14 P, aeruginosa strains from CF#1 showed that, at advanced stages of infection, 100%
of these pathogens exhibited low JpfD expression (Fig. 3B, left panel). We validated these
observations by examining 17 P, aeruginosa strains from CF#2, which showed null jotD
expression (Fig. 3B, right panel). These data confirmed the association between tolerance to
P, aeruginosa infection and LptD inhibition.

We next analyzed how P, geruginosa isolates from the lung of tolerant subjects affected
pulmonary ATP synthase. Compared to animals exposed to WT PAO1, mice infected with
a mixture of the 17 isolates from CF#2 (hereafter referred to as “P aeruginosa isolates™)
(Fig. 3B, left panel; Fig. S1H) preserved ATP5A expression in the lung tissue (Fig. 3C).
They did not trigger any changes in mitochondrial complexes 1l and 1V, nor increased
pro-inflammatory glycolytic metabolism via HK2 (Fig. 3C).

To better appreciate how the stress of bacterial infection impacts mitochondrial bioenergetics
at the cellular level, we performed single-cell-RNA-sequencing (ScCRNA-Seq) of whole lung
tissue from animals exposed to either PBS, WT PAOL, or the £, aeruginosa isolates. We
were more specifically interested in delineating changes in bioenergetics in immune versus
stromal cell populations. Initial clustering of our integrated SCRNA-Seq data identified 23
populations with distinctive transcriptomic signatures, including cells in direct contact with
the airway lumen, such as alveolar macrophages, type 1 and 2 pneumocytes, ciliated cells,
fibroblasts, and vascular and capillary endothelial cells, as well as cells that are not directly
exposed to the airway, such as mesothelial cells and smooth muscle cells (Fig. 3D, Fig.
S1I-J, Table S1). We computed OXPHQS scores for every cell using 171 genes associated
with the pathway, including ATP synthase and complexes I-1V in the electron transport
chain (ETC) (Table S2)51. We then calculated a AOXPHOS score compared to uninfected,
PBS-treated mice, and created volcano plots to visualize how the different 2 aeruginosa
strains affected this bioenergetic pathway in each cell cluster. As anticipated, WT PAO1, but
not the P, aeruginosa isolates, significantly compromised OXPHQOS in key respiratory cells.
While WT PAOL1 suppressed OXPHOS in 13 out of the 23 populations identified (~57%)
(Fig. 3E), the P, aeruginosa isolates only caused OXPHOS downregulation in 5 (~22%) (Fig.
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3F). One of the most highly impacted populations in WT PAO1-infected mice were alveolar
macrophages, followed by cell populations required to maintain pulmonary gas exchange
and surfactant production, including type 2 pneumocytes, vascular and capillary endothelial
cells!3 (Fig. 3E). Conversely, the A, aeruginosa isolates did not compromise OXPHOS

in these cell subsets (Fig. 3F). Instead, the 2 aeruginosaisolates impaired OXPHOS in
recruited phagocytes (~60% of cells affected), including peripheral blood (PB) neutrophils,
granulocytes, and regulatory myeloid cells, indicating that the 2 aeruginosa isolates preserve
the bioenergetic homeostasis of resident respiratory cells.

Preservation of host ATP synthase function enables disease tolerance —

Our findings this far indicated that the host responded to infection by the P aeruginosa
isolates with disease tolerancel9-12:52: in contrast with WT PAO1, the clinical strains were
not lethal (Fig. 3G), provoked reduced inflammation (Fig. 3H), restricted hypothermia
(Fig. S2A) and limited vascular dysfunction (Fig. S2B). The isolates exhibited ~10-fold
lower pathogen burden than WT PAO1 after 24 hours, which correlated with prolonged
host-pathogen coexistence (Fig. 3l, Fig 3G).

We hypothesized that the tolerogenic response to infection by the P, aeruginosa isolates
was enabled by preservation of ATP synthase function. Compared to mice that were
infected with the clinical strains and treated with a sublethal dose of the ATP synthase
inhibitor oligomycin (~0.2mg/Kg) (Fig. 3J), hosts infected with the same inoculum but
treated with a higher dose of oligomycin (~1.0mg/Kg) rapidly developed disease, including
hypothermia (Fig. S2C) and death (Fig. 3K), indicating that it is critical for the host to
conserve functional OXPHQS during infection with these clinical pathogens. The indolent
infection produced by the £ aeruginosaisolates more closely resembled the disease caused
by AlptD PAO1 (Fig. 3K). Indeed, and as observed with this mutant (Fig. 1D), the clinical
strains were not as proficient at growth than WT PAO1 (Fig. 3L), suggesting that tolerance
to these organisms might be linked to reduced pathogen burden. When we increased the
pathogen biomass in our /n vivo model by administering a 10-fold higher inoculum of the
P, aeruginosaisolates (~10” CFUs), we observed more disease, illustrated by hypothermia
and death (Fig. S2D, Fig. 3K). Thus, the tolerogenic response to the P, aeruginosa isolates is
supported by maintenance of host ATP synthase.

P. aeruginosa isolates facilitate generation of energy in airway cells via catabolism of
dietary fats —

We postulated that to stimulate pulmonary ATP synthase and thus mitigate airway
inflammation, the £ aeruginosa isolates would enable host catabolism of fats. Fats are
typically assimilated from the diet and are used to fuel OXPHOS8:17. During infection

by the clinical pathogens, host catabolism of dietary fats would prevent the mobilization

of glucose into the lung, restricting the synthesis of cytokines that rely on glycolysis.

The opposite would occur during WT PAOL1 infection, which depletes pulmonary ATP
synthase; dietary fats would be unable to fuel energy production in pulmonary mitochondria,
prompting compensatory glycolysis and cytokine release.
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To stimulate OXPHOS via diet, we fed mice ad /ibitum for 1 week with a fatty acid-rich,
carbohydrate-low diet (fatty acid: ~89%; carbohydrates: ~0.1%; protein: ~10%). As control,
we used a fatty acid-low, carbohydrate-rich intake (fatty acid: ~10%; carbohydrates: ~80%;
protein: ~10%), which induced similar animal weight than the fatty acid-rich diet (Fig.
S3A). We then exposed these mice to either WT PAOL1 or the £ aeruginosaisolates. As
predicted, the levels of airway glucose in fatty-acid-fed hosts varied with the ability of the
pathogen to preserve host ATP synthase: during WT PAOL infection, BAL carbohydrate
levels were significantly increased, while the opposite was observed during infection with
the P, aeruginosaisolates (Fig. 4A). The differences in airway glucose abundance were

not due to variations in pathogen burden (Fig. 4B-C) or glycemia (Fig. 4D), confirming
that airway glucose concentrations depend on the ability of P aeruginosato preserve host
OXPHOS.

Increased airway glucose levels in mice fed with fats and exposed to WT PAO1
correlated with the accumulation of numerous pro-inflammatory cytokines fueled by
glycolysis17:23.2553554 ‘including IL-17, MCP-1, MIP-2, IL-1B, IL-1a, TNFa, MIP-1a,
MIP-1pB, LIX, RANTES and MIG (Fig. 4E). Conversely, during infection with the 2
aeruginosaisolates, the reduced airway glucose levels during host fat intake limited the
production of key cytokines like TNFa, MIP-1p, IL-6, IL-12p70, and G-CSF (Fig. 4F).

Using the A/ptD PAQOL1 strain, we confirmed that glucose abundance and cytokine release in
the airway of fat-fed mice were modulated by the maintenance of pulmonary ATP synthase.
Compared to animals fed with the control diet, animals on the fatty-acid-rich intake and
exposed to A/ptD PAQ1 exhibited reduced airway glucose (Fig. 4A, Fig. 4D) and cytokines,
including 1L-17, MCP-1, MIP-2, IL-6 and KC 17:232553.54(Fjg. 4G). This nutritional
approach demonstrates that conservation of host ATP synthase during £ aeruginosa infection
is central not only for airway energy generation via catabolism of fats, but also to limit
inflammatory glycolysis.

Ketogenesis induced by dietary fats limits inflammatory disease during P. aeruginosa
pneumonia —

The fatty acid-rich, carbohydrate-low diet that we used is a “ketogenic diet” that drives
the generation of ketone bodies, like B-hydroxybutyrate (BHB) 2255, In addition to
stimulating OXPHOS in peripheral tissues, ketones also suppress pathways linked to
inflammatory disease, like myeloid cell recruitment®6:57 and hypothermia28. We observed
that the ketogenic diet significantly increased systemic BHB levels during infection with
both the £ aeruginosaisolates and WT PAO1 (Fig. 4H). During infection with the 2
aeruginosaisolates, this diet reduced the levels of monocytes in the BAL and neutrophils
in the lungs (Fig. 41, Fig. S3B). During WT PAOL1 infection, there was a significant
reduction in BAL monocytes (Fig. 4J, Fig. S3C). To confirm this decrease in immune cell
recruitment, we analyzed hematoxylin-eosin (H&E) stained lung sections. The ketogenic
diet mitigated myeloid cell accumulation in the perivascular zone (Fig. 4K, black arrows)
and in the perialveolar area (Fig. 4K, blue arrows) during WT PAQOL1 infection. This reduced
phagocytic burden correlated with decreased lung edema (Fig. 4K, blue arrows). Similar
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findings were observed during infection with the P, aeruginosaisolates (Fig. 4K, black/blue
arrows).

In addition to suppressing phagocytic influx into the lung, we found that the ketogenic diet
preserved host body temperature during pneumonia by either pathogen at early time points
(Fig. 4L-M). However, the benefits of body temperature regulation were dependent on the
degree of A aeruginosa adaptation to the human lung, as animals infected with WT PAO1
still exhibited high mortality (Fig. 4N-O).

Ketone bodies are mobilized to the airway in response to the inhibition of host ATP

synthase —

Given the importance of ketones in fueling OXPHOS and suppressing inflammation in the
lung, we assessed how the host produced these metabolites in response to 2. aeruginosa
pneumonia. Animals fed a regular chow responded to £ aeruginosa airway infection

by significantly increasing BHB release into the blood, which is a proxy for hepatic
ketogenesis2?, even more so when the pathogen expressed LptD (Fig. 5A). Hepatic BHB
synthesis is typically triggered by anorexia, hypoglycemia, or liver infection5!. However,
animals infected with either WT or A/ptD PAOL1 exhibited similar food consumption (Fig.
S4A), blood glucose levels (Fig. S4B), weight loss (Fig. S4C) and pathogen burden in

the liver (Fig. S4D), indicating that LptD stimulated ketone release via alternative routes.
Another mechanism by which LptD might induce hepatic BHB production is by enabling
LPS to enter circulation and systemically impact ATP synthase activity®8. After being
trafficked to the bacterial surface by LptD, LPS is shed as either free molecules or

as part of microvesicles®®-81, accumulating in the airway of infected subjects62:63. This
soluble LPS translocates into the bloodstream®2:63 where it can impact many tissues,
including hepatocytes28:8, To determine if the 2 aeruginosa LptD-LPS axis triggered
hepatic ketogenesis via blockade of host ATP synthase, we treated mice with a sublethal
dose of oligomycin. As anticipated, animals exposed to the ATP synthase inhibitor increased
blood levels of BHB (Fig. S4E), confirming that the increase in hepatic ketogenesis during
WT PAOQL1 infection is in response to the bioenergetic impairment imposed by LPS.

We found that hepatic ketones accumulate in the infected airway. Unbiased pathway
enrichment analysis of BAL metabolites demonstrated that ketones, including BHB and
acetoacetate (AcAc), were the most significantly increased metabolites in the airway of WT
PAO1-infected mice compared to A/ptD PAO1-exposed animals (Fig. 5B-D). This ketone
accumulation was facilitated by blockade of host ATP synthase activity, as animals treated
with oligomycin also exhibited greater levels of ketones in their BAL fluid (Fig. S4F).

To determine if ketones accumulate in the lung of tolerant hosts, we quantified ketone bodies
in airway fluids of people with CF2:3, These individuals exhibited long-term colonization

by different pathogens, including £ aeruginosa (Fig. S4G). Compared to healthy controls
(HC), sputum from patients with CF exhibited significantly higher levels of BHB (Fig. 5E),
confirming that ketones bodies accumulate in the airway of tolerant individuals.
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Ketone bodies abrogate LPS assembly and transportation to the bacterial surface via LptD

The accumulation of ketones in the airway presents a metabolic pressure for the bacteria. We
postulated that the adaptive changes in the LPS machinery found in £ aeruginosaisolates
from tolerant subjects were in response to the ketones enriched in the respiratory tract. LPS
is formed by two covalently bound subunits: lipid A and O-antigen®4. While O-antigen
serves as a polysaccharide shield that interacts with the most immediate environment of

the pathogen, lipid A attaches the toxin to the bacterial surface by embedding it in the

outer membrane®4. To efficiently anchor LPS to the outer membrane, lipid A requires
“decorations” at positions 1’ and 4’, including arabinose molecules via arn7 or phosphate
groups via the kinase Jox 76465, We used genome sequencing analysis of the 2 aeruginosa
isolates to examine how adaptation to the ketone-rich lung affected clusters involved in lipid
A generation and decoration. Identification of non-synonymous mutations (NSM) indicated
that both arnTand Jox T were the most affected loci, harboring 3 and 2 NSM, respectively
(Fig. 5F). These NSMs correlated with decreased arn7T and Jox7T mRNA expression in the

P, aeruginosaisolates (Fig. 51). To synthesize O-antigen and covalently attach it to lipid

A, P, aeruginosa employs many glycosyltransferases and ligases®4. In the 2. aeruginosa
isolates, we observed that the most mutated genes in these routes were WopZand Whp.X,
which polymerize O-antigen, as well as WaaL, which binds it to lipid A, with 7, 2, and

3 NSMs, respectively (Fig. 5G-H). Most of these genetically inactivated clusters were also
transcriptionally suppressed in the 2 aeruginosaisolates (Fig. 51).

We established that exposure of WT PAOL1 to ketone bodies induces alterations in the LPS
assembly pathway that are consistent with the adaptive changes found in 2 aeruginosa
isolates from tolerant subjects. Addition of AcAc, BHB, or both to glucose-rich minimal
media, which facilitates LPS production®, significantly restricted the ability of WT PAO1
to express the arnT locus involved in lipid A decoration (Fig. 5J). These ketones also
suppressed translation of the lipid A kinase /JpoxT (Fig. 5J). This impaired Jox7 function
was corroborated by MALDI-TOF, which demonstrated smaller mass-to-charge ratio peaks
at m/z= 1526, m/z= 1542, and m/z= 1696 (Fig. 5K, red arrows), a hallmark of reduced

lpx T activity®®. Similarly, WT PAO1 exposure to ketones restricted O-antigen synthesis
(Fig. 5L) and prevented its attachment to lipid A. WaalL, the ligase that covalently binds
these LPS components®*, was significantly depleted in the presence of AcAc, BHB, or both
(Fig. 5J). Ketogenic pressure also suppressed WpbXand WhpZz, the glycosyltransferases
involved in O-antigen polymerization (Fig. 5J). This impaired LPS assembly corresponded
with decreased expression of [ptD (Fig. 5J).

P. aeruginosa isolates from tolerant subjects exploit host immunometabolites to enrich
ketone bodies in the lung —

Many metabolites that could impose selective pressure on £ aeruginosa accumulate in the
airway along the course of infection. Itaconate, produced by immunoresponsive gene 1
(Irg1), is a major host immunoregulatory carboxylate that drives FAOS6 and tolerance to
LPS-driven inflammation®7-70, During infection with the 2 aeruginosaisolates, but not WT
PAQO1, ketone bodies clustered with itaconate as the most upregulated metabolites in the
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BAL fluid (Fig. S5A-B), suggesting that these isolates might exploit this immunometabolite
to promote ketone concentration and patho-adaptation.

Using animals that are unable to produce itaconate (/rgZ~") and controls (/rgZ*'*) (Fig.
6A), we found that accumulation of BHB in the airway is /rgZ-dependent during infection
with the P, aeruginosaisolates, but not WT PAOL1 (Fig. 6B). This /rgZ-associated BHB
accumulation was not driven by increased systemic ketones, as both /rg2** and /rgz7~
mice showed comparable BHB blood levels (Fig. S5C). Indeed, in contrast to hosts exposed
to WT PAQL, infection with the P aeruginosaisolates was associated with less BHB

in circulation (Fig. S5D), which was not related to differences in food consumption,
hypoglycemia, weight loss, and liver infection (Fig. S5E-H). These findings confirmed that
strains from the lungs of tolerant subjects respond to /rgZ by concentrating ketones in the
respiratory tract.

Itaconate promotes altered expression of ketogenic genes in lung fibroblasts —

To identify local adjustments consistent with ketone metabolism during infection with the
P, aeruginosa isolates, we analyzed ketogenic gene expression in each lung cell population.
Ketogenesis is regulated by HmgcsZ, which is the rate limiting step of this pathway and

is used to identify ketogenic cells2%71, Working in concert with other ketogenic genes

like Cptia, Ppara, Acatl, Hmgcland Bahl, Hmgces2 drives the synthesis of AcAc and
BHB29. In our scRNA-Seq analysis (Fig. S6A), we noted that fibroblasts, basophils, type

2 pneumocytes, mesothelial cells and smooth muscle cells expressed Hmgcs2 (Fig. 6C),
suggesting ketogenic metabolism in these subsets. We analyzed scRNA-seq data from
IrgI*'* or IrgZ~"~ mice exposed to either PBS or the £ aeruginosaisolates, calculating a
ketogenesis score for each cell subset. We then computed a Aketogenesis score (“/rg*/*”
—“Irg171=). Volcano plots of these scores showed that /rgZ signaling significantly enriched
expression of ketogenic genes in fibroblasts during infection with the P aeruginosaisolates
(Fig. 6D-E). This increased ketogenic score was driven by augmented expression of

Acatl, Hmgces2, and Hmgcl, which generate AcAc, as well as Bdh1, which converts

AcAc into BHB (Fig. 6F)2°. During WT PAO1 infection, however, fibroblasts exhibited
lower expression of many of the ketogenic genes, including Hmgcs2, Cptla, and Badhl,
independently of /rgI (Fig. 6E-F). Thus, only £ aeruginosaisolates that evolved in the lung
of tolerant subjects co-opted itaconate to drive expression of ketogenic genes in fibroblasts.

Ketogenesis is promoted by fibroblast growth factor 21 (FGF21)7273. /rg1 enabled airway
FGF21 accumulation during infection with the 2 aeruginosaisolates (Fig. 6G), but not
WT PAOL1 (Fig. S6B), corroborating the link between itaconate and fibroblast pathways
associated with ketogenesis in a tolerogenic environment.

Irg1l enables disease tolerance during P. aeruginosa lung infection —

Given its role promoting P, aeruginosa adaptation to the airway through ketogenesis, we
postulated that itaconate facilitates host tolerance to P aeruginosa disease. Compared to
IrgI”~ mice, /rg1*"* animals had an increased pathogen burden during infection with the
P, aeruginosa isolates (Fig. 6H-1). Despite this increased bacterial load, /rgZ** mice did
not exhibit worse inflammatory pathology, evidenced by identical animal survival (Fig. 6J),
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similar IL-1p, IL-6, and TNFa levels (Fig. 6K), comparable albumin infiltration into the
airway (Fig. S6C) and equivalent body temperature regulation (Fig. S6D). /rgZ signaling
improved host weight recovery over the course of infection with the P, aeruginosa isolates
(Fig. 6L). We studied the impact of /rgZ on WT PAOL infection. While itaconate did not
affect pathogen burden, IL-6, TNFa, or aloumin infiltration (Fig. S6E-H), it suppressed
IL-1pB release (Fig. S61). However, this attenuated inflammatory signaling was not sufficient
to prevent immunopathology, as both /rg2*/* and /rg2~/~ mice rapidly succumbed to WT
PAOL1 infection (Fig. S6J).

DISCUSSION

Our findings strongly suggest that disease tolerance in the human lung is a bilateral
process based in host-pathogen metabolic remodeling. During infection with environmental
P, aeruginosa strains that display LPS on their surface, airway cells fail to produce ATP
via OXPHQOS, triggering severe inflammation and alveolar destruction. This detrimental
environment aggravates pathogen burden, worsening the bioenergetic interference and
accelerating host demise. In response to the interruption of OXPHOS provoked by AP
aeruginosa LPS, hepatic cells release ketone bodies into circulation, which enter the
highly permeable airway compartment. These ketones restrict 2 aeruginosa LPS assembly,
selecting for less metabolically active strains compatible with airway cell OXPHOS
function. Such keto-adapted £ aeruginosa strains limit the production of inflammatory
mediators, safeguarding the alveolar tone and extending host survival. In this favorable
milieu, P aeruginosa exploits local immunometabolites to maintain ketone abundance,
reinforcing bacterial adaptation, host-pathogen coexistence, and disease tolerance.

Maintenance of OXPHOS is an essential component of pulmonary integrity. In healthy
hosts, this platform is fueled by FAO, which we show is fundamental during 2

aeruginosa pneumonia to restrict both glycolysis and damaging inflammation11:1252, |n
tolerant subjects, this bioenergetic circuit is preserved by ketogenesis, which typically
functions to rescue the ATP homeostasis of peripheral organs. Ketogenesis selects for 2
aeruginosa strains incapable of assembling the toxins that impair OXPHQOS, preventing
from the metabolo-inflammatory pathways that compromise the infected tissue: glycolysis.
Ketogenesis is thus central in the conservation of the lung bioenergetic configuration that
permits tolerance to 2. aeruginosa infection10-12,

Our findings indicate that not only the host actively responds to the pulmonary bioenergetic
stress initiated by acute infection, but also the pathogen. In response to the airway
ketogenic reconfiguration provoked during pneumonia, P, aeruginosa alters its own surface
architecture, generating slow-growing strains that preserve mitochondrial bioenergetics.
Other phenotypic adaptations sustain chronic £ aeruginosa persistence, including pro-
biofilm polysaccharides, quorum sensing regulators, and drug efflux pumps2:3:31, These
changes may reflect exposure to ketones and other tolerogenic metabolites in the airway. As
we show, the diet also impacts the composition of the airway metabolome, indicating that
nutrition might regulate the evolution and persistence of diverse pathogens in the human
lung.

Cell Metab. Author manuscript; available in PMC 2024 October 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tomlinson et al.

Page 12

Our work provides another layer of complexity to our understanding of how ketone bodies
safeguard mucosal OXPHOS during infectious diseases. This tolerogenic mechanism likely
works in concert with previously established roles for ketogenesis, including inhibition of
the inflammasome during intoxication with soluble LPS58.74, and stimulation of anti-oxidant
receptors like Hcar2 (Gpr109a)"°. Importantly, the impact of ketones on immunopathology
varies by pathogen. In COVID-19, for example, ketone bodies support the generation of
competent lymphocytes that contain the infection and promote mucosal repair’8. Additional
studies are needed to better understand how ketones influence progression of different
inflammatory disease states.

By switching from systemic ketogenesis to concentration of ketones in the airway, the host
response to the P aeruginosaisolates limited the detrimental consequences of prolonged
ketonemia’’"°. The local augmentation of ketones promoted by the 2 aeruginosaisolates
correlated with expression of ketogenic genes in lung fibroblasts. These findings are
consistent with the ketogenic role of these cells in other long-term inflammatory settings,
such as cancer, where tumor-associated fibroblasts release ketone bodies as consequence
of catabolic metabolism808, In the airway, fibroblasts modulate tissue repair and fibrosis,
processes regulated by itaconate82. These findings suggest that lung fibroblasts, along with
itaconate, could be targeted for the development of novel therapies to mitigate pulmonary
injury during infectious diseases.

We established a link between ketogenesis, pulmonary OXPHOS maintenance, and tolerance
to P aeruginosa lung infection. Our findings suggest that novel therapeutic strategies for
inflammatory airway diseases should consider how respiratory cells produce ATP during
infection, and how this bioenergetic configuration could be targeted by either the diet or
other approaches that influence the balance between OXPHOS and glycolysis.

Limitations of Study -

We appreciate that the animal models of pneumonia used in this work might not necessarily
reflect the complex immunometabolic matrix of the human lung. The concentration

of many metabolites found in murine fluids, such as in blood and airway, might not
necessarily represent the abundance of these determinants in human tissues. Similarly,

the enrichment of ketones in sputum of either healthy individuals or people with CF

might be also result of different degrees of mucus accumulation, myeloid cell infiltration,
dehydration, and pathogen burden. The LPS adaptation induced by ketones on £ aeruginosa
isolates is indicative of many collaborative processes occurring in the human respiratory
tract, suggesting that future studies should examine these parallel routes for a better
comprehension of disease tolerance. Likewise, our assays are also limited by examining

in vitro, but not /n vivo, how ketones impact £ aeruginosa LPS assembly and transport to
the surface. Although our work considered the interaction between ketogenesis and other
metabolic networks, like itaconate, fatty acid oxidation, and nutrition, we did not study how
these pathways associated with additional immunoregulatory platforms involved in disease
tolerance. The identification of alterations in ketogenic gene expression in pulmonary
fibroblasts of mice exposed to tolerogenic £ aeruginosa strains does not discard that

many other respiratory subsets might also display similar changes in the human lung. A
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more comprehensive study evaluating the crosstalk between tolerance, ketogenesis, and 2
aeruginosa infection would support the conclusions of this manuscript.

STAR Methods
RESOURCE AVAILABILITY

Lead contact—Requests for materials and resources should be directed to and will be
fulfilled by the lead contact, Sebastian A. Riquelme (sr3302@cumec.columbia.edu).

Materials availability—Bacterial strains used in this study are available from the lead
contact without restriction.

Data and code availability

. single-cell RNA-seq data have been deposited at GEO (accession numbers
GEO: GSE203352) and are publicly available as of the date of
publication. Metabolomics data are available at Metabolights (accession
numbers; MTBLS4922, MTBLS4923, and MTBLS4924). Genomes of
isolates are available at NIH SRA (access numbers: PA270 (SRR8775051),
PA338 (SRR8775050), PA339 (SRR8775058), PA599 (SRR8775057),
PA600 (SRR8775065), PA601 (SRR8775054), PA602 (SRR8775055), PA603
(SRR8775053), PA604 (SRR8775056), PA605 (SRR8775052), PA606
(SRR8775060), PAB07 (SRR8775059), PA608 (SRR8775062), PA683
(SRR8775061), PA684 (SRR8775064), PA685 (SRR8775063) and PA686
(SRR8775066). The accession numbers are also listed in the Key resources table.

. This paper does not report original code.

. Data S1 represents an Excel file containing the values that were used to create
all the graphs in the paper, as well as gels in Figures 1A, 1E, 3C and 5L. Any
additional information required to reanalyze the data reported in this paper is
available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice experiments—All animal experiments were performed following institutional
guidelines at Columbia University. Mice studies were approved by protocol IACUC
AABEB8600. 8-10-week-old WT C57bl/6 mice (20-25grs) were obtained from The Jackson
Laboratories. /rgZ~~ (Acod1™~) and //r17'~ mice were also obtained from The Jackson
Laboratories and bred in our facilities at Columbia University Medical Center. WT, /rgZ~,
and //r1~"~ mice are immunocompetent animals, and they received neither medical nor drug
treatments prior to infection. Each /n vivo experiment was performed using 50% female
and 50% male animals, and results were not expected to be influenced by sex. Animals
were randomly assigned to cages, and maintained under regular rodent light/dark cycles,
18-23°C. Unless otherwise indicated, mice were fed with a regular irradiated chow, Purina
5053 (~25% protein, ~62% carbohydrate, ~13% fat).
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Human samples—Ketones in human samples were measured in sputum from 5 healthy
controls (HC) and 9 subjects with CF, all adults. Male and female samples were collected

in an approximate 50%-50% ratio. These samples were kindly provided by Dr. Clemente
Britto-Leon from Yale University. An informed consent was signed by all subjects providing
samples. These studies were performed under our approved IRB protocol AAAR1395.

P. aeruginosa strains—WT PAO1 and A/ptD PAO1 were grown in LB overnight and
sub-cultured until exponential phase for studies. P aeruginosa strains from CF#1 were from
a 10-year chronically infected CF patient. P aeruginosa strains from CF#2 were recovered
from a 12-year chronically infected CF individual. All 2 aeruginosa isolates from CF#1
and CF#2 were part of longitudinal collections. P, aeruginosa isolates from 10 ICU patients
were obtained at Columbia University Irving Medical Center facilities. These subjects were
acutely infected for at least 3-5 days. These studies were performed under our approved
IRB protocols AAAR1395 and AAASE553. All these strains were plated in LB agar and
their phenotypes were characterized regarding small colony variants or mucoid morphology.
Infection experiments with these clinical isolates were performed from LB subcultures

on exponential phase of growth, which derived from overnight grown stocks. Overnight
cultures and subcultures were grown at 37°C under shacking.

METHOD DETAILS

Oxygen consumption rate measurements in macrophages—Mouse bone-marrow
derived macrophages (BMDMs) were exposed at 37°C for 3h to either PBS, 50ug/ml LPS,
WT PAQO1, or AlptD PAO1 at multiplicity of infection (MOI) = 10. Then, via Seahorse
technology, oxygen consumption rate (OCR) was tracked in these cells using commercially
obtained plates as recommended by the manufacturer.

P. aeruginosa consumption of NADH and FADH2—Both WT PAOL1 and AlptD
PAO1 were grown until exponential phase and applied at same concentration to a Biolog 96-
well plate array where each well contained a single carbon source (Mitoplate S1). For these
assays, we followed the instructions provided by the manufactures. Plates were incubated at
37°C for 48h-72 h and then absorbances were measured at OD4q0nm-

Infection of mice with P. aeruginosa strains—Animals used were WT, /rgZ~~
(Acod1™7), or 1/1r"= C57bl/6 mice. Animals were exposed to either PBS, WT PAOL,
AlptD PAQ1 or the AP aeruginosaisolates. When indicated, the bacterial dose varied
accordingly with the experiment performed. We used different inoculum: ~10°, ~106
or ~107 CFUs or PBS alone (non-infected); in the mix of the 2 aeruginosa isolates,
equal parts of each individual strain were used to form the desired inoculum. When
indicated, animals were administered or not during the infection either 0.2mg/Kg or
1.0mg/Kg of oligomycin. Similarly, when indicated, 24h prior and during the moment
of the infection, animals were treated or not with 20mg/Kg of etomoxir. Survival of
mice was monitored for 5 days. When indicated, animal temperature was tracked with
an infrared thermometer that measured surface and internal temperature. To evaluate
the host immune response to infection, mice were sacrificed 24h after exposure to the
pathogens, and BAL and lungs were collected. CFU amounts were quantified by LB
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agar plating. CFUs below limit of detection (102 CFU per tissue) were represented

in graphs as “non-detected” (ND). Immune cells (flow cytometry) and cytokines

(ELISA) were quantified in BAL and in lungs. Flow cytometry: alveolar macrophages
were CD45*CD11b'oW/~SiglecFMNIhCD11c*CD193 Ly6GLy6C™, neutrophils were
CD45*CD11bN9nSjglecF!oW/~-CD11c™MHCII"CD193"Ly6G*Ly6C!°"~, and monocytes
were CD45+CD11bM9NSiglecF'oV/-CD11c"MHCII"CD193 " Ly6G~Ly6C'oWhigh Samples
were analyzed with FlowJo, vXX. Cell viability was determined by using live/dead DAPI
staining (Thermo Fisher Scientific, L34962). These animals were controlled for ketosis via
quantification of p-hydroxybutyrate (BHB) at the beginning of the light cycle (between
8:00am-9:00am) using KetoBM Ketone Strips and the KetoBM Blood Ketone Meter Kit
for Keto Diet Testing. We also measured glycemia by using the AUVON I-QARE DS-W
Draw-in Blood Glucose Test Strips system together with the AUVON DS-W Diabetes
Sugar Testing Meter. When indicated, BAL were analyzed by Mass-Spec for metabolomics
studies.

Food consumption during infection of mice with P. aeruginosa strains—To
track mouse food consumption and weight, mice were individually placed in separated cages
(1 animal/cage). After exposure of these animals to PBS or infected either with WT PAOL,
AlptD PAQ1, or the P aeruginosaisolates (from CF#2), we monitored food consumption

by weighting the amount of food before and after infection, every 24h. We performed an
exhaustive examination of each cage to confirm that the food counted as consumed was not
found in the cage. Similarly, we tracked daily animal weight using a digital scale.

Airway metabolomics—BAL from either non-infected or 24h-infected mice were
collected with 3ml of sterile PBS. Samples were immediately placed on ice. Then, samples
were diluted with 100% methanol in a 1:1 proportion, mixed and stored at —80°C for future
metabolomics analysis. Just prior to mass spectrometry, samples were thawed and dried
under a stream of N, and were resuspended in HPLC-grade water at a 4:1 dilution (relative
to the original BAL volume). High-resolution mass spectrometry data were acquired on a
Thermo Fisher Exactive Mass spectrometer in negative mode using 25 min reverse phase
gradients and ion-pairing chromatography. Metabolites were identified using the known
chromatographic retention times of standards, and metabolite signals were quantified using
MAVEN. Metabolite signal intensities were used to quantify difference between treatments
in BAL and respect to PBS-treated animals.

Lung tissue histopathology studies—Mice aged 8-10 weeks were intranasally
exposed to either PBS, WT PAQL, or the £ aeruginosaisolates. Then, 24h later, animals
were sacrificed and a canula was inserted into the trachea and tied with suture. The thorax
was opened, and the lungs were fixed by gentle infusion of formalin-free tissue fixative
through the canula from a syringe positioned 5¢cm above the mouse. The whole lungs were
excised and placed in formalin-free tissue fixative for 24h before transfer to 70% ethanol.
The tissue was paraffinized, and two 5mm sections were taken 25mm apart. The slices were
then stained with hematoxylin and eosin and scored by a pathologist, who was blinded to the
sample identities. Immune cell infiltration and edema were examined by light microscopy.
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Diets for in vivo assays—When indicated, animals were fed a ketogenic diet
(D10070801i, Research Diets, Inc) or a carbohydrate-rich control diet (D19082304i,
Research diets, Inc) for 1 week (ad /ibiturm). Ketogenic diet contained ~10% protein,
~0.1% carbohydrate, ~88.9% fat (%Kcal). Control diet contained ~10% protein, ~80%
carbohydrate, ~10% fat (%Kcal). After one week, mice were intranasally infected with
~108 CFU of the P, aeruginosaisolates, WT PAO1, or AjptD PAQL. 24h later, animals
were processed. When indicated, blood was obtained from the tail of these animals and
glycemia and ketosis were measured by using draw-in blood test strips for glucose and
B-hydroxybutyrate, respectively.

Mouse lung processing for single-cell RNA-Sequencing analysis—WT or
Irg17!= C57bl/6 mice (8-10 week old) were treated with PBS or infected either with WT
PAO1 or the P aeruginosa clinical isolates (~10° total CFU per mouse in 50uL). 24h after
infection, mice were euthanized, their lungs were harvested, and single cell suspensions of
the lungs were prepared as described. Briefly, the lungs were placed in an Eppendorf tube
containing an enzymatic digestion solution of collagenase | (2 mg/mL), dispase (20 mg/mL),
elastase (1 mg/mL), and DNAse (1 uL/mL) in PBS. The lungs were minced within the tube
and then incubated with shaking at 37°C for 30 minutes. 4 volumes of PBS supplemented
with 10% FBS was added to quench the digestion, and the digestion solution was strained
over a 70-micron filter. The cell suspension was spun down at 4°C and 1400 rpm for 7 min.
Red blood cell lysis was performed using the Invitrogen RBC lysis buffer. The resulting cell
pellet was resuspended in PBS supplemented with 0.04% BSA before being loaded onto
the 10X Genomics Chromium Single Cell Controller. Cell viability analysis was performed
before loading the samples, and was above 95% per sample. A total of ~8000 cells were
analyzed per sample. FASTQ file generation, alignment, filtering, barcode counting, and
UMI counting were done using the 10X Cell Ranger software.

Single cell RNA-Sequencing analysis—Matrix data generated by scRNA-Seq

were analyzed using the Seurat library (https:/satijalab.org) in R Studio (https://
www.rstudio.com). Data were cleaned for mitochondrial RNA (less than 5% per sample),
and unbiased cell clustering was performed. The Seurat algorithm identified 23 cell clusters
with unique transcriptomic signatures. To determine the biological nature of each one of
these clusters, we did comparative analyses of the transcriptomic profile of each cluster
with available data bases using the SingleR algorithm (using ImmGen as the reference

data set). In addition, this cluster characterization was manually cross-checked with cell
markers from publicly available datasets using the top 10 markers for each cluster. Scores
for ketogenic routes were calculated using the AddModuleScore function in Seurat. Briefly,
ketogenic scores included the following genes: Hmgcs2, Bahl, Hmgcl, Acatl, Pparaand
Cptla. We calculated ketogenic scores for each either WT or /rgZ~~ pulmonary subset,
exposed or not to WT PAQOL1 or the P aeruginosaisolates. Then, via a MAST statistical test,
we determined differences between treatments in the same pulmonary subset, and computed
a “~Log(P-value)”. To establish if /rgZ promoted enrichment of decrease of this ketogenic
score in a specific pulmonary subset, we subtracted the ketogenic score obtained in the
Irg17"~ background from WT controls (Aketogenesis score (“/rg**” — “Irg17/=")). Then,
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for each pulmonary cell type, we performed volcano plots illustrating in the Y axis the
“~Log(P-value)” and in the X coordinate the Aketogenesis score.

gRT-PCR for genes in P. aeruginosa exposed to ketones—WT PAO1 was grown
in LB overnight and then subcultured until exponential phase in M9 supplemented with
glucose, glucose + BHB, glucose + AcAc, or glucose + BHB + AcAc (7mM each
metabolite). Total RNA was extracted using either the E.Z.N.A. Total RNA Kitl or RNeasy
Mini Kit. The RNA was then processed with DNase. The RNA concentration was measured
using NanoDrop One. cDNA was synthesized using High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems), and gPCR was performed with a StepOnePlus
Real-Time PCR System (Applied Biosystems) using POWER SYBR Green PCR Master
Mix (Applied Biosystems). Sequences of the primers used for gRT-PCRs are listed in Key
Resource Table. Relative gene expression was calculated by the 2722CT method. The rpsL
transcript was used as a reference housekeeping gene, and the WT PAO1 strain grown in
glucose was used as a calibrator. When studying clinical isolates, these strains were grown
in LB overnight and then subcultured in the same conditions until exponential phase. Then,
total RNA extracted and gRT-PCR were performed.

LPS assembly studies in WT PAO1—To visualize the O-antigen and lipid A in

WT PAO1 exposed to ketones, LPS was first isolated using a hot phenol extraction from
overnight cultures normalized to ODgg=0.5 after 1:10 dilution. Samples were treated with
DNase and RNase for 30min at 37°C and Proteinase K at 59C overnight. After hot phenol
extraction with Trizol, the isolated LPS was run on a Tricine 10%—-20% gel. The gel was
then stained using Pro-Q Emerald 300 Lipopolysaccharide Gel Stain Kit and imaged using
UV light on a Protein Simple imager.

Pathway analysis of airway fluids—Curated metabolomics data from airway fluids

of both control and bacteria-exposed mice were submitted to MetaboloAnalyst 5.0 (https://
www.metaboanalyst.ca). Data were analyzed through Enrichment Analysis, using the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database as reference. To maintain unbiased
interpretation of the data, we utilized the graphs provided by the platform.

P. aeruginosa lipid A isolation and analysis—~ aeruginosaWT PAO1 was cultured
overnight in LB, then washed, and subcultured in M9 media containing either glucose
(7mM) alone or glucose (7mM), BHB (7mM), and AcAc (7mM). Bacteria were grown until
exponential phase at 37°C with shaking. Lipid A was extracted from cell pellets using an
ammonium hydroxide-isobutyric acid-based procedure. Approximately 5 mL of cell culture
was pelleted and resuspended in 400 pl of 70% isobutyric acid (Sigma, 11754) and 1 M
ammonium hydroxide (Sigma, 221228), (5:3 v/v). Samples were incubated for 1 h at 100°C
and centrifuged at 8,000 x g for 5 min. Supernatants were collected, added to endotoxin-free
water (1:1 v/v), snap-frozen on dry ice, and lyophilized overnight. The resultant material
was washed twice with 1 mL methanol (Thermo Fisher Scientific, A456-1), and lipid A was
extracted using 80 ul of a mixture of chloroform (Thermo Fisher Scientific, C606SK-4),
methanol, and water (3:1:0.25 v/v/v). Once extracted, 1 pl of the concentrate was spotted

on a steel re-usable MALDI plate (Hudson Surface Technology, PL-PD-000040-P) followed
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by 1 pl of 10 mg/mL norharmane matrix (Sigma, NG252) in chloroform-methanol (2:1 v/v,
Sigma) and air-dried. All samples were analyzed on a Bruker Microflex mass spectrometer
(Bruker Daltonics) in the negative-ion mode with reflectron mode. An electrospray tuning
mix (Agilent, G2421A) was used for mass calibration. Spectral data were analyzed with
Bruker Daltonics FlexAnalysis software (v4.30). The resulting spectra were used to estimate
the lipid A structures present in each condition based on their predicted structures and
molecular weights.

Lung protein extraction and western blots—Total lung tissue was removed from
WT mice exposed for 24h to either PBS, WT PAOL, AlptD PAO1 or the R aeruginosa
isolates. Single cell fractions were prepared, washed, and resuspended for 30min in 300uL
of RIPA buffer containing protease/phosphatase inhibitors at 4°C. Samples were centrifuged
for 25min at 15,0009 and the supernatant was recovered and stored at —80°C. To perform
western blots, samples were denatured at 37°C for 20min and ran in 4-12% gels in MES
buffer. To stain actin, we used a monoclonal anti-p-actin antibody produced in mouse
(Sigma, Cat A5441). To mark OXPHOS components, we used an OXPHOS rodent WB
antibody cocktail (Thermo Fisher Scientific, 45-8099). To detect hexokinase-2, we used

a hexokinase 2 polyclonal antibody (Thermo Fisher Scientific, 22029-1-AP). Membranes
were transferred using iblot and stained overnight with primary antibodies. Then, samples
were washed and incubated for 1h with the HRP-tagged secondary antibody. Membranes
were revealed and analyzed for protein expression.

Whole genome sequencing and single-nucleotide polymorphism (SNP) calling
in P. aeruginosa isolates—~ aeruginosa isolates were grown overnight in LB broth

at 37°C. Genomic DNA was extracted using the Wizard Genomic DNA Purification Kit
(Promega) according to manufacturer instructions. Genomic DNA libraries were prepped
using the Nextera XT kit and sequenced on a HiSeq 2500 sequencer (Illumina) with 125-bp
paired-end reads. Genome assembly was done using the paired-end implementation of
ABYSS. For single-nucleotide polymorphism (SNP) calling, were compared SNPs between
isolates and WT PAOL. This was done by means of short-read alignment to the genome

of PAO1 as reference (GenBank: AE004091), using the Burrows—Wheeler alignment (bwa)
tool (available at: http://bio-bwa.sourceforge.net). SNP calls were made using samtools
(available at: http://samtools.sourceforge.net). SNPs that were not listed as heterozygous
and had a per base Q score =20 were defined as high quality. Samples can be found at

NIH SRA with the following codes: PA270 (SRR8775051), PA338 (SRR8775050), PA339
(SRR8775058), PA599 (SRR8775057), PA600 (SRR8775065), PA601 (SRR8775054),
PA602 (SRR8775055), PA603 (SRR8775053), PA604 (SRR8775056), PA605
(SRR8775052), PA606 (SRR8775060), PA607 (SRR8775059), PA608 (SRR8775062),
PA683 (SRR8775061), PA684 (SRR8775064), PA685 (SRR8775063) and PA686
(SRR8775066).

QUANTIFICATION AND STATISTICAL ANALYSIS

We modeled the number of independent experiments required to reach significance between
groups by using JMP, a computer program dedicated for statistical analysis. We based this
simulation on preliminary data, experimental design, and past experience. These analyses
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were done assuming a 20% standard deviation (SD), and equivalent variances within groups.
Significance (P < 0.05) with power 0.8 was used. Experiments in this study were not
performed in a blinded fashion. All analyses and graphs were performed using the GraphPad
Prism 9 software. Data in graphs are shown as average + SEM and data were assumed to

fit normal distribution. For comparison between average values for more than 2 groups, we
performed One-Way ANOVA with a multiple posteriori comparison. When studying two

or more group along time, data was analyzed using Two-Way ANOVA with a multiple
posteriori comparison. Differences between two groups in samples’ average values were
analyzed using analysis of variance (parametric) or Student’s t test for normally distributed
data or Mann-Whitney or Kruskal-Wallis test otherwise. Differences were considered
significant when Pvalue (two-sides) was under 0.05 (P< 0.05). Significances P values

and amounts of independent experiments and replicates are indicated in each Figure Legend.
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Highlights
P, aeruginosa surface LPS interferes airway cell ATP synthase function.

This bioenergetic impairment triggers detrimental inflammation and alveolar
damage.

The host responds to ATP synthase inhibition by P aeruginosa via
ketogenesis.

Ketone bodies repress P aeruginosa LPS assembly, limiting damaging
inflammation.
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Figure 1. P. aeruginosa LPS display inhibits pulmonary ATP synthase —
Mice were treated with PBS, WT PAO1, or A/ptD PAOL. The following was measured: A)

OXPHOS (ATP5A, MTCO1, SDHB) and glycolysis (HK2) in lung; B) BAL glucose. C)
NADH and FADH, abundance in WT and A/ptD PAOL via Biolog plates. D) WT and A/lptD
PAOL1 growth in succinate-rich minimal media. E) Lung ATP5A expression in mice exposed
to either PBS, WT PAQL, or A/jptD PAOL. ATP5/B-actin ratio is shown. F-G) BDMDs
oxygen consumption rate (OCR). Data are shown as average of 2-3 independent experiments
+/- SEM. B-C: t-Student test. D, F-G: Two-Way ANOVA. *: P<0.05; **: £<0.01; ****:
F£<0.0001; ns: non-significant.
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Figure 2. Host OXPHOS impairment worsens lung inflammation and P. aeruginosa burden —
Mice were administered either vehicle or oligomycin (ATP synthase inhibitor) and exposed

to PBS or WT PAO1. The following were analyzed: A) BAL cytokines; B) bacterial burden
in BAL and lung. Animals were treated with either vehicle or etomoxir (FAO blocker)
and exposed to PBS, WT PAOL, or A/ptD PAOL. The following were examined: C) BAL
cytokines for WT PAO1; D) bacterial burden in BAL and lung for WT PAOL1; E) BAL
cytokines for AlptD PAO1; F) bacterial burden in BAL and lung for AljptD PAO1L. Data
are shown as average of 2-3 independent experiments +/— SEM, 4-7 mice in total. A-F:
One-Way ANOVA. *: £<0.05; **: P<0.01; ns: non-significant. See also Figure S1.

Cell Metab. Author manuscript; available in PMC 2024 October 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Tomlinson et al.

A

UMAP_2

Percent survival <

Fold 2"2Ct jntD respect with PAO1

Page 28
Icu Bg 5 Chiz ;oo C PBS & o
e PAO1 L e PAOI < PAO1 - -
a e PA338
4 o NR482 Q& 129 o P21 L 20 e P . i
* £ e P22 £ ok 4 P.a. isolates
— ® NR0482 s 11 . s ® PAS559 .
3e ® NR488 B oo © P24 B 1S ® PAGOO .. CV (ATP5A) | .. ‘
e NR493 @ o P25 o °
. o NR g oo : 8 o pac0l Q1 IV (MTCO1) | s - |
2 e NR3351R 5 10 ® PA603 [
Q 08 e ] o PAc0s O : ol
[ = 4
| ° = . ° L o PABOS X : A
1 e NRigaz O 077°% °®e s ﬁgﬁo gosy— L e Pacs o Cll (SDHB) | s i s |
< e NR3BIR J 06 00 o bt 3 o For
{ ° >/ N 608 = B
0-1— Secsccescee S NR4492R % 0.5- : Eilj % 0.0 IotD o PA683 GlyCOlySIS HK 2 B s TAZA
NR4440 2 o o PA684 :
IptD o NR44d0 IptD P15 & P PAGSS B-Actin E
o PAB86
E + PAO1 F + P a. isolates
@ Regulatory Myeloid cells @ NK cells 25 : Downregulated 25+ : Downregulated
PO Lo o ! 8 Alveolar Macrophages i : ggu,\,‘,:p:r‘g; e
H utrophi
i 20 @ Capillary Endothelial cells 20
0 ? @ PB Neutrophils @ Type 1 pneumocytes g : H CD‘!‘%Toells L g 2 ?;;é“gmfmocyles
T O @ Neutrophils @ Type 2 pneumocytes < @® CD8+Tcells = @ Regulatory Myeloid cells
5 © © 5. egulatory My
& @ Aveolar Macrophages @ Ciliated cells >15 ° 2 f’:gmziomes >15
of - 2 : Intersttal Macrophages @ Vascular Endothelialcells O 0l % ® Tarctraia o a 104 Upregulated
3 @ Ly6Clow Monocytes @ Capillary Endothelial cells 8’ © NKcels 8’ ©  Interstitial Macrophages
L H @  PB Neutrophils O Beells
\.§ @ Dendritic cells @ Mesothelial cells -5 H @  Regulatory Myeloid cells - 5] @ Cilated cells
o . Basophils @ Fibroblasts @  Type 2 pneumocytes i
> @ CD4+Tcells Smooth Muscle cells 0 A ®  Vascular Endathelial cells [ — S
@ D8+ Tcells ) Megakaryocytes 0201 00 0.1 02 gﬁmgulg‘ed 0.2 0.1 0.0 0.1 0.2
ibroblast
5 o [JSMAPO1 10 B cells @ RedBlood cells A OXPHOS Score ® Megakaryocytes A OXPHOS Score
- (PAO1-PBS) © [Interstial Macrophages (P a.isolates - PBS)
H Forkk > >
15000 800 S8 S s
- 2 N g
100 — < e o a4 *[ ns 3 +
[} @ 61 % = 6
= P aeruginosa 10000 £ 600 o X E— 1 N
L isolates — i . =2 g E
o | £ 4 4
60 * PBS € 5, 400 =] c
40 g s000 % E 2 E2
4 200
20 At ° 5 z o) [ PrO1 T o) [ Proi
- PAOT = Q = (@] & Paisolates O 4 P a.isolates
0 0 0 o e Pt
012345686 > N 0123456 0123456
. k K Q‘?o O Days after infection Days after infection
Days after infection 0(\;?,70\0
& e
Q -~
=}
K L 8oz ol <~ %
100 -fmm——— = + \/chicle _ 100 - £ T
o PA338
=+ Oligomycin [ =+ Oligomycin WT PAO1 = 0.10+ . -
S (1mg/Kg) ¢ * -~ PA599
(0.2mg/Kg) & AlptD PAO1 s o PAROD
i ? *e 10°CFU 3 o PAOT
50 1070y € 50 Pa.isolates — 107 CFU 2 o s
=8 lsolates 1] + Vehicle Pa. isolates 3 = PAGO4
+ Vehicle = - 46 + Vehicle kS -~ PAB05
= 10°CFU L L S o
Pa. isolates & Rellsolites 2 ﬁ PA608
Or—r— + Oligomycin 0 1 (‘rWOIig/;](zm)ycin 3 e < PAgEs
m .
0o 2 _4 _e (0.2mg/Kg) 0o 2 .4 .6 g/Kg Q 0 5 10 15 - presd
Days after infection Days after infection Succinate (mM) -~ PAG86

Figure 3. P. aeruginosa isolates preserve airway OXPHOS and enable host-pathogen coexistence

LptD mRNA levels in 2. aeruginosa strains from: A) 13 patients at ICU; B) tolerant people
with CF: CF#1: 14 strains; CF#2: 17 strains. Animals were exposed to PBS, WT PAOL,

or a mixture of the 17 £ aeruginosa isolates from CF#2. The following were analyzed:

C) OXPHOS (ATP5A, MTCO1, SDHB) and glycolysis (HK2) in lung; D) pulmonary cell
subsets identified by SCRNA-Seq; E-F) AOXPHQOS transcriptomic score per lung population
in response to each pathogen; G) mouse survival; H) BAL cytokines; 1) bacterial burden in
lung and BAL (black cross indicates all animal are dead). J-K) Survival of animals exposed
to either ~108 or ~107 CFUs of the A aeruginosaisolates and then treated with either a
sublethal (J) or lethal dose (K) of oligomycin. WT and A/ptD PAOL were also studied. L)
Bacterial endpoint growth in increasing succinate. Data are shown as average +/— SEM. C-I:
2-3 independent experiments, with 3-7 animals in total. J-K: 2 independent experiments,
with 5 mice in total. I, L: Two-Way ANOVA,; G, J-K: Kaplan-Maier; H: One-Way ANOVA.
*: P<0.05; **: £<0.01; ***: P<0.001; ****: £<0.0001; ns: non-significant. See also Figure
S1, Figure S2, Table S1 and Table S2.
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Figure 4. Dietary fats modulate host tolerance to P. aeruginosa lung infection —
Mice fed with either a fatty acid-rich (F. Acids) or a carbohydrate-rich (Carbs) diet were

exposed to PBS, WT PAOL, 4/ptD PAQOL or the £ aeruginosaisolates. The following were
examined: A) BAL glucose; B-C) bacterial burden; D) glycemia; E-G) BAL cytokines
enrichment; H) blood BHB (beginning of the light cycle); 1-J) phagocyte recruitment in
BAL and lung; K) Lung H&E; L-M) body temperature; N-O) animal survival; Data are
from 2-3 independent assays, 4-8 mice in total, and shown as average +/- SEM. A-D, H-J:
One-Way ANOVA. L-M: Two-Way ANOVA. N-O: Kaplan-Maier. E-G: t-Student test. *:
F£<0.05; **: P<0.01; ***: P<0.001; ns: non-significant. See also Figure S3.

Cell Metab. Author manuscript; available in PMC 2024 October 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Tomlinson et al.

Page 30

0.000

A_ a5 B L, e C w© . D Pathway enrichment analysis in BAL
é 2 = 2 — WT PAO1 vs AlptD PAO1
@15 o 15+ ] e W Synthesis and degradation of ketone bodies i
) S c Butanoate metabolism
\5‘7 10 % % Valine, leucine and isoleucine degradation [ ]
£ o 2 Tyrosine metabolism Q
g 05 ‘g ° | Biosynthesis of unsaturated fatty acids o P-value
8 o 2 Arginine biosynthesis ) 0,015
@ o0 = e Purine metabolism (] 0.010
S o Pyrimidine metabolism () :
& Alanine, aspartate and glutamate metabolism [ ] I 0005
{ ]
.
[
L ]

E D-Glutamine and D-glutamate metabolism
£ Glyoxylate and dicarboxylate metabolism Enrichment
2 Nitrogen metabolism .Ra;'g
3 .
%) Aminoacyl-tRNA biosynthesis ® 55
£ Valine, leucine and isoleucine biosynthesis: @ 60
2 Histidine metabolism @ 65
o
£ beta-Alanine metabolism @70
° Glycolysis / Gluconeogenesis
_E Fructose and mannose metabolism
°
2 Galactose metabolism

Amino sugar and nucleotide sugar metabolism

20 24 28

-log10 (p-value)
H O-antigen and Lipid A | Fold expression
O-Antigen synthesis assembly in respect with PAO1
#NSM PAO1-L ] # NSM ot 20
PA270 15
PA338-
; oo I s 0
PAS59
PAG00-| H 05
2 PAG01 Lo
PAB02
PAGO3-|
. ] PAB04-
PAB05-|
PAG06:
o PABO7
PAG0B
PA683-|
PAB84
PABS8S:
I I DI T e
§8538° LR I S S I T T S RS 3
HEEH] BRRRTTINNEYTUIRTERINNERSY 2
w0 . . L
. » » » .
2 “4 B Glucose )
g, 2 B Glucose + AcAc O-Antigen
g 210 B Glucose + BHB
N'Z 08 B Glucose +AcAc + BHB
3%
°% 0.5
g 0.4 i I
=02
£ 00 i e l -l ill
arnT lpr WaaL Wbpx Wpr IplD Lipid A+ 1>
LIpIdA 0 anugen O-antigen ome( Lipid A >
decoration and biosynthesis membrane -
lipid A transport Glucose + + + +
assembly BHB - & _ +
K PAO1 - Lipid A Ache = =+ F
>
2 | PAO1 +Glucose 1446 i PAO1 + Glucose 1446 Tri-phosphorylated
= Tri-phosphorylated +AcAc + BHB
S 1684 —» 169 1684 > 1696
o
< 1526 1712 1526 1712
¢ / L /
= 1462 1542 1616 1g3, Mo 1462 1542 1616 yg35 | hudbindoseidiod
& | 127 | / \ 1276 / \
) 1430 ‘ | / 1430 | | /
oo | T, ) I )
1250 m/z 1850 1250 m/z 1850

Figure 5. Airway ketones drive P. aeruginosa LPS patho-adaptation —
Mice were exposed to PBS, WT PAOL, or A/ptD PAOL. The following were measured at

the beginning of the light cycle: A) BHB in blood; B-D) BHB and AcAc abundance in
BAL. In D, pathway enrichment analysis was performed via Metaboloanalyst 5.0 using

the KEGG platform as database. E) Ketones in sputum of HC and individuals with CF.
F-H) Number of non-synonymous mutations (NSM) found in each P, aeruginosaisolate

in routes linked to LPS biogenesis. I) MRNA levels of LPS assembly genes. WT PAO1
was grown in glucose-rich minimal media and complemented with AcAc, BHB, or both
ketones. The following were measured: J) mRNA levels of gene clusters involved in LPS
assembly; K) lipid A phosphorylation via MALDI-TOF; L) O-antigen abundance. Data are
shown as average +/— SEM from 2-3 independent assays. A-D: 5-6 mice in total per group.
A-C, J: One-Way ANOVA. D-E: t-Student test: *: £<0.05; **: P<0.01; ***; £<0.001; ****;
£<0.0001; ns: non-significant. See also Figure S4.
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Figure 6. Itaconate promotes ketone enrichment in the lung during P. aeruginosa infection —
IrgI** and /rg17'~ mice were exposed to PBS, WT PAQL, or the £ aeruginosa isolates.

The following were measured: A-B) BAL metabolites; C) mRNA expression of ketogenic
clusters in each lung cell subset identified by scRNA-Seq; D) Volcano plot of Aketogenesis
scores (“/rg1**” — “/Irg17'="") for each lung cell subset during infection with the 2
aeruginosaisolates; E) ketogenesis transcriptomic score in fibroblasts; F) Expression of
ketogenic clusters in fibroblasts; G) BAL FGF21; H-I) respiratory pathogen burden during
infection with the P aeruginosaisolates; J) animal survival; K) BAL cytokines; L) weight
change. Data are shown as average +/— SEM from 2-3 independent experiments, with 3-10
animals in total. A-B, E, G-1: One-Way ANOVA; L: Two-Way ANOVA; D: t-Student test.
J: Kaplan-Maier. *: £<0.05; **: P<0.01; ***: £<0.001; ****: £<0.0001; ns: non-significant.
See also Figure S5, Figure S6, and Table S2.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-mouse CD45 AF700 Biolegend Cat 103128, RRID:AB_493715
Anti-mouse CD11c Bv605 Biolegend Cat 117333, RRID:AB_11204262
Anti-mouse SiglecF Biolegend Cat 562680, RRID:AB_2687570
Anti-mouse CD11b AF594 Biolegend Cat 101254, RRID:AB_2563231
Anti-mouse MHC 1l APC/Cy7 Biolegend Cat 107628, RRID:AB_2069377
Anti-mouse Ly6C Bv421 Biolegend Cat 128032, RRID:AB_2562178
Anti-mouse Ly6G PerCP/Cy5.5 Biolegend Cat 127616, RRID:AB_1877271
anti-p-actin Sigma Cat A5441, RRID:AB_476744

OXPHOS rodent WB antibody cocktail

Thermo Fisher Scientific

Cat 45-8099, RRID:AB_2533835

hexokinase 2 polyclonal antibody

Thermo Fisher Scientific

Cat 22029-1-AP, RRID:AB_11182717

Goat anti-Ms 1gG HRP Santa Cruz Cat sc-2005, RRID:AB_631736
Goat anti-Rb 19G HRP Santa Cruz Cat sc-2004, RRID:AB_631746
Biological Samples

CF sputum samples This Study N/A

Chemicals, peptides, and recombinant proteins

Oligomycin Selleckchem S1478
Etomoxir Sigma Aldrich E1905

Succinic acid Sigma Aldrich 14160
D-Glucose Sigma Aldrich G8270

Trizol™ Reagent Thermo Fisher Scientific 15596026
Novex™ 10-20% Tricine Protein Gels Thermo Fisher Scientific EC6625BOX
Pro-Q™ Emerald 300 Lipopolysaccharide Gel Stain Kit Thermo Fisher Scientific P20495
Live/Dead DAPI dye Thermo Fisher Scientific Cat L34962
Formalin free tissue fixative Sigma Aldrich Cat A5472
Paraformaldehyde 32% Electron Microscopy Sciences Cat 15714-S
Methanol Thermo Fisher Scientific Cat A456-1
Methanol Alpha Aesar Cat 22909
Trypan blue stain Invitrogen Cat T10282
Glucose Agilent Cat 103577-100
collagenase | Gibco 1100-017
Elastase Worthington LS006365
Dispase Gibco 17105-041
BSA Thermo Fisher Scientific BP9705

Critical Commercial Assays

Mouse Cytokine Array / Chemokine Array 31-Plex Evetechnologies MD31
Seahorse XFe24 FluxPaks Agilent Technologies 102340-100
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REAGENT or RESOURCE SOURCE IDENTIFIER
RNeasy Mini Kit Qiagen Cat 74104
E.Z.N.A.® Total RNA Kit | Omega Biotek R6834-01
DNA free removal kit Thermo Fisher Scientific AM1906
High-Capacity cDNA Reverse Transcription Kit Applied Biosystems 4368813
Power SYBR™ Green PCR Master Mix Applied Biosystems 4368577
Biolog MitoPlate S-1 Biolog Cat 14105
Biolog Redox Dye Mix MC Biolog Cat 74353
Experimental Models: Organisms/Strains
Mouse: C57BL/6 Jackson Laboratories JAX: 000664
Mouse: C57BL/6J/N Jackson Laboratories JAX: 005304
Mouse: C57BL/6 IrgZ™~(Acodl™") Jackson Laboratories JAX: 029340
Mouse: B6.129S7-I1rltm1Imx/J (//1r77) Jackson Laboratories JAX: 003245
Bacterial and Virus Strains
P, aeruginosa\WT PAO1 Our laboratory N/A
P, aeruginosa \WT PAO1 Provided by Dr. CJ Balibar; N/A

Balibar et al, 2015
P, aeruginosa AptD PAO1 (mutant 4213) Provided by Dr. CJ Balibar; N/A

Balibar et al, 2015
CF subject 2 £ aeruginosa isolates Riquelme et al, 2019 N/A
CF subject 1 P, aeruginosaisolates Provided by Dr. Barbara Kahl N/A
ICU P, aeruginosa isolates Provided by Dr. A.C. Uhlemman N/A
Oligonucleotides
1psL-F: CGGCACTGCGTAAGGTATGC Riquelme et al. 2019 N/A
psL-R: CGTACTTCGAACGACCCTGCT Riquelme et al. 2019 N/A
IptD-F: CCTGCCCTACAACCCAGGTG Riquelme et al. 2019 N/A
IptD-R: ATGCTGCCGTCGTCATTGAA Riquelme et al. 2019 N/A
waal -F: CTACGCCAGATCAGCGAGCA Riquelme et al. 2019 N/A
waal -R: CCTCCAGCGAAAAGCACACC Riquelme et al. 2019 N/A
wbpX-F: GAGACCATCCGCGACGAAGT Riquelme et al. 2019 N/A
wbpX-R: TCCTCCACCAGGTCCAGCTC Riquelme et al. 2019 N/A
wbpZ-F: GCTCCGCCAGTACCGAGAAA Riquelme et al. 2019 N/A
wbpZ-R: ATCACCCCGACGAACAGGAA Riquelme et al. 2019 N/A
JoxT-F: CTGACCTTCGGCTTCATCGT Nowicki et al. 2014 N/A
IoxT-R: TGGAGCGGTCCTTGATTTCC Nowicki et al. 2014 N/A
arnT-F: GGCTATGCCAACCTCGACCC Nowicki et al. 2014 N/A
amT-R: GCGAGGAAGCCCTTGGTCAG Nowicki et al. 2014 N/A
Software and Algorithms
GraphPad Prism 9 GraphPad Software https://www.graphpad.com
FlowJo X Flow cytometry FlowJo https://www.flowjo.com
FLJI FLJI http://imagej.net
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Seurat v4, Seurat v5

Seurat library

https://satijalab.org

MetaboloAnalyst 5.0

MetaboloAnalyst

https://www.metaboanalyst.ca

Kyoto Encyclopedia of Genes and Genomes KEGG https://www.genome.jp/kegg/

Adobe Photoshop 24.5.0 Adobe https://www.adobe.com/

Deposited data

SsCRNA-Seq lung tissue GEO Access number: GSE203352

Raw metabolomics BAL tissue MetaboL.ights Access numbers: MTBLS4922,
MTBLS4923, and MTBLS4924

P, aeruginosa isolates genomes NIH SRA Access numbers: PA270 (SRR8775051),
PA338 (SRR8775050), PA339
(SRR8775058), PA599 (SRR8775057),
PA600 (SRR8775065), PA601
(SRR8775054), PA602 (SRR8775055),
PA603 (SRR8775053), PA604
(SRR8775056), PA605 (SRR8775052),
PA606 (SRR8775060), PA607
(SRR8775059), PA608 (SRR8775062),
PA683 (SRR8775061), PA684
(SRR8775064), PA685 (SRR8775063)
and PA686 (SRR8775066).

Raw Data Data S1

Other

RPMI 1640 1x with glutamine Corning 10-040-CV

Antibiotic Penicillin-Streptomycin Corning 30-002-Cl

Fetal Bovine Serum Gibco 26140-079

KetoBM Ketone Strips KBM ASIN: B087JYC6JD

KetoBM Blood Ketone Meter Kit for Keto Diet Testing KetoBM ASIN: BO7TQWMM4M6

AUVON I-QARE DS-W Draw-in Blood Glucose Test Strips | AUVON ASIN: BO9T6CHZVZ

AUVON DS-W Diabetes Sugar Testing Meter AUVON ASIN: B081ZY1LHV

Irradiated Fatty Acid rich diet Research Diets, Inc D10070801i

Irradiated Carbohydrate rich diet Research Diets, Inc D19082304i

Irradiated Purina regular chow Purina 5053
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