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Abstract

Alveolar inflammation is a hallmark of acute lung injury (ALI), and its clinical correlate is acute
respiratory distress syndrome—and it is as a result of interactions between alveolar type 11 cells
(ATH) and alveolar macrophages (AM). In the setting of acute injury, the microenvironment of
the intra-alveolar space is determined in part by metabolites and cytokines and is known to shape
the AM phenotype. In response to ALLI, increased glycolysis is observed in AT 1l cells, mediated
by the transcription factor hypoxia-inducible factor (HIF) 1a, which has been shown to decrease
inflammation. We hypothesized that in acute lung injury, lactate, the end product of glycolysis,
produced by ATII cells shifts AMs toward an anti-inflammatory phenotype, thus mitigating ALI.
We found that local intratracheal delivery of lactate improved ALI in two different mouse models.
Lactate shifted cytokine expression of murine AMs toward increased IL-10, while decreasing /L-1
and /L-6 expression. Mice with ATII-specific deletion of Hiflaand mice treated with an inhibitor
of lactate dehydrogenase displayed exacerbated ALI and increased inflammation with decreased
levels of lactate in the bronchoalveolar lavage fluid; however, all those parameters improved with
intratracheal lactate. When exposed to LPS (to recapitulate an inflammatory stimulus as it occurs
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in ALI), human primary AMs co-cultured with alveolar epithelial cells had reduced inflammatory
responses. Taken together, these studies reveal an innate protective pathway, in which lactate
produced by ATII cells shifts AMs toward an anti-inflammatory phenotype and dampens excessive
inflammation in ALI.
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1| INTRODUCTION

Inflammation is a hallmark of acute lung injury (ALI) and its clinical manifestation, acute
respiratory distress syndrome (ARDS), which carries a significant disease burden both
regarding morbidity and mortality.> Our previous work showed that in response to injury,
alveolar epithelial type Il cells (ATII) demonstrate enhanced glycolysis via the hypoxia-
inducible factor (HIF)-1A-phosphofructokinase-2/fructose-2,6-bisphosphatase (PFKFB) 3
axis, which was associated with attenuation of inflammation in the acute phase of acute

lung injury in several models of murine ALI.2-* Alveolar macrophages (AMs) reside in

the alveolar space near ATII cells® and in this niche, the phenotype of the AMs is affected
by the local microenvironment consisting of metabolites, cytokines, and surrounding cells
that shape their inflammatory or anti-inflammatory properties.® The critical role of alveolar
macrophages (AM) in the pathogenesis of ALI/ARDS, especially in the inflammatory phase,
has been well-established in animal models and human disease.”8 In the present work, we
focus on the interaction between alveolar type 1l cells and AM, with particular emphasis

on how ATII cells can shape the metabolic microenvironment and therefore potentially
suppress the inflammatory phenotype of AM in ALI. It has been shown that macrophages
can reversibly change their activation state depending on their environment.6:? Alterations

in the metabolic microenvironment can shape the inflammatory phenotype of macrophages,
as demonstrated in tumor-associated macrophages—as lactate, derived from tumor cells, can
shift the surrounding macrophages toward a VEGF and ARG-1-expressing pro-resolving
phenotypel?; however, it is unknown whether AMs, key regulators of pathogenesis in AL/
ARDS and substantially different from tumor-associated macrophages, respond to lactate in
a similar fashion. We hypothesized that lactate derived from ATII cells and released into

the intra-alveolar microenvironments can mitigate the inflammatory phenotype of AMs and
serve as an endogenous protective pathway that quenches excessive alveolar inflammation in
ALL

2| METHODS

2.1| Materials

Unless otherwise noted, chemicals were obtained from Sigma (St. Louis/MO, USA). FX-11
(CAS No.: 213971-34-7) was obtained from Millipore Corp Billerica/MA, USA.

FASEB J. Author manuscript; available in PMC 2024 March 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Roy et al.

2.2

2.3

2.4

Page 3

Ethics statement

Mice

2.2.1| Mice—The local institutional animal care and use committee (University of
Colorado, Anschutz Medical Campus) approved all animal experiments (protocol numbers
B104914(06)1D B104917(04)E and 00128). Animal experiments were carried out in
accordance with the US Law on the Protection of Animals and the National Institutes of
Health guidelines for the use of live animals.

2.2.2| Humans—Human airway macrophages were obtained from BALF from lungs
rejected for transplantation as previously described!! through a collaboration with the
National Jewish Hospital (Denver/CO, USA). The Colorado Multiple Institutions Review
Board approved all human protocols and waived the requirement for informed consent for
the use of de-identified BALF samples.

Wild-type mice (C57BL/6J) were purchased from Jackson laboratories (#000664 C57BL/6J,
RRID:IMSR_ JAX:000664). Mice with the Cre-Lox recomination system exclusively
expressed in alveolar type 2 cells SPC-ER-Cre+ (Sftpctm1(cre/ERT2)BINY jAX stock #028054
(IMSR Cat# JAX:028054, RRID:IMSR_JAX:028054) were generously provided by from
Bridget Hogan (Duke University, Durham/NC, USA).12 To generate mice with AT II-
specific Hifladeletion, Hifla/oP/1oXp (RRID:IMSR_JAX:007561) mice were crossed with
the SPC ER Cre animals. Hif1d°%P/1oxp SPC-ER-Cre+ were previously described.34
Conditional knockout was induced by 75 mg/kg/d i.p tamoxifen (Sigma-Aldrich) over

5 days as described,3 with control animals also receiving tamoxifen. Genotyping PCR
performed on tails was used to determine Cre and loxp expression as well as Cre-flox
expression (GeneTyper, New York/NY, USA). SPC-ER Cre animals were used as controls
for the Hif1d°%P/1oXp SPC-ER-Cre+ animals. Male and female mice between 8 and 12 weeks
of age, weighing 18-25 g, at the time of harvest were used for all genotypes. Experiments
were conducted on weight, sex, and age-matched animals. All animals were housed under a
12-h light/12-h dark cycle.

Murine models of acute lung injury

We utilized intratracheal administration of hydrochloric acid to simulate aspiration of acidic
gastric contents or LPS to induce direct ALI.

2.4.1| Acid aspiration-induced lung injury—The acid aspiration model of ALI was
described previously.341415 Mice were anesthetized with isoflurane and suspended by their
incisors at 45° angle. Fifty-microliter of 0.125 M hydrochloric acid (HCI) was instilled
intratracheally. Control animals received 50 pL of 0.9 M NaCl, which was pH controlled to
the pH of hydrochloric acid.

2.4.2| LPS-induced lung injury—Age- (8-12 weeks old) and sex-matched mice were
anesthetized with pentobarbital (70 mg/kg) and LPS (Escherichia coli0111:B4, L4391,
Sigma, St. Louis, MO, USA (5 ug/g body weight) was administered intratracheally via a
22-gauge catheter.

FASEB J. Author manuscript; available in PMC 2024 March 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Roy et al. Page 4

2.4.3| Intratracheal instillation of lactate—After the induction of ALI (6 h), mice
received 50 pL 25 mM lactate solution. To control for the potential effect of lactic acid
reduction in pH (pH range of 25 mM lactate solution was 7.10-7.15), the respective control
group received an equal volume of pH-matched PBS to control for the potential effect of
lactic acid reduction in pH.

2.5] Isolation of murine alveolar type 2 cells

Primary alveolar epithelial type 11 cells (AT 1) were isolated from mice as described
previously.#16:17 Briefly, mice were anesthetized intraperitoneally with 70 mg/kg
pentobarbital and exsanguinated by removing the left atrium. Lungs were then perfused
with sterile PBS via the right ventricle. Dispase (Corning) was then instilled intratracheally
followed by a low-melting point agarose plug. Lungs were removed intact and incubated

for 45 min at room temperature. Tissue was teased apart manually and then passed through
a 70-micron cell strainer (BD Bioscience, Franklin Lakes/NJ, USA). The cell mixture was
then labeled with a mixture of biotinylated antibodies against CD16/32, TER119, CD 45,
and CD90 (all from BD Bioscience, Franklin Lakes/NJ, USA: BD Biosciences Cat# 553143,
RRID:AB_394658, BD Biosciences Cat# 553672, RRID:AB_394985, BD Biosciences Cat#
553078, RRID:AB_394608, and BD Biosciences Cat# 554896, RRID:AB_395587), and
subsequently incubated with streptavidin-labeled magnetic beads (Promega Corporation,
Madison/WI, USA) for negative selection for AT 11 cells. In the final step, fibroblasts

were removed by adhering to a Petri dish for 2 h. AT 1l cells were cultured as described
previously18:19 in DMEM with 4.5 g/L glucose and stable L-glutamine, 10% fetal bovine
serum (FBS-LOT 27021001), and 1% penicillin/streptomycin mix (all from Corning
Cellgro, Manassas/VA, USA). Cells were incubated in a humidified atmosphere of 5%
C0O,/95% air at 37°C.

2.6 | Isolation of bone marrow-derived macrophages

Mice were euthanized with pentobarbital and bone marrow was flashed from femur and tibia
into a 50 mL conical tube with ice-cold PBS and then centrifuged. Cells were resuspended
in 100 mL DMEM 4.5 g/L glucose, pyruvate, and HEPES media (Corning), supplemented
with 20 ng/mL M-CSF-1 (R&D Systems, MinneapolissMN USA) and 10% FBS (Thermo
Fisher, Waltham/MA USA). The cell suspension was transferred to a T-150 (Thermo Fisher)
flask and incubated for 3 days prior to replating for specific experiments.

2.7 | Primary human alveolar macrophages

AMs obtained from lungs rejected for transplant were isolated by bronchoalveolar lavage
(BAL) of the right middle lobe by filling the lobe three times with a balanced salt solution
and EDTA, and then three times with the salt solution alone. After each installation, the
aspirated fluid was collected, pooled, and centrifuged.

2.8| Macrophage and alveolar epithelial cell co-culture system

Co-culture experiments were conducted according to.29-21 Briefly, for co-culture
experiments, 2.5 x 10° A549 cells (ATCC Cat# CRM-CCL-185, RRID:CVCL_0023) or
5 x 10° AT Il cells per well were seeded on the bottom side of transwell plates (from
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Costar/Corning) and after 2 days subsequently co-cultured with BMDMSs or primary

human macrophages (density 2.5 x 10° cells/well), that were seeded on the apical side

of the transwell insert medium utilized was DMEM with 4.5 g/L glucose and stable L-
glutamine, 10% fetal bovine serum (FBS), 1% penicillin/streptomycin mix (all from Corning
Cellgro, Manassas/VA, USA), and amphotericin B (250 pg/mL). Cells were incubated in a
humidified atmosphere of 5% CO, at 37°C.

2.9 | Supernatant preparation and collection

AT 1l cells were grown in DMEM plus supplements. Fractionation of cell culture
supernatants was achieved using Amicon Ultra centrifugal filters (3K Ultracel, Millipore
Burlington/MA, USA). The supernatant fraction >3 kDa remained above the filter, and the
fraction <3 kDa passed through to the lower chamber.

2.10| Determination of lactate concentration

The L-lactate concentration in BALF was measured using a Lactate Assay Kit (Sigma
Aldrich) according to the manufacturer’s instructions.

2.11| Sample collection

At the experimental endpoint with mice under deep anesthesia, lungs were lavaged three
times with 1 mL of PBS per passage to obtain bronchoalveolar lavage fluid. Retrieved
lavage fluid was at 300 g for 5 min at 4°C and resulting cell-free BAL was immediately
snap-frozen for subsequent measurement of protein and ELISA studies. For pulmonary
tissues, the lungs were flushed with 10 mL saline via the right ventricle, and either
snap-frozen in liquid nitrogen and stored at —80°C or conserved in formalin for histologic
analysis.

2.12 | Histopathological evaluation of acute lung injury

Lungs were explanted and prepared for paraffin embedding as described.1# Five micrometer
sections were stained with H&E. Assessment of histological lung injury was performed by
grading as follows?2: infiltration or aggregation of inflammatory cells in air space or vessel
wall: 1, only wall; 2, few cells (one to five cells) in air space; 3, intermediate; 4, severe (air
space congested); interstitial congestion and hyaline membrane formation: 1, normal lung;
2, moderate (<25% of lung section); 3, intermediate (25%-50% of lung section); 4, severe
(>50% of lung section); and hemorrhage: 0, absent; 1, present. Six representative images
were obtained from each animal and were analyzed by two investigators blinded to group
assignments.

2.13| Measurement of BALF protein content

The protein content of BALF was measured via Bradford assay as described previously.23

2.14| Tissue digest

To prepare cell suspension for downstream flow cytometry experiments, lungs were
processed as previously described.1? In brief, lungs were isolated and digested in Liberase
TM and DNAse (MilliporeSigma) at a final concentration of 0.4 mg/mL and 100 U,
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respectively. Lungs were then further processed mechanically using the GentleMACS
System using the preinstalled program m_lung_01_02, incubated for 25 min at 37°C, and
then dissociated again using the program m_lung_02 for 8 s. The digestion was terminated
by adding FBS to a final concentration of 20%. Cell suspension was then filtered through a
70-um mesh and spun for 10 min at 300 g, followed by red blood cell lysis (Thermo Fisher
Scientific) according to the manufacturer’s guidelines. Cells were then passed through a
40-um mesh to prevent clumps from forming and pelleted for downstream processing.

Flow cytometry

Flow cytometry experiments were conducted as previously described.24 Briefly, buffer
consisting of PBS, 1 mM EDTA, 10 mM HEPES, pH 7.3, and 1% FBS was used
throughout all washing and incubation steps. Flow cytometry analysis was performed

on Gallios 561 nm (Beckman Coulter) and Yeti (Propel Labs, Fort Collins, CO, USA)
devices. The sorting strategy excluded debris and cell doublets using light scatter (forward
and side scatter), whereas dead cells were excluded by DAPI-positive staining (1 pg/

mL). Fluorescence-Minus One controls were used to determine gating areas. Monocytes,
neutrophils, B cells, and T cells were excluded in the Dump* gate. Dump™ gate was then
selected, and CD45* population was then segregated into recruited AMs (Dump~, CD45%,
CD64", CD11b*, SigF™) from resident AMs (Dump~, CD45*%, CD64", SigF*, CD11b").
Recruited and resident AMs were then interrogated for Arg-1 and IL-10 expression.

Cell Counting beads (eBiosciences) were used as an internal reference to quantify the
absolute numbers of cells in the lung.2> All data analysis was performed using Kaluza
v.1.5 (Beckman Coulter). UltraComp (eBiosciences) beads were always used to determine
instrument voltage settings and compensation settings. Mean Fluorescence intensity was
used to quantify Arg-1 and IL-10 expression. The following antibodies were used for flow
cytometry experiments: CD45 (BD Biosciences Cat# 550539, RRID:AB_2174426), CD64
(BD Biosciences Cat# 558455, RRID:AB_647241), CD11b (BD Biosciences Cat# 612801,
RRID:AB_2870128), Siglec F (SigF) (BD Biosciences Cat# 567600, RRID:AB_2916663),
IL-10 (BD Biosciences Cat# 554465, RRID:AB_395410) (all BD Biosciences, Franklin
Lakes, NJ, USA), and Arg-1 (Novus Cat# NBP2-03618, RRID:AB_3068632) from Novus
Biologicals (Centennial, CO, USA); Labeling kit Alexa-fluor 488 for Arg-1 was from
Expedeon/Abcam (Cambridge, UK). Cells were permeabilized for 30 min and incubated
with antibody (1:100) for 1 h.

Cell culture and treatment

Ab549 cells (American Type Culture Collection (ATTC), Manassas/VA, USA (ATCC Cat#
CRM-CCL-185, RRID:CVCL_0023)) and primary alveolar epithelial type 2 cells (AT 1l
cells) were cultured as described previously826 in Dulbecco’s modified Eagle medium
(DMEM) with 4.5 g/L glucose and stable L-glutamine, 10% fetal bovine serum (FBS), and
1% penicillin/streptomycin mix (all from Corning Cellgro, Manassas/VA, USA). Primary
human airway macrophages were cultured in DMEM with 4.5 g/L glucose and stable
L-glutamine, 10% fetal bovine serum (FBS), 1% penicillin/streptomycin mix, and 5 mL
Amphotericin B (250 pg/mL). Cells were incubated in a humidified atmosphere of 5%
CO,/95% air at 37°C.
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2.17| Lentiviral generation of cell lines with knockdown of LDHA

A549 cells (RRID:CVCL_0023) with stable decreased expression of LDHA were generated
by lentiviral-mediated ShRNA expression as described previously.2 To summarize: pLKO.1
lentiviral vector (Sigma Aldrich RRID:Addgene_8453) targeting LDHA had the shRNA
sequence of GCCTGTGCCATCAGTATCTTA (TRCNO0000164922). Non-targeting control
shRNA (SHCO001: Sigma, St Louis/MO, USA) was used as a control. Lentiviral suspensions
carrying the plasmid were produced at the Functional Genomics Core Facility of the
University of Colorado Boulder. The suspension was used for infection of A549 cells and
cells were selected with puromycin (1 pg/mL) for at least two passages before being utilized
for downstream experiments.

2.18| Western blot

Western immunoblotting was used to measure LDHA protein content to confirm stable
genetic suppression of LDHA in A549 cells (A549-PHA-/=) For Western immunoblotting,
cells were washed twice with ice-cold PBS and lysed with 1x cell lysis buffer

(Cell Signaling) including protease inhibitor PMSF (effective concentration 100 pug/mL).
Protein concentrations were determined using Quickstart Bradford dye reagent (Biorad,
Hercules/CA, USA), and equal protein amounts were denatured in sample buffer, separated
by SDS-electrophoresis, transferred to a nitrocellulose membrane, blocked in 5% skim milk
[w/v] in TBS including 1% Tween-20 [v/v], washed three times with TBST, and then probed
with the respective primary antibodies at 4°C overnight. After incubation with primary
antibodies, membranes were again washed with TBST 3 for 10 min and then incubated
secondary LDHA anti-rabbit (Cell Signaling cat. #7074) or b-actin anti-mouse (cell
Signaling cat. #7076) for 1 h. Proteins were detected by ECL (Thermo Fisher Scientific).
Actin was used as a loading control. Densitometry was performed with Image J (NIH).
Primary antibodies were obtained from: LDHA (Abcam Cat# ab47010, RRID:AB_1952042)
and b-actin (Sigma-Aldrich Cat# A5441, RRID:AB_476744).

2.19| Transcriptional analysis (QPCR)

Total RNA was isolated with Qiagen RNeasy Mini Kit by following the manufacturer’s
protocol. RNA quantity and purity were measured with Nanodrop 2000 (Gene Company
Limited, Hong Kong, China). cDNA was generated using iScript cDNA Synthesis Kit
(Bio-Rad, Hercules/CA, USA). RNA transcript levels were determined by real-time
RT-PCR (iCycler, Bio-Rad Laboratories Inc.). Primers were obtained from QuantiTect
(Qiagen). Mouse: Actinb (QT01136772), IL-6 (QT00098875), CXCL-1(QT00115647),
IL-1B (QT01048355), and IL-10 (QT00106169). Human: Actinb (QT01680476),
IL-6(QT00083720), and IL-8 (QT00000322).

2.20| Data analysis

All statistical analyses were carried out using GraphPad Prism 8.1.2 (GraphPad Software,
San Diego/CA, USA). All data are expressed as means + SD, and p < .05 was considered
statistically significant. For comparison between two groups, two-sample unpaired #tests
were used. In cases of comparison between more than two groups, two-way ANOVA and
Tukey’s multiple comparisons test were applied.
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3| RESULTS

3.1| Alveolar epithelial cells dampen the release of pro-inflammatory cytokines in
macrophages in vitro

We recently showed that the glycolytic shift of ATII cells in response to injurious stimuli
protects against experimental ALI.3 We hypothesized that the metabolic activity of the
alveolar epithelium impacts the alveolar macrophage function. To study the interactions
between ATII cells and macrophages, we utilized a non-contact co-culture system. For

our initial experiments, we utilized bone marrow-derived macrophages (BMDMs) as they
are easily obtainable and could be isolated from the same animal as the alveolar type

Il cells (Figure 1A). Macrophages that were co-cultured with ATII cells displayed a

blunted inflammatory response in response to LPS stimulation, as evidenced by decreased
transcription of IL-6 and CXCL-1 (Figure 1B,C). We found that ATIl-conditioned medium
after LPS stimulation that was dialyzed to exclude molecules >3KDa (such as cytokines)
decreased fivefold the inflammatory response to LPS stimulation in BMDMs (Figure S1),
suggesting that a small molecule such as a metabolic intermediate mediates the quenching of
cytokines; these data are in line with studies in tumor-associated macrophages.19 Incubation
with the glycolysis inhibitor dichloroacetic acid prevented the ATIl-mediated attenuation

of IL-6 and CXCL-1 transcription (Figure 1D,E). Taken together these studies suggest

that ATII cells attenuate the inflammatory reaction in macrophages in response to LPS
stimulation mediated by the glycolytic pathway.

3.2 | Intra-tracheal lactate shifts alveolar macrophages toward a pro-resolving anti-
inflammatory phenotype

We next set out to test whether intratracheal (i.t) administration of exogenous lactate would
affect the phenotype of alveolar macrophages in an in vivo model of acute lung injury.

To increase the stringency of these experiments, we utilized two murine models of ALI,

- i.t hydrochloric acid (HCI) instillation and i.t. instillation of lipopolysaccharide (LPS).
Injury develops over days in both models, enabling us to study the effect of i.t. lactate after
the onset of the injury.1427 After the induction of ALI (6 h), mice received 25 mM of
lactate (Figure 2A) while the control group received an equal volume of pH-matched PBS
to control for the potential effect of lactic acid reduction in pH (Figure 2A). To study the
effects of lactate on different macrophage populations, we isolated alveolar macrophages
(CD64%) and then sorted them into recruited (CD64*, CD11b*) and resident macrophages
(CD64", Siglec F*) (Figure 2B). We found that lactate induced Arg-1 and IL-10 (Figures
2C-F and S2A-C) expression in resident alveolar macrophages. Interestingly, i.t. lactate
did not alter the number of resident or recruited airway macrophages in the lung (Figure
2D-F). Furthermore, i.t. lactate given to naive, non-injured mice did not affect baseline
Arg-1 expression (Supplementary Data 3). Our findings suggest that locally administered
intra-alveolar lactate can shift the resident alveolar macrophage toward an anti-inflammatory
IL-10 and Arg-1 expressing state.

3.3 | Intratracheal lactate given after injurious stimuli attenuates acute lung injury in vivo

We next pursued studies to test whether i.t. lactate would improve ALI overall in murine
acid aspiration and LPS models. As described in Figure 2A, ALI was induced and mice
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in the treatment group received i.t. lactate 6 h after induction of ALI. The severity of

ALl was assessed at 24 h. First, both models of ALI had increased lactate levels in the
bronchoalveolar lavage fluid (BALF), which is in line with our previously published results
that in response to injury, ATII cells are upregulating their glycolytic activity3 and thus
releasing lactate the end product of glycolysis. Lactate in the BALF was furthermore
increased in the treatment group (Figure 3A,H). Histologic analysis revealed that mice

that did not receive i.t. lactate had worse lung injury, as evidenced by higher ALI scores
compared to controls in both injury models (Figure 3B,C,1,J). This was underscored by

the decreased levels of pro-inflammatory cytokine (IL-1, IL-6, and CXCL-1) mRNA
expression in response to i.t. lactate (Figure 3D-F,K—M) in whole lung tissue. Additionally,
LPS and acid-induced expression of IL-10 in whole lung tissue was further increased by i.t.
lactate (Figure 3G,N). Taken together our findings indicated that i.t.-administrated lactate
attenuated ALI severity in two distinct models of ALI by shifting cytokine expression from
pro-inflammatory to a more anti-inflammatory state.

Alveolar epithelial HIF1A is necessary for the anti-inflammatory differentiation of

macrophages in acute lung injury

The transcription factor HIF1A is a critical regulator of glycolysis and hence lactate
production in ATII cells.3 Mice with ATII-specific genetic suppression of Hifla (Hifla'o"’
loxp SPC-Cre-ER+) have a more severe phenotype in several models of acute lung

injury.34 Therefore, we investigated whether, in Hif1a/oX?/1oX0 SPC-Cre-ER+ mice, the
decreased lactate production by ATII cells leads to impaired lactate-mediated paracrine
actions between ATII cells and alveolar macrophages. We hypothesized that alveolar
macrophages in Hifla/oXP/1oX0 SpC-Cre-ER+ mice would display increased production of
pro-inflammatory cytokines and decreased production of anti-inflammatory markers such as
IL-10 and Arg-1. Furthermore, we tested whether i.t. lactate could be protective against lung
injury in Hif1a/oxP1oxp SPC-Cre-ER+ mice by reconstituting intra-alveolar lactate levels.

In both acid and LPS-induced ALI, we found that Hif1a/o%"/oxp SPC-Cre-ER+ mice have
decreased levels of BALF lactate in response to ALI (Figure 4A,H) compared to SPC-Cre-
ER+ control mice. |.t. lactate substitution not only reconstituted BALF lactate in Hif1a/ox”
loxp SpC-Cre-ER+ mice to levels comparable to SPC-Cre-ER+ controls but improved the
severity of ALI as evidenced by a significant decrease in histologic injury severity scores
(Figure 4B,C,1,J). Concomitantly, i.t. lactate decreased expression of pro-inflammatory
cytokines in Hif1a/o#/oxp SpC-Cre-ER+ mice compared to untreated controls (Figure
4D-F,K-M) and increased I1L-10 expression (Figure 4G,N) in whole lung homogenate.

As it lactate attenuated ALI severity in Hif1a/oP/10X0 SPC-Cre-ER+ mice in both acid

and LPS-induced ALI, we then isolated alveolar macrophages from BALF from Hifla/ox”
loxp SPC-Cre-ER+ mice in response to ALI. The ALI-derived Hif1a/oX"/1oX0 SpC-Cre-ER+
alveolar macrophages display a more pro-inflammatory phenotype compared to SPC-Cre-
ER+ controls (Figure 5A—C,F-I), as evidenced by increased expression of IL-1p, IL-6, and
CXCL-1 and decreased 1L-10 and Arg-1 expression (Figure 5E,J). Moreover, i.t. lactate
significantly suppressed the production of pro-inflammatory cytokines in Hif1a/oxe/loxp
SPC-Cre-ER+ alveolar macrophages, with increased IL-10 and Arg-1 expression to levels
similar to the expression of alveolar macrophages from SPC-Cre-ER+ controls (Figure
5D,E,l,J). Taken together, these studies demonstrate that lactate production in ATII cells
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under the transcriptional control of HIF1A is both critical and a sufficient suppressor of the
inflammatory phenotype of alveolar macrophage in ALLI.

Pharmacologic inhibition of lactate dehydrogenase A is associated with increased

alveolar inflammation

3.6

4

To further explore how lactate affects lung inflammation and hence severity in ALI models,
we treated wild-type mice with the pharmacologic lactate dehydrogenase (LDH) A inhibitor
FX-11,28.29 35 LDHA catalyzes the conversion from pyruvate to lactate. Based on previous
studies, 2930 mice received 42 ug of FX-11 intra-peritoneally 24 h before acid aspiration to
induce ALI. Mice treated with FX-11 displayed exacerbation of ALI including increased
protein levels in BALF (Figure 6A), and increased mRNA expression of pro-inflammatory
cytokines IL-6 and CXCL-1 in their lungs (Figure 6B,C), leading to exacerbated lung injury
based on histologic ALI scores (Figure 6D,E). Taken together, these pharmacologic studies
support that inhibition of lactate production with FX-11 leads to worsening lung injury.

Epithelial lactate is necessary for macrophage shift in human primary macrophages

As human pulmonary macrophages can have divergent responses to stimuli from murine
macrophages,31:32 we established a human ex vivo approach utilizing primary human
alveolar macrophages (AMs) to validate our murine experimental findings. The AM donors
included male and female non-smokers and non-diabetics. To exclude donor lungs that had
sustained a significant injury, we only utilized lungs with <1% neutrophils in BALF, P/F
ratio > 300, clear CXR, and less than 5 days on the ventilator (Figure S4A for sample
characteristics). We adjusted the pH of our PBS control to the lactate acid pH utilized in all
experiments. To further provide proof of concept of the role of epithelial-produced lactate
in a human ex vivo system (Figure 7A), we generated an alveolar epithelial cell line with a
stable LDHA knockdown (A549-PHA=) (Figure S4B). A549-PHA-/= cells had decreased
lactate concentration in cell culture supernatant in response to LPS stimulation (Figure
7B). We found the primary human AMs that were co-cultured with A549-PHA=/= ce|ls
displayed increased levels of pro-inflammatory cytokines IL-6 and IL-8 when stimulated
with LPS, similar to macrophages that were cultured without epithelial cells. In contrast,
primary human AM co-cultured with A549 control cells (A549 scr) displayed not only
blunted inflammatory cytokine response to LPS stimulation but also increased transcription
of the IL-10 and Arg-1 mRNA (Figure 7C-F), which are markers associated with an
anti-inflammatory proresolving state.19:33 In summary, these findings indicate that lactate
produced by the alveolar epithelium under injurious conditions such as treatment with LPS
can shape the phenotype of primary human AMs toward a more anti-inflammatory state.

DISCUSSION

While lactate was thought to represent an intermediate metabolite resulting from glycolysis,
lactate also has an expanded role as an anaplerotic substrate (a major source of energy and
gluconeogenic precursors) and also as a signaling molecule.34 While peripheral elevated
blood lactate levels in the clinical setting are often seen as a sign of poor tissue perfusion,
localized elevated lactate levels can be beneficial 33:35:36 Inflammation can be associated
with high concentrations of lactate, which can be transported from intracellular sources to
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the immediate and distant extracellular space. Lactate can then be taken up by effector cells
and used as a metabolic substrate. There is growing evidence that changes in metabolic flux
and signaling through metabolic intermediates play critical roles in AM phenotypes.37:38
As our murine ALI models directly target the intra-alveolar space and hence the alveolar
epithelium, we focused on the effect of lactate produced by the alveolar epithelium on
AMs, as they reside in close proximity to the epithelium. We set out to delineate the

role of lactate-mediated metabolic cross-talk between ATII and AMs in acute lung injury,
dissecting how lactate produced by ATII cells can counter-regulate excessive inflammation
by shifting the alveolar macrophage phenotype toward anti-inflammatory and potentially
pro-resolving activity. Our data indicate that in ATII cells, HIF1A-mediated augmented
production of lactate can act as an innate protective mechanism. Locally intratracheally
instilled lactate decreases pulmonary inflammation and thus attenuates ALI in two different
murine models of lung injury. Additionally, with a translational approach utilizing primary
human alveolar macrophages, we show that ATII-produced lactate is necessary to counteract
the pro-inflammatory activation of AMs.

Macrophages can reversibly switch their inflammatory state depending on their
environment; pro-inflammatory macrophages are characterized by efficient antigen
presentation, high bactericidal activity, and the production of pro-inflammatory cytokines
and reactive oxygen and nitrogen species. In contrast, pro-resolving macrophages execute
immune-regulatory functions by releasing anti-inflammatory cytokines and decreasing the
production of pro-inflammatory cytokines. As AMs reside in the alveolar space near ATII
cells,> the phenotype of the AM is affected by the local microenvironmental (metabolites,
cytokines, and surrounding cells) that shape their inflammatory or anti-inflammatory
properties, which are fluent and amenable to manipulation.8° We showed that in the
intra-alveolar niche, lactate produced by ATII can shift the AM phenotype toward an
anti-inflammatory phenotype. While there is extensive literature characterizing different
pulmonary macrophage phenotype subsets by bulk RNA or single-cell sequencing,1139 we
demonstrate the shift of the AMs to a more anti-inflammatory phenotype in response to
lactate by cytokine production, which together with your histologic characterization of ALI
represents a more physiologic phenotypic switch.

Maintenance of tissue homeostasis is a major function of macrophages.4® Cross-talk
between tissue macrophages and their neighboring cells has been described in the context
of cancer, where lactate produced by tumor cells can shift polarization of surrounding
tumor-associated macrophages to an anti-inflammatory, pro-resolving phenotype and

thus allow tumor maintenance and growth.#1:42 In contrast to cancer, lactate-mediated
crosstalk between the endothelium and tissue macrophages was found to be beneficial

by improving muscle regeneration in a murine model of hindlimb ischemia as lactate
enhanced the ability of macrophages to adopt a proangiogenic and pro-regenerative
M2-like phenotype.*3 Interestingly, this study demonstrated that 6-phosphofructo-2-kinase/
fructose-2,6-bisphosphatase (PFKFB) 3 is the driver of the macrophage phenotype, which is
in line with the protective role of ATII cell PFKFB3 in ALL.3 These findings are consistent
with our observations that lactate produced by the alveolar epithelium can shift the
alveolar macrophages from a pro-inflammatory toward an anti-inflammatory, pro-resolving
phenotype. Moreover, our findings indicate that exogenous, locally applied i.t. lactate can
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enhance this innate protective pathway, as i.t. lactate was able to attenuate ALI in two
different models of ALI.

While AMs lavaged from inflamed lungs were once considered a homogeneous cell type,
two ontogenetically distinct populations of alveolar macrophages co-exist in the inflamed
lung: resident AMs, which are fetal monocyte derived and maintained via self-renewal,

and recruited AMs, which originate postnatally from circulating monocytes.11:38 |_ess well
described in the context of ALI are interstitial macrophages.*44> However, we speculate that
the effect of lactate is dependent on the specific lung compartment. This could explain why
in our direct ALI models (i.t. LPS or acid aspiration) which target the alveolar epithelium
and Ams, the effect of lactate is protective, whereas in a model of indirect lung ALI (LPS
endotoxemia), inhibition of glycolysis attenuated lung injury.*8 Interestingly, our findings
showed that i.t. lactate shifted the phenotype of the resident AMs but not the recruited AMs.
One possible explanation for this could be the early time point of our experiments, with

a relatively low number of recruited AMs having reached the intra-alveolar space (Figure
S2C).

The transcription factor HIFLA is a major driver of glycolysis.#”48 Furthermore, alveolar
epithelial-specific deletion of HIF1a has been associated with worse outcomes in ALl in
several murine models of ALI and decreased lactate production in ATII cells.2~ This is in
line with our findings that Hif1a/o"/1oxp SPC-Cre-ER+ mice have decreased lactate levels
in BALF. Treating the Hif1a/o%"/oxp SPC-Cre-ER+ mice with i.t. lactate after the onset of
AL resulted in a shift of the AM toward an anti-inflammatory phenotype and decreased
inflammation and improved ALI, which was associated with increased levels of alveolar
lactate.

Glycolysis is one of the major metabolic pathways that is activated in the setting of
inflammation.#%-52 Its end product, pyruvate, in the setting of cellular stressors associated
with ALI (such as hypoxia or increased macromolecular biosynthesis), can be diverted
away from oxidative phosphorylation. There is ample evidence of the pro-inflammatory
effects of lactate: for example, in in vitro models, lactate produced by glycolysis has been
shown to increase TNFa secretion®3 and enhance TLR4 signaling and NFKb signaling
thus augmenting cytokine production.>*55 However, there is growing evidence that lactate
can also have anti-inflammatory effects. For example, efferocytosis-induced production of
lactate has been shown to induce the expression of anti-inflammatory, pro-resolving genes
such as Tgfb and 1L-10,%6 delay the inflammatory response in monocytes,®’ and inhibit
pro-inflammatory cytokine production via GPR18 in vitro and a murine pancreatitis model.
Interestingly, a short-term infusion of lactate in humans in vivo increased ex vivo glucose
consumption of PBMCs, but only mildly affected cytokine production. However, the same
study showed that long-term treatment with lactate ex vivo, reflecting pathophysiological
conditions in local microenvironments such as tumor or inflammation shifted cytokine
production towards an anti-inflammatory state.®® Lastly, as murine and human pulmonary
macrophages can have diverging responses to stimuli,31-32 we also established a human
ex vivo approach utilizing primary human alveolar macrophages to validate our findings
in murine ALI. We could recapitulate our in vitro and in vivo observations in primary
human cells thus underscoring the translational potential of our findings, although our

FASEB J. Author manuscript; available in PMC 2024 March 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Roy et al.

Page 13

findings are limited by a small sample size and will need to be validated in a bigger

cohort beyond the scope of this work. Furthermore, our co-culture system human A549,
and primary human AMs enabled us to selectively inhibit LDHA and hence suppress lactate
production in the alveolar epithelial cells. Primary human AM co-cultured with alveolar
epithelial cells with diminished capacity to produce lactate (A549-PHA=/7) did not display
the anti-inflammatory, pro-resolving phenotype that was observed in native A549- primary
human AM co-culture, hence underscoring that lactate produced by alveolar epithelial cells
is critical for the AM phenotype. Although the exact mechanisms by which lactate can
quench inflammation are still unknown, new and exciting studies have identified a role for
lactate in histone modification as a driver for macrophage differentiation.59-60

Taken together, our studies identify a protective role of lactate-mediated cross-talk between
ATII cells and alveolar macrophages in acute lung injury. The current studies contribute to
the understanding of how manipulation of inflammation, one of the key pathophysiologic
components of ALI by shaping the phenotype of alveolar macrophages, could be a new
strategy in the treatment of ALI/ARDS.
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BAL Bronchoalveolar lavage
BALF Bronchoalveolar Lavage Fluid
BMDM Bone marrow derived macrophages
DAPI 4’ 6-diamidino-2-phenylindole
EDTA Ethylenediaminetetraacetic acid
HEPES 4-2-hydroxyethyl-1piperazineethansulfonic acid
DCA Dichloracetic acid
DMEM Dulbeccco Modified Eagle Medium
FBS Fetal bovine serum
H&E Hematoxilin and Eosin
HIF Hypoxia Inducible Factor
LDH Lactate dehydrogenase
LPS Lipopolysacceride
MFI Mean fluorescence intensity
PBS Phosphate buffered saline
PFKFB3 Phosphofructokinase-2/fructose-2,6-bisphosphatase 3
VEGF Vascular endothelial growth factor
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FIGURE 1.

AT 11 cells suppress cytokine release in macrophages. Schematic of macrophages—AT |1
co-culture system (A): AT | cells and BMDMs were isolated from the same animal and
incubated in a non-contact insert co-culture system for 48 h prior to stimulation with 50
ng/mL LPS. Twenty-four hours after LPS stimulation, BMDMs were harvested. mMRNA
expression of IL-6 (B) and CXCL1 (C) was determined with g°PCR in BMDMs cultured
with and without ATllIs (Controls) after 24 h. BMDM cells were cultured either alone or co-
cultured with AT 11 cells with respective controls and incubated with 2.5 mM of glycolysis
inhibitor dichloroacetic acid (DCA) and stimulated with LPS. After 24 h, cytokine mRNA
expression was determined with gPCR (D, E). 7= -5, data expressed as mean + SD,
*p<.05, **p< .01, ***p<.001, ****p< .0001. Data were analyzed with two-tailed,
unpaired, Student’s #test (B, C) or one-way ANOVA with Tukey’s correction for multiple
comparisons (D, E).
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FIGURE 2.

Intratracheal L-lactate shifts resident macrophages pro-resolving phenotype. Schematic of
mouse experiments: Acute lung injury was induced by either 0.125 M HCI (Acid) or 5 u/g
intratracheal (i.t.) LPS. Six hours after the induction of lung injury, mice received 50 pL

25 mM L-lactate. The injury control group received 50 uL pH-controlled PBS. Age-, sex-,
and weight-matched C57/B6 mice were used. The experiment was terminated after 24 h (A).
Flow cytometry sorting strategy. Monocytes, neutrophils, B cells, and T cells were excluded.
CD45™" population was then segregated into resident AMs (Dump~, CD45*, CD64*, SigF™,
CD11b") and recruited AMs (CD45", CD64*, SigF—, CD11b*) (B). Arg-1 expression (C, E),
respectively, IL-10 expression (G, F) in resident airway macrophages were determined by
flow cytometry and expressed as mean fluorescence intensity (MFI). 7= 5-7, data expressed
as mean + SD, **p < .01, ***p < .001. Data were analyzed with two-tailed, unpaired,
Student’s #test.
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FIGURE 3.
Intratracheal L-lactate attenuates acute lung injury. Acute lung injury was induced in age-,

sex-, and weight-matched C57/B6 mice by 5 p/g intratracheal (i.t.) LPS (A-G) or 0.125 M
HCI i.t. (H-N) 6 h after the induction of lung injury mice received 50 uL 25 mM L-lactate
(LPS+ lactate). The injury control group received 50 uL pH-controlled PBS. Lactate was
measured in bronchoalveolar lavage fluid (BALF) at the end of the experiment (A, H).
Representative images of H&E-stained lungs (B, I). A semi-quantitative cumulative lung
injury score was performed, which is a combined score of cellular infiltrates, interstitial
congestion, hyaline membrane formation, and hemorrhage (C, J). mRNA expression in
whole lung tissue was determined by qPCR (D-G and K-N). 7= 4-6/group. Data are
represented as mean + SD, ns = not significant, **p < .01, ****p < .0001. Data were
analyzed with one-way ANOVA with Tukey’s correction for multiple comparisons.
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Intra-tracheal L-lactate reconstitutes Hif1a/oX?/1ox0 SPC-ER-Cre+ animals. Acute lung injury
was induced in age-, sex-, and weight-matched alveolar epithelial cell-specific conditional
knockout mice (Hif1a/o#/1oxp SPC-ER-Cre+ or control animals (SPC-ER-Cre+) by 5 p/g
intratracheal (i.t.) LPS (A-G) or 0.125 M HCI (H-N) i.t. 6 h after the induction of lung
injury mice received 50 uL 25 mM L-lactate (LPS+ lactate). The injury control group
received 50 pL pH-controlled PBS. Lactate was measured in bronchoalveolar lavage fluid
(BALF) at the end of the experiment (A, H). Representative images of H&E-stained
lungs (B, I). A semi-quantitative cumulative lung injury score was performed, which is a
combined score of cellular infiltrates, interstitial congestion, hyaline membrane formation,
and hemorrhage (C, J). mRNA expression in whole lung tissue was determined by gPCR
(D-G and K-N). n=4-6/group. Data are represented as mean + SD, ns = not significant, *p
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<.05, **p< .01, ***p<.001, ****p< .0001. Data were analyzed with one-way ANOVA
with Tukey’s correction for multiple comparisons.
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Mice with alveolar type 2 specific suppression of Hiflaare unable to shift resident
macrophages’ pro-resolving phenotype in response to ALI. Acute lung injury was induced
by intratracheal LPS (A—E) or HCI (G-J) in Hif1a/oP/1oX0 surfactant Cre+ (Hiflalox/Ioxp
SPC-ER-Cre+) mice in age-, sex-, and weight-matched controls (SPC-ER-Cre+). Six hours
after the induction of lung injury, mice received 50 uL 25 mM L-lactate with control

group receiving 50 uL pH-controlled PBS. Twenty-four hours after induction of AL, the
AMs were harvested by bronchoalveolar lavage. mRNA expression in airway macrophages
was determined by gPCR. n= 4-5/group. Data are represented as mean * SD, ns = not
significant, *p < .05, **p < .01, ***p < .001, ****p < .0001. Data were analyzed with

one-way ANOVA with Tukey’s correction for multiple comparisons.
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FIGURE 6.
Pharmacological inhibition of LDHA exacerbates acid aspiration-induced acute lung injury.

Eight- to 10-week-old C57BL/6 mice received LDHA inhibitor FX-11 i.p 24 h prior to
induction of ALI with acid instillation with i.t. HCI. Control groups received vehicle.
After 24 h, the lungs were removed. Protein concentration was measured in BALF with
Bradford-assay (A). mMRNA expression in whole lung tissue was determined by gPCR (B,
C). Representative images of H&E-stained lungs (D). A semi-quantitative cumulative lung
injury score was performed, which is a combined score of cellular infiltrates, interstitial
congestion, hyaline membrane formation, and hemorrhage (E) 7= 4-5/group. Data are
represented as mean + SD, ns = not significant, *p < .05, **p < .01, ***p < .001, ****p
<.0001. Data were analyzed with one-way ANOVA with Tukey’s correction for multiple
comparisons.
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FIGURE 7.
Lactate produced by alveolar epithelial cells shifts primary human airway macrophage

phenotype. Schematic of experiments (A). A549 cells (with stable knockdown of LDHA
(A549-PHA=I= or scrambled controls (A549scr)) and primary human airway macrophages
(M®) isolated from lungs rejected for donation were incubated in a non-contact insert
co-culture system for 48 h prior to stimulation with 50 ng/mL LPS. Twenty-four hours after
LPS stimulation, primary human airway macrophages were harvested and cytokines were
measured with qPCR (A-F). n= 5/group. Data are represented as mean + SD, ns = not
significant, *p < .05, **p < .01, ***p < .001, ****p < .0001. Data were analyzed with
one-way ANOVA with Tukey’s correction for multiple comparisons.
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