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ABSTRACT

Acute lung injury (ALI) is characterized by epithelial damage, bar-
rier dysfunction, and pulmonary edema. Macrophage activation
and failure to resolve play a role in ALI; thus, macrophage pheno-
type modulation is a rational target for therapeutic intervention.
Large, lipid-laden macrophages have been observed in various
injury models, including intratracheal bleomycin (ITB), suggesting
that lipid storage may play a role in ALI severity. The endoplasmic
reticulum-associated enzyme acyl coenzyme A acyltransferase-
1 (Acat-1/Soat1) is highly expressed in macrophages, where it
catalyzes the esterification of cholesterol, leading to intracellular
lipid accumulation. We hypothesize that inhibition of Acat-1 will
reduce macrophage activation and improve outcomes of lung in-
jury in ITB. K-604, a selective inhibitor of Acat-1, was used to re-
duce cholesterol esterification and hence lipid accumulation in
response to ITB. Male and female C57BL6/J mice (n = 16-21/
group) were administered control, control + K-604, ITB, or ITB +
K-604 on d0, control or K-604 on d3, and were sacrificed on
day 7. ITB caused significant body weight loss and an increase
in cholesterol accumulation in bronchoalveolar lavage cells.
These changes were mitigated by Acat-1 inhibition. K-604 also
significantly reduced ITB-induced alveolar thickening. Surfactant

composition was normalized as indicated by a significant de-
crease in phospholipid: SP-B ratio in ITB+K-604 compared with
ITB. K-604 administration preserved mature alveolar macro-
phages, decreased activation in response to ITB, and decreased
the percentage mature and pro-fibrotic interstitial macrophages.
These results show that inhibition of Acat-1 in the lung is associ-
ated with reduced inflammatory response to ITB-mediated lung
injury.

SIGNIFICANCE STATEMENT

Acyl coenzyme A acyltransferase-1 (Acat-1) is critical to lipid
droplet formation, and thus inhibition of Acat-1 presents as a
pharmacological target. Intratracheal administration of K-
604, an Acat-1 inhibitor, reduces intracellular cholesterol es-
ter accumulation in lung macrophages, attenuates inflamma-
tion and macrophage activation, and normalizes mediators of
surface-active function after intratracheal bleomycin adminis-
tration in a rodent model. The data presented within suggest
that inhibition of Acat-1 in the lung improves acute lung injury
outcomes.

1. Introduction

Acute lung injury (ALI) affects approximately 200,000 people
in the United States annually and has a high mortality
rate due to respiratory failure (Johnson and Matthay, 2010;
Dushianthan et al., 2011). ALI is characterized by inflamma-
tion, resulting in changes to innate immune cell, endothelial,
and epithelial cell function (Matthay and Zimmerman, 2005;
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Johnson and Matthay, 2010). These alterations present as dif-
fuse alveolar damage, epithelial and endothelial barrier dys-
function (Tam et al., 2011; Muller-Redetzky et al.,, 2014),
pulmonary edema (Butt et al., 2016), and surfactant dysfunc-
tion (Cross and Matthay, 2011; Mokra and Kosutova, 2015;
Butt et al., 2016). The primary management strategy for pa-
tients is mechanical ventilation (Johnson and Matthay, 2010;
Dushianthan et al., 2011; Patel et al., 2018), which can lead to
worse patient outcomes due to ventilation-perfusion mis-
match, further tissue damage due to barotrauma, and altered
inflammatory responses (Ioannidis et al., 2015). Therefore,
identifying an effective pharmacological treatment is advan-
tageous for this patient population.

Macrophage-mediated inflammation is a critical component
in the pathogenesis of ALI (Huang et al., 2018; Chen et al.,
2020). As the first line of defense for innate immune responses

ABBREVIATIONS: Acat-1, acyl coenzyme A acyltransferase-1; ALI, acute lung injury; A.U., arbitrary unit; Arg1, inducible arginase; BAL, bron-
choalveolar lavage; ITB, intratracheal bleomycin; LXR, liver X receptor; Nos2, inducible nitric oxide synthase; SP-B, sterol O-acyltransferase-1;

SP-D, surfactant protein D.
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(Hussell and Bell, 2014; Hartl et al., 2018), macrophages play
a crucial role in detecting foreign toxicants, particulates, and
pathogens, initiating a cascade of host defenses (Martin and
Frevert, 2005; Hartl et al., 2018). Macrophages are highly
plastic (Hussell and Bell, 2014) and can be stimulated to ex-
press a spectrum of phenotypes that contribute to both inflam-
mation and injury resolution in the lung (Porcheray et al.,
2005; Benoit et al., 2008; Laskin, 2009; Johnston et al., 2012;
Laskin et al., 2019). Early in the pathogenesis of ALI, alveolar
macrophages release pro-inflammatory cytokines (Patel et al.,
2018; Chen et al., 2020), attracting neutrophils to the site of
injury (Cortés et al., 2012; Patel et al., 2017). Macrophages re-
sponsible for the generation of reactive oxygen and nitrogen
species may contribute to the majority of the cellular injury
observed in ALI (Pittet et al., 1997; Ware, 2006). These chemi-
cal species damage the alveolar epithelium and endothelium,
promoting increased permeability in the lung, leading to
edema and proteinaceous debris accumulation in the alveoli
(Cortés et al., 2012; Butt et al., 2016). When this signaling is
aberrant or overly persistent, the macrophage response may
promote further injury rather than transition to resolution
(Laskin et al., 2019). Therefore, regulating macrophage acti-
vation presents as a logical target when considering interven-
tion in ALIL

In addition to ALI, macrophages have been implicated in
driving the atherosclerotic process (Yu et al., 2013). Excess ac-
cumulation of lipids in macrophages drives their activation
and progression toward atherosclerotic plaque formation, con-
tributing to vascular injury (Yu et al., 2013; Chistiakov et al.,
2016). Research into the mechanisms of foam cell formation
led to the discovery of acyl coenzyme Acholesterol acyltransfer-
ase-1 (Acat-1/Soat1) (Chang et al., 1993; Chang et al., 2001,
Chang et al., 2009). Acat-1 catalyzes the conversion of choles-
terol to cholesterol esters, a process essential for lipid droplet
formation (Chang et al., 2001; Chang et al., 2009). As such,
the persistence of lipid-laden cells is critically dependent upon
cholesterol esterification (Sekiya et al., 2011; Yu et al., 2013,
Chistiakov et al., 2017). These lipid-laden cells exhibit a
‘foamy’ appearance and have been implicated as a driving
force in atherosclerosis (Ross, 1999; Stoger et al., 2012; Yang
et al., 2020). Therefore, altering macrophage phenotype in the
context of atherosclerotic plaques has been a topic of investiga-
tion for some time (Chinetti-Gbaguidi et al., 2015; Bouhlel
et al., 2007; Yang et al., 2020); prior research in this area
may also have utility in the management of pulmonary
pathologies.

As lipid-laden macrophages have been observed in animal
models of ALI (Venosa et al., 2019), we propose that inhibition
of Acat-1 in the lung will lead to a reduction in injury. Studies
varying the route of administration of Acat-1 inhibitors led to
the hypothesis that the intratracheal administration of K-604
could effectively target pulmonary cells, mitigate lipid accumu-
lation, modulate cell phenotype, and reduce disease severity in
a model of ALI To test this hypothesis, we have used the in-
tratracheal bleomycin (ITB)-induced model of ALI (Chen
et al., 2001; Genovese et al., 2005; Wilkinson et al., 2020) and
the novel intratracheal administration of K-604. We found
that K-604 administration reduced ALI severity, altered pul-
monary cell cholesterol ester formation, and altered alveolar
and interstitial macrophage phenotype. These data suggest
that Acat-1 inhibition in the lung reduces the inflammatory
response to I'TB-mediated injury.
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2. Materials and Methods

2.1 Animal Use. Six- to 8-week-old male and female wild-type
C57BL6/J mice obtained from Jackson Laboratories (Bar Harbor, ME,
USA) were used for all experiments. Mice were housed under stan-
dard conditions in groups of four per cage with food and water pro-
vided ad libitum. All experiments were conducted in accordance with
Rutgers University Institutional Animal Care and Use Committee-
approved protocols adhering to the U.S. National Institutes of Health
Guide for the Care and Use of Laboratory Animals.

2.1. 1 ITB and K-604 Administration. Mice were anesthetized
with isoflurane and received a single intratracheal instillation of ei-
ther 50 pl of PBS (6% DMSO, control), 50 ul of 10 mg/kg K-604 in
PBS (6% DMSO) (Sigma Aldrich, St. Louis, MO, Cat No. SML1837)
(K-604), 50 ul of 3 U/kg bleomycin in 6% DMSO (Santa Cruz Biotech-
nology, Inc., Dallas, TX, Cat No. sc-200134B) (ITB), or 10 mg/kg of
K-604 + 3 U/kg bleomycin (ITB + K-604), at a total volume of 50 u
with 6% DMSO (Gaylord Chemical Company, L.L.C., Tuscaloosa,
AL) as previously described (Guo et al., 2016; Wilkinson et al., 2020;
Golden et al., 2022). Mice were observed to ensure the full dose was
administered and mice recovered from anesthesia. Seventy-two
hours later, mice were re-anesthetized and intratracheally adminis-
tered 50 ul of PBS or 10 mg/kg K-604 (150 ul, 6% DMSO) (Guo et al.,
2016; Wilkinson et al., 2020; Golden et al., 2022). Mice were sacri-
ficed 7 days post intratracheal administration of K-604 or bleomycin.
Mice were euthanized via a single intraperitoneal injection of keta-
mine (135 mg/kg) and xylazine (30 mg/kg) (Fort Dodge Animal
Health, Fort Dodge, IA). Absence of pedal reflex was noted before ex-
posing the chest cavity, and a thoracotomy was performed. Lungs
were perfused with PBS via cardiac perfusion.

2.2 Bronchoalveolar Lavage (BAL) and Phospholipid Anal-
ysis. BAL fluid was collected by instilling 5 x 1 ml of ice cold PBS
through a 20-gauge canula inserted into the trachea. BAL fluid was
centrifuged at 300 x g for 8 minutes, and the supernatant was as-
sessed for protein concentration using a Pierce BCA Protein Assay
(Thermo Scientific, Rockford, IL). Large and small aggregate fractions
of BAL were separated from the large aggregate fraction according to
the methods of Bligh and Dyer (Bligh and Dyer, 1959). Phospholipid
analysis was adapted from the method of Bartlett (Bartlett, 1959). Sam-
ples of equal phospholipid content were loaded onto Bis(2-hydroxyethyl)-
imino-tris(thydroxymethyl)-methane gels (4-12%, ThermoFisher Scien-
tific, Rockford, IL), transferred to polyvinylidene fluoride membranes,
and blocked in non-fat dried milk (10% with 5% Tris-Tween buffered
saline) to prevent non-specific binding. Membranes were incubated
overnight with either surfactant protein D (SP-D, Duke University,
Durham, NC) and SP-B (University of Pennsylvania, Philadelphia,
PA) primary antibody and were incubated with Goat-anti-Rabbit
horseradish peroxidase (Bio-Rad Cat No. 170-6515) before visualiza-
tion with ECL Prime Western Blotting Detection Reagent (Amersham
Biosciences, Amersham, UK, Cat No. RPN2232). BAL cell pellets
were resuspended in 1 ml of staining buffer (5% FBS in 1x PBS, 0.2%
sodium azide) and assessed for viability using Trypan Blue Solution
(0.4%, ThermoFisher Scientific, Rockford, IL).

2.3 BAL Cell Cholesterol Measurement. 10,000 to 20,000 cells
were reserved from the BAL fluid to determine the concentration of to-
tal cholesterol, free cholesterol, and cholesterol esters in BAL cell sam-
ples. A Dbioluminescent Cholesterol/Cholesterol Ester-Glo Assay
(Promega, Madison, WI) was used, and luminescence was recorded on
a SpectraMaxM2 multi-mode microplate reader (Molecular Devices,
San Jose, CA) utilizing SoftMax Pro software v5.3.

2.4 Histology Preparation and Analysis. After BAL fluid
collection, the large left lung lobe was excised and inflation fixed in
paraformaldehyde (3%) and embedded in paraffin. Four-micrometer
sections were stained with hematoxylin and eosin to observe histologic
changes. Slides were scanned at 40x using a VS120 Virtual Slide Mi-
croscope (Olympus, Waltham, MA) and viewed with OlyVIA viewing
software for virtual slide images (Olympus, Waltham, MA) at 400x.
Randomly selected areas (n = 10) from each histologic slide were
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Fig. 1. Intratracheal administration of K-604 reduces ITB-mediated loss of
bodyweight. Difference between d0 and d7 bodyweight is shown as a per-
centage of d0 weight (n = 16-21 per group). Values are expressed as mean +
standard error of the mean. (*) represents significantly different from control
(P < 0.05); (#) represents significantly different from ITB (P < 0.05).

captured and analyzed by a blinded observer to determine average al-
veolar wall thickness, cell infiltration (# of nuclei), and tissue consoli-
dation (% open tissue space) using Imaged (NTH).

2.5 Lung Tissue Digestion and CD45+ Cell Separation. After
BAL collection, lung tissue was cut into small pieces and digested in
5 ml of 2 mg/ml collagenase type IV (Sigma Aldrich, St. Louis, MO) in
RPMI 1640 1x (ThermoFisher Scientific, Rockford, IL) and 5% FBS
(ThermoFisher Scientific, Rockford, IL). Tissue was filtered through a
70-um strainer and washed with RPM1/5% FBS until the strainer was
absent of tissue. The filtrate was centrifuged for 6 minutes at 400 x g,
and supernatant was aspirated. The remaining cell pellet was resus-
pended in 1 ml of Red Blood Cell Lysis Buffer (Sigma Aldrich, St.
Louis, MO) for 5 minutes at room temperature. Five milliliters of
RPMI/5% FBS was added, and cells were centrifuged again for 6 minutes
at 400 x g. Supernatant was aspirated, and the cell pellet was
counted and resuspended at a concentration of 1 x 10 in 2% FBS in
1x PBS/1 mM EDTA. Immunomagnetic selection of CD45+ leuko-
cytes was performed using the EasySep Mouse CD45 Positive Selec-
tion Kit (Stemcell Technologies, Cambridge, MA). CD45+ selected
cells and flowthrough (assumed CD45- cells) were recovered. Cells
were then stained and processed for flow cytometry.

2.6 Flow Cytometry. Cells from the BAL or lung tissue digest
were brought up to a volume of 100 ul of staining buffer. To prevent
non-specific binding in the staining and analysis, cells were incubated
with TruStain FcX anti-mouse CD16/32 (Fc Block, 1:100) (Biolegend,
San Diego, CA, Cat No. 101320) for 10 minutes at 4°C. Samples from
the BAL and CD45+ cells from the lung digest were incubated for 30
minutes at 4°C in a cocktail of the following antibodies (1:100): CD11b
(BioLegend, San Diego, CA, Cat No. 101206), CD206 (BioLegend, San
Diego, CA, Cat No. 141706), F4/80 (BioLegend, San Diego, CA, Cat
No. 123114), CD11c (BioLegend, San Diego, CA, Cat No. 117312),
CD45 (BioLegend, San Diego, CA, Cat No. 103128), Ly6c (B&D Bio-
sciences, San Diego, CA, Cat No. 562728), Siglec F' (BD Biosciences,

Franklin Lakes, NJ, Cat No. 565528), and MHC II (Invitrogen, Wal-
tham, MA, Cat No. 48-5321-82). Cells were centrifuged for 6
minutes at 400 x g and washed with staining buffer. Cells were stained
with eFluor 780-conjugated fixable viability dye (Invitrogen, Waltham,
MA, Cat No. 65-0865-14) for 30 minutes at 4°C, washed with staining
buffer, and fixed in 3% paraformaldehyde. Cells were analyzed using a
Gallios 10-color flow cytometer (Beckman Coulter, Brea, CA). Using
Kaluza software (Beckman Coulter, Brea, CA), cells were initially
sorted based upon forward and side scatter, doublet discrimination,
and viability (Supplemental Fig. 1, Supplemental Fig. 2) and further
analyzed to determined discrete cell phenotypes.

2.7 Reverse-Transcription Polymerase Chain Reaction.
BAL macrophages recovered from each group were preserved in 1 ml of
TRIzol Reagent (ThermoFisher Scientific, Rockford, IL). In brief, RNA
was extracted using phenol-chloroform. After a 15-minute centrifugation
at 14,000 x g, the aqueous phase was removed, and RNA was extracted
with isopropanol and spun at 14,000 x g. The pellet was isolated and
washed with 70% ethanol, dried, and resuspended in 15 pl of RNase-free
ultrapure water. After heating at 70°C for 10 minutes, RNA was quan-
titated using a NanoDrop 1000 spectrophotometer (ThermoFisher Sci-
entific, Rockford, IL) and stored. cDNA was prepared according to a
High-Capacity cDNA Reverse Transcription Kit (ThermoFisher Sci-
entific, Rockford, IL) with a final target concentration of 200 ng/ul.
Tagman assays were used to analyze relative gene expression using
Tagman fast master mix (Thermofisher Scientific, Rockford, IL) and
the following Tagman primers: Gapdh (Mm99999915_gl), Nos2
(Mm00440502_m1), Arg1 (Mm00475988_m1), Abcal (Mm00442646_
m1l), and Abcgl (Mm00437390_m1). A threshold of 40 cycles was
used as the limit of detection for gene expression. Thermal cycle num-
bers greater than 40 were set to 40 cycles for the purpose of the analy-
sis. AAct values were calculated using Gapdh as the control gene and
PBS as the control condition. Fold change was calculated as 2044V,

2.8 Statistical Analysis. Statistical analysis was performed using
GraphPad Prism Software version 9.0.2 for Windows (GraphPad Soft-
ware, San Diego, CA). Quantitative data were analyzed by two-way
ANOVA. Multiple comparisons were followed by Holm-Sidak test with
a significance level of P < 0.05 compared with control (*) and ITB (¥).
Data are shown as mean + standard error of the mean.

3. Results

3.1 K-604 Mitigates ALI and Improves ITB-Induced
Histologic Changes. ITB administration resulted in a de-
creased body weight compared with controls in alignment
with previously conducted studies (Barbayianni et al., 2018).
On average, ITB mice lost 14 + 2.1% body weight over 7 days,
which was significantly blunted to a loss of 4+1.0%" when
K-604 was administered on dO and d3. Control mice were not
significantly different than those administered K-604 alone
(3 £ 0.8% versus 0.5 + 0.6%).

For each whole-lung scan obtained of animals in each
group (Fig. 2A), 40x images (n = 10) were captured at ran-
dom and analyzed using Imaged software to assess cell infil-
tration (Fig. 2B), lung tissue consolidation (Fig. 2C), and
epithelial thickening (Fig. 2D). ITB resulted in an increased
number of nuclei per high-powered field (Fig. 2B) compared
with control (230 + 3.3* versus 183 + 5.0), consistent with a
macrophage-dominant response to ITB-induced lung injury
(Venosa et al., 2021). In the presence of K-604, ITB did not result
in a significant increase in the number of nuclei (195 + 7.9%).
ITB resulted in consolidation of the lung tissue (Fig. 2C) as
indicated by a significant decrease in white space (%) com-
pared with control (57 + 0.5%* versus 70 + 0.6%). K-604 did
not significantly reduce loss of white space when compared
with control (62 + 1.5%). ITB significantly increased the
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using a VS120 microscope (inset: 40x;
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measured alveolar wall thickness (Fig. 2D) compared with
control (4 + 0.0* um versus 2 + 0.1 pm), which was signifi-
cantly reduced by K-604 (3 + 0.1 pm®).

3.2 K-604 does not Reduce ITB-Induced Epithelial
Injury but Normalizes Lung Lining. ITB mediates ALI
by inducing redox cycling and damage within epithelial cells
(Allawzi et al., 2019), as such loss of barrier function and the
accumulation of edema and protein within the BAL are hall-
marks of injury. ITB increased BAL protein concentration
compared with control (Fig. 3A) (2.9 = 0.23* mg/ml versus
0.1 + 0.19 mg/ml), which was not mitigated by K-604 adminis-
tration (3.1 + 0.21 mg/ml) indicating that K-604 did not alter
the initiating injury event (ITB administration). Phospholipids
within the BAL were also quantitated (Fig. 3B). ITB resulted in
an increase in BAL phospholipids compared with control (117 +
14.7 ug/30 pl* versus 23 + 5.7 ug/30 ul) which is only partially
reduced by K-604 administration (87+9.6 ug/30 ul). SP-D and
SP-B concentrations were determined through western blot of
the small and large phospholipid aggregate fraction, respectively
(Fig. 3C). The SP-D to SP-B ratio was increased with I'TB com-
pared with control (5 + 0.6 arbitrary units [A.U.]* versus 0.6 +
0.2 A.U.) consistent with inflammatory activation, while an ap-
parent decrease was observed with K-604 administration (3.0 +
0.5*). Phospholipid levels were compared with SP-B protein lev-
els as this ratio is critical to surfactant function (Fig. 3D). The
phospholipid to SP-B ratio was increased with ITB compared
with control (13 + 2.2 AU.* versus 1 + 0.4 A.U). This ratio was

white space (C), and average alveolar wall
thickness (D). Values are expressed as
mean * standard error of the mean. (*)
represents significantly different from
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significantly decreased in ITB + K-604 compared with ITB
alone (8 + 1.2 A.U.*), indicating a normalization of surface-active
function.

3.3 Intratracheal K-604 Administration Mitigates
ITB-Induced Cholesterol Accumulation in BAL Cells.
ITB resulted in significant increases in cholesterol accumula-
tion in BAL cells for 7 days (Fig. 4). Per 1 x 10* cells, total cho-
lesterol (84 + 13.3 uM* versus 28 + 13.2 uM) and free
cholesterol (73 + 11.7 uM* versus 16 + 9.1 M) were increased
in BAL cells compared with control. K-604 administration in
ITB significantly reduced total cholesterol (17 + 5.7 uM"), free
cholesterol (14 + 5.4 yM"), and cholesterol esters (7 = 1.2 uM*)
compared with ITB alone. These results indicate that intratra-
cheal administration of K-604 reduces ITB-mediated increases
in intracellular cholesterol and storage, as an effective dose of
K-604 was delivered to inhibit Acat-1 in the lung. In align-
ment with increased cholesterol ester measurements with
ITB, cells from ITB animals had increased cell diameter com-
pared with control (30 + 11.6 pm* versus 11 + 4.3 ym), which
was reduced by K-604 (14 + 3.7 um®).

To test whether transporters were involved in the observed
changes in cholesterol levels, expression of cholesterol efflux
transporters Abcal and Abcgl was measured in BAL cells.
Abcal expression was not changed with ITB (1.5 + 0.1 versus
1.1 + 0.1), but expression was reduced in ITB + K-604 (0.44 +
0.05"). Abcgl expression was decreased with ITB regardless of
K-604 treatment compared with control (0.65 + 0.04*, 0.61 =
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Protein Concentration (ug/mL)

Fig. 3. Effects of ITB on total protein, phospholipid and
surfactant protein expression within the BAL. Protein
concentration (A), phospholipid concentration (B), SP-
D:SP-B ratio (C) and phospholipid:SP-B ratio were re-
ported (D) accompanied by representative western blots
(E) from analysis of BAL fluid. Values are expressed as
mean + standard error of the mean (n = 8-12 per
group). (*) represents significantly different from control
(P < 0.05); (#) represents significantly different from
ITB

(P < 0.05).

SP-D/ISP-B

0.05* versus 1.08 + 0.1). These minimal changes in efflux
transporter expression support that the changes in intracellu-
lar cholesterol accumulation and cell size are due to effective
Acat-1 inhibition in the lung.

3.4 K-604 Treatment Reduces Alveolar and Intersti-
tial Macrophage Activation in Response to ITB. To an-
alyze alveolar macrophage activation, we examined BAL cells
by flow cytometry using cell surface markers (Table 1). Alveolar
macrophages were identified by expression of CD45, F4/80, and
Siglec F' (Supplemental Fig. 1). Alveolar macrophages were
further categorized as mature (CD11c+/CD11b-), migratory
(CD11c¢+/CD11b+), or recruited (CD11c-/CD11b+) (Fig. 5),
where the mature population may be considered tissue-resident,
and the migratory and recruited populations may be derived
from the circulation or from resident cells taking on a more
migratory-like phenotype. A significant loss of the mature al-
veolar macrophages was observed as a result of I'TB adminis-
tration (18 + 4.1%* versus 95 + 0.67%) This ITB-mediated
decrease was reduced by K-604 (48 + 6.0%"). ITB-induced in-
creases in the migratory (24 + 4.9%* versus 3 + 0.9%) and re-
cruited (10 = 2.7%* versus 0.2 + 0.1%) alveolar macrophage
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populations were also observed compared with control. K-604
rescued ITB-mediated increases in migratory macrophages
(12 £ 2%*) but did not significantly alter the percentage of re-
cruited macrophages (8 + 2.0%). Alveolar macrophages were
also analyzed for expression of the activation markers Ly6c
and CD206. CD206 was only observed within mature alveolar
macrophages and was not seen in cells that expressed Ly6c.
Ly6c expression was observed in both migratory and re-
cruited macrophages irrespective of treatment. A significant
increase in pro-inflammatory (Ly6c+/CD206-) alveolar mac-
rophages was observed following ITB-treatment compared
with control (21+5.7%* versus 0.5 + 0.2%). This increase was
mitigated by K-604 administration (13 + 4.0%") indicating re-
duced acute macrophage activation post-ITB.

Within the lung digest, interstitial macrophages were iden-
tified by expression of CD45, F4/80, CD11b and the absence of
Siglec F (Supplemental Fig. 2). The yield of interstitial macro-
phages was consistent across all groups. However, the percent-
age of cells expressing marker of maturation (CD1lc and
CD206) was significantly increased by ITB compared with con-
trol (Fig. 6) (20 £ 1.9%* versus 10 + 1.5%). Administration of
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Fig. 4. K-604 reduces ITB-mediated increases cholesterol content of BAL cells. Cells from the BAL were analyzed for total cholesterol, free choles-
terol, and cholesterol esters (A) reported as cholesterol (uM) per 1 x 10* cells. BAL cell expression of Abcal (B) and Abcgl (C) was determined by
RT-qPCR and is shown as fold change over control. Values are expressed as mean * standard error of the mean (n = 5-16 per group). (*) repre-
sents significantly different from control (P < 0.05); (#) represents significantly different from ITB (P < 0.05).

K-604 with ITB significantly reduced the percentage of Argl (57.2 + 11.0") expression was decreased with K-604 com-

CD11c¢+/CD206+ interstitial macrophages compared with
ITB alone (6 + 2.2%).

Both acute and chronic activation of macrophages have
been shown to increase the expression of inducible nitric oxide
synthase (Nos2) and arginase (Argl) (MacMicking et al., 1997;
Shearer et al., 1997; Kobayashi, 2010). ITB significantly in-
creased Nos2 (Fig. 7A) (fold change 13.5 + 1.8* versus 1.5 +
0.5) and Argl (Fig. 7B) (fold change 239.5 + 70* versus 2.3
1.2) mRNA in BAL cells. In ITB, both Nos2 (5.9 + 2.0%) and

TABLE 1

Expression profile of surface markers used for flow cytometric analysis
of alveolar and interstitial macrophages

Cell Surface

Marker Expression Profile

CD45 Myeloid-derived cells, including alveolar and interstitial
macrophages (Trowbridge and Thomas, 1994; Roach
et al., 1997; Misharin et al., 2013)

Highly expressed on alveolar macrophages (Misharin
et al., 2013; Hussell and Bell, 2014)

Pulmonary macrophages, including alveolar and
interstitial macrophages (Gordon et al., 2011;
Misharin et al., 2013; Hussell and Bell, 2014)

Indicative of a migratory phenotype; expressed on
interstitial macrophages, with low expression in
resident alveolar macrophages (Zaynagetdinov et al.,
2013; Hussell and Bell, 2014)

Resident alveolar macrophages and mature interstitial
macrophages (Hussell and Bell, 2014)

Pro-fibrotic marker on activated interstitial
macrophages. Expression on alveolar macrophages
indicates an anti-inflammatory bias (Zaynagetdinov
et al., 2013; Hussell and Bell, 2014; Ji et al., 2014)

Siglec F

F4/80

CD11b

CD11c

CD206

pared with ITB alone.

4. Discussion

Herein, we show an increase in cholesterol within macro-
phages in response to bleomycin which is the first demonstra-
tion of such an accumulation in this model of acute lung
injury. Further, we have shown that use of an Acat-1 inhibitor
reduces ITB-mediated lung inflammation and macrophage ac-
tivation. Using intratracheal delivery of K-604, we observed
preservation of body weight, improved lung structure, and nor-
malization of lung surfactant (Figs. 1-3). In addition, while
ITB increased total, free, and cholesterol ester content in alve-
olar macrophages, K-604 reduced this accumulation (Fig. 4).
K-604 also reduced the loss of mature alveolar macrophages
(Fig. 5) and macrophage activation in both the lung lining and
the interstitium (Figs. 5-7). That K-604 reduces total choles-
terol and lessens injury is evidence that lipid accumulation is
a significant factor within ALIL

K-604 is a known inhibitor of the enzyme Acat-1, and is
highly selective for this particular acyltransferase (Shibuya
et al., 2018). Acat-1 is responsible for the esterification of cho-
lesterol to cholesterol ester, and is thus critical to lipid droplet
formation (Chang et al., 2001; Chang et al., 2009). Therefore,
we have used cholesterol ester as our primary endpoint to de-
termine a sufficient level of pharmacological inhibition of Acat-
1 (Fig. 4). Changes to free cholesterol, not simply cholesterol
ester accumulation alone, may play a role in lipid-mediated
signaling in these cells. The effects of K-604 may not be limited
to cholesterol ester accumulation, as lipid-signaling pathways
are complex and highly integrated. Additional work is needed
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Fig. 5. Flow cytometric analysis of macrophages in the BAL fluid. Cells were immunostained and analyzed by flow cytometry (Supplemental Fig. 1).
Cells that were positively stained for both Siglec F and F4/80 were determined to be alveolar macrophages (AMs). Mature macrophages (CD11c+/
CD11b-), migratory macrophages (CD11c+/CD11b+), and recruited macrophages (CD11c-/CD11b+) were identified from alveolar macrophages in
the BAL (A). The percentage of mature (B), migratory (C), and recruited macrophages (D) was calculated from the total number of alveolar macro-
phages and were assessed for their Ly6c and CD206 expression. The percentage of CD11b+ alveolar macrophages that were identified as expressing
the acutely activated phenotype (Ly6c+/CD206-) was determined (E). Values are expressed as mean + standard error of the mean (n = 8-13 per
group). (*) represents significantly different from control (P < 0.05); (#) represents significantly different from ITB (P < 0.05).

to parse out downstream signaling consequences of inhibiting
cholesterol esterification in these cells.

As shown previously (Chen et al., 2001; Genovese et al.,
2005; Wilkinson et al., 2020), ITB resulted in a significant loss
of body weight (Fig. 1). ITB-induced ALI results in increases
in infiltrating macrophages, epithelial thickening, and protein-
aceous debris deposition in the lung (Lindenschmidt et al.,
1986, Izbicki et al., 2002; Ji et al., 2014). We observed signifi-
cant increases in these criteria (Figs. 2 and 3) in response to
ITB. Acat-1 inhibition with K-604 reduced body weight loss,
epithelial thickening, and cellular invasion; however, it did
not significantly alter BAL protein. This is consistent with K-
604 reducing the inflammatory response to ITB, but not the
direct epithelial injury.

The lung lining is a lipid-rich environment and the produc-
tion and recycling of lipid is critical to surfactant function and
homeostasis. Both alveolar type II cells and macrophages are
critical in maintaining surfactant (Crouch and Wright, 2001,
Weaver and Conkright, 2001; Guo et al., 2019). While type II
cells produce and recycle surfactant, macrophages are respon-
sible for its degradation (Poelma et al., 2002). SP-B and SP-C,
produced by type II cells, are critical to the active regulation of
surface tension (Clark et al., 1995; Stahlman et al., 2000;
Weaver and Conkright, 2001; Agassandian and Mallampalli,
2013). The ratio of phospholipid:SP-B is thus an indicator of
normal surfactant function. ITB increased BAL phospholipid

while reducing relative SP-B expression, indicating a loss of
surface-active function. K-604 restores SP-B expression, which
may normalize function.

SP-D is important in innate immune regulation (Crouch
and Wright, 2001; Agassandian and Mallampalli, 2013), pro-
ducing both pro- and anti-inflammatory effects (Agassandian
and Mallampalli, 2013). SP-D is exported via a separate vesic-
ular pathway to SP-B by type II cells and its production favors
immune regulation over surface-activity. I'TB resulted in a fa-
voring of SP-D production relative to SP-B (Fig. 3C). This SP-
D:SP-B ratio was reduced by the addition of K-604 to ITB,
which is consistent with a reduced inflammatory response.
Also, the reduction in oxidative cross linking of SP-D in the
ITB + K-604 BAL (Fig. 3E) may be indicative of a reduction
in oxidative stress. Furthermore, K-604 increases SP-B levels
in the BAL irrespective of ITB (Fig. 3E), indicating a bias to-
ward surfactant production. A limitation of this study is that
intratracheal administration of K-604 targets not only macro-
phages, but can affect all pulmonary cell types expressing
Acat-1. Although macrophages highly express Acat-1, type II
cells also express it (Sakashita et al., 2000). Therefore, these
changes in lung lining composition may involve type II cells.

Here, we see that 7d after ITB administration, there is both
cholesterol and cholesterol ester accumulation in BAL cells
(Fig. 4), which is consistent with foam cell formation and per-
sistent activation (Venosa et al., 2019). Foam cells have been
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Fig. 6. Flow cytometric analysis of macrophages isolated from lung tissue. Cells from digested lung tissue were immunomagnetically-separated
based upon CD45 expression. CD45+ cells were isolated, immunostained, and analyzed (Supplemental Fig 2). Cells that expressed F4/80 and
CD11b in the absence of Siglec F were categorized as interstitial macrophages and were analyzed for CD11¢/CD206 expression (A). The percent-
age of mature, chronically activated cells (CD11c¢+/CD206+, green box) was calculated from the total number of interstitial macrophages (B). Val-
ues are expressed as mean + standard error of the mean (n = 8-13 per group). (*) represents significantly different from control (P < 0.05); (#)

represents significantly different from ITB (P < 0.05).

well characterized in models of atherosclerosis and models of
lung injury (Venosa et al., 2019), but we cannot confirm their
presence in this model simply by measures of cholesterol ester
accumulation. The pulmonary microenvironment, even during
injury, differs greatly from that of the atherosclerotic plaque,
which is known to be mediated by foam cells (Javadifar et al.,
2021). In this model, while cholesterol ester accumulation is in-
creased with ITB and reduced by K-604, one cannot conclude
that these changes are associated with foam cell formation.
K-604 administration reduces cholesterol ester accumulation,
indicating successful inhibition of Acat-1 in the lung. Choles-
terol esterification in macrophages has previously been identi-
fied as a pharmacological target (Chinetti-Gbaguidi et al., 2015;
Bouhlel et al., 2007; Yang et al., 2020) and the inhibition of
Acat-1 reduces lipid-laden cell formation (Ikenoya et al., 2007).
Systemic Acat-1 inhibition for the treatment of atherosclerosis,
however, resulted in adverse cardiac events, halting the ad-
vancement of Acat-1 inhibitors in the clinic (Meuwese et al.,
2009). To bypass potential adverse effects linked to systemic ad-
ministration, we have used intratracheal instillation of K-604,
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Fig. 7. K-604 inhibits ITB-mediated induction of the inflammatory en-
zymes Nos2 and Argl. BAL cells were analyzed for Nos2 and Argl ex-
pression by RT-qPCR. 244" values were calculated using Gapdh as the
control gene and PBS as the control condition to calculate fold change in
expression. Values are expressed as mean + standard error of the mean
(n = 8 per group). (*) represents significantly different from control (P <
0.05); (#) represents significantly different from ITB (P < 0.05).

which resulted in inhibition of cholesterol esterification in BAL
cells without a significant increase in cell death.

Previously, we have shown that nitrogen mustard expo-
sure downregulates the ligand-activated liver X receptor (LXR)
(Venosa et al., 2019) and its targets, the efflux transporters
Abcal and Abcgl (Tontonoz and Mangelsdorf, 2003; Beyea
et al., 2007), as well as reducing Acat-1 expression. In ITB alone
and ITB + K-604, Abcgl expression was significantly decreased
compared with control (Fig. 4C), highlighting that there may be
a potential disruption in LXR signaling with ITB that is not res-
cued by K-604 administration. Although these changes are
small, this may be a result of lipid-laden macrophages only
being a fraction of the total BAL cell population. Regardless,
additional investigation into LXR signaling and its role in lipid-
laden cell formation in the context of ALI is needed. However,
the changes in efflux transporter expression are insufficient to
explain the lipid accumulation seen in BAL cells with ITB.

Altering lipid accumulation within macrophages can signifi-
cantly alter inflammatory phenotype and indeed both alveolar
and interstitial macrophage populations were shifted in re-
sponse to ITB (Figs. 5 and 6). There was a significant loss of
mature alveolar macrophages in response to ITB (Fig. 5B),
cells that are important in the maintenance of lung homeosta-
sis (Hussell and Bell, 2014). This population was preserved by
K-604, which is consistent with reducing the post-injury in-
flammation. Alveolar macrophages play an essential role in
surfactant recycling (Weaver and Conkright, 2001; Laskin
et al., 2019), and preservation of this population may mediate
the K-604-dependent improvement in surfactant homeostasis.

Macrophages are recruited to the lung lining in response to
injury (Golden et al., 2022). Here, this response was blunted
with K-604, as evidenced by reduced migratory macrophages
in the BAL (Fig. 5C) and lowered activation (Fig. 5E). Pheno-
typic changes were also observed in interstitial macrophages,
where mature activated macrophages were increased in re-
sponse to ITB (Fig. 6B), possibly as a mechanism to replace
the diminished mature alveolar macrophage population in the
lung (Fig. 5). CD206+ interstitial macrophages are immuno-
regulatory in nature (Bedoret et al., 2009), producing cyto-
kines that promote cell growth and differentiation as well as
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favoring repair and wound healing (Schyns et al., 2019), and
therefore may be pro-fibrotic. Chronic immune cell activation
alters tissue composition by collagen deposition and can lead
to fibrosis (Klingberg et al., 2013) and negatively impact lung
function (Klingberg et al., 2013; Martinez et al., 2017). In this
regard, it is significant that this CD11c¢+/CD206+ population
of cells is reduced by K-604, suggesting Acat-1 inhibition can
improve resolution and reduce fibrosis. It will be important to
study these changes following ITB and K-604 treatment at
time points longer than 7 days.

Arginine metabolism is critical to macrophage activation,
with Nos2 and Argl expression characterizing acute and
chronic activation (Rath et al., 2014; Orecchioni et al., 2019).
Both Nos2 and Argl expression were significantly increased in
BAL macrophages from ITB animals (Fig. 7, A and B), a re-
sponse that was inhibited by K-604. K-604 therefore reduces
activation without bias toward either Nos2 or Argl, implying
that Acat-1 inhibition reduces both acute and chronic macro-
phage activation.

In conclusion, in the ITB-mediated ALI model, macrophages
experience a lipid-rich extracellular environment due to direct
epithelial damage, creating a biologic scenario in which there
may be increased cholesterol and lipid accumulation. Macro-
phages in our model become large and display characteristics
of the acutely-activated phenotype, which was mitigated by
the intratracheal administration of an Acat-1 inhibitor. In
addition to reducing cholesterol esterification, K-604 reduces
the inflammatory effects of ITB-mediated lung inflammation,
resulting in preservation of mature alveolar macrophages, re-
duced recruited and interstitial cell activation, normalization
of surfactant alterations, and reduced injury. Acat-1 thus
presents a potential pharmacological target in ALI; however,
further investigations into the mechanisms underlying the
effects of Acat-1 inhibition are necessary.
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