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Abstract

Fatty acid nitroalkenes are reversibly-reactive electrophiles, endogenously detectable at nM
concentrations, displaying anti-inflammatory actions. Nitroalkenes like 9- or 10-nitro-octadec-9-
enoic acid (e.g. nitro-oleic acid, OA-NO>) pleiotropically suppress cardiovascular inflammatory
responses, with pulmonary responses less well defined. C57BL/6J male mice were intratracheally
administered bleomycin (3U/kg, ITB), to induce pulmonary inflammation and acute injury, or
saline and were treated with 50uL. OA-NO, (50ug) or vehicle in the same instillation and 72h post-
exposure to assess anti-inflammatory properties. Bronchoalveolar lavage (BAL) and lung tissue
were collected 7d later. ITB mice lost body weight, with OA-NO, mitigating this loss (-2.3£0.94
vs —0.4+0.83¢). Histology revealed ITB induced cellular infiltration, proteinaceous debris
deposition, and tissue injury, all significantly reduced by OA-NO,. Flow cytometry analysis of
BAL demonstrated loss of Siglec F*/F4/80*/CD45* alveolar macrophages with ITB (89+3.5 vs
30+3.7%). Analysis of CD11b/CD11c expressing cells showed ITB-induced non-resident
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macrophage infiltration (4+2.3 vs 43+2.4%) was decreased by OA-NO; (24+2.4%). Additionally,
OA-NO>, attenuated increases in mature, activated interstitial macrophages (23+4.8 vs. 43+5.4%)
in lung tissue digests. Flow analysis of CD317/CD457/Sca-1" mesenchymal cells revealed ITB
increased CD44* populations (1+0.4 vs 4+0.4MFI), significantly reduced by OA-NO,
(3+£0.4MFI). Single cell analysis of mesenchymal cells by western blotting showed profibrotic
ZEB1 protein expression induced by ITB. Lung digest CD45* cells revealed ITB increased
HMGBL1* cells, with OA-NO, suppressing this response. Inhibition of HMGB1 expression
correlated with increased basal phospholipid production and SP-B expression in the lung lining.
These findings indicate OA-NO> inhibits ITB-induced pro-inflammatory responses by modulating
resident cell function.
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Introduction

Acute lung injury (ALI) is a disorder characterized by pulmonary inflammation,
predominantly through alterations in the innate immune response and endothelial and
epithelial airway cell function (1,2). Clinical responses vary from dyspnea to acute
respiratory distress syndrome (1). In turn, this contributes to substantial morbidity and
mortality and, in patients with less severe ALI, permanently decreased lung function (3,4).
ALI occurs as a result of exposure to a variety of inhaled toxicants and infectious agents
There are limited therapies leading to adverse effects on quality of life (1).

Intratracheal administration of bleomycin (ITB) is a well-established model of ALI (5,6).
ITB induces inflammation, loss of epithelial barrier function, and damage to the airway
epithelium within 7d and consequent fibrosis (7-9). The inflammatory response to ITB
occurs within the innate immune system and is macrophage dominant (5). Thus, ITB isa
useful model for examining macrophage activation and phenotype in response to injury.
Increased nitric oxide (NO) production is a key component in the inflammatory responses of
the lung during acute macrophage activation, as evidenced by studies employing both a
NOS2~/~ murine model and NOS2 inhibitors (10). As nitro-fatty acids, such as nitro-oleic
fatty acid (OA-NO>), inhibit macrophage activation (11,12), we chose to examine the impact
of OA-NO, on airway cell responses to ITB.

Due to its nature as a soft electrophile, OA-NO, has the ability to reversibly alkylate
cysteine residues on proteins and other small molecules via Michael addition (13-16). OA-
NO, reduces inflammation in several different models of metabolic and inflammatory
disease via the modification of transcription factor and signal transduction pathway
activities, as well as the direct inhibition of the catalytic activity of pro-inflammatory
enzymes (17). In addition, OA-NO, has been shown to reduce macrophage activation in
response to LPS and cigarette smoke (18,19). Nitroalkenes activate multiple anti-
inflammatory transcriptional regulatory proteins such as Kelch-like ECH-associated protein
1/nuclear factor (erythroid-derived 2)-like 2 (Keap1/Nrf2) (20) and peroxisome proliferator-
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activated receptor gamma (PPAR-y) (21-23) and inhibit several pro-inflammatory signaling
mechanisms regulated by nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-xB) (21), janus kinase/signal transducer and activator of transcription proteins (JAK/
STAT) (24) and stimulator of interferon genes (STING) (25). All of these mediators are
prominent in defining macrophage function (26). Bleomycin is an oxygenated iron drug
complex used as a chemotherapeutic, which exerts cytotoxicity via DNA cleavage (27). This
DNA damage results in epithelial cell death and subsequent tissue damage. This promotes
macrophage activation and recruitment to the lung, which, if unresolved, can produce a shift
to fibroproliferative signaling (10). 7his study is based on the concept that administration of
OA-NO; can limit the inflammatory response to ITB-mediated lung injury via regidation of
pro-inflammatory macrophage activation and recruitment. We found that OA-NO,
administration reduced the severity of ALI via preservation of resident alveolar macrophage
phenotypes and suppression of interstitial macrophage activation. OA-NO, also reduced the
fibrotic potential of proliferative mesenchymal cells, indicating the potential for a reduction
in fibrosis at later time points.

Animal Care and Use

All experiments were performed in accordance to Rutgers University IACUC approved
protocols conforming to the NIH guidelines for the care and use of laboratory animals. Male
wild-type C57BL6/J mice, 6-8 weeks of age (21-26 g), were obtained from Jackson
Laboratories (Bar Harbor, ME, USA). Mice were housed in groups of 4 per cage under
standard conditions with food and water provided ad libitum. Bleomycin and OA-NO, were
intratracheally instilled and mice were euthanized 7 d post administration.

OA-NO, and Bleomycin Administration

A mixed regioisomer preparation of OA-NO5 (equimolar 9- and 10-nitro-octadec-9-enoic
acid) was synthesized by nitroselenation of oleic acid and purified to >98% (28). Mice were
anesthetized with isoflurane and received a single intratracheal installation of either 50 puL
PBS, 50 pg OA-NO,/50 uL PBS (10% DMSO), 3 U/kg bleomycin/50 pL PBS, or 50 ug OA-
NO,/25 uL PBS (10% DMSO) in 3 U/kg bleomycin/25 uL PBS as previously described
(10). Mice were observed to ensure the full dose was administered and that mice fully
recovered from the isoflurane. 72 hr later, mice were re-anesthetized and intratracheally
administered 50 uL PBS or 50 ug OA-NO,/50 uL PBS (10% DMSO). Mice were euthanized
7 d after initial administration.

Bronchoalveolar Lavage (BAL) Fluid and Lung Cell Collection

Mice were euthanized via a single intraperitoneal injection of ketamine (135 mg/kg) and
xylazine (30 mg/kg) (Fort Dodge Animal Health, Fort Dodge, I1A). Approximately 5 minutes
after injection, depth of the anesthetic was tested by withdrawal from a footpad pinch. Once
unresponsive, a thoracotomy was performed and the lungs were perfused with heparin saline
via cardiac perfusion. BAL was collected by slowly instilling and withdrawing 5 mL of ice-
cold PBS 1mL at a time into the lung through a 20-gauge canula that was inserted into the
trachea. BAL was centrifuged for 8 mins at 300 x g and cell pellets were resuspended in
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1mL PBS. Cell viability was determined via cell counting with a hemocytometer using
trypan blue exclusion dye (ThermoFisher). Supernatant was assessed for protein
concentration via a Bradford Protein Assay Kit (Thermo Fisher Scientific) and phospholipid
concentrations using the methods of Bligh & Dyer (29).

After BAL collection, the whole lung was removed and inflation fixed in 2%
paraformaldehyde and embedded in paraffin. 5um sections were then stained with
hematoxylin and eosin to observe histological changes. Histological scores were assigned on
a 5-point scale adapted from the methods of Beck et al. (30). A score of zero is indicative of
no lung injury, meaning there was no airway epithelial thickening, immune cell infiltration,
or protein deposition. A score of 5 was indicative of a tissue exhibiting severely thickened
airway epithelium, large quantities of infiltrating immune cells, and extensive deposition of
proteinaceous debris. Slides were blinded for the assessment of the scorers and scores were
statistically analyzed through a Wilcoxon rank-sum test. Slides were assessed using a DP71
microscope (Olympus) at 200x magnification. Whole lung scans were also taken using a
VS120 microscope (Olympus).

Lung Tissue Digest

After BAL collection, lung lobes were cut into small pieces and digested in 5 mL of 2
mg/mL collagenase type IV (Thermo Fisher Scientific) in RPMI (Thermo Fisher Scientific)
media and 5% FBS (Thermo Fisher Scientific). Tissue was filtered through a 70 pum strainer
with RPMI/5% FBS until the strainer was absent of cells. The cells were centrifuged for 6
mins at 400 x g and supernatant was aspirated. Cells were resuspended in 2 mL of Sigma red
blood cell lysis buffer for 5 mins at room temperature. 5 mL of RPMI and 5% FBS was
added before spinning again at 400xg for 6mins and aspirated. Cells were resuspended in 5
mL of RPMI and 75 uL was removed for flow cytometric analysis. Remaining cells were
collected for magnetic separation for single cell western analysis.

Flow Cytometric Analysis

Each sample was brought up to 100pL with staining buffer (PBS+5% FBS+0.02% sodium
azide). Samples were incubated with 1ul TruStain FcX™ anti-mouse CD16/32 (Fc block)
(BioLegend) for 10mins at 4°C to prevent non-specific binding. Samples were then
incubated for 30 mins in the following antibody cocktails (1uL of each). BAL and half of the
digested cells were incubated with CD11b, CD206 (MMR), F4/80, CD11c, CD45, Ly-6C,
Siglec-F, and MHCII. The other half of the digested cells were incubated with SCA-1,
CD45, CD31, CD90, and CD44. Specific antibody details such as conjugation, host species,
vendor and catalog number can be found in supplemental figure 1. Cells were washed with
staining buffer and incubated with eFluor 780-conjugated fixable viability dye
(eBiosciences) for 30 minutes. Cells were washed with staining buffer and fixed in 3%
paraformaldehyde. Cells were analyzed using a Beckman Coulter Gallios 10 color flow
cytometer (Brea, CA). Cell populations were discerned based on forward and side scatter,
doublet discrimination, and viability. Data were analyzed using Beckman Coulter Kaluza
flow cytometry software. Antibodies were chosen on the basis of previously published
phenotypic marker identifications (Table 1). The gating strategy used for BAL cells,
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interstitial cells, and mesenchymal cells are outlined in supplemental figures 1-3. The gating
strategy used was adapted from previous publication (31) and is outline in supplemental
figures 1-3.

Quantitative RT PCR

After BAL collection, lungs were immediately frozen at —80°C. After thawing, lungs were
cut into smaller pieces (approximately 3 mg/piece). Tissues pieces were lysed using
Fastprep-24 5G (MP Biomedicals), and diluted in 300 pl of Qiagen buffer RLT (Qiagen)
with B-mercaptoethanol (MilliporeSigma). Total RNA was isolated using RNeasy Fibrosis
Tissue Mini kit (Qiagen). The RNA quality and concentration were measured using the
NanoDrop spectrophotometer (Thermo Fisher Scientific). cDNA was prepared according to
iScript (Bio-Rad) instructions using 500 ng purified RNA. Tagman assays were used to
analyze relative gene expression using Tagman fast master mix (Thermo Fisher Scientific),
Tagman primers: gapdh (Mm99999915 g1, Thermo Fisher Scientific), il6:
(Mm99999064 _m1, Thermo Fisher Scientific), or nos2 (Mm00440502_ml, Thermo Fisher
Scientific), and 25 ng cDNA. Two parallels of each sample were measured separately and
results were averaged for statistical analysis.

Tissue Cell CD45 Separation

108 cells from tissue digest were resuspended in 1mL of PEF buffer (1xPBS+ 2% FBS+
1mM EDTA). Cells were incubated with Fc block (Bioledgend) for 5mins at room
temperature. CD45 APC antibody (1.5pg/mL, Stem Cell Technologies) was added and cells
were incubated at room temperature for 15mins. After this incubation period, the EasySep®
APC selection cocktail (110ug/mL, Stem Cell Technologies) was added and cells were
incubated for 15mins at room temperature. EasySep® magnetic nanoparticles (50uL/mL,
Stem Cell Technologies) were mixed and cells were incubated for 10mins at room
temperature. To positively select for CD45 expressing cells, PEF buffer was added to bring
samples to 2.5mL and suspension was transferred to 5mL polystyrene tubes. Tubes were
placed in an EasyEights™ EasySep™ Magnet (Stem Cell Technologies) and incubated at
room temperature for 10 mins. With the tube still in the magnet, supernatant was removed as
the first flow through to yield the CD45™ population. The tube was removed from the
magnet and wash steps were repeated three times. After the final wash, the tube was
removed from the magnet and the cells were resuspended in 2mL PEF buffer, yielding the
CD45™ population.

Single Cell Western Blot

After cells were separated into CD45+ and - populations each group was loaded onto a large
(6,500 wells) single cell western chip (Protein Simple). The chip was monitored under the
microscope until ~50% of the wells were filled and then the chip was run in Milo™ (Protein
Simple, San Jose, CA) for 70 seconds. Chips containing CD45- cells were then blocked and
incubated with ZEB1 primary antibody (Novus), CD45+ chips were incubated with HMGB1
primary antibody (Proteintech). Chips were then washed and incubated in secondary
antibody (Donkey anti-Rabbit 1gG (H+L) Highly Cross-Adsorbed Secondary Antibody,
Alexa Fluor 647 Thermo Fisher Scientific). Once incubations were complete, chips were
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read via a micro-array scanner. Chips were re-probed for p-tubulin (Novus). Micro-array
images were analyzed using Scout analysis software (Protein Simple).

Phospholipid and SP-B Analysis

BAL was analyzed for phospholipid using the methodology of Bligh and Dyer (29). SP-B
concentrations were measured via western blot using the large aggregate fractions (SP-B)
obtained from the phospholipid extraction. Samples of equal phospholipid were loaded onto
4-12% Bis-Tris gels (Thermo Fisher Scientific), transferred to PVDF membranes. The
membranes were blocked in 10% non-fat dried milk and 5% TTBS to block non-specific
binding and were incubated in SP-B primary antibody (pT3, University of Pennsylvania)
overnight and were incubated in Goat-anti-rabbit-HRP secondary antibody (Bio-Rad) before
visualization. Bands were analyzed through densitometry via ImageJ software (NIH).

Statistical Analysis

Results

Statistical analysis was performed through SigmaPlot Software. Quantitative data were
analyzed by 2-way ANOVA followed by Holm-Sidak test. Qualitative data were analyzed by
a Wilcoxon rank-sum test, p < 0.05 compared to PBS (*), PBS/OA-NO, (#) and bleomycin
(T). Quantitative data are expressed as mean + standard error of the mean and qualitative
data are expressed as median and interquartile range [25! percentile, 751 percentile].

OA-NO, reduces ITB induced lung injury

ITB administration to mice led to decreased body weight when compared to controls ((44),
Fig 1). On average, mice lost 4% (*, p < 0.05) of total body weight. This loss was mitigated
when mice were administered OA-NO, on d0 and d3 (0.82+0.82%, # p < 0.05). Moreover,
mice given PBS and two doses of OA-NO> gained significantly more weight than those
given PBS alone.

To characterize lung injury induced by ITB, lung sections were analyzed by histopathology.
Whole lung sections were taken to visualize each lobe of the lung and injury was
characterized by airway epithelial thickening, septal damage, infiltrating cells, and the
presence of proteinaceous debris. Overall staining and a higher magnification (20x) are
shown in Figure 2. Damage was scored to quantify the severity of the injury (30). Vehicle
control mice had normal lung characteristics with a median histological score of 1 [1,1] (Fig.
2, Fig. 3). These mice had normal airway epithelium and the alveolar space was intact.
There was a limited number of infiltrating cells and no proteinaceous debris in the alveolar
space. Overall, there were only minimal signs of injury in PBS instilled mice. Mice
receiving PBS and OA-NO, intratracheally were similar to those instilled with PBS alone
based on histological analysis (1 [1,2]; Fig. 2, Fig. 3). Mice administered ITB had abnormal
lung characteristics when compared to controls based on histological scoring (5 [5,5], *, p <
0.05); Fig. 2, Fig. 3). The airway epithelium was thicker and uneven in appearance when
compared with uninjured lung. There was modest septal damage in ITB-treated mice, but the
majority of the alveolar space was intact. There were large patches of infiltrating cells
throughout the lung and increased infiltrating immune cell numbers induced by ITB. There
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was an increase in the amount of proteinaceous debris in the alveolar space throughout the
lung when compared to controls. Mice that were administered ITB and OA-NO> did not
exhibit these abnormalities in the lung to the same degree as ITB alone (3 [2,3.25], #, p <
0.05; Fig. 2D, 2H, Fig. 3). Some airways had epithelia that were thickened to the same
degree as ITB alone but there were many airways that appeared normal. The airway
epithelium had a smooth appearance despite the increased thickness. This is in contrast to
the jagged appearance of the epithelium in ITB alone. The alveolar space was intact, with no
apparent septal damage. There were some patches of infiltrating cells present throughout the
lung but to a lesser degree than ITB alone. This indicates less cellular invasion. In ITB OA-
NO, mice there was markedly less proteinaceous debris.

OA-NO, treatment limits ITB-induced changes in type Il cell function

To assess ITB-induced pulmonary edema and protein accumulation in the lung, total BAL
protein concentration was assessed via a Bradford assay (Fig. 4). ITB significantly increased
protein concentration in the BAL fluid compared to controls (96140 vs. 432+41.8 pg/mL, *,
p < 0.05). This increase was not mitigated by OA-NO, administration (41540 pg/mL, p >
0.05), with no differences in protein concentrations when comparing PBS instilled mice and
those administered PBS and OA-NO» (64+41.8 ug/mL, p > 0.05).

To characterize type Il cell function, phospholipid concentrations were measured in the large
aggregate surfactant fraction of the BAL. There was an increase in total phospholipid
concentration in the BAL of mice administered ITB when compared to controls (17+9.4ug
vs. 57+9.4, * p < 0.05; Fig. 5). Phospholipid concentrations were further increased in mice
administered ITB and OA-NO, when compared to ITB alone (78+9.4ug, #, p < 0.05). There
was no significant difference in phospholipid concentration between mice administered PBS
and PBS and OA-NO,.

The large aggregate fraction of the BAL was also used to determine the SP-B concentration
as a ratio of total phospholipid (Fig 5). There was an increase in the concentration of SP-B
per unit phospholipid in ITB mice when compared to PBS controls (3x10%+2.4x106 vs.
9x106+2.6x10% SPB/unit PL, *, p < 0.05). The concentration of SP-B per unit phospholipid
was further increased in mice administered ITB and OA-NO, when compared to ITB alone
(2x107+2.6x10° SPB/unit PL, #, p < 0.05). There was no significant difference in mice
administered PBS and OA-NO, when compared to those administered PBS alone.

OA-NO, preserves resident alveolar macrophage populations that are reduced following

ITB

Alveolar macrophages in the BAL fluid were characterized using flow cytometric analysis.
Markers utilized for this analysis are described in table 1. There was a decrease in the
percentage of CD45* alveolar macrophages (F4/80*SiglecF*) in ITB mice compared to
controls (89.35+3.5 vs. 30£3.7%, *, p < 0.05; Fig. 6, Top). This was not altered by
administration of OA-NO> (32+3.7%, p > 0.05). There was no change in the percentage of
cells considered to be alveolar macrophages when comparing PBS or PBS and OA-NO»,
mice. The small population of cells that were viable and expressed CD45 but did not express
either Siglec F or F4/80 are thought to be neutrophils, as many of these cells are also CD11b
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*. This was confirmed through analysis of cytospins of the BAL fluid. There was an increase
in the percentage of these cells in mice administered ITB when compared to PBS (1+6.4 vs.
61+6.8%, *, p < 0.05) and OA-NO, administration had no impact (56+6.4%, p > 0.05). The
population of viable, CD45*F4/80*Siglec F” cells are interstitial in nature as they are also
Cd11b*. This population is seen in mice administered ITB but are absent in PBS-treated
mice.

The phenotypes of alveolar macrophages were further characterized through their expression
of CD11c and CD11b. ITB reduced the percentage of resident alveolar macrophages (CD11c
*CD11b") and increased the percentage of macrophages with a more migratory phenotype
(CD11c*CD11b™) compared to controls (4+2.3 vs. 43+2.4%, *, p < 0.05; Fig. 6, Bottom).
Though OA-NO, administration with ITB still decreased the percentage of resident alveolar
macrophages, there were significantly lower proportions and numbers of macrophages
expressing a migratory phenotype compared to ITB alone (24+2.4%, #, p < 0.05). This
indicates a preservation of the resident alveolar macrophage population. There was no
change in the percentage of resident alveolar macrophages when comparing PBS control to
PBS and OA-NO,-treated mice.

OA-NO, reduces mature interstitial macrophage populations present in ITB injury

In the lung digest, phenotypic changes in the interstitial macrophage population were
observed with ITB and with OA-NO, administration. There was no significant change in the
percentage of interstitial macrophages present in each group regardless of treatment (60+4.6
vs 57449 vs 66+4.9 vs 51+5.2%, p > 0.05). Within the digest, the population of cells that
were CD11c¢*/CD11b", indicating maturity, was significantly increased with ITB compared
to controls (5945.1 vs 23+4.8%, *, p < 0.05). This was mitigated by OA-NO, administration
(43£5.4%, #, p < 0.05). There was no difference observed between PBS controls and PBS
and OA-NO,.

Interstitial macrophage phenotypes were further characterized through their expression of
Ly6C and mannose receptor (MR). ITB increased the percentage of interstitial macrophages
that were Ly6C* when compared to controls (13+3.5 vs. 43+3.7%, *, p < 0.05; Fig. 7, Top).
This was mitigated by administration of OA-NO» (29+4.0%, #, p < 0.05). There were no
significant changes in the Ly6C+ population when OA-NO, was given to PBS mice. The
percentage of interstitial macrophages expressing MR also increased with ITB
administration (5+3.4 vs. 28+£3.6%, *, p < 0.05; Fig. 7, Bottom). This increase was not seen
to the same degree with OA-NO, administration (13+£3.8%, #, p < 0.05). There was no
difference between mice administered PBS and PBS with OA-NO,.

The inflammatory potential of digested cells was further explored through qPCR analysis of
iNOS and IL-6. There was a significant increase in iNOS expression in mice administered
ITB (0.7£0.39 vs. 3.2+0.39, *, p < 0.05). This was not mitigated by OA-NO,, treatment
(2.8+0.39, #, p < 0.05). Analysis of IL-6 revealed a significant increase in expression in ITB
mice (0.7£0.31 vs 1.9+0.31, *, p < 0.05), which was not significantly reduced by OA-NO,
(1.5+0.31).
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OA-NO, reduced the fibroproliferative capacity of proliferating mesenchymal cells

In the digested lung tissue, mesenchymal stem cell phenotypes were characterized through
flow cytometric analysis. The population of non-myeloid non-endothelial lung cells
(CD457CD317) expressing SCA-1 are considered to be mesenchymal stem cells. ITB
decreased this population compared to controls (32+4.7 vs. 12+4.9%, *, p < 0.05). This was
unchanged with OA-NO, administration (20+4.9 vs. 5+5.3%, #, p < 0.05). From the
mesenchymal stem cell population, phenotypes were further characterized through CD44
and CD90 staining. The mean fluorescence intensity (MFI) (45) for CD447 cells in PBS
mice was unchanged with OA-NO, administration (298+53.8 vs. 368+57.0 MFI, p > 0.05;
Fig. 8, Top). Mice administered ITB had a significantly increased CD44 expression which
was suppressed by OA-NO, (1111+61* vs. 846+61.0 MFI, #, p < 0.05; Fig. 8, Top). There
were no significant changes in mesenchymal stem cells expressing CD90 with ITB
administration compared to controls and this was not altered by OA-NO, (Fig. 8, Bottom).

Macrophage and mesenchymal stem cell population responses

In the digested lung tissue, cell populations were resolved via magnetic separation as
myeloid derived (CD45*) or non-myeloid derived (CD457). Each cell population was
analyzed for tubulin via single cell western analysis to determine the number of cells present
on the 6,400 well chip and for normalizing cell numbers. Myeloid derived cells were
analyzed via single cell western blot for HMGB1, a marker of myeloid cell activation (Fig.
9A). Of all cells on the chip, 49% expressed HMGB1 following ITB administration and
subsequent lung digestion, a population that was reduced by more than 50% by OA-NO> to
a proportion of 21%. Cells from ITB and ITB + OA-NO, mice expressed HMGB1 to a
greater degree than PBS controls, where only 9% of the population expressed detectable
HMGB1. Mice administered PBS and OA-NO, had a marked increase in HMGB1
expression compared to PBS alone (21%). With ITB + OA-NO, administration there is a
leftward shift in the HMGB1 expression profile which indicates that the cells that are
expressing HMGBL1 express it at a lower relative intensity than ITB alone.

Non-myeloid derived cells were analyzed via ZEB1, a marker of fibrotic potential (Fig. 9B).
The population of cells expressing ZEB1 following ITB administration was markedly
increased (47.3% vs 0.8%), which was not altered by OA-NO, (46.4%). There was also no
change in the ZEB1 expression profile upon OA-NO, treatment.

Discussion

We report that the administration of OA-NO, reduced ITB-induced lung injury as shown by
the maintenance of body weight and improved lung histology scores ((Figs 1&2). Also, OA-
NO;, increased surfactant production (Fig. 5) and preserved resident alveolar macrophage
numbers within the lung while reducing the activation of interstitial macrophages (Figs 6 &
7). Finally, ITB increased expression of HMGB1 within interstitial macrophages and CD44
in mesenchymal stem cells, both of which are reversed by OA-NO, (Figs 8 & 9). This data
indicates that the intratracheal administration of OA-NOZ regulates pulmonary cell
inflammatory responses to ITB-induced ALl
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Consistent with previous ITB-induced ALI models (46-48), mice lost a significant amount
of body weight compared to controls. This loss was not observed in ITB mice that also
received OA-NO,, indicative of reduced injury that was confirmed by histological analysis
(Fig 2). ITB injury is characterized by an increase in infiltrating cells, thickening of the
airway epithelium, and the deposition of proteinaceous debris (9,36,49). This was observed
in mice receiving ITB but there was a decrease in proteinaceous debris deposition and
cellular infiltration with OA-NO, administration (Fig. 2 & 3). A significant limitation to our
study is that we used the same mice for lavage and histology. The focus of our study was to
establish changes in airway lining and interstitial cell phenotypes and therefore it was
necessary to perform lavage to separate these cell populations. We chose not to perform a
separate set of animals purely for histology in order to reduce animal usage numbers in
alignment with 3Rs principles (50). This obviously means that specific conclusions as to the
effects of OA-NO, on ITB induced injury drawn from the histology should be treated with
caution. In addition, as the lavage procedure can alter cellular processes it is possible that
changes in the phenotypes observed are related to different proportions of cellular adhesion.

Another significant limitation of our study was the use of 10% DMSO as the diluent for OA-
NO,. DMSO has anti-oxidant properties itself and has the potential to alter injury in the lung
(51,52). However, we have previously found that 10% DMSO does not significantly alter
histological score or percent loss of bodyweight (-5+0.2 vs. —6+1.8%) in the ITB model
(unpublished observation). This indicates that DMSO does not have a large effect on injury
response at the levels used in this experiment. Alternative ways to administer OA-NO»,
without the use of DMSO should still be considered in the future. In this regard, it is
interesting to note that OA-NO> can be given orally (53) and this may represent an important
route of administration in systemic bleomycin injury.

Alveolar macrophages are commonly effected by ITB induced injury (8,23), and we
reasoned that OA-NO, administered to the lung would reduce macrophage activation in the
airspace, due to anti-inflammatory properties (21). Prior work performed by Reddy et al.
demonstrated suppression of inflammatory phenotypes in alveolar macrophages by OA-
NO,. These changes were observed in LPS induced ALI and injury brought on via cigarette
smoke through cytokine analysis and RT-PCR (18,19). These studies found decreases in
several cytokines that are indicative of alveolar macrophage activation when OA-NO, was
present, indicating that this compound may work to reduce ITB mediated ALI via inhibited
alveolar macrophage activation. ITB reduced the relative proportion of BAL CD45*
macrophages, with this reduction not altered by OA-NO> (Fig 6). While the number of
alveolar macrophages was not significantly lowered by ITB and OA-NO,, there is an
increase in CD11b* cells that are Siglec F~. These cells are most likely neutrophils recruited
as a result of the injury, as observed in cytospins (not shown), though this data is limited due
to a lack of specific neutrophil markers such as Ly6G. This marker was not utilized as
neutrophils were not the main focus of our study, but should be considered in future studies.
That these cells are present irrelevant of OA-NO, administration agrees with protein data,
which indicates that OA-NO, does not alter the direct epithelial injury resulting from ITB.
This indicates that the improvements in outcome mediated by OA-NO, result from altered
inflammatory signaling.

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2021 November 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wilkinson et al.

Page 11

Altered inflammatory signaling is further indicated by changes in alveolar macrophage
phenotypes (Fig 6). Resident alveolar macrophages are CD11c¢*CD11b~, while migratory
cells are CD11b* (8,34). The increased CD11b™ (migratory) macrophage population
following ITB was reduced by OA-NO,. Irrespective of OA-NO, administration, the
majority of these CD11b™" cells are also CD11c*. As CD11c is a marker of lung macrophage
maturity, changes in this population may be the result of resident alveolar macrophages
becoming more migratory in nature as they begin to express CD11b (54). Alternatively, it
may be that interstitial cells are migrating into the alveolar space, where they develop
CD11c, becoming more resident in nature (54-56). In any event, OA-NO, reduces this
migratory activation and may do so by either preserving the resident alveolar macrophage
population directly by reducing activation or by reducing recruitment from the interstitium.
Signaling targets relevant to OA-NO, actions include inhibition of pro-inflammatory NF-xB
(21), STATs (57), and MAPK and INK activation (58). Alternatively, the activation of anti-
inflammatory signaling such as Keap1/Nrf2 (20) and PPAR-y-regulated gene expression
(22,59) may be critical to the effects of OA-NO,. This is in agreement with the work of
Reddy et al. where it was demonstrated OA-NO, reduces NF-xB binding activity and
increases Nrf2 and PPAR-y activity in alveolar macrophages in LPS treated mice (19). This
alteration of signal transduction may result in the resident alveolar macrophages maintaining
their phenotype rather than expressing CD11b and moving to a more migratory state.

BAL protein content, a marker of edematous epithelial damage and leakage of vascular
plasma proteins into airspaces, was increased by ITB. In contrast to other indices of lung
injury, increased BAL protein was not reversed by OA-NO> (Fig. 4). Protein in the BAL is
actual a complex marker as it can be affected by protein secretion from epithelial cells in
both the upper and lower airway, as well as from vascular leak. In this regard it is interesting
to note that both total phospholipid and SP-B per unit phospholipid are increased by OA-
NO;, in the BAL of ITB treated mice (Fig 5). In addition, SP-B per phospholipid was
increased in ITB alone which is in contrast with other studies where researchers saw a
decrease in SP-B expression with ITB (60-63). In these studies investigators measured
expression by mRNA from lung tissue, which is an indicator of type I1 cell transcription.
The SP-B/phospholipid ratio is dependent upon type Il cell surfactant production, recycling,
and macrophage uptake (64,65). It is more directly related to surfactant functionality as
surfactant proteins can dynamically alter surface tension (66). The increase in SPB and
phospholipids, combined with the increased BAL protein, could be attributed to an increase
in type 1l cell function with OA-NO, administration (67,68). (67,68). It is possible that
increased SP-B/phospholipid ratio correlates with improved function and a decreased work
of breathing. In this regard it would be interesting to consider the pressure volume curves via
spirometry testing in these mice as it would be predicted that hysteresis would be increased.
However, these studies are beyond the scope of the current work.

There was not a change in the total number of interstitial macrophages regardless of ITB or
OA-NO, administration, which suggests that, as a whole, this population is relatively stable.
Possibly, it represents a pool of cells that are able to replenish macrophage numbers in the
airway, while being itself regenerated by recruitment from the blood. ITB administration led
to an increased expression of Ly6C (Fig. 7), which is a pro-inflammatory marker indicative
of acute macrophage activation (32). OA-NO, administration reduced 1TB-mediated
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increases in Ly6C expression, suggesting reduced acute activation. A similar effect was
observed when looking at MR, a pro-fibrotic marker (32,69), indicating that activation of
macrophages occurs in response to ITB and is limited by OA-NO,. 7 d post ITB is an
intermediate point in the progression of injury, as it occurs at the end of the acute
inflammatory phase and the beginning of its resolution. That we see increases in both acute
and adaptive activation of macrophages is consistent with this being a transition point in the
progression of the pathology. However, it is interesting that OA-NO, limits both forms of
activation, which indicates that as well as being an anti-inflammatory agent it may also be
anti-fibrotic as it limits adaptive activation. One limitation to this data is that the lung
digestion was performed after lavage, which has the potential to alter some cell populations
slightly. There is also a potential that some of the lavage cells are not removed before digest,
however, we tried to control for this by excluding SiglecF+ cells from the analysis.

The interstitial cells are not directly accessible to compounds delivered to the airway and
therefore, it was not necessarily predicted that intratracheal delivery of OA-NO, would alter
activation of these cells. The alterations in interstitial macrophage phenotype we have
observed may be caused by direct interaction of OA-NO5 with interstitial macrophages
leading to a change in intracellular signaling and downregulation of inflammatory
phenotypes. These changes could also be caused by OA-NO, altering alveolar macrophage
populations, such that activation signaling to the interstitium is altered. By preserving the
resident population, less inflammatory mediators are released (70), leading to a reduction in
interstitial cell activation. In this regard, it is important that OA-NO,, alters expression of the
inflammatory marker HMGB. across the population of interstitial macrophages. HMGBL1 is
a regulator of macrophage activation and is expressed at low levels in all macrophages (71).
Upon stimulation, HMGBL is released as a danger signal, while synthesis is increased. A
single cell western approach showed ITB increased the number of interstitial macrophages
that express HMGB1 and that the relative intensity of expression was altered. ITB
diminished the number of cells expressing HMGBL1 at low levels and increased the number
of those cells expressing HMGBL1 at a higher level. This was mitigated by OA-NO»,
administration, restoring the low expressing population and reducing the number of cells
expressing HMGBL at a higher intensity (Fig 9). This reduction in high intensity HMGB1
expression is indicative of decreased macrophage activation and the restoration of the low
frequency population may indicate cells returning to baseline.

That OA-NO, has a significant effect on the interstitium was further confirmed by
examining mesenchymal stem cells within the lung tissue. Analysis of mesenchymal stem
cell populations revealed an increase in CD44 expression, indicating pro-fibrotic potential
with ITB administration (72,73). This increase may be relevant at later timepoints in ITB-
induced lung injury, as fibrosis is a common progression. The role of CD44 in ITB mediated
injury is unclear as CD44 knockouts have been shown to display both increased injury (74),
and reduced inflammation and fibrosis (75) when administered ITB. Using flow cytometry
as an indicator of CD44 expression, we are able to observe more subtle changes. ITB
increased CD44 expression overall, but it also broadened the distribution of cells. This may
represent variable responses in terms of CD44 expression within these cells. CD44
expression was reduced significantly in mice administered OA-NO, with ITB. This may
result in a decrease in fibrosis at later timepoints, a topic for future study. At the single cell
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level there was a large increase in cells expressing ZEB1, a marker of epithelial to
mesenchymal transition, in ITB mice (75). This was unexpected at such an acute timepoint
and could be an indicator of progression to fibrosis. There was no effect on this expression
with OA-NO, administration at this acute timepoint, but we may see a change at later

timepoints during resolution.

In summary OA-NO,, limits bleomycin induced acute lung injury, an effect linked with the
suppression of alveolar and interstitial macrophage activation and protection of type Il cell
function. These responses are consistent with OA-NO, modulation of inflammatory
signaling. Thus, OA-NO, may have therapeutic potential as an antifibrotic and anti-
inflammatory agent during the progression and resolution of lung injury.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights:

. Administration of nitro-oleic acids reduced bleomycin induced acute lung

injury
. Activation of inflammatory macrophages was inhibited via nitrated fatty acids
. Nitrated fatty acids reduce fibrotic potential of proliferating mesenchymal

cells
. Single cell western blotting identifies novel cellular populations
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Figure 1.
Intratracheal administration of OA-NO>, reduces the percent bodyweight lost following ITB.

ITB was administered on d0 and OA-NO, was administered on d0 and d3. Overall changes
in bodyweight were observed on d7. Data are representative of 3 separate experiments with
n = 14-15 per group. Values are expressed as mean = SEM and p < 0.05 when compared
with PBS (*), PBS & OA-NO, (#), and ITB ().
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Figure 2.
ITB administration increased the number of infiltrating cells, proteinaceous debris, and

airway epithelial thickening, which was mitigated with treatment of OA-NO,. Lungs were
excised 7d following ITB administration and were examined histopathologically via H&E
staining. Lung images were taken at 200x. A) PBS, B) PBS and OA-NO», C) ITB, and D)
ITB and OA-NO,. The VS 120 microscope was utilized to obtain whole lung images to

further observe injury severity, magnification 50x. E) PBS, F) PBS and OA-NO», G) ITB,
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and H) ITB and OA-NO,. Data are representative of 3 separate experiments; N=5-6 per
group.
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Figure 3.

%.
\1@’

ITB administration increases injury severity which is mitigated by OA-NO, administration.
Lungs were excised 7d following ITB administration and were examined histopathologically
via H&E staining. Injury severity was assessed through blinded histological slide scoring of
stained tissues. Slide pathology was scored on a scale from 0-5 with 5 being the highest
injury level. Data are representative of 3 separate experiments; N=5-6 per group. Values are
expressed as median and interquartile range and p < 0.05 when compared with PBS (*), PBS

& OA-NO, (#), and ITB (1).
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Figure 4.
ITB administration increases the concentration of protein in the BAL and is not altered by

OA-NO,. BAL fluid was obtained 7d post ITB exposure and a Bradford assay was used to
determine total protein concentration. Data are representative of 3 separate experiments with
n = 14-15 per group. Values are expressed as mean = SEM and p < 0.05 when compared
with PBS (*), PBS & OA-NO> (#), and ITB ().
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ITB administration alters the phospholipid concentrations regardless of OA-NO,. OA-NO,
administration increases phospholipid and SPB concentrations. Phospholipid concentrations
were determined through phospholipid extraction and analysis in the BAL. SPB
concentrations were determined through western blot of the large phospholipid aggregate
fraction. A) Total phospholipids in the BAL fluid, B) SPB western blot, C) SPB
concentration per unit phospholipid densitometry western blot analysis. Data are
representative of 3 separate experiments with n = 14-15 per group. Values are expressed as
mean + SEM and p < 0.05 when compared with PBS (*), PBS & OA-NO> (#), and ITB (¥).
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Figure 6.
Flow cytometric analysis of alveolar macrophages. Cells isolated from the BAL 7d after

exposure to PBS or ITB with or without OA-NO, treatment were immunostained with
Siglec F and F4/80 (Top) and CD11c and CD11b (Bottom) as described in the materials and
methods. Alveolar macrophages (Siglec F+, F4/80+; top), resident alveolar macrophages
(CD11c+, CD11b+; bottom), and migratory alveolar macrophages (CD11c+, CD11b+;
bottom) were identified based on forward and side scatter, viability, and CD45+ staining.
Data are representative of 2 separate experiments with n = 7-9 per group. Values are
expressed as mean £ SEM and p < 0.05 when compared with PBS (*), PBS & OA-NO> (#),
and ITB (1).
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CD11c

Figure 7.
Flow cytometric analysis of interstitial macrophages. Cells isolated from digested lung tissue

7 d after exposure to PBS or ITB with or without OA-NO, treatment were immunostained
with Ly6C (middle), and MR (bottom) as described in the materials and methods. Interstitial
macrophages were defined as Siglec F~/F4/80"CD11b* and were identified through forward
and side scatter, viability, and CD45" staining. Presence of F4/80 rules out the possibility of
these cells being granulocytic. This population was used to visualize Ly6C staining (top) as
a marker of acute activation and MR staining (bottom) as a marker of fibrotic activation.
Data are representative of 2 separate experiments with n = 7-9 per group. Values are
expressed as mean £ SEM and p < 0.05 when compared with PBS (*), PBS & OA-NO> (#),
and ITB (1).
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Flow cytometric analysis of mesenchymal stem cells. Cells isolated from digested lung
tissue 7 d after exposure to PBS or ITB with or without OA-NO, treatment were
immunostained with CD44 and CD90 as described in the materials and methods.
Mesenchymal stem cells were defined as CD31"CD45~SCA-1* and were identified through
forward and side scatter and viability. This population was then used to visualize CD44
staining (top) as a marker of pro-fibrotic potential and CD90 staining (bottom) as a marker
of proliferative potential. Data are representative of 2 separate experiments with n = 7-9 per
group. Values are expressed as mean £ SEM and p < 0.05 when compared with PBS (*),

PBS & OA-NO, (#), and ITB (1).
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Figure 9.
Single cell analysis of CD45+ and CD45- cells within lung tissue. Cells isolated from

digested lung tissue 7 d after exposure to PBS or ITB with or without OA-NO5 treatment
were separated for CD45+ and CD45- cells as described in the material and methods. Single
cell western blotting was utilized to visualize CD45+ cells that were expressing HMGB1
and the relative frequency of cells are expressing at a given intensity (A). HMGB1 is a
marker of immune cell activation. This technique was also utilized for CD45- cells to
visualize their expression of ZEB1, a marker of epithelial to mesenchymal transition (B).
Cells were pooled from 8-9 individual mice and the data is representative of one single cell
western chip per group.
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Expressional markers used to determine cell populations and characteristics in flowcytometric analysis and
single cell western blotting

Marker Name Expression Profile Reference
CD45 CD45 is expressed on all myeloid derived cells including interstitial and alveolar macrophages. (32,33)
Siglec F Siglec F is highly expressed on alveolar macrophages. (32)
F4/80 F4/80 is expressed on lung macrophages including both alveolar and interstitial. (32)
CD11b CD11b is expressed in interstitial macrophages with lower expression in resident alveolar macrophages. (34)
Expression indicates a more migratory phenotype in alveolar macrophages but is characteristic of interstitial
macrophages.
CD11c CD11c is expressed on resident alveolar macrophages and is a marker of mature interstitial macrophages (34,35)
MR (CD206) MR is a profibrotic marker expressed on activated interstitial macrophages. It may also be expressed on (32,36)
alveolar macrophages, indicating M2 polarization.
Ly6C Ly6C is a pro-inflammatory marker expressed on activated interstitial macrophages, eventually contributing to (37,38)
fibrosis. This marker may also be expressed on alveolar macrophages in a similar manner.
CD31 CD31 is an endothelial cell marker (39)
SCA-1 SCA-1 is expressed on cells expressing stem cell like characteristics (40)
CD44 CD44 is expressed on cells undergoing epithelial to mesenchymal transition leading to a pro-fibrotic (41)
phenotype
CD90 CD90 is a marker of proliferation that is expressed on mesenchymal stem cells (42)
HMGB1 HMGBL is a pro-inflammatory marker expressed on activated pulmonary macrophages, indicating active (43)
inflammation
ZEB-1 ZEB-1 is a pro-fibrotic marker involved in epithelial to mesenchymal transition and is indicative of fibrosis (41)
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