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ABSTRACT

Idiopathic pulmonary fibrosis (IPF) is a pernicious lung disease characterized by scar formation and
respiratory failure. This is due to dysregulated repair of the epithelial injury in the lung, which involves
epithelial apoptosis, followed by activation of fibroblasts to mediate myofibroblasts, thereby leading to
the deposition of the extracellular matrix in the lung. Currently there are only two FDA approved
drugs for IPF; which do not cure the disease, but just slow the progression of disease, there
is a need to identify new therapeutic targets for the disease. Phospholipase D (PLD), an important
phospholipid metabolizing enzyme me involved in several pathophysiologies, catalyzes the hydrolysis of
phosphatidylcholine (PC), generating phosphatidic acid (PA) and choline. In addition to PC, PLD
also hydrolyzes other phospholipids such as phosphatidylethanolamine (PE) and cardiolipin
(CL). PLD mediated PA generation is involved in regulation of various cellular processes including
cell survival, cell migration, cell proliferation, differentiation, cytoskeletal changes, membrane

trafficking, and autophagy.

Previous studies have shown that PLD has a role in cardiac and hepatic fibrosis, but the mechanism(s) by
which PLD mediates fibrosis has not been identified. This study is aimed at delineating the PLD signaling
mechanism in IPF to identify new therapeutic targets. Of the two PLD isoenzymes, PLD1 and PLD2, the
protein expression of PLD2 was up-regulated in bleomycin induced pulmonary fibrosis (PF), and PLD2
deficient mice (Pld2” null) were protected against bleomycin induced lung inflammation and fibrosis,
thereby establishing the role of PLD in IPF. To further understand how PLD mediates epithelial injury
during IPF, bronchial airway epithelial cell line (Beas2B cells) was used, and in vitro studies showed that
bleomycin challenge led to enhanced PLD activity in the cells; led to generation of mitochondrial reactive
oxygen species (ROS) and apoptosis in Beas2B cell line. Further, inhibition of PLD2 in Beas2B cells

attenuated bleomycin induced mitochondrial DNA damage and epithelial cell apoptosis. Thus, we



identified that reducing bleomycin-induced PLD activity will lessen mitochondrial ROS generation,
thereby leading to less mitochondrial dysfunction and eventually less apoptosis of the epithelial cells. This

study identifies PLD to be a promising therapeutic target in IPF.

In addition to identifying new therapeutic targets, the current research study is focused on developing new
diagnostic techniques for IPF. Fourier Transform Infrared (FT-IR) imaging technique is a label-free, non-
destructive approach to detect histopathological changes in the tissue. IR spectra has been acquired from
the lungs from bleomycin challenged mice harvested at different time-points. The biochemical changes
that occur in the lung tissue during the development of fibrosis can be detected by this technique, based
on the spectral profile acquired. The spectral data obtained is subjected to unsupervised cluster analysis
which classifies it into based on the histopathological states. The ratio of absorption of spectral ratios gives
the collagen map, glycosylation and structural deformations across the lung tissue. Linear discriminant
analysis was done to classify and identify the extent of disease progression. This novel technique gives
the biochemical information across the entire lung tissue and enables diagnosis of the disease in a label-

free manner.



Chapter I: Role of PhospholipaseD in pulmonary fibrosis-Phospholipase D2 ablation alleviates

pulmonary fibrosis by recuperating mitochondrial DNA damage and apoptosis

1. INTRODUCTION

1.1 Idiopathic pulmonary fibrosis:

Idiopathic pulmonary fibrosis (IPF) is a detrimental lung disease which is characterized by scar formation
and respiratory failure, and eventually death. The lung interstitium is disrupted due to the scar formation,
thereby making the lung stiff and hard to expand which results in limited oxygen uptake into the
bloodstream. IPF comes under the broad spectrum of interstitial lung diseases, which encompasses over
200 diffuse parenchymal lung disorders [1], that mainly impact the lung interstitium, which is the tissue

and the space around the lung alveoli [2].

1.1.1: Epidemiology of the disease:

The worldwide statistics by 2014 show that it affects about 5 million people. Over the globe about 13-20
people are affected by IPF for every 10,000 people. It is prevalent over 130,000 people in the US [3],
where about 30,000-40,000 cases are newly diagnosed each year. The disease is predominant in elderly

men.

1.1.2: Etiology of IPF:

The term ‘idiopathic’ means unknown cause. It might occur due to various reasons like familial causes,
genetic causes, occupational exposure, radiotherapy, chemotherapy, bacterial and viral infections [4].
Occupational exposure to silica dust, asbestos fibers, grain dust, hard metal dusts, coal dust, bird and
animal droppings during mining, construction or farming and several other irritants and sustained
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exposure to bacterial or viral loads leads to the development of pulmonary fibrosis. Radiation therapy to
treat any lung disorders or breast disorders also leads to radiation-induced damage to the lungs, based on
the dosage and extent of exposure of radiation to the lungs. Lung fibrosis also occurs due to various
chemotherapeutic agents (like bleomycin, cyclophosphamide, methotrexate), antibiotics (nitrofurantoin,
ethambutol), anti-inflammatory drugs (sulfasalazine and rituximab) and cardiac medication like
amiodarone employed to treat irregular heartbeats [5]. Several pre-existing medical conditions like
scleroderma, pneumonia, sarcoidosis, dermatomyositis, Systemic lupus erythematosus, Polymyositis,
Rheumatoid arthritis, mixed connective tissue diseases also contribute to IPF. IPF is more prevalent with
increased aging and more prevalent in men than in women. Smoking is one of major causes of IPF and
continued smoking will lead to worsened survival of IPF [6]. In some cases, genetic factors contribute to

IPF [7], like changes in several genes including Muc5B.

There are also other comorbidities associated with IPF like Gastroesophageal reflux disease, lung cancer,
pulmonary hypertension, chronic obstructive pulmonary disease, pulmonary embolism, diabetes, ischemic
heart disease, and obstructive sleep apnea [8]. Looking at these comorbidities can provide further clues

that help in the diagnosis of IPF.

1.1.3: Diagnosis of the disease:

Patients with IPF show symptoms only during the advanced stages of disease. They have shortness of the
breath not only during exercise, but also during rest; dry hacking cough; clubbing of fingers which is
rounding and widening of the fingers and toes; inadvertent and gradual weight-loss. A multidisciplinary
approach employing pulmonologists, radiologists and pathologists is needed for the diagnosis of IPF.
High-resolution computerized tomography (HRCT) of the lungs examines the radiological features of the
lung and offers the initial detection of IPF based on the presence of Usual Interstitial Pneumonia (UIP)

pattern of IPF. Lung function tests like lung volumes, spirometry, diffusing capacity of the lung for carbon
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monoxide (DLCO), pulse oximetry tests to determine the amount of oxygen in the blood, arterial blood

gas test, six-minute walking tests are used to identify the progression of the disease.

Further, lung biopsy is needed to validate the presence of IPF, followed by histopathological analysis to
demonstrate the characteristic features and exclude alternative diagnoses. Lung biopsy can be done by
either video-assisted thoracoscopy using endoscope, bronchoscopy or thoracotomy. Distinctive
honeycombing patterns are seen in some cases of IPF, which is the scar deposition in the interstitial spaces

of the lung, in addition to collapse of the alveolar spaces into large cysts[9].

1.1.4: Current therapeutic strategies:

Non-pharmacological treatment: Pulmonary rehabilitation is the ‘first line of therapy for IPF’ wherein
patients do structured exercise, acquire knowledge about proper breathing techniques and usage of oxygen
[3]. It has several benefits as it improves the lung function, and reduction in symptoms, thus improving
the quality of life (QoL). Supplemental oxygen therapy is most commonly done in patients with IPF[10],
when the oxygen levels are low and it’s helps in reducing the symptoms for IPF. Lung transplantation is
done in patients with IPF after the lung has collapsed, however, the survival rate is only three to five years,

even after the transplantation[11].

Pharmacological treatment: Nintedanib and perfendione are the only two FDA approved drugs for the
treatment of IPF [12]. These drugs only slow the progression of disease, but do not cure the disease. The
only curative intervention is lung transplantation, but nevertheless the 5-year survival rate of patients who
undergo lung transplantation is only 45% [13]. This lack of attractive treatment options necessitates
development of new agents; however, the study of new therapeutic modalities depends on reliable,

accurate, and sensitive methods for diagnosis and disease monitoring.



1.2 Phospholipase D:

PhospholipaseD (PLD) is an important phospholipid metabolizing enzyme that hydrolyzes
phosphatidylcholine (PC) or other glycerophospholipids to phosphatidic acid (PA) and choline or a water-
soluble base [14] as shown in Figure.l. PA acts as a second messenger and regulates several key
biological processes including apoptosis, cytoskeletal organization, cell morphogenesis, membrane
biogenesis and vesicular trafficking [15]. Also, PA is catabolized to diacylglycerol (DAG) by lipid
phosphate phosphatases [16] or lysophosphatidic acid (LPA) by PA specific phospholipase Al or A2 [16]
in cells. Both DAG and LPA are signaling lipid molecules; DAG activates PKC [17] and LPA signals via
G-protein coupled LPA1.6 receptors in mammalian cells. Thus, activation of PLD and generation of PA is
central to cellular signal transduction under normal and pathological conditions. PLD serves as a
transmembrane signal transduction protein which is activated by hormones, neurotransmitters and growth
factors [18]. PLD is also a transphosphatidylase that generates phosphatidylalcohols by using short-chain
primary alcohols (methanol, ethanol, butanol and propanol) as an acceptor instead of H,O (competitive

nucleophiles).
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Figurel: Action of PLD: Phosphatidylcholine is hydrolyzed by PLD to generate PA, an important second
messenger. However, in the presence of alcohols, PC undergoes transphosphatidylation to generate
phosphatidylalcohol [19]

1.2.1 Isoforms of PLD:

There are six major isoforms of PLD (Figure. 2) among which PLD1 and PLD2 have been identified to
play a key role in several cell signaling mechanisms [20] and involved in several pathophysiological
processes including but not limited to cancer, cardiovascular disease, acute lung injury, infectious diseases
and neurodegenerative disorders [21]. Of the six isoforms, only PLD1, PLD2 and PLD6 (mito PLD)

exhibit activity.
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Figure2: Isoforms of PLD

PLD enzymes have four conserved regions (I-1V), which includes the catalytic domains (11 & V) having
the HxxxxDxKx sequence with Histidine (H), any amino acid (x) and lysine (K) and aspartic acid (D).
Phox consensus sequence (PX), the plekstrin homology (PH) domain are the other conserved regions of
the PLD genes along with the P14,5P2 binding site. PX domain binds to phosphatidylinositol (Ptdins) and
its phosphates and other PIPs and mediates protein-protein interactions with regulatory proteins like
dynamin and Grb2. PH domain is mainly involved in localization of the protein and plays a role in the
intracellular trafficking by the endocytic pathway. PLD1 has an additional conversed loop region that is
not found in PLD2. This loop region regulates PLD1 activity by serving as negative regulatory element
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as indicated by the increased basal PLD activity by three-fold upon deletion of the loop region from PLD1.
PLD1 has low basal activity which is regulated by Arf, Rho and Ral GTPases and protein kinase C (PKC)
[22]. PLD2, on the other hand has higher basal activity and is regulated by Arf and PKC in mediating a

wide range of protein-protein interactions [23].

The PLD1 and PLD2 isoforms have distinct subcellular localization. Basally, PLD1 is present on
perinuclear membranes, Golgi complex, endoplasmic reticulum (ER), endosomes and lysosomes [24].
PLD1 translocate to the plasma membrane upon stimulation, otherwise it is involved in the budding and
fusion of trans-Golgi-derived subcellular localization. PLD2 on the other hand is mainly localized in the
plasma membrane, and involved in signal transduction; and also present in the cytosol and sub-
membranous vesicular compartments [25].

PLD3 is an integral ER transmembrane protein that lacks PX and PH domain and has no catalytic function
though it has a pair of HDK domains[26] and has been associated with survival and cell differentiation
[20]. PLD3 has been found to play a role in Alzheimer’s disease [27] and myotube formation[26]. Like
PLD3, PLD4 is also a HKD motif-carrying non-catalytic, transmembrane glycoprotein that is localized in

the plasma membrane, endoplasmic reticulum and Golgi apparatus [28].

PLD4 has been found to be involved in tumor associated macrophage activation [29], microglial activation
which impacts myelination during brain development [30], systemic sclerosis [31] and kidney fibrosis
[32]. PLD5 has a putative transmembrane domain instead of PX and PH and has been found to be
associated with autism [33]. PLD6 acts as an endonuclease that generates the 5 ends of PIWI-interacting
RNAs (piRNAs)[34] and also involved in spermatogenesis [35]. Mitochondrial PLD has been
characterized in mammalian cells and has no similarity to the typical PLD family. It has a single PLD
catalytic HXKxD motif and generates PA by using cardiolipin as the substrate [36], which facilitates

mitochondrial fusion.



1.2.2 PLD2 in human disease:

Over the recent years, the availability of genetically engineered knock-out mice and isoform-specific
inhibitors to specifically block PLD1 and PLD2 has enabled a better understanding of the mechanism(s)
behind the involvement of PLD1 and PLD2 in various human pathophysiologies. PLD1 deficiency blunts
immune responses and has found to play an important role in several autoimmune diseases, including
multiple sclerosis [37]. PLD2 was found to be responsible for the uptake of influenza virus by endocytosis
route and permits viral escape from innate immunity, whereas PLD1 played a vital role in egress,

assembly and budding of the virus [38].

PLD1, 2 and 3 are the important isoforms involved in brain function and neurodegenerative diseases like
Alzheimer’s disease [39]. Enhanced PLD activity, expression of specific isoforms and has been implicated
in several cancers including that of lung, liver, colon, brain, breast, pancreatic, prostrate, renal and ovarian
cancer [40]. This is due to the involvement of PLD isoforms in tumorigeneses and several cellular

mechanisms mediating cancer like cell survival, migration and proliferation [41].

1.2.3 Role of PLD in fibrosis:

PLD1 was found to induce hepatic stellate cell activation that plays a prominent role in liver fibrosis.
Treatment of mice with monoethanolamine (MEA) was found to reduce the severity of
Dimethylnitrosamine-induced liver fibrosis [42]. PLD has been found to play a crucial role in cardiac
fibrosis as blocking PLD using MEA reduced left-ventricular fibrosis and hypertrophy [43] in addition to
preventing myocardial stiffening and pulmonary congestion. Reduction of PLD4 was found to impact
several fibrogenic mechanisms that included increase in antifibrotic cytokines, neutrophil elastase that
degrades ECM proteins, reduction in TGF-p and MAPK signaling [32]. Thus, PLD4 was found to be

therapeutic target that could reverse kidney fibrosis. Bleomycin, a potent inducer of lung fibrosis was



found to induce PLD activity in lung microvascular endothelial cells in a redox sensitive manner [44]. In
this study we have investigated the role of PLD in lung epithelial cells, since it’s the first line of injury
during any insult to the lung. Both the PLD isoforms have been implicated to regulate several key signaling

pathways [45].

1.3 Injury to the alveolar epithelium during fibrosis:

The epithelium is the first line of injury to the lung during any kind of insult caused by pollutants, cigarette
smoke and irritants. Dysregulated epithelial repair followed by the fibrotic process leads to irreversible
damage to the lung. The injured epithelium releases pro-inflammatory and profibrotic cytokines which
further activate the fibroblasts in the lung. These fibroblasts further proliferate and differentiate into
myofibroblasts leading to the deposition of extracellular matrix components contributing to fibrosis [46].
This trans differentiation of epithelial cells into fibroblasts is termed as epithelial to mesenchymal
transition (EMT) and is one of the important mechanisms that mediate the fibrotic mechanisms in the

development of pulmonary fibrosis [47].

Also, epithelial damage and apoptosis is one of the prominent features of IPF. The inflammatory cascade
by itself was not sufficient to induce pulmonary fibrosis, and epithelial cell apoptosis was imperative for

the progression of bleomycin induced PF.?

Hyperplastic epithelium, sizable cuboidal cells protruding into the alveolar lumen, was seen in lung tissues
of IPF patients in contrast to the normal epithelium lining the lung which are thin, elongated and flat cells.
The hyperplastic alveolar and bronchial epithelial cells were found to undergo apoptosis, and this hinders
rapid re-epithelialization in the lung. This development of scanty and impaired re-epithelialization leads

to fibrogenesis and thus fibrosis.



vofibroblasts
Epithelial apoptosis
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Figure 3: Mechanisms of IPF: Honeycombing can be seen predominantly in the fibrotic lung. These
regions have cytokines and chemokines released from the damaged epithelial cells; activated fibroblasts
transformed to myofibroblasts and the extracellular matrix secreted that makes the lung stiff.

1.4 Mitochondrial damage in the lung contributes to IPF

Oxidative stress is one of the important mechanisms involved in the development and progression of IPF
[46]. Mitochondrial (mt) DNA damage causing mitochondrial dysfunction can lead to epithelial apoptosis
which is predominant in IPF. MtDNA is sensitive to damage, almost by 50-fold in comparison with
nuclear DNA, one of the factors being the proximity of mtDNA to electron transport chain (ETC). The

other factors contributing to the sensitivity of mtDNA to damage is the absence of a histone protective
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shield around the mtDNA and deterrent DNA repair mechanisms in mitochondria [48]. The human
mitochondrial genome is a circular DNA molecule of approximately 16 kilobases, and it encodes 37 genes,
out of which 13 genes are for subunits of respiratory complexes I, I11, 1V and V; 22 genes for mitochondrial
tRNA; and 2 genes for rRNA. Two to ten copies of DNA are present in each mitochondrion. Cell has
approximately 100 copies of mtDNA and this encodes about 3% of mitochondrial proteins, which are
essential for regulating mtDNA-associated proteins, like 8-oxoguanine glycosylase (OGG1),
mitochondrial aconitase (ACO2), mitochondrial transcription factor A (Tfam), and others [49] . Previous
studies by Dr. Kamp and his group at Northwestern University, Chicago have shown alteration of several
mitochondrial proteins in IPF such as reduced expression of Sirtuin 3 (Sirt3), which detoxifies mt ROS
[50]. Further in IPF lungs, enhanced acetylation of MnSOD was also observed, which leads to inactivation

of the antioxidant defense mechanism in IPF lungs [49].
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2. MATERIALS AND METHODS

2.1 Western blotting of lung tissues from of human subjects: Lung tissue lysates from normal and IPF
patients undergoing biopsy were obtained from Dr. Carol Bostwick-Feghali at the Medical University of
South Carolina, with a collaborative agreement. Specimens of IPF lung tissues were obtained from
patients who underwent lung transplantation, and normal lung tissue specimens were obtained from
donors whose lungs were not used for transplant surgery at the University of Pittsburgh Medical Center,
under a protocol approved by the University of Pittsburgh Institutional Review Board, and from normal
lung tissue obtained from organ donors. Protein concentration was determined from the lung tissue
homogenates and equal amount of proteins were probed with PLD1, PLD2 (1:1000 dilution, Cell

Signaling, Danvers, MA) and -Actin (1:10,000 dilution, Millipore Sigma, St. Louis, MO) antibodies.

2.2 Generation of Pld17-and Pld2” mice:
PLD1 and PLD2 heterozygous mice were obtained from Dr. Gilbert Di Paolo, Columbia University. The
heterozygous mice were intercrossed to obtain homozygous mice. Multiplex PCR of tail snip DNA was

used to genotype the mice.

SONISON SOISON

pid1*- . Pld1*- Pld2+-  Pld2*-
pld1*  pld1-  Pld1*-  Pld1/ Pld2t*  pld2v-  Pld2*-  Pld2l-

4: Generation of PId17-and Pld2” mice
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The following primers were used for genotyping of PId1*"*, Pld1*" and Pld1”- mice:

WT allele amplification:

PLD1-047 GAAGGGATAGGAAAGTCCAGG
PLD1-027R GGAGCCCAATAGGTAGAGTG
Mutant allele amplification:

PLD1-049 GGGTGGAAAGAGAACCCATAG
PLD1-027R GGAGCCCAATAGGTAGAGTG

The following conditions were used:

1. |Initial denaturation  95°C for 3 min;
2. Amplification (35 cycles)
94°C for 30sec
58°C for 30sec
72 °C for 50sec;
3. Final elongation 72 °C for 10 min.

PCR amplification for WT gives a band at 450bp, for Pld1” is 458bp and for PId1* 450 and 458bp. This

would distinguish Pld1** mice from Pld1”- mice.

The following primers were used for genotyping of Pld2*"*, Pld2*" and PId2”- mice:

PLD2-003 GGGAATCTGAGGCTTCAAGACTGGG
PLD2-013 GGACTGGGTGCAGCTGGACC
PLD2-045R GCTGGTGTTTTGAGGATGCTTG
The following conditions were used:

1. Initial denaturation  95°C for 3 min;
2. Amplification (35 cycles)
94°C for 30sec
60°C for 30sec
72 °C for 45sec;
3. Final elongation 72 °C for 10 min.

PCR amplification for WT gives a band at 579bp, for PId27" is 521bp and for PId2*- 579 and 521bp. This

would distinguish P1d2*"* mice from Pld2” mice.
2.3 Murine model of bleomycin-induced pulmonary fibrosis:

Several animal models have been used to study IPF, each of them with their own advantages and

disadvantages in terms of their replicability to human IPF. Some of these models include challenging mice
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with Asbestos , bleomycin, radiationor fluorescein isothiocyanate, and transgenic models wherein
cytokines are overexpressed, and humanized model of pulmonary fibrosis [51]. Many of these animal
models are different from human IPF in their own way. Despite the fact that there is minimal inflammation
in human IPF, the bleomycin model is predominantly an inflammation model; however, , offers several
advantages like mimicking the mechanistic aspects of the disease including hyperplastic epithelial cells,
EMT, and TGF-B-induced fibroblast differentiation. [52]. Infusion of bleomycin induces ROS generation
in the lung [44], which triggers lung inflammation and injury and stimulates deposition of extracellular
matrix proteins and collagen by 21 days post-bleomycin challenge. . Although bleomycin-induced
pulmonary fibrosis model is one of the well-characterized models to study pulmonary fibrosis, the fibrosis
resolves after 28 days of bleomycin challenge and therefore not useful to study long term fibrosis in the

lung.

Single intratracheal instillation
Bleomyecin (1.5U/Kg body weight)

A S > N o N 5.3 R S o S o S o N

alaRalolals) lalaRaloRals) sl alaRals R ala]
Yl Wl KK Wl ¥ XK R R R TN
Day 0 7 14 21 28
Inflammation ~ Onset of fibrosis  Extensive fibrosis Recovery phase

Figure 5: Bleomycin induced pulmonary fibrosis model
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Wild type, Pld1” and Pld2” mice of about 8-12 weeks were used for experiments. The mice were
anesthetized with 100 mg/kg ketamine + 5 mg/kg xylazine IP and bleomycin, obtained from Hospira Inc.
(Lake Forest, IL) (1.5U/Kg) was instilled intratracheally to the mice, based on the weight of the mice with
a maximum volume of 50ul. All experiments were performed in accordance with ACC approved

protocols. The mice were euthanized after 0, 7, 14, 21, 28 days of post-bleomycin injection for analysis.
2.3.1 Bronchoalveolar lavage fluid collection and analysis:

Bronchoalveolar lavage (BAL) fluid was collected by intratracheal injection of 1ml of PBS, spun at 5009
for 20 minutes at 4°C, supernatant was collected, and the pellet was used for total cell count analysis. The
supernatant was further spun at 10,0009 for 10 min at 4°C, and stored as BAL fluid at —80°C for analysis
of cytokines, protein concentration and hydrogen peroxide. Protein concentration of the BALF fluid, a
measure of the alveolar permeability, was measured using BCA protein assay kit (Pierce Thermo
scientific, Rockford, IL). Cytokine levels in the cell-free BAL fluid samples were measured using ELISA
kits (Peprotech, NJ), according to the manufacturer’s instructions. The pellets from first step of
centrifugation were resuspended in 200u1 PBS and total cell counts were done using TC20™ automated
cell counter from Biorad. 20ul aliquots were spun onto microscope slides and stained using Diff-Quik

stain set (Dade-Behring, Newark, DE) for differential cell counts.
2.3.2 Mouse lung tissue harvesting and analysis:

After BAL fluid collection, the right lung of the mouse was excised, snap-frozen in liquid nitrogen and
stored at -80°C. The left lung was fixed with formalin for histological analysis. The frozen lung tissue was
diced, and lung homogenates were prepared in 350ul of RIPA buffer containing protease and phosphatase
inhibitors. The homogenized samples were sonicated and spun at 10,0009 at 4°C for 10 minutes to remove

cell debris, and the clear supernatant of the lung homogenate samples were used for total protein.
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2.3.3 Histopathological analysis:

Formalin fixed lung tissues were embedded in paraffin and later sectioned onto glass slides (3-5um).
The lung tissue sections were stained with Hematoxylin & Eosin (H&E) to assess for lung injury and
with Masson’s trichrome staining to assess for collagen deposition in the lung, which is a marker of
fibrosis. Lung injury was scored from the H&E staining on the basis of the report from the official
workshop report by the American Thoracic society that was written to  distinguishing the features of
acute lung injury [53]. The extent of lung fibrosis was determine by evaluating the Ashcroft score as
done previously [54]. The mean score from each lung section was computed after observing and
assessing multiple fields from each lung section separately and averaging them in a blinded manner.
2.3.4 Sircol assay:

Acid-soluble collagen levels in the lung tissue were measured using Sircol soluble collagen Assay
(Biocolor Ltd., Newtownabbey, Northern Ireland). This technique has been widely used to determine
the new synthesized soluble collagen (in case of remodeling of the extracellular matrix during the
repair and regeneration process), that is recovered from soft mammalian tissue, including the lungs.
On the other hand, the insoluble collagen is the abundant, residual collagen present in mammals to
retain biophysical function and shape. The right lung homogenate was mixed with Sircol dye and
rotated overnight at 4°C. They were cleared by centrifugation at 12,0009 for 15 min. The pellet was
washed with acid salt wash reagent provided by the supplier and finally suspended in alkali reagent.
The readings were taken at 555nm and the values were presented as micrograms of acid-soluble
collagen levels per right lung.

2.4 Cells and reagents:

Beas2B cells were purchased from ATCC (Manassas, VA) and cultured in DMEM (Corning Inc.,

Corning, NY) medium supplemented with 10% FBS (Millipore Sigma, St. Louis, MO) and 1%

16



Pen/strep. Primary HBEpCs (passage 2) were purchased from Lonza (Rockville, MD) and cultured in
serum free basal essential growth medium (BEGM) and supplemented with growth factors provided
by the supplier. Cells were incubated at 37 °C in 5 % CO2 and 95 % air to ~ 80 % confluence and
subsequently propagated in 100-mm or 35-mm fibronectin-coated dishes. All experiments were
carried out between passages 3 to 6. PLD1 inhibitor, VU0155069 and PLD?2 inhibitor, VU 0364739

were obtained from Cayman Chemical (Ann Arbor, Ml).

2.5 Phospholipase D activity and expression: Phospholipase D (PLD) activity was measured using
Amplex Red Phospholipase D Assay Kit (Thermofisher Scientific, Waltham, MA). The cell lysates were
incubated with the reaction mixture for 37°C in the dark. PLD activity present in the cell lysates cleaves
the lecithin (phosphatidylcholine) substrate in the reaction mixture to produce choline and phosphatidic
acid. The choline oxidase that is present in the reaction mixture oxidizes choline to betanine and H20..
The Kit indirectly measures PLD activity by measuring the fluorescence intensity of the resorufin resulted
from reaction with H2O>. The fluorescence was measured at 540nm. The expressions of PLD1 and PLD2
in cell lysates and tissue homogenates were determined using western blotting from cell lysates with and

without bleomycin challenge.

2.6 Western blotting: The lung tissue or cell lysates were subjected to SDS-PAGE on a 10% or 4-20%
gel pre-cast gel (Invitrogen, Carlsbad, USA) run at constant voltage (225 V) and transferred to
nitrocellulose membranes (Bio-Rad, Hercules, CA). The membrane was blocked for 1h at room
temperature in blocking buffer (Tris-buffered saline + Tween 20 with 1% BSA) to reduce non-specific
binding. The membrane was then incubated with the respective primary antibody overnight. The primary
antibodies used were PLD1(#3832), PLD2 (#13891), PARP (#9542), and Caspase-3 9#9662) (1:1000
dilution Cell Signaling, Danvers, MA); B-Actin (1:10,000 dilution, #A5441 MilliporeSigma, St. Louis,

MO); AcMnSOD K68 (1:1000 dilution, #137037 Abcam, Cambridge, UK), SOD (1:1000 dilution, #
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18504 Santa Cruz, Dallas, TX). After four 10-min washes with TBST, membranes were incubated (1 h)
with the respective secondary antibody in TBST containing 1% BSA. Species specific horseradish
peroxidase secondary antibodies were obtained from Biorad (Hercules, CA). The membranes were rinsed
again four times with TBST for ten minutes each time, and the bands were detected using Supersignal
luminol enhancer (Perbio Science UK Ltd., Cheshire, UK) followed by exposure to blue-light—sensitive
X-ray film (Hyperfilm; Amersham Biosciences UK Limited, Little Chalfont, UK). Equal protein loading
was verified by re-probing membranes with anti-f-actin antibody. The relative intensities of protein bands
(relative density units) were quantified by scanning densitometry using ImageJ software (Molecular

Dynamics, Sunnyvale, CA).

2.7 Mitochondrial ROS generation: Mitochondrial superoxide generation in Beas2B cells upon
bleomycin challenge was determined by using MitoSOX™ red mitochondrial superoxide indicator
(Thermofisher Scientific, Waltham, MA). The effect of inhibiting PLD activity on bleomycin induced
superoxide generation was evaluated by pre-incubating the cells with 250 nm PLD1 inhibitor
(VU0155069), 500nM PLD2 inhibitor (VU 0364739) or a combination of both the inhibitors for 3 h prior
to bleomycin challenge (1 h). After bleomycin challenge, cells were loaded with 5uM MitoSOX™ reagent
for fifteen minutes at 37°C and then washed two times in phenol-red free media. The cells were examined
under Nikon Eclipse TE 2000-S fluorescence microscope and pictures were captured on a Hamamatsu

digital charge-coupled device camera (Japan) using a 60X objective lens.

2.8 Mitochondrial DNA damage: We assessed mitochondrial and nuclear DNA damage by Q-PCR as
we have previously described [55]. Genomic DNA, including both nuclear and mitochondrial DNA
(mtDNA), was extracted using Qiagen Genomic-Tip 20G and Qiagen DNA Buffer Set (Qiagen,
Gaithersberg, MD, USA) and was assessed by Q-PCR (Thermo Fisher Scientific, Waltham, MA). DNA

was quantified by Pico-green (Thermo Fisher Scientific) using the FL600 Microplate Fluorescence Reader
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(Tecan, Mannendorf, Switzerland) parameters excitation and emission wavelengths 485 and 530 nm. Data
obtained from the small fragments was subsequently used to normalize the results of the mitochondrial
long fragment. To compare the levels of DNA lesion in each tested region of the mitochondrial genome,
two mtDNA fragments of different lengths (long fragments ranging from 972 to 1037 bp and small
fragments from 54 to 87 bp, respectively), located in the same mitochondrial genomic region were used.
The number of mitochondrial lesions was calculated by using the following equation: D= (1 —
2 (Along=ashort)) % 10,000 (bp)/size of the long fragment (bp). The effect of PLD2 inhibition on mtDNA
damage was be evaluated by pre-incubating the cells with 250nm PLD1 inhibitor (VU0155069) and
500nM PLD?2 inhibitor (VU 0364739) and a combination of both for 3hr. In separate experiments, the
cells were also pre-incubated with mito TEMPO three hours prior to bleomycin challenge (24 h), to study

the impact of blocking mitochondrial superoxide on mt DNA damage.

2.9 Bronchial epithelial cell apoptosis: The effect of inhibiting PLD activity on bleomycin induced
apoptosis was evaluated by pre-incubating the cells with 250nm PLD1 inhibitor (VU0155069), 500nM
PLD2 inhibitor (VU 0364739) or a combination of both the inhibitors for 3 h prior to bleomycin challenge
(24 h). The cell lysates were subjected to Western blotting for Caspase-3, PARP, cleaved of Caspase-3
and PARP fragments, which were markers of apoptosis. Another alternative approach to determine
apoptosis was by flow cytometry analysis using FITC Annexin V Apoptosis detection kit from BD
Biosciences (San Jose, CA). After bleomycin treatment for 24 h, the cells were collected using dissociation
buffer, washed with ice cold PBS. The cells were suspended in 300 pl binding buffer prior to being loaded
with 10pL of Annexin V-FITC, then gently vortexed and incubated for 10 min at 4 C in the dark. 3uL of
PI was added to each tube for another 5 min at 4°C in the dark. The cells were evaluated for annexin V-

FITC and PI binding by Beckman Coulter's Gallios flow cytometer.
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2.10 Statistical Analysis: Experimental results are expressed as means + SD of triplicate values from
three independent experiments. All results were subjected to statistical analysis using one-way ANOVA
and, whenever appropriate, analyzed by Student-Newman-Keul’s test p < 0.05 was considered statistically

significant.
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3. RESULTS

3.1 PLD expression in IPF and bleomycin-induced lung tissues:

Lung tissues from ten normal subjects and ten IPF patients were subjected to Western blotting. It was
found that the PLD2 expression was upregulated in the lung homogenates of IPF patients than those of

control subjects (Figure.6A and 6B), as quantified in 6C.

The mice were given bleomycin (1.5U/Kg) intratracheally and the mouse lungs were harvested on Day
14. The whole lung tissue lysates were subjected to immunoblotting for PLD1 and PLD2. It was observed
that there was an increase in protein expression of PLD2 in lung tissue lysates of bleomycin-challenged
mice than control mice, but there was no change in the protein expression of PLD1, as seen in Figure, 6D
and quantified as the fold change w.r.t -actin (Figure.6E). PLD2 expression is elevated in the lung tissues
of mice challenged with bleomycin. This lung tissue lysates are inclusive of all the cell types present in

the lung. This revealed that PLD2 may have important role to play in pulmonary fibrosis.
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Figure 6: PLD2, but not PLD1 is up-regulated in lung tissues obtained from patients with IPF and
bleomycin-challenged mice. Protein expression of PLD1 (A) and PLD2 (B) in lung homogenates from
patients with IPF and donor control subjects as determined by Western blotting. C) Band intensities of
PLD1 and PLD2 were quantified and normalized with B-Actin using ImageJ software. (D) C57BL/6 mice
(6-8 weeks, male and female; n=4) were challenged with sterile PBS or bleomycin (1.5 U/kg in mouse)
intratracheally and lungs were harvested on Day 14 post-bleomycin challenge. Protein expression of PLD1
and PLD2 in whole-lung homogenates was determined by western blotting. E.) Band intensities of PLD1
and PLD2 were quantified and normalized with B-Actin using ImageJ software. * p < 0.05

3.2 PLD expression in different cell types in IPF lung tissues:
PLD2 expression was found to be elevated in whole lung tissue lysates in IPF patients, which encompasses
epithelial cells, endothelial cells, fibroblasts, among other cell types in the lung. To identify if the increased

PLD2 expression is predominant in epithelial cells of the lung, epithelium being the first line of injury
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during any insult to the lung; the paraffin embedded sections from normal and IPF patients were subjected
to immunohistochemical staining for PLD2 and a cytokeratin marker to stain for epithelial cells in the
lung. Increased PLD2 expression in IPF lung tissue sections was observed as compared to normal lung
sections (Figure.7). Interestingly, PLD2 expression was not just increased in epithelial cells of the fibrotic

lung, but also in other cell types present in the fibrotic foci.

Control

Figure 7: PLD2 staining in IPF lung tissue sections: Immunohistochemical staining was performed to
determine the expression and localization of PLD2 in lung tissues from control subject and patients with
IPF. Red regions indicate increased PLD2 expression in IPF specimens compared to control subjects.

IPF

PLD2; Cytokeratin Marker; DAPI
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3.3 Genetic deletion of PI1d2 in mice attenuates bleomycin induced lung injury and inflammation:
The role of PLD2 in bleomycin mediated inflammation in mouse lung was studied by whole body genetic
deletion of PLD2 in mice. Pld2” mice were viable and had similar phenotype to that of wild type mice
as reported [56] (data not shown). Western blot analysis of the lung tissues showed that PLD2 expression

in P1d2” mice was almost knocked down (> 90%), without affecting PLD1 expression (Figure. 8A).

In bleomycin-induced PF, there is an initial inflammatory cascade in the mice lung that peaks at day 7
upon single-instillation of bleomycin to the mouse[57]. To validate the role of PLD2 in bleomycin-
induced pulmonary fibrosis, wild-type and Pld2” mice were challenged intratracheally with bleomycin
(1.5 U/kg body weight) or sterile physiological saline and were evaluated for lung inflammation on day
7 post challenge. Bleomycin challenge of wild-type mice significantly increased lung damage as
evaluated by H&E staining (Figure. 8 B &C), pulmonary leak as determined by elevated protein in
bronchoalveolar lavage (BAL) fluid (Figure.8 D), infiltration of pro-inflammatory cells such as
neutrophils and macrophages (Figure. 8 E & F) and IL-6 and TGF-B (Fig. 8G), which were attenuated

in PId2 knockout mice challenged with bleomycin (Figure. 8B-G).
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Figure 8: Genetic deletion of PId2 protects mice against bleomycin induced lung injury and inflammation.
Male and female C57BL/6 Wild Type (WT) and PId2”- mice (n=4 per group) were challenged
intratracheally with bleomycin (1.5 U/kg in 50ul PBS) or sterile PBS and were sacrificed on Day 7 post
bleomycin administration. Lungs were lavaged with sterile PBS solution, and the bronchoalveolar lavage
(BAL) fluids were collected and analyzed as described in METHODS. Lung tissue sections were fixed in
formalin and stained with hematoxylin and eosin (H&E) staining. (A) A representative Western blot
showing PLD1 and PLD2 expression in WT and PId2”- mice. (B) Representative H&E photomicrographs
of lung sections obtained from WT and PId2”- mice, scale bar = 100 um. (C) Acute lung injury score for
each group. BAL fluids were analyzed for (D) total protein concentration, (E) total cell counts, (F)
differential cell counts, and IL-6 and TGF-p levels. * p < 0.05, and ** p < 0.005
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3.4 Pld2”- mice are protected from bleomycin induced pulmonary fibrosis:

In bleomycin-induced PF, after the initial inflammatory cascade, there is onset of fibrosis from Day 10
and by Day 21, there is extensive fibrosis followed by reversal after day 28 post-bleomycin challenge
[58]. To assess the role of PLD2 in bleomycin-induced fibrosis, wild type and Pld2”- mice were treated
with bleomycin, and lung tissues were harvested on day 21 and 28 post-bleomycin challenge. The BAL
fluid was collected from the mice and the left lung was harvested for histology and right lung was
harvested for other analysis. On Day 21, the bleomycin-induced significant lung tissue scarring in of wild
type mice, whereas the lung tissues from PId2”- mice were trending towards normal lung architecture, as
seen from the Trichrome staining (Figure.9A) and quantified by the Ashcroft score (Figure. 9B).
Furthermore, bleomycin- mediated soluble collagen levels, as measured by Sircol assay, were reduced in
mice Pld2”- mice compared to wild type mice (Figure. 9C). The expression of fibrogenic proteins like
fibronectin (FN) and collagen in the whole lung tissue lysates after bleomycin administration was
significantly reduced in PId2”- mice than wild type mice (Figure. 9 D). Bleomycin-induced apoptosis in
the lung, as determined by TUNEL+ cells in the lung tissue sections after TUNEL staining, was

significantly reduced in Pld27- mouse lung as compared to wild-type (Figure. 9 E&F).
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Figure 9: Genetic deletion of Pld2 protects against bleomycin induced lung fibrosis in mice. Wild Type
(WT) and PId2” mice were challenged intratracheally with bleomycin (1.5 U/kg in 50ul PBS) or sterile
PBS and were sacrificed on Day 21 post bleomycin administration. (A) Representative photomicrographs
of Masson’s Trichrome staining of lung tissue sections from WT and PId2” mice with or without
bleomycin challenge; the blue color indicating the collagen deposition. Scale bar = 100 um. (B) Ashcroft
score of lung sections. (C) Acid soluble collagen level in the lung tissue determined by Sircol Assay. (D)
A representative Western blot showing protein expression of fibrotic markers, fibronectin and COL1A2
in the lung tissue with and without bleomycin challenge on day 21. (E) Representative photomicrographs
of TUNEL staining of the lung tissue sections. Apoptotic nuclei are stained brown and marked by arrows.
(F) The number of TUNEL-positive cells per field in the lung sections. * p < 0.05, and ** p < 0.005.
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3.5 Genetic deletion of Pld1 (Pld17) attenuates bleomycin-induced lung inflammation in mice:
Although PLD1 expression was not altered in lungs of IPF patients and bleomycin challenged mice
(Figure 6), bleomycin has been shown to enhance total PLD activity in endothelial cells [44]. Therefore,
in addition to PLD2, we also investigated the effect of genetic deletion of PLD1 in bleomycin-induced

lung inflammation and pulmonary fibrosis in mice.

The role of PLD1 in bleomycin mediated inflammation in mouse lung was studied by whole body genetic
deletion of PLD1 in mice. Pld1”- mice were viable and had similar phenotype to that of wild type mice as
reported [59]. (data not shown). To validate the role of PLD1 in bleomycin-induced pulmonary fibrosis,
wild-type and Pld1” mice were challenged intratracheally with bleomycin (1.5 U/kg body weight) or
sterile physiological saline and were evaluated for lung inflammation on day 7 post challenge. Bleomycin
challenge of wild-type mice significantly increased lung damage as evaluated by H&E staining (Figure
10 A & B), pulmonary leak as determined by elevated protein in bronchoalveolar lavage (BAL) fluid
(Figure 10 C), infiltration of pro-inflammatory cells such as neutrophils and macrophages (Figure 10 D
& E) and IL-6 and TGF-B (Figure 10 F), which were attenuated in Pld2 knockout mice challenged with

bleomycin (Figure 10 A-F).

28



Wild Type PLD1 KO B. C.
% Qe S PR TR > - *
) — — *
o = —
[e) 3 0.8 * % - E
'E g g’ > |*— ——
S E 5l F
2 G
> 0.4 .; (&) '?'
) £
& Q1
£ 2021 o 3
E -1 00 3 | ewee swws
o ‘ WT PAT” @ WT Pld1”
% e Control = Bleomycin e Control = Bleomycin
D. i E F. ** *
= — * £ 404 LT 1 —
-ng 1.5 *k * %k "2 60 * * g lﬁl l; l%
(=) — [ | ~m M 2 _
< —:E' g z |L| © 77 304 3 ”
= 9 e * *% £ E M
8 10 a 3 —E' 40 ; [ B | gD
: + i I *
[ T © O
(=] ‘! -~ O
= wf
g 0.5 S = .g g 101 g L
[T} 5 = «
o | o= £ e - " g v @
0 T T 3 L M v A o T T 7 T T T Wz
2" PIaT WT Pt WT  Pid1” WT  Pld1” WT  Pid1”
o Neutrophils Macrophages
e Control = Bleomycin P Phag IL-6 TGF-B
e Control = Bleomycin e Control = Bleomycin

Figure 10: Genetic deletion of PLD1 protects against bleomycin induced lung injury and inflammation:
Wild Type (WT) and PIld1-/- mice were challenged with bleomycin (1.5 U/kg in 50 ml of PBS
intratracheally, and were sacrificed on Day 7 post-administration. Lungs were lavaged with sterile PBS
solution, and the bronchoalveolar lavage (BAL) fluids were analyzed as described in METHODS, and
lung tissue sections were fixed in formalin and stained with hematoxylin and eosin (H&E) staining. (A)
Representative H&E photomicrographs of lung sections obtained from WT and Pld2-/- mice, scale bar =
100 um. B.) Acute lung injury score in each group. BAL fluids were analyzed for (C.) total protein
concentration, D) total cell counts (E) differential cell counts (F.) IL-6 and TGF-f secretion. * p < 0.05,
and ** p < 0.005 n=4 mice per group.
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3.6 Genetic deletion of Pld1 (Pld17) attenuates bleomycin-induced lung fibrosis in mice:

To assess the role of PLD2 in bleomycin-induced fibrosis, wild type and Pld1”- mice were treated with
bleomycin, and lung tissues were harvested on day 21 post-bleomycin challenge. The BAL fluid was
collected from the mice and the left lung was harvested for histology and right lung was harvested for
other analysis. On Day 21, the bleomycin-induced significant lung tissue scarring in of wild type mice,
whereas the lung tissues from Pld1” mice were trending towards normal lung architecture, as seen from
the Trichrome staining (Figure 11A) and quantified by the Ashcroft score (Figure 11B). Furthermore,
bleomycin- mediated soluble collagen levels, as measured by Sircol assay, were reduced in mice Pld1™
mice compared to wild type mice (Figure 11 C). Bleomycin-induced apoptosis in the lung, as determined
by TUNEL+ cells in the lung tissue sections after TUNEL staining, was significantly reduced in Pld2”

mouse lung as compared to wild-type (Figure 11 D & E).

Genetic knockdown of Pld1 (Pld1”) also attenuated bleomycin-induced lung inflammation and
pulmonary fibrosis as compared to wild-type mice challenged with bleomycin; however, the protection
was much lower compared to Pld2 knock down in mice. These results suggest that genetic deletion of
Pld1 or Pld2 confers protection against bleomycin-mediated lung fibrosis and PLD1 could compensate
for PLD2 or vice versa in the knock out mice, which affects the development and progression of

bleomycin-induced lung inflammation and PF in mouse lung.
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Figure 11: Genetic deletion of PLD1 protects against bleomycin induced fibrosis in mice: Wild Type
(WT) and PId1-/- mice were challenged with bleomycin (1.5 U/kg in 50 ml of PBS intratracheally, and
were sacrificed on Day 21 post administration. A. Representative photomicrographs of Masson’s
Trichrome staining of lung tissue sections from WT and Pld1-/- mice, the blue color indicating the
collagen deposition. Scale bar = 100 um. B. Ashcroft score C. Acid soluble collagen level in the lung
tissue determined by Sircol Assay D. Representative photomicrographs of TUNEL staining of the lung
tissue sections. Apoptotic nuclei are stained brown and marked by arrows. E. The number of TUNEL-
positive cells per high-power field in the lung sections. * p < 0.05, ** p < 0.005

3.7 Bleomycin enhances PLD expression and activity in epithelial cells and increases mitochondrial

ROS:

In IPF lung specimens and lung tissues from bleomycin-challenged mice, immunohistochemistry revealed
enhanced PLD2 expression in fibrotic foci as well as in endothelial and epithelial cells (data not shown).
As lung epithelial cells play an important role in fibrogenesis, we sought to investigate in vitro the

mechanism(s) by which PLD regulates bleomycin-induced lung inflammation and pulmonary fibrosis.
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Total PLD activity and expression of PLD2, but not PLD1, was increased human bronchial epithelial cell
line, Beas2B challenged with bleomycin for 24 h (Figure 12 A-C). These results show enhanced PLD
activity and PLD2 expression in primary epithelial cells and an epithelial cell line, which could be used
for studies related to mechanism(s) on regulation of fibrogenesis by PLD. At initial hours of bleomycin
challenge, it was found to induce mitochondrial superoxide generation, as was seen by the enhanced

fluorescence intensity of Mito SOX. (Figure 12 D, E).
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Figure 12: Bleomycin enhances PLD activity, PLD2 protein expression and mitochondrial ROS
generation in Beas2B cells. Beas2B cells were challenged with 10mU bleomycin for 24 hrs. A. PLD
activity was measured by Amplex™ Red assay kit. (B). Representative Western blot of PLD1, PLD2 and
B-actin in total cell lysates from three independent experiments in triplicate. (C), Quantification of the
Western blots based by densitometry and fold changes were normalized to $-actin. Further, Beas2B cells
were challenged with 10mU bleomycin for different time-points * p < 0.05, ** p < 0.005. D.)
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Representative images of Mito SOX staining from three independent experiments. E.) quantification of
the fluorescence intensity of Mito SOX.

3.8 PLD regulates bleomycin-induced mitochondrial superoxide generation and modulation of

oxidative stress in lung epithelial cells:

Recent studies suggest a role for mitochondrial- and NOX-dependent ROS generation in promoting
pulmonary fibrosis in IPF and bleomycin murine model of lung fibrosis [60]. Also, we and others have
demonstrated a role for PLD mediated generation of phosphatidic acid (PA) signaling in hyperoxia- or
phagocyte-induced ROS generation [61]. Bleomycin challenge results in alveolar epithelial injury
leading to activation and proliferation of myofibroblasts[62]; therefore we investigated the role of PLD
in bleomycin-mediated mitochondrial superoxide production and regulation of antioxidant enzymes like
MnSOD in lung epithelial cells. MnSOD acetylation indicates inactivation of the enzyme, thus leading

to impaired oxidative stress induced repair[63].

Challenge of Beas2B cells with bleomycin enhanced mitochondrial superoxide production as quantified
by Mito SOX staining, which was blocked by pretreatment of cells with specific PLD1 inhibitor,
VU0155069 (250 nM) or PLD2 inhibitor, VU0364739 (500nM) (Figure 13A & B). As blocking PLD1
or PLD2 separately reduced bleomycin-induced mitochondrial ROS generation by ~30% compared to
cells with no inhibitor, cells were pre-incubated with both PLD1 and PLD2 inhibitors to determine the
mitochondrial superoxide production. Pretreatment with PLD1 and PLD2 inhibitors together reduced the
mitochondrial ROS generation by bleomycin ~60% as compared to control cells (Figure 13B). Further,
it was also observed that there was increased acetylation of MnSODX® in Beas2B cells challenged with

bleomycin which was reverted by PLD2 inhibition, as determined by western blotting (Figure 13 C),
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and quantified (Figure 13 D). These results suggest that PLD1 and PLD2 are involved in bleomycin-

induced mitochondrial superoxide generation and modulation of the antioxidant enzymes in Beas2B

cells.
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Figure 13: Inhibition of PLD1 and PLD2 activity attenuates bleomycin-induced mitochondrial ROS
generation and modulation: Beas2B cells grown in 35-mm dishes (~90% confluence) were pre-treated
with 250nM PLD1 inhibitor (VUO0155609), 500nM PLD2 inhibitor (VU 0364739) or 250 nM
VU0155609 + 500 nM VU0364739 for 3h prior to bleomycin challenge (10mU/ml) for 1 hr. Cells were
then incubated with Mito SOX™ red reagent for 15 min and later subjected to two washes with phenol
red free media. (A) Representative images of MitoSOX staining, a measure of mitochondrial superoxide
generated. (B) Quantification of the fluorescence intensity of MitoSOX by Image J. In separate
experiments, the cells lysates were harvested and analyzed by Western blotting for MnSOD acetylation
at K68. (C.) Bleomycin was found to enhance acetylation of MnSOD® in Beas2B cells which was found
to be attenuated by blocking PLD. (D.) Quantification of the Western blots by densitometry/Image J
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analysis and fold changes were normalized to total MnSOD and B-actin. Values are means + SD of three
independent experiments. * p < 0.05, ** p <0.005

3.9 Inhibition of PLD attenuates bleomycin-induced mitochondrial DNA damage in lung epithelial

cells:

Recent evidence implicates uncontrolled generation of mitochondrial superoxide by agents such as
bleomycin and asbestos induces mitochondrial DNA damage and pulmonary fibrosis [48, 64]. Having
demonstrated a role for PLD in bleomycin-induced mitochondrial superoxide generation, next we assessed
whether PLD regulates mitochondrial DNA damage using a Q-PCR based assay, which determines both
nuclear and mitochondrial DNA [55]. Treatment of Beas2B cells with mito TEMPO (100uM), a scavenger
of mitochondrial ROS, decreased mitochondrial superoxide and mitochondrial DNA damage (Figure 14
A). Pretreatment of Beas2B cells with VU0155069 (PLD1-selective) or VU0364739 (PLD2-selective)
reduced bleomycin-induced mitochondrial DNA damage by almost four-fold (Figure 14B). Simultaneous
addition of PLD1 and PLD?2 inhibitors to cells did not further reduce bleomycin-induced mitochondrial
DNA damage (Figure 14 B). Collectively, these data show that activation of PLD leads to mitochondrial

ROS mediated mitochondria DNA damage in lung epithelial cells.

35



A C g e Control m  Bleomycin
€ * ¥k £
E I 1 o 1.51 *

© . 1

= 0.6+ % . = *x k%
g o E’_ 1ol (o B e W |
. g I.

58 04 EZ

E = T C

5 2 <2

T g 0.2- Zg

<z ¢ !f Qs >

Z 9 o_Pi i f ‘é"éo.o*ﬂ""'\—* % P
L=

b= g 00 :1L o
o -E -0.5 T T T T T T T T T
= o 5 E £ E 3 E E E
c .02 . . . . r ? £ E E E £ £ E E
2 Control MitoTEMPO Control MitoTEMPO = 8§ 3 8 % § 83 8 %
Q . . o o [m] a o (]
= Nuclear Mitochondrial T T

] Nuclear Mitochondrial

Figure 14: Inhibition of mitochondrial superoxide generation and PLD attenuates bleomycin-induced
mtDNA damage in bronchial epithelial cells: (A) Beas2B cells grown in 35-mm dishes (~90% confluence)
were treated with Mito Tempo (100 uM) for 3 h prior to exposure to bleomycin (10 mU/ml) for 24 h. (B)
Beas2B cells in 35-mm dishes (~90% confluence) were pre-treated with 250nM PLD1 inhibitor
(VU0155609), 500nM PLD2 inhibitor (VU 0364739) or a mixture of 250 nM PLD1 and 500 nM PLD2
inhibitors for 3 h prior bleomycin challenge (10mU/ml) for 24 h. MtDNA damage was determined by
gPCR-based measurement using isolated whole genomic DNA-both mitochondrial and nuclear DNA as
indicated in Methods. DNA damage was expressed as the ratio of lesion frequency per fragment. Values
are means + SD from three independent experiments in triplicate. * p < 0.05, ** p <0.005

3.10 Inhibition of PLD attenuates bleomycin-induced epithelial cell apoptosis:

There is compelling evidence implicating that oxidative-stress mediated mitochondrial DNA damage
promotes epithelial cell apoptosis and pulmonary fibrosis [48]. Having shown a role for PLD in
bleomycin-induced mitochondrial DNA damage via mitochondrial ROS, we next studied the effect of
PLD inhibition on bleomycin-induced epithelial apoptosis. Blocking mitochondrial ROS using 100uM
mitoTEMPO reduced bleomycin-induced apoptosis in Beas2B cells (Figure 15A-D) as determined by
cleaved PARP and Caspase 3 and flow cytometry of Annexin V and PI positive cells. Further, inhibition

of both PLD1 and PLD2 simultaneously was more effective in attenuating bleomycin-induced apoptosis

36



(Figure 15 E-J). These results support an important role for PLD in oxidative stress mediated bleomycin

induced epithelial cell apoptosis.
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Figure 15: Inhibition of mitochondrial superoxide generation and PLD activity attenuates bleomycin
induced apoptosis in bronchial epithelial cells: Beas2B cells grown in 35-mm dishes (~90% confluence)
were treated with Mito Tempo (100 uM), 250nM PLDI1 inhibitor (VU0155609), 500nM PLD2 inhibitor
(VU 0364739), or a combination of 250 nM PLD1 and 500 nM PLD?2 inhibitors for 3 h prior bleomycin
challenge (L0mU/ml) for 24 h. Programmed cell death following bleomycin challenge was determined by
cleavage of Caspase-3 & PARP, indicators for apoptosis and flow cytometry of Propidium iodide/annexin
V positive cells. (A) Protein expression of Caspase-3 and PARP in the cell lysates from cells with or
without Mito tempo after Western blotting. (B & C) Quantification of cleaved Caspase-3 and PARP from
(A) by densitometry and Image J analysis and data were normalized to B-Actin levels. (D & E) Beas2B
cells were exposed to bleomycin in the absence or presence of Mito Tempo as in (A) and apoptosis was
quantified by flow cytometry analysis, which can sort early apoptotic and late apoptotic cells by labelling
the cells with Annexin V and Propidium idodide (P1). (F-H) Cell lysates from control and PLD1, PLD2
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and PLD1 + PLD2 inhibitor treated cells with and without bleomycin challenge were analyzed by Western
blotting for cleaved PARP and Caspase-3 and total (-actin. The band intensities were quantified by
densitometry and Image J. Shown is a representative blot from three independent experiments. (I & J)
Cells pre-treated with PLD1, PLD2 or PLD1 +PLD?2 inhibitors in the presence or absence of bleomycin
(10mU/ml) for 24 h were analyzed by flow cytometry. Shown is a representative dot plots of annexin V
and PI staining. The Annexin V+/P1+ were the late apoptotic cells

cells as seen in C++ quadrant, and Annexin V+/P1- cells were early apoptotic cells as seen in C+-. (J) the
percentage of late apoptotic cells were quantified. * p < 0.05, ** p < 0.005
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4. DISCUSSION

Idiopathic pulmonary fibrosis is a progressive disease of unknown etiology leading to mortality, due to
lack of effective therapeutic strategies. One of the most important mechanisms in IPF is repeated injury
to the lung epithelium that leads to its dysfunction through dysregulated wound repair. Abnormal
bronchiolar and hyperplastic type Il epithelial cells that line the honeycomb regions are distinctly present
in IPF tissues in addition to fibroblastic foci containing fibroblasts and myofibroblasts[65]. The lung
epithelium being the first line of injury during any insult to the lung; elucidating the altered signaling
mechanism in the lung epithelium is necessary to identify therapeutic strategies for the disease. Here, we
provide in vivo evidence demonstrating that genetic knocking down of PId2 in mice rendered protection
against bleomycin-induced lung injury and inflammation, as seen by the histological changes in the lung
on day 7 after bleomycin instillation, cytokine analysis, and infiltration of cells into the bronchoalveolar
lavage fluid (Figure 8). Further, bleomycin induced fibrosis in the lung was attenuated in Pld2” mice, as
seen in the reduction in collagen deposition in the lung and the expression of fibronectin on day 21 (Figure
9). Also, the recovery from bleomycin induced fibrosis as seen on Day 28 upon bleomycin instillation was
enhanced in Pld27- mice than in wild type mice (data not shown). PId27- mice were only partially protected
against bleomycin-induced PF, which might be due to the compensatory role of PLD1. We also found that
knockdown of PId1 in mice also offered some protection against bleomycin induced PF, though not
comparable to Pld2 deficient mice. These results established that genetic ablation of Pldl or Pld2
ameliorated bleomycin induced PF. Further, we demonstrated for the first time that down-regulation of
PLD2 or inhibition of PLD2 activity attenuated bleomycin-induced mitochondrial DNA damage and
apoptosis of alveolar epithelial cells suggesting that PLD2 may be a potential therapeutic target against

lung fibrosis.
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Of the six PLD isoforms, PLD1-6, only PLD1 and PLD2 exhibit catalytic activity [21], and hydrolyze
phosphatidylcholine (PC) to phosphatidic acid (PA) and choline[41]. In addition to PC, PLD1 and PLD2
can also use other phospholipid such as phosphatidylethanolamine, and phosphatidylserine as
phospholipid substrates and mitochondrial PLD6 utilizes cardiolipin to generate PA. In the present study,
lung tissues from IPF patients and bleomycin induced murine model of fibrosis showed enhanced PLD2
expression compared to PLD1; however, PLD1, but not PLD2, expression was increased in DMN-induced
rat liver fibrosis [42]. Further, blocking PLD activity with N-methylethanolamine (MEA) reduced rat liver
fibrosis by DMN by modulating TIMP1 and collagen 1A1 expression[42] with no change in TGF-  and
MCP1 expression. Genetic deletion of Pld2 or inhibition of PLD2 with a specific inhibitor reduced
bleomycin-induced FN and COL1Al expression suggesting a role for PLD2 activity in regulating
bleomycin mediated fibrogenic and extracellular matrix proteins. In contrast to requirement of PLD1 or
PLD2 activity in the development of liver or lung fibrosis, respectively, mice subjected to either folic acid
(FA) or surgical unilateral ureteral obstruction (UUQO) developed kidney fibrosis, which was dependent
on expression of PLD4 [32]. PLD4 is a transmembrane glycoprotein, has no enzyme activity, and unlike
PLD1 and PLD2, lacks Phox (PX) and pleckstrin homology (PH) domains in the N-terminal region and
two conserved His-x-Lys-x-x-x-x-Asp sequence (X is HKD) motifs in the C-terminus region. Global or
proximal tubule epithelial cell specific PLD4 knockdown conferred protection against FA- or UUO-
induced kidney fibrosis in mice [32]. While the mechanism of PLD4 in the development of FA- or UUO-
induced kidney fibrosis is unclear, PLD4 was found to interact with neutral elastase, and neurotropic
receptor tyrosine kinase (TrkA) 1 to modulate mitogen-activated protein kinase in proximal tubule
epithelial cells [32]. PA generated through PLD pathway is an important second messenger and has been
implicated in cell migration [66], proliferation [67], cytoskeletal reorganization [68], NADPH oxidase

activation [69], and vesicular trafficking[70]. Further, PLD derived PA serves as a precursor for
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diacylglycerol (DAG) and lysophosphatidic acid (LPA), which are bioactive lipid mediators involved in
cell signaling and function. Lipid phosphate phosphatases hydrolyze PA to DAG [71], which activates
classical and atypical PKC isoforms including PKC a, B and & in mammalian cells. TGF- stimulated
collagen synthesis was dependent on PKC § activation in human lung fibroblast [72] while PKC BII and
PKC 6- mediated inactivation of p38 MAPK signaling modulated cardiac fibroblast proliferation and
collagen deposition [73]. However, in human lung fibroblasts, CCL18 stimulated collagen production was
PKC a, but not PKC & or PKC & dependent [74]. The contradictory role of various PKC isoforms in
collagen production in fibroblasts is unclear but may be related to different stimuli and types of fibroblasts
used. LPA is another lipid second messenger that has been implicated in IPF and bleomycin-induced
pulmonary fibrosis [75]. LPA is generated either from PA by the action of PA specific phospholipase Al
or A2 [76, 77] or from lyso PC by autotaxin (ATX) [78]. Genetic deletion of LPAL and LPA2 in mice or
inhibition of ATX protected mice from bleomycin-induced pulmonary fibrosis [75, 79, 80]. However, a
recent study has demonstrated that ATX activity, although increased following bleomycin-induced lung
injury, may not be required for pulmonary LPA production or fibrosis [81]. Further studies are necessary

to determine the role of PLD1 and/or PLD?2 in local generation of LPA and its role pulmonary fibrosis.

A novel finding of this study is the role of PLD2 in regulating bleomycin-induced mitochondrial ROS
generation, which can lead to mitochondrial DNA damage and apoptosis in lung epithelial cells.
Superoxide is an important oxidant that regulates the oxidative stress, apart from hydrogen peroxide, and
hydroxyl radical [82]. Physiologically, low levels of ROS are generated in cells, which are essential for
various cellular processes like gene expression, migration, proliferation and differentiation[83]. However,
in case of excess ROS generation, as in the case of IPF, the redox equilibrium is disrupted and there is
oxidative stress induced damage in the cells and tissues [84]. Enhanced generation of ROS resulting in

oxidative stress has been implicated in bleomycin-induced pulmonary fibrosis[85] and IPF [86]. Oxidative
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stress causes lung epithelial cell apoptosis, differentiation and proliferation of lung fibroblasts and
modulation of TGF-f signaling through Smad pathway [87], which is central to fibrogenesis. Hydrogen
peroxide derived from NADPH oxidase (Nox) 4 and superoxide from mitochondrial electron transport
chain are two major source of ROS generated in bleomycin model of lung fibrosis and IPF [49, 85, 88].
Recent evidence shows that inhibition of TGF-p-induced mitochondrial ROS generation attenuates pro-
fibrotic gene expression and targeting mitochondrial ROS might be a therapeutic approach in treating

excessive fibrosis associated pathologies [87].

In lung epithelial cells, bleomycin stimulated mitochondrial ROS production that was attenuated by
inhibition of PLD1 or PLD?2 activity by specific inhibitors (Figure 13A). Interestingly, inhibition of both
PLD1 and PLD2 simultaneously was more effective in reducing bleomycin-induced mitochondrial ROS
generation as compared to the inhibitors alone suggesting compensatory role for PLD1 or PLD2 in
generation of PA and signal transduction. The mechanism(s) of PA-mediated regulation of mitochondrial
electron transport chain and superoxide generation is unclear. Cell surface receptors for PA have not been
identified and PA generated intracellularly modulates signaling cascades via non-receptor mediated
pathways. PA generated by the activation of PLD1 or PLD2 has been shown to activate PKC { [89],
phosphatidylinositol 4-kinase [25, 90, 91], and sphingosine kinase 1 [92] in mammalian cells. More
recently, a role for PLD/PA signaling axis in activation of IQGAP1 through Racl in hyperoxia-mediated
ROS generation in lung ECs was demonstrated suggesting PA generated by the PLD pathway to be a

potent activator of NADPH oxidase (Nox) proteins [45].

Interestingly, we observed that PA generated from PLD2 also regulates MnSOD activity in lung epithelial
cells. Superoxide is one of the important oxidants that regulates the oxidative stress, apart from hydrogen
peroxide (H202), and the hydroxyl radical [85]. Physiologically, lower levels of ROS are present and

these are essential for various cellular processes like gene expression, migration, proliferation and
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differentiation[93]. However, in case of excess ROS generation, as in the case of IPF, the redox

equilibrium is disrupted and there is oxidative stress induced damage in the cells and tissues [84].

Superoxide dismutases (SOD) is one of the important antioxidant defense mechanisms in the lung [94],
and specifically mitochondrial manganese SOD (MnSOD) plays an important role in maintaining
mitochondrial redox status. This enzyme detoxifies superoxide by catalyzing its dismutation to H2O..
Bleomycin increases acetylation of manganese superoxide dismutase (MnSOD*®®) in Beas2B cells
(Figure 13C), and acetylation of MnSOD has been shown to inactive the enzyme, and enhance oxidative
stress-induced damage to the lung [63]. Inhibition of PLD2 activity with PLD2 specific inhibitor,
VU0364739, blocked bleomycin-induced acetylation of MnSODX®®, whereas blocking PLD1 activity had
no effect on acetylation of MnSOD (Figure 13C). Alveolar type Il cells isolated from IPF lungs showed
increased MnSOD K68 acetylation compared with controls due to decreased SIRT3 protein expression
[50]. SIRT3 is a mitochondrial member of the sirtuin family of NAD-dependent deacetylases [95, 96],
and blocking SIRT3 reduced oxidant-induced mitochondrial DNA damage and apoptosis [50]. The results
presented here show a role for PLD/PA signaling in MnSOD acetylation and does not address the role of

PLD1 or PLD2 in modulating SIRT3 expression or activity and fibrosis, and further studies are necessary.

Another important finding in this study is that inhibition of PLD1 or PLD2 ameliorated bleomycin-
induced mitochondrial DNA damage (Figure 14 B) and apoptosis (Figure 15 F-J) in alveolar epithelial
cells. The role of mitochondrial ROS in mitochondrial damage and apoptosis was verified by using a
mitochondrial ROS specific scavenger, Mito Tempo. Mito Tempo pre-treatment of alveolar epithelial
cells attenuated bleomycin-mediated mitochondrial ROS, mitochondrial damage and apoptosis (Figure
14A, 15 A-E). These findings confirm the earlier reports on increased mitochondrial superoxide

production causing mitochondrial DNA damage and apoptosis of lung alveolar epithelial cells [48].
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The near proximity of mtDNA to electron transport chain (ETC), inadequate DNA repair mechanism and
its lack of histone protective shield to cover it makes it more susceptible to damage induced by oxidative
stress than nuclear DNA, almost 50-fold more [97]. MtDNA damage leads to reduction in mitochondrial
membrane potential and thereby alters the efficiency of ETC, thus contributing to the enhanced outer
mitochondrial membrane permeability [98]. In addition, mtDNA damage is followed by release of
proapoptotic agents like caspase-3, Bax, cytochrome ¢, Apaf-1 and downregulation of anti-topic proteins
like Bcl-2[99]. Concurrently results in our study also showed that blocking mitochondrial superoxide
using mitoTEMPO blocked mitochondrial ROS generation. Further, blocking both the PLD isoforms was

essential to block apoptosis.

4.2 Conclusion:

This study thus reveals the vital role of phospholipaseD2 in mediating pulmonary fibrosis (PF), thereby
identifying PLD?2 as a possible therapeutic target in IPF. Genetic deletion of PLD2 in mice was found to
be protective against bleomycin induced fibrogenesis in mice. PLD2 was found to regulate lung fibrosis
in by inducing oxidative stress, which further leads to mtDNA damage and thus promotes AEC apoptosis
and pulmonary fibrosis. Thus, targeting PLD2 in the lung epithelium could be a viable therapeutic
strategy against PF. Currently there are no studies showing the impact of inhibition of PLD2 in humans.
There shouldn’t be possible deleterious impact on the deletion of PLD2, owing to the compensatory effect
of the other major PLD isoform, PLD1. The impact of blocking PLD in humans warrants further studies

to confirm that there are no critical complications.
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Figure 16: Proposed mechanism of PLD2 in bleomycin-induced activation of mitochondrial ROS,
mitochondrial DNA damage and apoptosis of bronchial epithelial cells: Bleomycin challenge
stimulates expression and activity of PLD2 in bronchial epithelial cells. Activated PLD2 generates
phosphatidic acid and enhances mitochondrial superoxide production, which leads to mitochondrial DNA
(mtDNA) damage and apoptosis of bronchial epithelial cells. These events result in increased expression

of fibrogenic markers and development of lung fibrosis in bleomycin murine model of pulmonary fibrosis.
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4.3 Future directions:

Having established a role for PLD1 and PLD2 in bleomycin induced pulmonary fibrosis and how
PLD?2 regulates mitochondrial damage mediated apoptosis in the epithelial cells, the effect of reversal of
bleomycin induced epithelial injury and apoptosis on IPF would be evaluated by using preclinical models
of fibrosis wherein PLD2 will be deleted in the epithelium. PLD2M1/fox and PLD2%2¢ mice will be used.
(PLD2%% will be generated by breeding PLD2M¥fo*with SPC-Cre). Minimal or no fibrosis PLD2%%° mice
upon bleomycin challenge when compared to PLD211oXwould establish the fact that deletion of PLD2
in epithelial cells in the mice would be a therapeutic strategy against IPF. In IPF lung specimens PLD2,
in addition to the epithelial cells, was also expressed in other cell types (Figure 7); therefore, another
approach will be to generate mice lacking both PLD1 and PLD?2 as each of the isoforms compensate for
the lack of the other, to a certain extent. Mice knockdown with PLD1 and PLD2 are viable and use of

these mice in the bleomycin model will assert PLD targeting as a therapy in pulmonary fibrosis.

46



Chapter 11: Fourier transform infrared imaging identifies biochemical changes in pulmonary

fibrosis in a label-free manner

5. INTRODUCTION

The current diagnostic approaches for IPF are complex and suboptimal. The diagnosis requires both
imaging and histologic evaluation, and therefore depends on a multidisciplinary discussion between a
pulmonologist, radiologist, and pathologist [100]. High resolution computed tomography (HRCT)
imaging offers the initial detection of IPF based on several radiological features [101], but the diagnosis
must be validated in cases where the clinical and imaging information are insufficient to exclude other

causes of interstitial lung disease.

This validation is accomplished by lung biopsy followed by histopathological analysis to demonstrate
characteristic features and exclude alternative diagnoses [102, 103]. But this technique, which consists of
chemical staining and labeling to enhance contrast in light microscopy is not only time consuming, but is
also of limited statistical confidence due to manual interpretation and the potential for stains to perturb the
function of small metabolites [104]. Label-free chemical imaging approaches, on the other hand, are
emerging as a quantitative, automated means of assessing the chemical and morphological changes of

tissue samples.

1.a Fourier transform infrared imaging (FT-IR):

FT-IR is one of these hyperspectral imaging techniques that assesses the chemical status of a tissue without
the need for exogenous labels [105]. This method combines the morphological information gleaned from
microscopy with a biochemical profile derived from the sample’s infrared absorption spectrum, and offers

a means to selectively analyze the chemical compositions of different features of diseased tissues[106]. In
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recent years, FT-IR applications to histopathology have increasingly focused on diseases of connective

tissue and on fibrotic processes in a variety of organ systems [107].

FT-IR imaging combines imaging at a spatial resolution that approaches light microscopy coupled with
the biochemical sensitivity of spectroscopy. It is based on the principle that chemical bonds absorb
different frequencies of mid-infrared light. Chemical bonds (such as C-H, N-H, O-H) form the basis of
key cellular biomolecules such as proteins, lipids, collagen, glycogen, DNA and RNA, which allows for
the acquisition of a “biochemical signature”, termed a spectrum, of the sample. In FT-IR imaging mode,
a spectrum is acquired at every pixel within an image, therefore while visible images are typically
comprised of only three channels; red, green and blue, in FT-IR each pixel is composed of hundreds of
biochemical channels. These information-rich biochemical images can then be used towards cell type
classification, disease diagnosis or understanding disease progression.

There are very significant technological and computational advances over the past few years have been
of critical importance in making this technology amenable for the assessment of fibrosis: 1) huge increases
in speed of data acquisition due to availability of large multi-element detectors allowing for imaging of
tissue sections in minutes, 2) new instrument designs that permit up to 1x1micron spatial resolution while
retaining high-fidelity spectral data, and, 3) advanced computational tools that allow us to mine these data

sets for classification.

This research presents FT-IR imaging of biochemical alterations occurring in lung fibrosis in preclinical
models of IPF. A well-accepted murine model of bleomycin-induced pulmonary fibrosis was used [108],
creating a disease course with rapid onset of alveolar damage (7 days) and progressive fibrosis (14 days
to 21 days) with resolution within one month (28 days) [109]. FT-IR data from lung sections at weekly

time points from induction to resolution were compared to conventional histopathological evaluation, and
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investigated with ratiometric and multivariate analysis techniques to search for biochemical markers of

disease onset and progression.
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6. MATERIALS AND METHODS

6.1 Bleomycin induced PF in mice:

All animal experiments were carried in accordance with the procedures approved by the Institutional
Animal Care and Use committee at the University of Illinois at Chicago, called the Animal Care
Committee (Protocol # 15-240). The bleomycin-induced rodent model for pulmonary fibrosis was
developed as per the review of various animal models of IPF by Moore et al[110]. Mice were anesthetized
with a mixture of ketamine (100 mg/kg) and xylazine (5 mg/kg) for bleomycin instillation. The rodent
was placed at 45° angle on a platform hanging by its incisors. The tongue was pulled out gently and held
to the side using forceps, and 1.5 U/kg of body weight of bleomycin sulfate (Hospira Inc., Lake Forest,
IL, USA) was given to the mouse by intratracheal injection with a maximum volume of 50 pL. The mouse
was then taken out of the platform and placed under a heating lamp for a few minutes, before returning it

to the cage.

Based on the time point of harvest post-bleomycin challenge, the animals (N=3 in each group) were
grouped as 1. Control; 2. Day 7 (Inflammation); 3. Day 14 (Onset of fibrosis); 4. Day 21 (fibrosis); and 5.
Day 28 (recovery phase). At each time point, the sacrificed animals were euthanized, and the lungs were

harvested, fixed in formalin, and embedded in paraffin.

Sections of the lung tissues were cut on a microtome at 4 pm onto MirrIR low-e microscope slides
(Kevley Technologies, Ohio), suitable for reflection-mode infrared imaging. These were then dewaxed
prior to FT-IR imaging using serial washes with xylene followed by washes with ethanol[105]. Adjacent
sections were cut onto regular glass slides and stained with hematoxylin and eosin (H&E) and Masson’s

trichrome (MT) by the Pathology Core Facility (University of Illinois—Chicago). The stained sections were
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later scanned using Aperio Scanscope CS and were examined with the help of a pathologist to identify the

inflammatory cells, based on H&E staining, and the collagen deposition, based on MT staining.
6.2 Infrared microspectroscopic imaging:

Infrared hyperspectral images of the lung tissues were acquired in reflectance mode using a Cary 600
Series FTIR spectrometer coupled with a Cary 600 Series microscope with a 128x128 focal plane array
detector (Agilent Technologies, Santa Clara, California). Scanning was performed in the spectral range of
856 cm™ to 3853 cm, at a spectral resolution of 4 cm™, and taking the average of 8 co-scans to acquire
the spectrum with a high signal-to-noise ratio. The 15X objective was used, providing a pixel size of

approximately 5.5 x 5.5 um.
6.3. Spectral pre-processing:

The FT-IR scan data was processed using the ENVI+IDL software package (Exlis Inc., Boulder, CO).
Multipoint linear baseline correction was performed on all the data, and a threshold filter based on
absorbance at the 1650 cm™ (Amide 1) peak was applied to exclude non-tissue pixels from analysis. The
spectra were then normalized to their absorbance at 1650 cm™ (Amide 1) to correct for differences in the

thickness of the tissue and concentration across all the samples.
6.4 K-means cluster analysis:

Using MATLAB (MathWorks, Natick, MA), the entire sample set was then subjected to k-means cluster
analysis using the Euclidean distance metric to search for natural divisions or segmentation of the tissue
on the basis of the spectral data. The k-means analysis was attempted with different values of k (or
numbers of clusters/partitions), and the results were compared to the light microscopy images of the
adjacent H&E and MT tissue sections to see if the division appeared to correspond to any anatomical
features of the lung.
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6.5 Spectral analysis of normal and anomalous regions of the lung:

In addition to the cluster image analysis, regions of interest (ROIs) each were manually drawn in the
regions of the lung and anomalous areas of all the lung samples, guided by the adjacent H&E and MT
sections. Multiple ROIs were drawn per disease state per lung to obtain a representation of the intrasample
heterogeneity present in the tissues during analysis. Averaged IR spectra in the fingerprint region (900—
1,800 cm™t) were then extracted for each of the ROIs (about 10,000 pixels) and subjected to second-order
differentiation. These extracted, pre-processed spectra were then subjected to spectral ratio and
multivariate analysis. Multiple peak absorbance ratios previously described in the literature were
computed from the processed spectra. These included ratios associated with collagen (1232 cm™/1336 cm
H[111], glycosylation (1030cm™/1080cm™) [112] and protein (1654 cm™/1554 cm™) [113]. These ratios
were then subjected to one-way analysis of variance (ANOVA) using the statistical software GraphPad

Prism (GraphPad Software, Inc).
6.6 PCA-LDA analysis:

PCA-LDA analysis was performed using SPSS-24 (SPSS Inc., Chicago, Illinois) and the associated plots

were made in Origin (OriginLab Corporation, Northampton, MA).

The entirety of the spectral fingerprint region from the same spectra was also analyzed using the
multivariate analysis technique of principal component analysis (PCA) coupled with linear discriminant
analysis (LDA). This approach was intended to convert the large dataset (232 variables per spectrum) to
a smaller set of representative variables known as principal components through PCA, so that the new
dataset would reflect as much of the variability in the original data as possible, while minimizing
redundancy. LDA would then map the PCA data onto a set of axes designed to maximize interclass

variability and minimize intra class variability, to clarify whether the samples from each time point were
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in fact more different from each other than from themselves (i.e. both samples from the same time points

and the other ROIs within the same sample).
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7. RESULTS AND DISCUSSIONS
7.1 K-Means Analysis:

K-means analysis ultimately separated the pixels from clusters or groups based on their spectral
information, representative of their biochemical state. Light microscopy examination of the H&E and MT
sections from each time point suggested that this spectral segmentation corresponded to features of normal

lung paryenchyma, inflammation, and fibrosis from the samples across the five timepoints (Figure 17).
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H&E  Trichrome

A

Figure.17: Array of representative tissue section examined by infrared microscopy (A-E) Brightfield
images of the parallel section stained with H&E (F-J) Brightfield images of parallel tissue section stained
using the Masson’s trichrome. (K-O) Infrared observation of the parallel section from the tissue based on
k-Means clustering image. 6 clusters were computed from a full band (900-1800 cm™?) of the infrared
absorbance dataset.
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Figures 18 and 18B illustrate how the different clusters were distributed across all samples from all time
points. One of the clusters (red cluster) predominated in the control samples, and was present in the
background of other samples, especially at the Day 28 time point, at which point recovery from the insult
IS expected,; this cluster could represent areas with the chemical composition of normal or healthy non-
fibrotic or non-inflammatic lung tissue. By the day 7 time point, this original cluster diminished in
prominence, and was replaced by other clusters, mainly the blue cluster. This change may be taken to
correspond to the inflammatory changes observed at this stage of the bleomycin model, namely
hypercellularity of interstitium due to increased type | pneumocytes and infiltration by polymorphonuclear

leukocytes.
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Figure.18: Non-hierarchical k-means cluster analysis depicting the histopathological regions of each lung
across different groups (A) k-Means clustering image (3 clusters) of the lung tissues from each group
calculated from a full band (900-1800 cm™) infrared absorbance dataset. (B) Mean absorption spectra
calculated from each cluster, which is quantified as seen in (C).
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In the Day 14 samples, the original cluster 2 (potentially healthy tissue) is further diminished and replaced
largely by an increase in another cluster (green cluster). The green cluster might be the fibrous or fibrotic
regions of the lung. Histologically, this stage would show an increased presence of macrophages and
chronic inflammatory cells. By Day 21, there is a substantial increase in the new green cluster, which may
be taken to be a spectroscopic correlate to the increased collagen deposition evident by histology, in
addition to the other inflammatory markers present. Finally, by Day 28, the green cluster falls off and
there is a resurgence of the original cluster 2, while there is some persistence of the green cluster that
predominated during the early phases of damage. This may indicate the recovery phase of the model, in
which fibrosis is healed, but there is still diffuse lymphocytic clustering in the interstitium and

macrophages encompassing alveolar cells.

While a rigorous assignment of each cluster to a particular tissue feature or cell type was not performed,
the results of the k-means analysis suggest that the spectroscopic data collected through FT-IR detect the
pathological changes occurring at different phases of the bleomycin damage model. Comparison of the k-
means maps to the H&E and MT stained adjacent sections indicated a fairly good agreement between

these techniques as to the presence and distribution of changes across the lungs over time.

In sum, these results offer evidence that FT-IR imaging is sensitive to the pathologic processes at work in
this model; Figure 18C shows that each of the clusters has a different spectral profile, which in turn
indicates a different biochemical composition stemming from different cellular components and metabolic

processes taking place.
7.2 Spectral analysis of normal and anomalous regions of the lung:
The average, processed spectra extracted from manual ROIs in fibrotic and non-fibrotic regions of all the

samples (total of 10 fibrotic and 10 non-fibrotic per lung) are presented in Figure 19. Variations in
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absorbance at different bands were seen between fibrotic and non-fibrotic regions as well as between the

different time points, both in the original spectra and in their second derivatives.
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Figure 19: Spectral data were extracted from the normal (red) and anomalous (green) of the IR image
scans. The average spectra for different stages of fibrosis in the (A) anomalous and (B) normal regions of
the lung tissue showing a significant variation in certain spectral points of the IR spectra. The second
derivative of the absorption spectra in (C) fibrotic and (D) non-fibrotic regions.

7.3 Ratiometric Analysis:

Ratiometric analysis on these spectra were performed for the collagen (1232 cm™/1336 cm™) [111],
glycosylation [112] and protein (1654 cm?/1554 cm™?) [113]. ANOVA analysis of these ratios showed

59



that in most cases, there was a statistically significant change in these ratios between adjacent time points,
both among the fibrotic regions and the non-fibrotic regions (Figure 20). The inferences have been made
using multiple observations per sample, and therefore ANOVA has not been performed on the samples

themselves.

The ratio of spectral bands 1232 cm™ and 1336 cm™ (amide 11 to the collagen CH side chain vibrations)
is thought to represent changes in collagen in tissue [111]. In the green areas, this ratio decreased at Day
7 but then appeared to peak at Day 21, when the model demonstrated the most fibrotic changes, and a
similar trend was seen in non-fibrotic tissues (Figure 20A and 20B). These changes may relate to
deposition of abnormal collagen, different in structure and composition from the collagen normally
present in this tissue. This would be reasonable to expect in the areas of fibrosis, and it may be true to a
lesser extent in the tissue areas which are not grossly fibrotic, reflecting the dysregulated response of

fibroblasts to cytokines mediating the disease process.
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Figure 20: Ratiometric analysis of the IR spectra. The ratio of intensities at 1232/1336 gives the collagen
map in the tissue for (A) anomalous (green) and (B) normal (red) regions. The spectral ratio of 1654/1554
in (C) fibrotic and (D) non-fibrotic regions indicates not only any changes in the structural rearrangements
of the existing proteins, but also the expression of a new proteins with varied structural characteristics.
Glycosylation patterns across the lung tissue are interpreted using 1080/1030 spectral ratio in (E) fibrotic
and (F) non-fibrotic regions.

Glycosylation is another important biochemical process in tissue, which can manifest spectroscopically
through changes of the 1030 cm™/1080 cm absorbance ratio as shown in Figure 20 E and 20F [112].
The absorbance at 1030 cm™ represents the glycogen COH deformation, whereas 1080 cm represents the
glycogen C-C stretch, and their ratio in fibrotic regions gradually decreased from control to Day 21 and
increased on Day 28 (Figure 20 E). Glycosylation is essential for cell migration [114], which is a central

mechanism of PF because the infiltration of inflammatory cells into interstitial lung spaces promotes
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fibrosis. In addition, glycosylation of the extracellular domain of TGF-p receptors also induces stimulation

of the TGF-beta which is an important signaling pathway mediating fibrosis [115].

Finally, a band ratio examining the spectral changes in the protein regions was also processed. The
absorbance at 1654 cm™ represents the protein C=0 stretching of the structural protein (amide I), whereas
1545 cm™ represents the N-H bending and C-N stretching of the polypeptides and protein background
(amide I1). Changes in the ratio 1654 cm?/1554 cm™ may correspond to changes in the structural
rearrangements of existing proteins or the expression of new proteins with varied structural characteristics.
In both fibrotic and nonfibrotic regions, this ratio decreased at Day 7 and then increased on the following
days in the fibrotic regions (Figure 20 C and 20 D). These changes could be due to a shift from the
neutrophilic activity in Day 7 to the deposition of ECM proteins like elastin, fibronectin, and laminin that

predominate in later time points with the development of fibrosis [116].

7.4 Multivariate analysis:

Moving from the ratiometric analysis of the fibrotic and nonfibrotic areas to multivariate analysis,
PC-LDA analysis was able to distinguish the different time points of the bleomycin challenge, with the
areas from the samples of the same time point clustering together (Figure 21). The separation of the
observations by time point suggests a difference in biochemical composition (as measured by the spectral
signature) over time. Interestingly, the values of the first LD for both fibrotic and nonfibrotic areas varied
with the time course, with increasing time points moving further from control, with the exception of Day

28, which most closely resembled the control samples.
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Figure 21: PCA-LDA analysis could classify the different groups with varying stages of fibrosis based
on IR data from (A, C, E) anomalous and (B, D, F) normal regions of the lung tissue, enabling clear
distinction of the pathological states of fibrosis.

While a precise interpretation cannot be assigned, the course would suggest that the spectral signature
from both fibrotic and nonfibrotic tissues changes with the pathologies being developed in the model.
Inflammation predominates in Day 7, with an influx of inflammatory cells and profibrotic cytokines that
transform the healthy control lung. There is parallel development of fibrosis, due to activation of cells in
lungs which lead to the deposition of extracellular matrix components, further perturbing the biochemical
composition and spectral characteristics of the tissue. By day 28, there is recovery, and the biochemical

composition returns to the baseline at control. The quantitative results of classification of time point by
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PC-LDA is given in Table 1; however, this classification did not utilize cross-validation, or a separate

validation set.
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8. CONCLUSION
The current study applies FT-IR imaging to the detection of biochemical changes in a murine model of
bleomycin-induced pulmonary fibrosis. Based on k-means clustering analysis, the IR dataset reveals
biochemical changes across the spatial features of lung tissue that may correspond to the morphological
changes that are seen by routine histology. This suggests that the underlying chemical processes that give

rise to structural changes are accessible to this imaging modality.

Furthermore, the spectral changes in both fibrotic and non-fibrotic regions throughout the time course of
the model, as evidenced by both the spectral ratios and PC-LDA analysis, suggest that FT-IR imaging can
assess how the biochemical status, and therefore the disease state, of the lung tissue is perturbed by the
process of fibrosis, and how it returns to a healthy baseline.

These two features of the technique, the ability to detect chemical changes across the geography of a tissue
and to monitor the disease state of the tissue over time, are the first steps in developing this modality as a
tool for the study of IPF. The capacity to locate areas of lung tissue that are undergoing biochemical
change can help assess other models of the disease, while sensitivity to disease progression and recovery
offers utility in therapeutic investigations.

Further work will need to characterize the biochemical changes being detected and assess whether any of
these spectral markers are present prior to the manifestation of a morphological changes. More
importantly, future studies will translate these findings from the murine bleomycin model to human
control and IPF tissues and correlate them to clinical outcomes such as six-minute walk tests and response
to novel therapeutic agents. With further investigations, FT-IR imaging holds the potential to be a
powerful adjunct to current histopathological technigues in finding better ways to understand and manage

this disease.
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8.1 Future directions:

As an extension of the current study, the IR data from the current study could be further extrapolated to
classify the lung tissue in each group to epithelial, mesenchymal cells, fibroblasts & myofibroblasts;
collagen deposition in the lung tissue, thereby identifying the epithelial to mesenchymal transition during
different stages of fibrosis, for which single-instillation of bleomycin induced PF is a very good preclinical
model. Similar to the IR study of the fibrotic lung in mice, the studies would be extended to human tissues
and IR images of the control and IPF lung will be acquired and the biochemical changes across both the
groups would be studied. This technique could also be used to differentiate between IPF and other diseases
part of the ILD family, which have similar features making it a challenge for the clinicians to diagnose
the disease. IR imaging will provide the pulmonary fibrosis community a novel tool to aid in diagnosis,

in conjugation to the currently existing histopathological techniques.
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SUMMARY OF THE STUDY

Idiopathic pulmonary fibrosis (IPF) is a detrimental lung disease characterized by alveolar
epithelial apoptosis, dysregulated repair of epithelial injury, scar formation and respiratory failure. There
is epithelial dysfunction, followed by epithelial to mesenchymal transition and fibroblasts to
myofibrobalsts differentiation, all of which contribute to extracellular matrix deposition in the lung. The
current scenario warrants for identification of effective therapeutic targets for the treatment of IPF. Using
bleomycin induced pulmonary fibrosis model, phospholipase D was found to be an important therapeutic
target in IPF based on histological analysis and several other biochemical assays. Further it was found that
phospholipase D mediates fibrogenesis by regulating mitochondrial dysfunction mediated apoptosis in

epithelial cells using in vitro analysis.

Another approach to understand the changes in the lung during different stages of fibrosis was Fourier-
transform infrared imaging, which is a label free imaging technique to assess the biochemical changes in
the lung across different stages of fibrosis. The IR images could distinguish the different stages of the
disease as well as give precise information of alteration of specific biomolecules in the lung across
different stages of fibrosis. Having validated this technique for the study of lung fibrosis, this technique
could further be used to assess novel genetically modified animal models for their efficacy as a therapeutic
strategy in IPF and it could also be used to study different mechanisms in IPF like EMT by extrapolating
the biochemical information from all the cell types in the lung simultaneously using IR. Thus, this study
not only employs the currently existing tools and techniques for identifying and validating a new
therapeutic target against IPF, but also presents a novel technique like FT-IR that will aid in elucidating

the signaling mechanisms mediating fibrosis.
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Mounica Bandela, Panfeng Fu, Carol Feghali-Bostick, Gilbert Di Paolo, David Kamp, and Viswanathan Natarajan.
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Fu P, Ebenezer DL, Ha AW, Suryadevara V, Harijith A, Natarajan V. 2018. Nuclear lipid
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G. 2015. Changes in the metabolism of sphingolipids after subarachnoid hemorrhage. J Neurosci
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Conference Presentations:
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by Fourier transform infrared technique at Experimental Biology 2018 conference, San Diego, CA

Poster presentation on stainless computed histopathology of bleomycin-induced pulmonary fibrosis
by Fourier transform infrared technique at pulmonary fibrosis foundation summit 2017 at Nashville,
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Scientific Interest Group Poster Discussion and Networking Session on Phospholipase D Regulates
GSK3p Mediated Epithelial to Mesenchymal Transition and Akt Mediated Cell Death Leading to
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Anantha Harijith, Xiaoguang Sun, Yangbasai Dong, David Ebenezer, Vidyani Suryadevara, Panfeng
Fu, Longshuang Huang, Sekhar Reddy, J. Usha Raj, Joe G.N. Garcia, Viswanathan Natarajan.
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2. Kavya C. Yarlagadda, PharmD student (Summer 2017)

3. Viraja Alluri, High School Student, (Summer 2016, 2017).
4. Hajra Ashur A.Takala, MPH, M.B.B.Ch (Summer 2016)
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6. James Da Silva Pinheiro, visiting undergraduate student from Brazil (Summer 2015).

7. Azadeh Taghizadeh Khamesi, undergraduate student, UIC (Summer 2015).

8. Meghana Machireddy, High School Student (Summer 2014) Current Position: BS Student, Cornell
University.

Techniques:

Molecular biology: Western blot, PCR, qRT-PCR, Genotyping, siRNA  mediated silencing of genes;
Immunology: Cytokine analysis by ELISA, immunofluorescence, immunoperceipitation; Handling of
human clinical samples: Microparticles isolation; Cell culture, Nucleus isolation; Magnetic resonance
imaging; Fourier Transform Infrared Imaging and data preprocessing and analysis; Animal models:
Isolation of fibroblasts from mice; Maintenance and breeding of colonies, generation of flox mice as well
as whole body knock-out mice, Instillation of bleomycin intratracheally to develop bleomycin induced
pulmonary fibrosis model, Ventilator induced lung injury murine model, animal surgeries, lung harvesting
and BALF collection; Microbiology: aseptic handling, identification of evaluation of unknown
microorganisms including bacteria, fungi, actinomycetes.
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