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ABSTRACT

Iron plays a critical role in the human body, e.g., in hemoglobin and DNA synthesis, but
it is also important in the regulation of the immune response. Iron’s role in the immune
system is closely related to the catalysis of reactive oxygen species (ROS). ROS are
needed to fight pathogens, but overproduction of ROS can kill healthy cells. Therefore,
therapeutic iron chelation is a potential pharmacological approach to limit ROS formation
and pro-inflammatory mediator release. The present research has been designed to study
the impact of iron chelation by a novel, highly specific, synthetic iron chelator DIBI in an
experimental model of lung inflammation in C57B1/6 mice. First, we established a rodent
lung inflammation model using intranasal instillation of LPS from Pseudomonas
aeruginosa at different observation time points. The lung immune response was
evaluated by histological analysis of lung tissue, NF-kB activation, and measurement of
inflammatory cytokines and chemokines levels in plasma and lung tissues. Second, to
assess the anti-inflammatory properties of DIBI, we administered DIBI intraperitoneally
in the early and later stages of lung inflammation. We found that lung tissues showed
significant histological injury and increased NF-«kB P65 activation, 4 hours post LPS
administration at a sublethal dosage (5 mg/kg). We also measured a significant elevation
of LIX, CXCL2, CCL5, CXCLI10, IL-18, IL-6, and CXCLI in the lung and CXCL2,
CCLS5, CXCL10, IL-6 and CXCL1 in the plasma relative to their respective control
groups. Mice treated with DIBI (80 mg/kg) intraperitoneally in early stages (0 and 2
hours) after LPS-induced lung inflammation demonstrated a significant reduction of
histopathological signs, reduced NF-kB P65 activation, and reduced levels of
inflammatory mediators. Our data support the conclusion that LIX, CXCL2 (MIP-2),
CCLS5, CXCL10 (IP-10), IL-18, IL-6, and CXCLI1 (KC) play essential roles in our LPS-
induced lung inflammation model. Moreover, we can conclude that DIBI administration

represents a potential alternative treatment for pulmonary inflammation.
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Chapter 1: Introduction

Iron is an essential nutrient for humans and nearly all animals and plants. However,
dysregulation of iron homoeostasis, including iron deficiency and iron overload, can lead
to serious diseases such as anemia and hemochromatosis. Recently, given the role of iron
in biological processes such as in the immune system and cell proliferation, the reduction
of iron bioavailability is being investigated in treating inflammatory disorders and cancer.
This thesis focused on the complex role that iron plays in lung inflammation. In
particular, activation of NF-kB, a transcription factor required to express several genes
involved in innate immunity and inflammation, is iron-dependent (1). Therefore, this
study aimed to investigate the role of novel iron chelator, DIBI, in an experimental model

of rodent lung inflammation.

1.1. Lung Physiology

1.1.1. Respiratory function

The respiratory system is composed of the oro-/nasopharynx, larynx, trachea, bronchi,
bronchioles, and the alveoli of the lungs. The proximity of the alveoli and the pulmonary
microvasculature facilitates the exchange of oxygen and carbon dioxide. The alveolar
luminal surface is mainly composed of type I alveolar cells, a thin layer of squamous
epithelial cells, and type II alveolar cells which are interspersed among type I alveolar
cells and produce the surfactant. Type I alveolar cells cover 90% to 95% of the alveolar

surface, and its thin wall allows most of the gas exchange between the alveolar air and



the pulmonary capillary blood (2). Oxygen gets transported through the alveoli into the
capillary network. It can enter the circulation and perfuse into the tissue to provide
oxygen for respiration at the cellular level. Oxygen is ultimately used to produce ATP,
and carbon dioxide is breathed out with other metabolic by-products (3,4). On a daily
basis, a person inhales approximately 10,000 L of air. The nose and upper airway filter
large particulates and warm and humidify the inspired air (5). The pulmonary epithelium
functions to maintain the physiology of the respiratory system. These functions can be
grouped into three categories: 1) barrier function of the epithelium; 2) the co-ordinated
interaction of secretion and ciliary function, leading to adequate mucociliary clearance;
and 3) secretion of substances, both derived from cells other than pulmonary epithelial
cells and synthesized by pulmonary epithelial cells, which target specific environmental

challenges to the pulmonary epithelial surface (3,4,6).

1.1.2. Immunological function

There 1s ample evidence that the lungs perform as an essential immunological organ since
the pulmonary system, like other mucosal surfaces (skin and gastrointestinal tract), is in
direct contact with the outside environment and continuously exposed to various
microbes, organic and inorganic particulate materials (7). The innate and adaptive
immune systems have developed in the respiratory tract of higher vertebrates to minimize
the harmful effects of such challenges. Innate immune mechanisms in the respiratory
system defend the air spaces from the nasopharynx to the alveolar membrane from the
entry of microbes and microbial products into the lung. Immediate response to inhaled
pathogens is an essential property of the lung innate immune system (5). Viral and

bacterial particles of 1um or smaller in size are carried to the alveolar spaces where they
2



interact with soluble components in alveolar fluids (e.g., IgG, complement, surfactant,
and surfactant-associated proteins) and alveolar macrophages. Normally, 95% of airspace
leukocytes are alveolar macrophages, 1-4 % lymphocytes, and only 1% neutrophils.
Hence, alveolar macrophages are dominant phagocytic cells of innate immune system in
the lungs. In general, inflammatory cells in the airways and alveolar environment can
recognize the pattern recognition receptors like Toll Like Receptors (TLRs), which are
founds on alveolar walls and the ciliated epithelium of the conduction airways. Airway
surface fluids (ASL) in the conducting airways consist of lysozyme, lactoferrin, IgA, IgG,
and defensins. Lysozyme is lytic to many bacterial membranes; lactoferrin excludes iron
from bacterial metabolism; IgA, IgG, and defensins are antimicrobial peptides released
from leukocytes and respiratory epithelial cells. In addition, there are high concentrations
of LPS Binding Protein (LBP) and soluble CD14 (sCD14) in alveolar fluids. These
molecules are the main molecules in recognition of LPS by alveolar macrophages and are

explained in the next sections in detail (7,8).

Adaptive immune responses or acquired immunity induce memory responses and refer to
antigen-specific immunity that often develops targeted responses following the second
exposure to the specific antigen, which takes several days to mature. During adaptive
immunity, pathogens encountered in the airway mucosa are transported to draining
lymphoid organs where the antigen is recognized by naive B and T lymphocytes, which
causes cell activation, including T lymphocytes, cytotoxic T lymphocytes, activated
macrophages, and activated Natural killer (NK) cells and the production of antibodies in
response to encountered antigens and are mediated by B lymphocytes. Host cells that
display foreign antigens on the cell surface, such as cells infected with viruses or

3



intracellular bacteria or cancer cells that express tumor antigens, are destroyed by

cytotoxic T lymphocytes (often CD8+ cells) (9).

Lung tissue resident-memory T cells and memory Th1l and Th17 cells are major sources
of IFN- y and IL-17/IL-22, respectively, during recall responses and protect against
infection. However, memory Th2 cells can rapidly produce IL-4, IL-5, and IL-13 in

response to allergens and helminth infections (10,11).

1.2. Lung Inflammation

Acute respiratory distress syndrome (ARDS) is a clinical condition defined as acute
hypoxemic respiratory failure with a non-cardiogenic cause. Although the clinical
description of acute lung injury (ALI) has been defined for more than 50 years, it has
undergone many changes. Based on Berlin definition of ARDS, ALI was most recently
reclassified as moderate or mild ARDS (12). ARDS etiology is separated in two main
categories. First, lung injury can be induced directly (locally), as in pneumonia, smoke
inhalation, and aspiration, with mainly epithelial injury, or indirectly (systemically)
induced by blood born insults like sepsis and pancreatitis with mainly endothelial injury
(13). ARDS results in disruption of the lung endothelial and epithelial barriers inducing
increased pulmonary permeability, and impairment of pulmonary gas exchange (14).
Lung inflammation is characterized by clinical features, as well as physiological,
biological, and pathological changes (Table 1). These responses have been suggested to
be due to the increased production of inflammatory mediators, including cytokines (such
as TNF-a, IL-18, and IL-6), released mainly by neutrophils. Neutrophils appear to be one

of the most important inflammatory cells involved in mechanism of lung injury since

4



samples of lung alveolar fluids either by bronchoalveolar lavage (BAL) or by direct
aspiration of edema fluid have shown an acute neutrophilic inflammatory response (15).
In addition, studies indicated that induced neutropenia followed by endotoxin challenge
attenuates increases in vascular permeability and other characteristics of pulmonary

damage (16).

Acute onset

Diffuse bilateral alveolar injury
Acute exudative phase

Repair with fibrosis

Clinical features

V/Q abnormalities”

Severe hypoxemia

Decreased compliance

Impaired alveolar fluid clearance

Physiological changes

Biological changes Increased endothelial and epithelial permeability
Increase in cytokine concentrations in the lungs
Protease activation

Coagulation abnormalities

Pathological changes

Neutrophilic alveolar infiltrates

e Intra-alveolar coagulation and fibrin deposition

e Injury of the alveolar epithelium with denudation of
the basement membrane

Table 1. Characteristics of lung inflammation. *: Ventilation/Perfusion mismatch

1.2.1. Endotoxin structure

One of the most common rodent models of lung injury is the administration of endotoxin
(synonym: lipopolysaccharide, LPS). Endotoxin is a so-called pathogen-associated
molecular pattern (PAMP) of the outer membrane of Gram-negative bacteria and is an
extremely biologically active substance that contributes to activation and release of
inflammatory mediators and serves as an early warning signal of bacterial infection (17).

LPS is a biphosphorylated, polar macromolecule and is composed of three components: a
5



polar hydrophobic sequence of fatty acids head group (lipid A), a core glycolipid segment
containing some unusual heptose and hexose moieties, and a hydrophilic oligosaccharide
O antigen along its outer surface components (18,19). The antigenic specificity among
species and strains of Gram-negative bacteria is duo to the variation of the
polysaccharides in the O-antigen side chain. However, oligosaccharide O antigen only
influences the magnitude of the inflammatory response, and most of the biological
impacts of LPS are reproduced by lipid A as it retains LPS toxicity. It has been shown
that Lipid A increases lung microvascular permeability leading to severe pulmonary

edema with recruitment of leukocytes into the interstitial pulmonary tissue (20,21).

Studies indicated that the different timelines used for induction of experimental lung
injury affect the severity of LPS-induced lung injury. As lung injury evolves over time,
molecular mechanisms of pathogenesis are differentially activated during disease

progression (21).



O-antigen

> LPS
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Figure 1. LPS schematic structure, adapted from “Brucella spp noncanonical LPS:
structure, biosynthesis, and interaction with host immune system” by Cardoso PG,

Macedo GC, Azevedo V, Oliveira SC, Microb Cell Fact. 2006;5(1):1-11(22).
1.2.2. Endotoxin response

Different pathophysiological pathways are activated during early phase of pulmonary and
extra-pulmonary endotoxin challenge. Administration of LPS to the lungs through either
tracheal instillation or inhalation induces direct lung injury in rodents, which damages the
alveolar epithelium. Indirect lung injury is modeled by intravenous or intraperitoneal LPS
administration which promotes the inflammatory mediators release into the systemic
circulation, which in turn causes endothelial damage as an initial site of injury in this

model (21).

The molecular response to LPS is specifically initiated after LPS binds to a specific LPS

Binding Protein (LBP) and forms LPS: LBP complex. LBP performs as a shuttle



molecule to transfer LPS to CD14, which is usually attached to the cell membrane to split
LPS into monomeric molecules and presents it to the TLR4-MD-2 complex and facilitate
binding of LPS to its main receptor, Toll Like Receptor 4 (TLR-4), on monocytes and
macrophages (18). LPS also has two other receptors in human cells: 1) CD11/CDI18
molecules B2 integrins and 2) scavenger receptors for lipid molecules (23) . Once LPS
binds to TLR-4, it activates Myeloid Differentiation factor 88 (MyD88), which is an
intracellular adaptor protein that activates a series of signaling pathways such as the
Extracellular signal-Regulated Kinase 1/2 (ERK1/2) from the mitogen activated protein
kinase (MAPK) family. The activation of these MAPK signaling pathways regulates the
expression of pro-inflammatory cytokines. LPS binding to TLR4, also activates the NF-
kB signalling pathway (19,21). Following phosphorylation of the complex and
degradation of inhibitory Ix-B, the activated NF-kB translocates into the nucleus to

promote gene regulation and the production of inflammatory cytokines (24).

NF-kB is an inactive complex of proteins present in the cytoplasm along with inhibitory
proteins known as inhibitors of NF-«kB, or IkBs, the most important of which is IkBa.
NF-kB is composed of five structural proteins, including NF-kB1 (also named p50), NF-
kB2 (also named p52), RelA (also named p65), RelB and c-Rel, which are all mediators
of target gene transcription by binding to a specific DNA element, kB enhancer, as
various hetero- or homo-dimers. Upon any stimulus which triggers oxidative stress (25),
two major signalling pathways could activate NF-xB which is a redox-sensitive
transcription factor. First, the canonical pathway which responds to different pattern
recognition receptors (PRRs) and ligands of cytokines receptors and induces degradation
of IxBa through phosphorylation by a multi-subunit IxkB kinase (IKK) complex.

8



Phosphorylation of IkBs by IKK leads to rapid and transient nuclear translocation and
phosphorylation of canonical NF-kB members, predominantly the p50/RelA and p50/c-
Rel dimers. Second, the noncanonical or alternative pathway which does not induce
phosphorylation of IkBa but induces processing of P100 involving degradation of its C-
terminal IxB-like structure. This process leads to the generation of mature NF-kB2 p52
and nuclear translocation of the noncanonical NF-kB complex p52/RelB (26-28). Genes
for inflammatory mediators including cytokines and chemokines have NF-kB binding
site at their promoter region, and LPS exposure ultimately upregulates the synthesis of
inflammatory mediators through activation of NF-«B pathway (23). The inflammasomes
also play a critical role in orchestrating the initiation of inflammatory responses. Previous
studies demonstrated that the nucleotide-binding oligomerization domain-like receptor
(NLR) family, NOD-like receptor protein 3 (NLRP3) inflammasome augments LPS-
induced ALI in mice (29). Interestingly, NF-kB signalling pathway plays a critical role in
the initial steps of NLRP3 inflammasome activation (30). Recently it has been found that
the key recognition molecule of intracellular LPS is caspase-11 (Casp-11). Casp-11 is
activated once intracellular LPS binds to it, and then cleaved gasdermin D to mediate
pyroptosis, resulting in the release of IL-la and high mobility group box 1 (HMGBI)
protein. The NLRP3 inflammasome-associated pathway to set off the release of IL-1f3
and IL-18 is mediated by activated Casp-11. Therefore, excessive activation of Casp-11

promotes cells pyroptosis and release of intracellular inflammatory factors (31).

1.2.3. Endotoxin types

A variety of animal models mimicking ARDS symptoms in humans are readily available

to investigators. The administration of LPS is a common approach to induce lung injury
9



in rodents. Neutrophilic influx into the lungs of experimental animals, evidence of
edema, and alveolar septal thickening are induced by intravenous and intraperitoneal
injection of LPS. However, direct exposure of LPS such as intratracheal and intranasal
instillation in mice can produce a controlled lung inflammation since it results in
spontaneous acute self-limiting lung injury (20). Besides administration routes, LPS from
different species and strains of Gram-negative bacteria induces different inflammatory
responses. Stronger inflammatory responses are induced in lung tissue by LPS from P.
aeruginosa relative to LPS from E. coli, which can be attributed to a different chemical
structure of the O-antigen which results in different degrees of biological activity (30).
The response of LPS also depends on the type of LPS that is being used. For instance,
LPS from bacteria-forming smooth colonies have the O-chain, consisting of variable
numbers of repeating disaccharides, and are less pyrogenic. While, LPS produced by

bacteria growing in rough colonies lacks the O-chain and is prone to be more pyrogenic

(17).

1.3. Iron Physiology

Iron is an essential microelement in the human body. Iron exists in two oxidation states,
Fe?" (ferrous) and Fe** (ferric). Due to iron’s ability in facilitating electron transfer, it is
an important co-factor in critical biochemical reactions including energy production
(ATP synthesis) through the mitochondrial electron transport chain, as well as DNA
synthesis, transcription, and repair which harbour cell proliferation and growth in both
host cells and microbes. Iron is also involved in oxygen transport via hemoglobin, and

last but not least in enzyme-mediated functions in immune response (33). Iron is able to
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switch between the reduced and oxidized forms in the Fenton reaction and catalyses the
generation of reactive oxygen species (ROS) in leukocytes. ROS are important
components of the immune response to kill bacteria. However, pathologically enhanced
iron levels can cause excess ROS production and promote oxidative stress. This causes
cellular damage that eventually leads to cell death. Iron deficiency results in impairment

of systemic oxygen delivery and cellular function (33-35).

Because of these crucial biochemical functions, and iron’s propensity to produce ROS,
the iron levels have to be concertedly regulated to maintain iron homeostasis in order to
prevent cellular damage. Additionally, iron is not produced in the human body and there
is no physiological iron excretion pathway except through shedding of mucosal and skin

cells and blood loss (7-9).

1.3.1. Systemic iron homeostasis

The human body contains 3—5 g iron. Three quarter of it is present in heme associated
with storage proteins including hemoglobin, found in erythroid precursors and mature
erythrocytes involved in oxygen transport, and myoglobin, found in muscle fibres. Heme
iron is released from aged erythrocytes (< 120 days) through phagocytosis by splenocytes
and macrophages. Released heme is degraded by heme oxygenase. This iron is recovered
by iron transporter proteins (ferroportin) and exported into plasma where iron is bound to
transferrin. It can be reutilized in the bone marrow or is stored in hepatocytes and
macrophages in the liver. The major daily source of iron (20-25 mg) in the human body

is from the recycling of senescent erythrocytes (1).
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Absorption of dietary iron (1-2 mg) in the form of both heme iron and non-heme iron
through duodenal enterocytes is the other source of iron intake in human body. Non-heme
dietary iron is in the insoluble Fe** form and is reduced to soluble Fe?" form first by
duodenal cytochrome b-like ferrireductase (DCYTB) which is in the apical membrane of
the enterocytes. Next iron is transported across the membrane through carriers such as
divalent metal transporter-1 (DMT1), a proton/divalent metal symporter, which is located
at the apical membrane of the enterocytes. Nonheme iron by a common pathway together
with heme-iron is either stored in tissues within iron storage proteins called ferritin (in the
case of high plasma iron) and hemosiderin or transported in the circulation bound to
transferrin. Ferroportin (FPN) is the only known cellular iron exporter, found in the
basolateral membrane of the enterocytes (to transport absorbed iron) and in large
quantities on macrophages (to transport recycled iron) and on hepatocytes (to transport
stored iron). The export of iron from cells is almost exclusively managed by ferroportin,
which releases iron into circulation in form of Fe?". Excreted Fe*" is thereafter oxidized to
Fe** by hephaestin, a homolog of ceruloplasmin, and the resulting ferric iron is bound to
transferrin in the serum. It should be noted that iron is required to be bound to an iron-
regulatory protein to form a stable complex. Otherwise, “free” labile iron can generate
toxic radicals and damage healthy tissues and organs (7-10). The major organ for iron
storage, is the liver and excess systemic iron is stored as ferritin and hemosiderin (7). Iron
can also be stored at red blood cells (in hemoglobin), muscles (in myoglobin), and bone

marrow (9,10).

The liver is not only the organ for iron storage, but it also regulates iron homeostasis by
producing hepcidin, a circulating peptide hormone. Hepcidin binds to extracellular
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domain of ferroportin and prevents its exporter activity as well as induces its
internalization and degradation in enterocytes (42). Therefore, by reducing surface
ferroprotin on enterocytes, hepatocytes, and macrophages, iron egress from the cells,
absorption, remobilization, recycling, and generally plasma levels of iron are reduced

(13-15).

Transcription of gene encoding Hepcidin Antimicrobial Peptide (HAMP), is inhibited
with higher iron requirements such as by erythropoiesis. In contrast, hepcidin release is
enhanced by inflammatory mediators such as interleukin 6 (IL-6) and tumor necrosis
factor alpha (TNF-a), pathogenic molecules, reduced iron storage, and high plasma

transferrin levels (7,9,16).

Lactoferrin also regulates unbound iron concentration and prevents ROS formation. It is a
non-heme iron-binding glycoprotein which is produced by mucosal epithelial cells and
granulocytes in most mammalian species. It plays an important role in defense against

mucosal infections by limiting pathogen access to iron (17-19).

1.3.2. Pulmonary iron regulation

The pulmonary epithelium in the entire airway system is exposed to inhaled air
containing high levels of oxygen and iron particulate matter and iron utilizing pathogens.
Therefore, the bioavailability of iron in the lung must be tightly regulated to prevent iron
utilization by pathogens, cytotoxicity of unbound iron, and oxidative damage. In response
to these challenges, pulmonary epithelial lining fluids contain a variety of antioxidant
molecules, including mucin, ascorbate, reduced glutathione as well as transferrin and

lactoferrin which not only protect lungs from oxidative stress but also alter iron’s redox
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potential (41). The pulmonary epithelial cells also express transferrin and lactoferrin
which bind to iron and can be taken up by epithelial cells and alveolar macrophages
through transferrin receptor 1 (TfR1), DMTI, Zip8, and lactoferrin receptor (LfR), to be
stored safely bound to ferritin inside the pulmonary epithelial cells and alveolar
macrophages. Feroportin was reported to be localized on the apical layer of the human
lung epithelium and also is expressed in alveolar macrophages. Additionally, hepcidin is
expressed at lower levels in human airway epithelium and alveolar macrophages (11,

(34).

Just as any disruptions to the above-mentioned homeostasis pathways can lead to disease,
inflammation also affects iron regulation. Therefore, better understanding of the changes
in iron homeostasis in the airway and the role that iron plays in the pathogenesis of lung
inflammation will facilitate the utilization of iron-related pathways as target for novel

anti-inflammatory therapeutic strategies.

1.4. Iron in lung inflammation

Iron plays a key role in NADPH oxidase activity, leading to ROS production which
mediates inflammatory responses (49). ROS generation by phagocytic cells participates
in the etiology of acute lung inflammation. Importantly, elevated iron levels through
catalysis of more toxic ROS has a critical role in exacerbation of lung inflammation (34).
Bronchoalveolar lavage fluid of patients with acute lung injury showed elevated
concentrations of iron and iron-related proteins including ferritin, lactoferrin, and

transferrin, suggesting impaired pulmonary homeostasis of iron (34,41,50). Elevated
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lactoferrin prevents ROS formation and protects tissue during inflammation at the

mitochondrial level (48).

Ferritin has been investigated as a predictor of acute lung injury since its levels rise as
part of the inflammatory response to increase iron storage (41). Hepcidin also plays a
prominent role in pulmonary inflammation through its regulation of iron transport.
Expression of hepcidin is controlled by several factors including body iron stores and
inflammation. Inflammatory cytokines specifically IL-6 and INF-y induce expression of

hepcidin from airway epithelial cells (41,51,52).

Studies have also demonstrated that iron influences the activation of NF-kB, a
transcription factor that is required for the activation of several genes involved in innate
immunity and inflammation. Elevated intracellular iron promotes the activation of NF-
kB, in part by increasing ROS production, while reduced intracellular iron inhibits the
phosphorylation of NF-kB that is required for its activation (1). Interestingly, it has been
shown that iron directly induces TNF-o expression via NF-kB activation (53). On the
other hand, enhanced TNF-a expression, for instance after LPS administration, causes

intracellular iron sequestration via upregulation of the transferrin receptor and DMT]1

(49).

It should be noted that cystic fibrosis (CF), one of the most frequent lethal genetic
disorders among the white population, is associated with increased concentrations of iron
and iron-related proteins such as ferritin, DMT1, and FPN in the lower respiratory tract.
There is evidence that transferrin and lactoferrin undergo proteolysis in CF, and this may

increase the amount of iron. The elevated iron levels are associated with increased levels
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of inflammatory cytokines and with infectious exacerbations by P. aeruginosa in CF
patients (41,54). TNF-a is closely related to changes in iron and ferritin content, and
changes in IL-1p are related to changes in sputum ferritin content. Therefore, iron and
iron-regulatory cytokines, specifically TNF-a and IL-1B, may play a role in CF lung

disease (55).

1.5. Iron chelation

Iron chelators were initially designed to diminish the toxic effects of iron overload. More
recently, iron chelators are being investigated as a potential treatment for other
pathological conditions including local and systemic inflammation through reducing iron

bioavailability for ROS production (56,57).

Three FDA approved iron chelators desferasirox (DFX), deferoxamine (DFO), and
deferiprone (DFP) are currently available for treatment of iron overload diseases such as
hemochromatosis, where hepcidin function is impaired, and in thalassemia, where a
defect in hemoglobin production reduces erythropoiesis and frequent blood transfusions
are required (58-60). DFX has been reported to show biological effects through
mechanisms other than iron chelation. It prevents nuclear translocation of NF-kB and
ameliorate lung inflammation through reduction of ROS generation. This reduction
occurs by inhibition of NET formation through decrease in neutrophil activation and

infiltration into lung tissue (61).

DIBI is a novel synthetic iron chelator developed by Chelation Partners Inc. (CPI,

Halifax, NS). It has a low molecular weight (9 kDa) and is water-soluble. DIBI has a low

16



toxicity profile in comparison to conventional iron chelators. DIBI has a large
polyvinylpyrrolidone backbone and nine 3-hydroxy-1-(Pmethacrylamidoethyl)-2-methyl-
4(1 H) pyridinone (MAHMP) residues. DIBI is highly selective for iron - one molecule
of DIBI binds to three iron molecules (36,62). To assess toxicity of DIBI, repeated dosing
of 1000 mg/kg/day (orally) and 500 mg/kg/day (intravenously), respectively, during 14
days in rats demonstrated no noticeable adverse effects and toxicity (63). To better
understand the potentially beneficial effects of DIBI, this research project evaluated its

potential role in pulmonary inflammation.
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1.6. Hypothesis

Iron chelation by the novel iron chelator, DIBI, reduces pulmonary inflammation induced

by intranasal instillation of endotoxin from Pseudomonas aeruginosa in mice.

1.7. Objectives

Objective 1:

Establish an experimental model of murine lung inflammation by intranasal instillation
of LPS from P. aeruginosa using two sublethal dosages,1 mg/kg and 5 mg/kg at different
time points (2 to 8 hrs post-LPS instillation) to determine the optimum dosage.
Inflammation will be confirmed by histopathological changes of the lung, level of NF-xB

activation and changes in lung and plasma cytokines and chemokines.
Objective 2:

Study the effects of iron chelation by the novel iron chelator DIBI on inflammatory

markers of the lung response to LPS as established in Objective 1.
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Chapter 2: Materials and Methods

2.1. Animals

67 Male C57BL/6 mice were purchased from Charles River Laboratories International
Inc. (Saint-Constant, QC, Canada). All mice were wild type animals, 12-14 weeks old,
20-30g body weight, and housed in ventilated plastic cage racks in a pathogen free room
(tested for pathogens every 3 months) of the Carleton Animal Care Facility (CACF),
Faculty of Medicine, Dalhousie University, Halifax, NS, Canada. Animals were kept on a
12-hour light/dark cycle in a 21°C room and were acclimatized for 1 week in the CACF,

prior to the experiments.

All experimental procedures were approved by the University Committee on Laboratory
Animals at Dalhousie University under protocol number #19-010 and were performed

following the guidelines and standards of the Canadian Council on Animal Care.

2.2. Experimental Model

2.2.1. Anesthesia

Animal were weighed prior to anesthesia with a commercial scale. Induction of
anesthesia was accomplished by intraperitoneal (i.p.) injection of sodium pentobarbital
(90 mg/kg, dilution: 54 mg/ml in normal saline, Ceva Sainte Animale, Montreal, QC,
Canada) using a 25-G needle (BD PrecisionGlide™). After injection, the animal was

returned to its cage on a heating pad until fully anesthetized. The pedal withdrawal reflex
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(response to toe pinch) was used every 15 minutes throughout the procedure to assess the
depth of anesthesia. As needed, additional doses of pentobarbital sodium (9 mg/kg; 5.4

mg/ml) were administered.

2.2.2. LPS instillation

LPS from P. aeruginosa was purchased from Sigma-Aldrich (Oakville, ON, Canada,
L8643-10mg, source #12180104, purified by gel-filtration chromatography). LPS was
diluted in sterile normal saline as suggested by the supplier (10 mg/ml stock) and stored

at 4 °C. LPS was administered at a dose of 1 mg/kg or 5 mg/kg, respectively.

Anesthetized mice were placed in the palm of the handler’s hand and using a pipette tip,
the tongue was gently moved out and pinned down with the thumb. This ensured that the
LPS solution or saline (for control animals) did not go into the stomach instead of the
lungs. Small droplets of LPS or saline solution were slowly added into the left nostril of
the mouse with a pipette tip (see picture below). After LPS instillation, the animal was
placed back into the cage on the heating pad and monitored for the duration of the

experiment (4hours, 6hours, or 8hours).
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Figure 2. Intranasal administration of LPS.

2.2.3. Experimental Groups

Twelve groups of animals (n = 5-9 mice/group) were used for this study (Table 2). Lung
inflammation was induced by two different LPS dosages with lung inflammation
evaluated after 4, 6, and 8 hours. Treatment groups received 80 mg/kg DIBI i.p. at 0, 2,
and 4 hours. DIBI (Denying Iron from Bacterial Infection) is a novel highly selective
synthetic iron chelator (developed by Chelation Partners Inc., Halifax, NS), with a large
polyvinylpyrrolidone backbone and nine 3- hydroxy-1-(B-methacrylamidoethyl)-2-
methyl-4(1H) pyridinone (MAHMP) residues. One molecule of DIBI has affinity to bind

to 3 molecules of iron (Fe*"). Control animals received normal sterile normal saline.
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Objective 1:

1. Control

2. LPS 1 mg/kg - Tissue collection after 4 hours
3. LPS 5 mg/kg

4. Control n

5. LPS I mg/kg - Tissue collection after 8 hours
6. LPS 5 mg/kg

Objective 2:

7. DIBI (T=0h)
8. LPS 5 mg/kg + DIBI (T=0h) Tissue collection after 4 hours
9. LPS 5 mg/kg + DIBI (T=2h)

10. Control

11. LPS 5 mg/kg Tissue collection after 6 hours
12. LPS 5 mg/kg + DIBI (T=4h)

Table 2. Experimental groups.

At the end of the observation period (4, 6 or 8 hours), blood was collected by cardiac
puncture. Animals were deeply anesthetized, the chest cavity was opened, and the heart
was exposed. A blood sample (0.5 —0.9 ml of whole blood) was collected using a syringe
connected to a 26G needle containing 20ul of sterile heparin as anti-coagulant (1000 USP
units/ml, Sandoz Canada Inc.). Whole blood samples were centrifuged at 3,000 rpm for
10 minutes. Following centrifugation, plasma was collected in cryotubes and stored in a -

80°C freezer until analysis. In addition, the spleen, part of small intestine (duodenum),
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left lung, and brain were collected in cryotubes and flash frozen in liquid nitrogen, then
transferred to -80 °C. Right lung, part of small intestine (duodenum), nasal cavity, and
trachea were fixed in 10% formalin buffer for 3 days. Fixed tissues were then washed in

ethanol before embedding in paraffin blocs for histological analysis.

2.3. Histology

Right lung, part of small intestine (duodenum), nasal cavity, and trachea were collected at
necropsy. Tissues were fixed in 10% phosphate-buffered formalin for 3 days. Samples
were then cleaned to remove all connective and muscle tissues and stored in 70% ethanol
prior to embedding in paraffin blocs. Embedded tissues were then sliced into Sum
sections using a microtome and a tissue float water bath to collect section onto histology
slides. Slides were dried for at least two days in an oven (56-76'C) and stored at room

temperature before Hematoxylin &Eosin (H&E) staining.

H&E staining. Once the slides were dried, H&E staining was performed. First, slides
were deparaffinized using sequential washes with xylene (3x), 100% ethanol (3x), 95%
ethanol (2x) and 70% ethanol (2x) then put in a container with running tap water.
Deparaffinized slides were then stained with filtered H&E. Slides were then washed
under running tap water. Well stained slides were then dehydrated by sequential washes
in 70% ethanol (2x), 95% ethanol (2x), 100% ethanol (2x) and xylene (3x). Cover slips

were then mounted on slides using Cytoseal and dried overnight.

Finally, stained tissue sections were examined under light microscopy (Olympus, BH-2)

and images were taken from all areas of the stained tissues.
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Inflammation scoring. The degree of inflammation was then assessed and scored based
on the presence of edema, hemorrhage, immune cells infiltration, cell wall thickening and
the presence of aggregates. Scoring scale: 0, minimum damage; 1, mild damage; 2,

moderate damage; 3, severe damage; and 4, intense damage (14).

2.4. Western blotting

2.4.1. Protein extraction for western blotting

After weighing a small sample of frozen lung tissue, every 10 mg of tissue were lysed in
50ul of radioimmunoprecipitation assay (RIPA) buffer supplemented with protease and
phosphatase inhibitor cocktail using a homogenizer 985370 (120VAC, 1,2 A), on ice for
2 minutes followed by 30 seconds of vertexing. The homogenized tissue was sonicated at
30 % output for 5 cycles, followed by gentle shaking at 4 °C for 30 minutes with
vertexing at 15 minutes, sonicated again at 30 % output for 3 cycles and centrifuged at
8,000 rpm for 10 minutes, at 4 °C. The supernatant was collected and following 15
minutes of gentle shaking at 4 °C, centrifuged again at 13,000 rpm for 20 minutes, at 4
°C. The second supernatant was collected, and its protein concentration was determined

using Bradford assay.
2.4.2. Bradford protein assay

The Bradford protein assay was used to determine protein concentration in lung tissue
lysates. A standard curve was created using Quick Start Bovine Serum Albumin (BSA)
Standards (Bio-Rad, cat#5000206) at increasing concentrations of 0, 2, 5, 10, 15 nug.

Protein standards were created from BSA stock (2 pg/ul) diluted in ddH2O to a final
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volume of 10 pl for each concentration and added to 480 pl of ddH20O and 10 pl of RIPA
(diluted to 1:4 in ddH20). 500 ul of Quick Start Bradford 1x dye reagent (Bio-Rad,
cat#5000205) was then added. 10 pl of each tissue lysates sample was first diluted in
40ul of ddH20, then, 10ul of diluted sample was added to 490 ul ddH20O. Next, 500 ul
of Bradford dye was added to each sample followed by immediate vertexing. Standards
and samples were incubated at room temperature for 15 minutes before reading the ODs
at 595 nm using plastic cuvettes and a Unico® 2802 UV/VIS Spectrophotometer.
Duplicates of each sample and standard were measured. To obtain the standard curve,
OD of standards were plotted as a function of their concentration and a linear standard
curve was drawn using the protein & DNA Assay Software (Copyrights: Frederic Chappe
& Valerie Chappe). To determine the protein concentration of each sample, ODs from
tissue lysates of each sample was plotted against the standard curve and protein
concentration for each sample was calculated according to standard curve linear

regression equation.

2.4.3. SDS-PAGE electrophoresis

Tissue lysates were thawed on ice and then vortexed for a few seconds before pipetting
the exact amount as calculated to obtain a total of 30ug of proteins for each sample.
Sample buffer was then added to each sample and the mixture was vortexed for a few
seconds. All samples were placed on a plate heater at 90 °C for 5 minutes. Once all

samples were cooled down to room temperature, they were vortexed for a few seconds.
10% SDS polyacrylamide gels (10 well comb, 50ul precast gels Bio-Rad, cat#4561034)

were inserted in the electrophoresis chamber containing 1L of 1x running buffer (Bio-
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Rad, 10x Tris/Glycine/SDS Buffer, Cat#1610772) . Molecular weight (MW) markers and
samples were loaded and run at 90 V for 30 minutes and the running was continued at
120 V until the migration line reaches the bottom of the gel. In second part, gels were
transferred onto nitrocellulose membranes 0.45um (Bio-Rad, cat#1620115) for 2 hours at
45V inside the transfer chamber containing 1L of 1x transfer buffer (Bio-Rad, 100 ml
10x Tris/Glycine Buffer, Cat#1610771, 200 ml Methanol and 700 ml ddH20) and
blotting unit and packed with ice to prevent heating of protein during the transfer. The
membrane and blotting papers were pre-incubated in transfer buffer supplemented with
20% methanol for 5-10 minutes prior to the transfer. Following transfer, the membrane
was saturated with 5% non-fat milk in T-TBS (Tris-buffered saline, 0.05% Tween-20) for
1 hour at room temperature with shaking and then rinsed with TBS. Primary antibody
(NF-kB p65 (F-6): sc-8008 conjugated with HRP, Lot#B0520) was allowed to bind
overnight at 4 °C with gentle shaking. This antibody detects both phosphorylated and
non-phosphorylated P65. Next, the antibody was removed, and excess washed off with T-
TBS, three times, each time 5 minutes, and at the end with TBS, one time, for 5 minutes
at room temperature with shaking. Finally, the protein of interest was detected by
chemiluminescence by adding 2 ml of ECL" reagent mix (Bio-Rad #170-5070) with a
mix solution 1:1on the membrane, allowing enzymatic reaction to continue for 5 minutes
before revelation with a scanner (Bio-Rad, Chemidoc). Using Image] software, NF-kB
protein density in each sample were estimated based on densitometry of scanned western
blots. Normalization of protein of interest was performed using total protein in each

sample by densitometry of scanned membrane stained with Amido black.
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2.5. Lung tissue inflammatory mediators

Lung levels of selected inflammatory mediators (CCL5, CXCL2, LIX, IL-6, IL-1B,
CXCLI1, CXCL10, TNF-alpha, IL-17, IFN- y) were analysed using a custom made 10-
plex mouse magnetic bead-based multiplex assay obtained from R&D Bio-techne
(L#139804). Bio-Plex instruments and Bio-Plex software (Bio-Rad, Mississauga, ON,
Canada) were used according to protocols provided by the manufacturer. Briefly, samples
were run in duplicate, and the sample dilution was 1:5 (40ul of tissue lysates mixed with
160l of diluent) using the Bio-Plex sample diluent. Each diluted sample was added to a
well of the provided microplate in the kit. Standards were prepared in two-fold serial
dilutions and added to the plate along with the samples, according to the plate layout
prepared. First, S50ul of detection antibody magnetic beads (microplate cocktail) were
added to each well. The microplate, after securely being covered by a foil plate sealer,
was incubated for 2 hours at room temperature on a horizontal orbital microplate shaker
at 800 rpm and then rinsed (with wash buffer) 3 times using the Bio- Plex Pro wash
station to wash away any unbound antibody. Thirdly, 50ul of diluted streptavidin-PE,
which binds to the biotinylated antibody, is added to each well of microplate, securely
sealed and incubated in the dark for 30 minutes, then rinsed 3 additional times to remove
any unbound substrate. Next, the microplate was resuspended by adding 100ul of wash
buffer with 2 minutes incubation on the shaker at 800 rpm. At this point, the formed
complex is as follows: detection antibody-magnetic bead + sample + biotinylated

antibodies + streptavidin-PE.
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Finally, the plate was read using the Bio-Rad 200 luminometer with Bio-Plex manager
software (Department of Microbiology and Immunology, Dalhousie University).
Analysis with the Bio-Rad machine uses two lasers: one to excite the dyes inside each
magnetic bead and identify the bead region; another one to excite the Phycoerythrin (PE)
to measure the amount of analyte bound to the beads. 488 nm laser light excites PE to

induce a light emission maximum of 575 nm.

Protein extraction and protein assay were required prior to the multiplex experiment to
measure the amount of protein inside the tissue in each tissue sample (see below).
Additionally, normalisation of each inflammatory mediators was performed after

multiplex assay using the total protein content of each tissue sample (pg/ml).

2.5.1. Protein extraction for multiplex assay

Lung tissues were weighted prior to homogenization. 10 ml T-PER (Tissue Protein
Extraction Reagent) buffer which enables mild extraction of total protein from tissue
samples was mixed with one tablet of proteases inhibitor. 200ul of TPER supplemented
with proteases inhibitor was added to each tube containing 20 mg of tissue and tissues
were homogenised on ice for 2 minutes by tissue homogenizer 985370 (120VAC, 1,2 A).
Next, the homogenised tissues were centrifuged at 16,000 g for 15 minutes at 4°C and
then the supernatant was collected, and aliquots were stored at -80°C. Protein

concentration was determined by BCA assay.

28



2.5.2. Protein assay for multiplex assays

Bovine Serum Albumin (BSA) was diluted in TPER buffer without the proteases
inhibitor in seven increasing serial dilutions to make standards and plot the standard
curve. After adding 25ul of each sample in duplicate into microplate, 200ul of BCA
working reagent was added to each sample (Reagent A: B, 50:1). For 30 minutes the
microplate was covered and incubated at 37 °C. Once the microplate was cooled down to
room temperature, the OD was measured using microplate reader at 562 nm and protein

concentration (ug/ul) was calculated based on the standard curve equation.

2.6. Plasma inflammatory mediators

The plasma multiplex assay experiment was performed with an equivalent kit from R&D
Bio-techne (lot#L.139804) and exactly the same method was used as for lung tissue
samples except that the sample dilution was 1:2 (50ul of plasma mixed with 50ul of
diluent), and there was no need for protein extraction, protein assay prior to the multiplex

experiment and for normalisation of each inflammatory mediators after multiplex assay.

2.7. Statistical analysis

All data were analysed using the software Prism 9 version 9.1.2 (225) (GraphPad
Software, La Jolla, CA, USA). To confirm normal distribution of data, the Kolmogorov-
Smirnov Test was used. Pairwise comparisons were performed using Student’s t-test.
One-way ANOVA followed by Tukey’s multiple comparison test was used to analyze
normally distributed data for 3 or more groups. Data was expressed as mean + standard

deviation (SD). Significance was assumed at P values less than 0.05 (P<0.05).
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Chapter 3: Results

The murine lung immune response to bacterial toxins and to DIBI treatment post LPS
instillation were evaluated by histological analysis of lung tissue using H&E staining,
NF-kB activation, and measurement of inflammatory cytokines and chemokines levels in

plasma and lung tissue.

3.1. Objective 1: Establish murine lung inflammatory model by

intranasal instillation of LPS

We first established the dosage and time frame for LPS from Pseudomonas aeruginosa to
induce significant increase in histopathological injury of the murine lung tissue and the

level of inflammatory mediators in lung tissue and plasma.
3.1.1. Histology

Histopathological changes in lung tissue were evaluated by H&E staining after intranasal

administration of LPS from pseudomonas aeruginosa or Saline buffer as control.

The control group (CON) which received Saline (0.9% NaCl) only, presented minimal to
no inflammation and damage (histopathological score = 0.64+0.27) based on the scoring

method which is described in the method section.

Histological examination of lung tissues from the LPS groups showed significant changes
including oedema, alveolar haemorrhage, pro-inflammatory cells infiltration, and

thickening of the alveolar wall 4 hours after LPS instillation at a dosage of 5 mg/kg
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(2.514+0.20) when compared to control group (Fig. 1). Those receiving 1 mg/kg LPS also
showed significant histopathological injury after 4 hours in terms of thickening of the
alveolar wall and pro-inflammatory cells infiltration relative to control group
(1.67+0.43). There was more inflammatory alteration in lung tissue 4 hours after
instillation of LPS at 5 mg/kg relative to 8 hours timepoint with similar dosage
(1.78+0.26). Moreover, 8 hours after instillation of 1 mg/kg and 5 mg/kg LPS,
histopathological changes were not statistically significant in comparison to control group
at 8h timepoint (CON8h). CONB&h also indicated some level of lung injury but it was not

significantly different from CON4h.

These results indicated that significant histopathological changes in lung tissue can be
obtain 4 hours after intranasal administration of 5 mg/kg dosage of LPS. This tissue

inflammation seemed to have spontaneously resolved 8 hours after LPS instillation.
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Control after 4 h LPS 1 mg/kg after 4 h LPS 5 mg/kg after 4 h

Control after 8 h LPS 1 mg/kg after 8 h
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Figure 3. Histopathological evaluation of lung injury post-LPS nasal instillation.
C57BL/6 mice received LPS (1 or 5 mg/kg, i.n.) or 0.9% NaCl (Saline) for 4 and 8 hours
as indicated. Histopathological changes in H&E-stained lung tissue sections were
observed using light microscopy (100x magnification). A, Representative images of
H&E-stained lung tissue sections. Scale bar represents 100 um. B, Lung injury scores (0-
4) were used to semi-quantify histopathological injuries observed in tissue sections (see
the Method section for details). Data were expressed as means + SD of 10 images per
lung (n = 5-9 mice per group), p values are indicated on top of each comparison bars.
CON4h: control after 4 hours Saline, LPS (1) 4h: 1 mg/kg of LPS after 4 hours, LPS (5)
4h: 5 mg/kg of LPS after 4 hours, CON8h: control after 8 hours of saline, LPS (1) 8h: 1

mg/kg LPS after 8 hours, LPS (5) 8h: 5 mg/kg LPS after 8 hours.
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3.1.2. NF-kB activation by LPS

Flash frozen lung tissues were used in immunoblotting experiments to study NF-«B
activation. Since the antibody which was used in this study detected both the
phosphorylated and non-phosphorylated p65, we could measure the increase in signal
upon activation of NF-kB. The results of western blot experiments showed that NF-kB
activation was significant in the lung of mice 4 hours after receiving 5 mg/kg LPS in

comparison to the control group (Figure 2, p <0.0001).

However, NF-kB activation was significantly reduced (p < 0.0001) 8 hours after LPS (5
mg/kg) instillation in comparison to the 4 hours group and no significant changes were
found relative to its control group (CON8h) where some level of NF-xB activation was

found.
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Figure 4. LPS instillation increased NF-xB activation in murine lung. Phosphorylated
NF-kB (65kD) was detected using western blotting with a specific anti-p65NF-xB
antibody. A, Representative western blot images. B, Semi-quantification of NF-«B
signal. Data were expressed as means = SD for each group (n = 5-9 mice per group), p
values are indicated on top of each comparison bars. CON4h: control after 4 hours, LPS
(5) 4h: LPS 5 mg/kg after 4 hours, CONS8h: control after 8 hours, and LPS (5) 8h: LPS

Smg/kg after 8 hours.
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3.1.3. Lung cytokines

To confirm if any other inflammatory mediators than NF-xkB are involved in the
inflammatory response of lung tissue to Pseudomonas aeruginosa LPS instillation, the

level of cytokines and chemokines in lung tissue were measured by multiplex assay.

Four hours after administering Smg/kg of LPS, a significant increase of LIX, CXCL2,
CCLS5, CXCL10, IL-1B8, IL-6, and CXCLI1 levels were measured relative to control
tissues (CON4h) and relative to the instillation of 1 mg/kg LPS (Figure 3A to G).
Additionally, 1 mg/kg LPS after 4 hours induced significant increase only in LIX and

CCLS5 levels relative to control group (CON4h, Figure 3A & C).

Both dosages of 1 mg/kg and 5 mg/kg LPS caused significant increase in lung level of
CXCLI after 8 hours relative to control group (CON8h, Figure 3G). While after 8 hours,
only 1 mg/kg dosage of LPS induced a significant increase in the lung level of CXCL10

relative to control group (CONS8h, Figure 3D).

TNFo was undetectable in lung tissue extracts from the control groups (CON4h and
CONS8h). TNFa was also not significantly increased after 4 hours in groups receiving
Smg/kg of LPS relative to 1 mg/kg LPS. Both LPS dosages of 1 mg/kg and 5 mg/kg LPS
after 8 hours, induced low levels of TNFa and were not significantly different (data not

shown).

In this study, IL-17 and IFN-y were not detected in any of the treatment group tested (not

shown here).
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DIBI treatment alone, injected intraperitoneally at a dosage of 80mg/kg did not induce

any change in all the cytokines measured in lung tissue extracts after 4 hours.
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Figure 5. Lung levels of inflammatory mediators of LIX, CXCL2, CCLS5, CXCL10, IL-1
B, IL-6, and CXCL1 were significantly increased 4 hours after LPS 5 mg/kg. Levels of
inflammatory mediators as indicated were measured by Luminex assays on lung tissues
extracts from mice treated with LPS at 1 mg/kg and 5 mg/kg, respectively after 4 and 8
hours and 4 hours after administration of DIBI at a dosage of 80 mg/kg. Histograms
represent Means + SD values from n=5-9, p values for significant differences are
indicated on top of each comparison bars. CON4h: Control after 4 hours, LPS(1) 4 h:
LPS 1 mg/kg after 4 hours, LPS(5) 4 h: LPS 5 mg/kg after 4 hours, CON8h: Control after

8 hours, LPS(1) 8h: LPS Img/kg after 8 hours, LPS(5) 8 h: LPS 5 mg/kg after 8 hours.
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3.1.4. Plasma cytokines

Cytokines present in the plasma collected at necropsy for each mouse in all groups tested

were then measured in multiplex assays as before.

Four hours after administering Smg/kg of LPS, significant increase in plasma levels of
CXCL2, CCLS5, CXCL10, and IL-6, and CXCL1 were measured relative to control group
(CON4h, Figure 4 B, C, D, E, and G). However, four hours after receiving 1 mg/kg LPS
no significant changes were observed in the plasma level of the mentioned inflammatory

mediators relative to control group (CON4h, Figure 4A-G).

Both dosages of 1 mg/kg and 5 mg/kg LPS after 8 hours, did not cause significant
increase in LIX, CXCL2, CXCL10, IL-6, and IL-17, and CXCLI1 levels in plasma
relative to control group (CONS8h, Figure 4 A, B, D, E, F, and G). However, eight hours
after instillation of 5 mg/kg LPS, CCLS5 level in plasma was significantly increased in
comparison to after the four hours timepoint (p<0.0001, Figure 4 C). 1 mg/kg dosage of
LPS did not induce significant increase in plasma level of CCL5 relative to control group

(CON8h, Figure 4 C).

Control level of TNF-a was undetectable after 4 hours. Eight hours after administration
of 5 mg/kg LPS, plasma level of TNF-a increased, but was undetectable in the LPS 1

mg/kg treatment group.

IL-1 Beta and IFN- y were undetectable in our assay, for all tested samples.

Cytokines and chemokines levels with DIBI at a dosage of 80mg/kg were variable and

none of them showed significant difference with Control (Figure 4 A-G).
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Figure 6. Plasma levels of inflammatory mediators of CXCL2, CCL5, CXCL10, IL-6,
and CXCL1 were significantly increased 4 hours after LPS 5 mg/kg. Data were expressed
as means £ SD (n = 5-9 mice per group), and p values are indicated on top of each
comparison bars.CON4h: Control after 4 hours, LPS (1) 4 h: LPS 1 mg/kg after 4 hours,
LPS (5) 4 h: LPS 5 mg/kg after 4 hours, CON8h: Control after 8 hours, LPS (1) 8h: LPS

Img/kg after 8 hours, LPS (5) 8 h: LPS 5 mg/kg after 8 hours, and DIBI: DIBI 80 mg/kg

after 4 hours.
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3.2. Objective 2: Study the effects of iron chelation by DIBI on the
inflammatory markers of lung inflammation established in

Objective 1

In a second objective we evaluated the anti-inflammatory effect of DIBI as a novel iron
chelator at dosage of 80 mg/kg at different time point post administration of 5 mg/kg LPS
from Pseudomonas aeruginosa intranasally. We scored histopathological injury inside
the murine lung tissue and measured the level of inflammatory mediators in plasma and

lung tissue.
3.2.1. Histology

Histopathological changes in LPS-inflamed lung tissues after treatment with the iron
chelator DIBI were evaluated by H&E staining. Administration of LPS (5 mg/kg,
intranasal instillation) resulted in significant lung injury including oedema, alveolar
haemorrhage, proinflammatory cells infiltration, and thickening of the alveolar wall, 4
hours (2.51+0.20) and 6 hours (2.02+0.69) after instillation in comparison to their

respective control groups (CON4h and CON6h, Figure 5).

Intraperitonially injection of DIBI at dosage of 80 mg/kg did not induce significant lung
injury in terms of above-mentioned parameters after 4 hours relative to control group
(CON4h). In addition, intraperitonially injection of DIBI at dosage of 80 mg/kg at time 0
and 2 hours after LPS instillation, significantly attenuated histopathological changes

induced by LPS, (Figure SA & C). However, administration of DIBI, 4 hours after LPS
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instillation could not reduce the inflammation significantly in comparison to LPS

treatment alone (LPS after 6 hours), (Figure 5B & D).

These results indicated that DIBI attenuated histopathological injury induced by LPS, in

the early treatments (0 h and 2 hours after LPS instillation).
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Figure 7. DIBI attenuated the histopathological injury induced by LPS in mice. C57BL/6
mice received LPS administration (5 mg/kg, i.n.). Histopathological changes were
observed using light microscopy of H&E-stained lung tissue sections (100x
magnification), 4 hours (A) and 6 hours (B) after LPS instillation with or without DIBI
treatment as indicated. Scale bar represents 100 um. C & D, Lung injury scores (0-4)
were used to semi-quantitatively evaluate the histopathological injury determined on
H&E pictures. Data are expressed as means = SD for 10 images per lung (n = 5-9 mice
per group), and p values are indicated on top of each comparison bars. CON4h: Control
group after 4 hours Saline, LPS (5) 4h: LPS S5mg/kg after 4 hours group,
LPS(5)4h+DIBI(@O0h): LPS 5mg/kg after 4 hours and DIBI administration at time Ohour
post LPS instillation, LPS(5)4h+DIBI(@2h): LPS 5mg/kg after 4 hours and DIBI
administration at time 2 hours post LPS instillation, and DIBI: 4 hours after
administration of DIBI at dosage of 80 mg/kg. CON6h: Control group after 6 hours
Saline, LPS (5) 6h: LPS 5mg/kg after 6 hours group, LPS(5)6h+DIBI(@4h): LPS 5mg/kg

after 6 hours and DIBI administration at time 4 hours post LPS instillation.
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3.2.2. NF-kB activation by LPS and effect of DIBI treatment

Early treatment with the iron chelator DIBI at dosage of 80 mg/kg, 0 and 2 hours after
LPS instillation significantly reduced NF-xB activation in the lung tissue in comparison

to the LPS 5 mg/kg after 4 hours group (Figure 6, p<0.0001).

While 6 hours after intranasal instillation of LPS 5 mg/kg a significant increase in NF-xB
activation was observed in comparison to control group (Figure 6), DIBI administration 4
hours after LPS instillation still significantly reduced NF-«B activation in comparison to

LPS alone (Figure 6B, p<0.0001).

These data indicate that reduction of NF-xB activation contributed to the protective effect

of DIBI against LPS-induced lung inflammation in mice.
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Figure 8. DIBI attenuated NF-xkB activation post-LPS nasal instillation in mice.
Phosphorylated NF-kB was detected using western blotting with a specific anti-p65NF-
kB antibody. A & C, Representative western blot images. B& D, Semi-quantification of
NF-kB signal. Data were expressed as means £ SD for each group (n = 5-9 mice per
group), p values for significant differences are indicated on top of each comparison bars.
CON4h: Control group after 4 hours Saline, LPS (5) 4h: LPS 5mg/kg after 4 hours group,
LPS(5)4h+DIBI(@0h): LPS 5mg/kg after 4 hours and DIBI administration at time 0 hour
post LPS instillation, LPS(5)4h+DIBI(@2h): LPS 5mg/kg after 4 hours and DIBI
administration at time 2 hours post LPS instillation, CON6h: Control group after 6 hours
Saline, LPS (5) 6h: LPS 5mg/kg after 6 hours group, LPS(5)6h+DIBI(@4h): LPS 5mg/kg

after 6 hours and DIBI administration at time 4 hours post LPS instillation.
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3.2.3. Lung cytokine levels in presence of DIBI

There was a significant increase in LIX, CXCL2, CCL5, and CXCL10, IL-14, IL-6, and
CXCLI1 levels in lung tissues 4 hours after the administration of LPS at Smg/kg relative
to control group (CON 4 h, Figure7A-G). However, administration of DIBI with a dosage
of 80 mg/kg at time 0 hour after LPS instillation and at time 2 hours post LPS instillation
significantly reduced the levels of LIX, CXCL-2, CCLS5, and IL-6 in lung tissue relative
to LPS 5 mg/kg. No remarkable difference between early treatment with DIBI at time 0

and 2 hours post-LPS was observed in LIX, CXCL-2, CCLS, and IL-6 lung levels.

While lung levels of LIX, CXCL2, CCL5, and CXCL10, IL-14, IL-6, and CXCL1 were
significantly increased 6 hours after LPS instillation in comparison to control group
(CONG6h), DIBI administration at time 4 hours after LPS instillation could significantly

reduce the level of CXCL-2, CCLS, and IL-6 in lung tissues, but not to the control levels.

CXCLI10, and IL-1B, and CXCLI levels after DIBI treatment at all time point (0, 2, and 4
hours after LPS instillation) were not significantly different from LPS treatment groups

(LPS (5)4h and LPS(5)6h).

Control level of TNF-a after 4 hours was undetectable in our assay. Four hours after
administering Smg/kg of LPS, lung level of TNF-a was increased. The level of TNF-a
for control after 6 hours (CON6h), LPS 5mg/kg after 6 hours and DIBI treatment was

undetectable (Data not shown).

IL-17 and IFN-y levels in the lung were undetectable for all treatment groups tested.
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The changes in levels of studied inflammatory mediators in the lung tissue were

summarized in Table 3.
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Figure 9. Effect of DIBI treatment on lung inflammatory mediators. Early DIBI treatment
at dosage of 80 mg/kg at 0 hour and 2 hours post-LPS instillation significantly reduced
the levels of inflammatory mediators, but not when administered 4 hours post LPS
installation (5 mg/kg). Data were expressed as means + SD for each group (n = 5-9 mice
per group), and p values are indicated on top of each comparison bars. CON4h: Control
group after 4 hours Saline, LPS (5) 4h: LPS 5mg/kg after 4 hours group,
LPS(5)4h+DIBI(@0h): LPS 5mg/kg after 4 hours and DIBI administration at time 0 hour
post LPS instillation, LPS(5)4h+DIBI(@2h): LPS 5mg/kg after 4 hours and DIBI
administration at time 2hours post LPS instillation, CON6h: Control group after 6 hours
Saline, LPS (5) 6h: LPS 5mg/kg after 6 hours group, LPS(5)6h+DIBI(@4h): LPS S5mg/kg

after 6 hours and DIBI administration at time 4 hours post LPS instillation.
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Lung LPS (5)4h | DIBI(@0h) | DIBI(@2h) | DIBI(@4h) | LPS (5) 6h
LIX T l ! © T
CXCL2 |1 ! l ! T
CCL5 1 ! | ! T
CXCL10 |1 [§) ) ) 1
IL-1p 1 ) ) o 1
IL-6 ) ) l ! T
CXCL1 |1 o o o 1

Table 3. Summary table for lung inflammatory mediators. In this table, DIBI treatment

groups (DIBI @0Oh, @2h, and @4h) were compared to LPS (5)4h and LPS (5)6h, and

LPS groups were compared to control groups. The symbols ©, 1, | represents no

significant changes, significant increase, and significant decrease, respectively.
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3.2.4. Plasma cytokines in presence of DIBI treatment

Four hours after administering Smg/kg of LPS, plasma levels of CCL5, CXCL10, IL-6,
and CXCLI1 significantly increased, however, levels of LIX, CXCL2, IL-17 in plasma did
not significantly increase relative to control group (CON4h). Administration of DIBI with
dosage of 80 mg/kg at time O hour after LPS instillation and at time 2 hours post LPS
instillation could not reduce the plasma levels of these inflammatory mediators: LIX,
CXCL2, CCLS5, CXCL10, IL-6, IL-17, and CXCLI relative to LPS 5 mg/kg after 4 hours
group (Figure8A-G, left panel). No remarkable different between early treatments with

DIBI was observed.

The plasma level of CXCL2 still significantly increased 6 hours after administrating 5
mg/kg LPS. The levels of CCL5, CXCL10, IL-6, and CXCL1 in plasma, remained
significantly high relative to control group (CON6h). DIBI treatment at time 4 hours post
LPS instillation, could not reduce the plasma level of any of studied inflammatory
mediators (LIX, CXCL2, CCL5, CXCLI10, IL-6, IL-17, and CXCL1) relative to LPS 5
mg/kg after 6 hours group (Figure 8A-G, right panel). Plasma level of CXCL10, was
significantly increased after DIBI administration at 4 hours post LPS instillation relative

to LPS 6 hours group (Figure 8D, right panel).

Four hours and 6 hours after administering Smg/kg of LPS, the plasma level of TNF-a

was increased whereas it was undetectable in their respective control groups.

Plasma levels of IL-1p and IFN- y were undetectable for all tested groups.

The changes in plasma levels of inflammatory mediators in our study was summarized in

Table 4.
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Figure 10. Effect of DIBI treatment on plasma inflammatory mediators. Early and Late
treatment with DIBI (4 hours post-LPS 5 mg/kg instillation) could not significantly
reduce the levels of inflammatory mediators in plasma (pg/ml). Data are expressed as
means + SD for each group (n = 5-9 mice per group), p values for significant differences
are indicated on top of each comparison bars. CON4h: Control group after 4 hours Saline,
LPS (5) 4h: LPS 5mg/kg after 4 hours group, LPS(5)4h+DIBI(@Oh): LPS 5mg/kg after 4
hours and DIBI administration at time Ohour post LPS instillation,
LPS(5)4h+DIBI(@2h): LPS 5mg/kg after 4 hours and DIBI administration at time 2hours
post LPS instillation, CON6h: Control group after 6 hours Saline, LPS (5) 6h: LPS
Smg/kg after 6 hours group, LPS(5)6h+DIBI(@4h): LPS 5mg/kg after 6 hours and DIBI

administration at time 4hours post LPS instillation.
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Plasma | LPS (54h | DIBI(@0h) | DIBI(@2h) | DIBI(@4h) | LPS (5)6h
LIX e} o ) ) o
CXCL2 |1 o 1 ) 1

CCL5 |1 o ) ) 1
CXCL10 |1 1 1 1 1

IL-6 1 1 1 o 1

IL-17 © 0 o o )
CXCL1 |1 0 o o 1

Table 4. Summary table for plasma inflammatory mediators. DIBI treatment groups

(DIBI @0Oh, @2h, and @4h) were compared to LPS (5)4h and LPS (5)4h, and LPS

groups were compared to control groups. The symbols ©, 1, | represents no significant

changes, significant increase, and significant decrease, respectively.
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Chapter 4: Discussion

4.1. Objective 1

The goal of the first objective was to evaluate activation of the immune response in our
murine model of lung inflammation induced by two dosages of LPS from P. aeruginosa
at different time points. LPS administration is an established experimental model to study
lung inflammation in rodents (17,21). LPS, usually from E. coli (29), P. aeruginosa (64),
or K. pneumoniae (65), has been used to induce immune response in the murine lung
either through intranasal (14,20,64) or intratracheal (29,66) instillation or indirectly
through intraperitoneal (67) and intravenous (20) injection. The most important and
relevant features to be considered in an ALI model including histological evidence of
tissue injury, disruption of the alveolar-capillary barrier, and inflammatory response, was
presented in a review by Matute-Bello et al (68). In our model, these features were well
characterized, and lung inflammation was evaluated by histological examination using
H&E staining, measurements of NF-kB activation in lung tissue using western blotting,
and measurement of plasma and lung inflammatory mediator levels using multiplex
assay. We found that LPS from P. aeruginosa induces significant histopathological
damage, NF-kB activation, as well as remarkable increase in lung inflammatory

mediators’ levels after 4 hours at dosage of 5 mg/kg.
4.1.1. Histology

The pathological hallmarks of lung inflammation induced by LPS instillation are edema,

infiltration of inflammatory cells into alveolar space, and disruption of endothelial and
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epithelial barriers of the lung (69,70). Interestingly, there is evidence that LPS could
disrupt tight junction proteins since an in vitro study indicated that , ZO-1 protein was
dramatically decreased after LPS (10xg/ml) administration in human bronchial epithelial

cells (BEAS-2b) (71).

In this study, we found remarkable tissue damage 4 hours after intranasal instillation of 5
mg/kg LPS from P. aeruginosa relative to control animals receiving saline and relative to
low dosage of LPS (1 mg/kg). Tissue inflammation in our study resolved 8 hours after
LPS instillation. It should be noted that control group receiving saline after 8 hours in
comparison to 4 hours time-point presented with some inflammation. This was
interpreted as either due to the manipulation of the animal as the inhalation of saline
liquid may interfere with normal breathing, or due to washing the microbiota from the
nose along with other pathogens from the nostril into the lungs and resulting in lung
inflammation. Nonetheless, no significant increase in inflammation was observed after

&hrs of LPS treatment.

It is worth mentioning that there are variable findings in the time scale for LPS-induced
lung injury models in rodents. Similar results were found in previous studies showing that
histological changes were more evident 4 hours after inhalation of 10 mg/ml LPS from E.
coli than after 24 h (72). Our results are also in agreement with studies in rats were LPS
from P. aeruginosa was administered, which showed significant increase in LPS-binding
protein (LBP), immune cell recruitment, and MPO activity resulting from LPS after 4
hours (73,74). Liu et al. also demonstrated that 6 hours after intratracheal delivery of a
sub-lethal dose of LPS (5 mg/kg) from E. coli, there was a remarkable lung inflammatory

response, including significant interstitial infiltration of inflammatory cells and
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thickening of the alveolar walls. Additionally, lung wet to dry ratio, an index for the
assessment of lung permeability and lung edema as well as LDH activity, an indicator of
tissue damage, showed a remarkable increase 6 hours post LPS instillation (29).
However, the authors also demonstrated in another study that LPS administration from E.
coli (5 mg/kg, i.t.) resulted in histopathological injury 12 hours after instillation (14),
which was in agreement with the results from LPS-induced lung inflammation from a
different serotype of E.coli in BALB/c mice (66). In addition, Lv et al. reported that 12
hours post 0.5 mg/kg E. coli LPS, a significant increase in histopathological changes and
in MPO as well as MDA activity levels were induced in murine lung tissue. Increased
MPO and MDA levels are related to the accumulation of neutrophils in the lung and
excessive lipid peroxidation due to ROS accumulation (75). Another study using LPS
from P. aeruginosa revealed significant increases in the relative lung wet weight over
body weight which started 12 hours after intrapulmonary instillation and continued until
24 hours following LPS administration (76). These findings contradict our results since
tissue inflammation in our study resolved 8 hours after LPS instillation. The different
results could be due to the induction of lung inflammation with a different LPS serotype

and mouse strain, and age used in different studies.

4.1.2. NF-kB activation

Activation of the transcription factor, NF-«B is a critical step in the acute inflammatory
response. Previous in vitro studies suggested that most of the pulmonary NF-xB
activation occurs in lung neutrophils during endotoxemia (77). Shenkar et al. confirmed
this by conducting an in vivo study and demonstrated that activation of NF-kB containing

both P65 and P50 subunits was increased in lung neutrophils, 1 hour after injection of
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LPS from E.coli. The increases in lung NF-kB activation following endotoxemia were
reduced in mice made neutropenic by administering either cyclophosphamide or anti-
neutrophil antibodies, detected by electrophoretic mobility shift assay (EMSA) analysis
(67,78). Additionally, in patients with ARDS, NF-kB activation is elevated in alveolar

macrophages (79).

In this study, we used the anti-p65NF-xB antibody (65kD) for western blotting as a
measure of NF-xkB activation. We found that NF-xkB activation was significantly
increased in the lung tissue of mice 4 hours after receiving 5 mg/kg LPS compared to the
control group and the 8 hours LPS 5mg/kg group. Our results are in agreement with
another study where animals received 5 mg/kg LPS from E. coli intratracheally and
showed increased levels of phosphorylated p65-NF-kB in the lung relative to control
animals (66). Harada et al. studied the translocation of p65 into the nucleus of two human
cholangiocarcinoma (CC) lines (HuCCTI and CCKSI), one hour after 1 pug/ml LPS
administration, by NF-kB immunofluorescence staining. However, they found that pre-
treatment of the cells with MG132 (indirect inhibitor of NF-kB) for one hour and then
treated with 1 pg/ml LPS for 3 hours, prevented nuclear translocation and DNA-binding

activity of NF-kB, detected by colorimetric assay (80).

In addition, several studies suggested a positive correlation between activation of NLRP3
inflammasome and NF-xB activation in the lung of mice with LPS-induced lung
inflammation. Using western blot, they showed that LPS instillation induces NLRP3
inflammasome priming through promoting NF-«B activation following IxB degradation

(14,29,75). Lui et al. indicated significant increase in NLRP3 inflammasome in the lung
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of LPS-treated mice after 6 hours by western blot and immunofluorescent stains.
Interestingly, reactive oxygen species (ROS) production is one of the most important
regulatory factors in activation of NLRP3 inflammasome. However, Lui ef al. measured
MDA levels as marker of lipid peroxidation as well as SOD levels. They found that MDA
levels rapidly increased, while SOD levels in lung tissues dramatically decreased in LPS-

treated mice 6 hours post-LPS intratracheally instillation (29).

Furthermore, it has been reported that activation of TREM-1 (triggering receptor
expressed on myeloid cells) enhances TLR responses which activate mitogen activated-
protein kinases (MAPKSs) and lead to activation of NF-«xB (81,82). Sakai et al., using live
cell imaging of immortalized bone-marrow derived macrophage cell lines (iBMDM)
which express an enhanced green fluorescent protein (EGFP)-tagged p65, indicated that
the pattern of NF-kB dynamics and translocation time was not changed in TRIF-deficient
macrophages relative to wild type cells, while it was delayed with an altered pattern in
MyD88-deficient cells, in response to LPS administration. These findings confirmed that
the primary driver for LPS-dependent NF-«kB translocation to the nucleus is the MyD88

signalling pathway (83).

4.1.3. Inflammatory mediators in plasma and lung tissue

Activation of NF-xB results in the expression of inflammatory mediators involved in the
pathogenesis of ARDS, such as TNF-a, IL-1p, IL-6, IL-8 (or its murine homolog, MIP-
2, respectively) and ICAM-1 (79,84). ARDS mortality (up to about 40%, (85)) can be
strongly predicted by elevated plasma levels of cytokines, e.g. IL-183, IL-6 and tumor

necrosis factor-a (TNF-a) (86,87). Additionally, IL-6 is involved in the formation of
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lung edema and hyaline membranes through promoting VEGF-A expression, which
increases endothelial cell permeability (88). The close relationship between NF-kB
activation and the expression of proinflammatory cytokines was demonstrated in
ventilator-induced lung injury (89). After translocation of NF-kB into the nucleus and
binding to DNA, the genes encoding proinflammatory cytokines (TNF-a, IL-18, IL-6),
chemokines (MIP-1, MCP-1), adhesion molecules (ICAM, VCAM, E-Selectin) and

iNOS were upregulated (25,89-91).

The levels of some inflammatory mediators in the plasma or lung tissue samples of our
study were too low to be detectable by the used assay (Luminex®). IL-18, IFN-y, and
TNF-a were under the detection threshold in our plasma samples, while in lung tissue
samples the level of IFN-y, and TNF-a, and IL-17 were too low to be detected. Jacobs et
al. obtained different results in plasma with significantly increased levels of IL-6, TNF-a,
and Monocyte Chemoattractant Protein 1 (MCP-1) using a cytometric bead array at 2
hours after intranasal inoculation with 10 ug LPS from K. prneumoniae (65). Since our
plasma samples were analyzed 4 hours after LPS administration, some cytokines may be
past their peak levels (92). E.g., TNF-a and IL-1£ are very early inflammatory cytokines
with a very short half-life which are released following inflammatory stimuli (93).
Regarding lung tissues, it has been found that there is a time-dependent release of TNF-a
into the BALF following inhalation of LPS. Faffe er al. reported that maximal levels of
TNF-a were measured in the BALF 3 h after inhalation of 0.3 mg/ml and 10 mg/ml LPS
from E. coli, while at the 1-hour timepoint TNF-a levels reached 50 % of its maximal

level in BALF (94).
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We also found that mice challenged with intranasal LPS (5 mg/kg) showed a significant
elevation of plasma and lung levels of CXCL2 (MIP-2), CXCL10 (IP-10), IL-6, CXCL1
(KC) compared to the control group, and compared to the groups with low dose LPS
(Img/kg) 4 hours after LPS administration. In lung tissues, IL-1 § levels were also
remarkably increased with LPS at a dosage of 5 mg/kg after 4 hours. Our findings in
plasma and lung levels of IL-6 are consolidated by a previous study in rats, which
showed an increased level of IL-6 in both plasma and BALF by ELISA, and increased
MPO activity after 4 hours intratracheal administration of 5 mg/kg LPS from P.
aeruginosa (74). Ali et al. reported not only increased plasma levels of IL-6, but also
increased levels of IL-1 £ and TNF- a post intraperitoneal administration of 5 mg/kg LPS
(86) which is in discrepancy to our findings. This difference is most likely due to the
different LPS administration route in our study (intranasal). Hu et al. reported significant
increases of IL-6, IL-1 £, and TNF-a in BALF by ELISA at 7 hours after LPS
stimulation (95). However, Sakuma et a/. did not find significant changes in serum levels
of CXCL1 and CXCL2 after two days of LPS instillation (96). CXCL1(KC) and CXCL2
(MIP-2) are two major groups of chemokines that are secreted from the airway
epithelium and the activated macrophages to recruit neutrophils (97). Interestingly, in
several murine models of ARDS and lung injury, CXCL1 and CXCL2 are quantitative
markers of damage and inflammation (98). Our opposite findings in the plasma level of
these two chemokines might be due to the shorter observation time after LPS
administration. At 8 hours post LPS instillation, our lung tissue levels of CXCL1 at both
low (Img/kg) and high (5 mg/kg) LPS dosages remained significantly elevated. This

result is in line with other studies reporting peak levels of these two markers in BALF at
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24 hours post LPS administration (98)(99). Our results for CXCL10 plasma levels is in
agreement with several human and animal studies (100,101). CXCL10 levels in our lung
samples showed a significant increase at 4 hours after LPS instillation at a dosage of 5
mg/kg, while at 8 hours after LPS instillation only LPS at dosage of Img/kg
demonstrated significant increase relative to control group. Our findings in mice lung
tissues are comparable with the CXCL10 levels in LPS-induced ARDS in BALF and
lung samples in rats (101). CXCL10 is also known as interferon-y inducible protein 10
(IP-10) which is a chemokine secreted by most immune cells such as neutrophils,
eosinophils and monocytes and non-immune cells including epithelial and endothelial
cells recruiting several inflammatory cells (i.e., neutrophils, T lymphocytes and NK cells)
to the site of inflammation (102,103). Based on microarrays, it has been indicated that the
CXCLI10 gene is upregulated after LPS stimulation in acute lung injury. Furthermore,
Lang et al. reported that CXCL10 contributes to the pathophysiology of ARDS induced

by LPS (101).

We did not observe significant changes in the plasma levels of LIX and IL-17 post LPS
instillation at neither time points nor dosages relative to control groups. However, in lung
tissue samples, the levels of LIX were significantly increased 4 hours after intranasal
administration of LPS 5 mg/kg compared to the control group, while IL-17 was too low
to be detected. IL-17 is mainly secreted by Tul7 cells and to some extent by neutrophils
that promote neutrophil recruitment to the lungs. Our findings are in agreement with low
levels of IL-17 observed in experimental lung injury induced by intranasal administration
of LPS from E. coli (96). However, Ding et al. reported significant increases in lung,
BALF, and plasma levels of IL-17 in lung injury induced by intratracheal E. coli LPS
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instillation (3 mg/kg) in mice at 6, 12, 24 hours (104). Other authors found that LIX was
readily detectable in the lung but not plasma following LPS administration, suggesting
that LIX expression is confined to the lung parenchyma (51). LIX is expressed by
alveolar epithelial cells type II in response to LPS challenge and recruits neutrophils in

response to lung injury (105).

Last but not least, we found that the CCL5 levels in plasma indicated a significant
increase at 8 hours after 5 mg/kg LPS administration (delayed response) relative to
control group, while the lung levels of CCLS5 were significantly increased at 4 hours after
5 mg/kg LPS administration. Hoberstroh ef al. also showed a significant increase in
glomerular CCLS mRNA in rats at 6 hours post intraperitoneal injection of LPS from E.
coli (106). However, Johnston et al. reported that pulmonary CCL5 mRNA levels were
unchanged at 2, 6, and 24 hours after inhalation of LPS (107). CCLS5 is secreted by T-
cells, macrophages, epithelial cells inducing by IFN- y, TNFa, and IL-1. In addition,

CCLS5 is predominantly a chemoattractant for monocytes and lymphocytes (108).

In summary, there are some controversial findings among the results from our study and
in other studies with regards to inflammatory mediator levels in plamsa and lung tissues
after LPS administration. However, our data support the conclusion that LIX, CXCL2
(MIP-2), CCL5, CXCL10 (IP-10), IL-18, IL-6, and CXCL1 (KC) play essential roles in
our model of LPS-induced lung injury with peak levels at 4 hours after challenge with 5

mg/kg LPS.
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4.2. Objective 2

According to previous studies, it has been shown that DIBI, in comparison to other iron
chelators, exerts both anti-inflammatory and anti-bacterial effects due to its strong iron-
binding capacity to remove iron from being available to pathogens (35,57,109).
Although DIBI has been shown to have therapeutic effects in some local and systemic
inflammatory models (57,109—112), the exact anti-inflammatory effects of DIBI on LPS-
induced lung inflammation in mice and the molecular mechanisms involved in these

effects are still poorly understood.

Therefore, after we established a robust and reproducible lung inflammation by endotoxin
at a dosage of 5 mg/kg LPS following 4 hours of observation time, we aimed to study the
effects of anti-inflammatory treatment using DIBI at several timepoints post LPS
instillation. We chose early and later time points for the administration of DIBI:
immediately post LPS inhalation (TO0), 2 hours (T2) and 4 hours (T4) after LPS nasal
instillation. The 2 and 4 hours timepoints were considered more clinically relevant. In
this study, we tested one dosage of DIBI (80 mg/kg) according to previous studies
published by our lab, and the administration route was intraperitoneally (113). The anti-
inflammatory effects of DIBI in the lung were evaluated by histological examination of
lung tissues using H&E staining, measurements of NF-xB activation in lung tissue
lysates using western blotting, and measurement of plasma and lung inflammatory

mediator levels using multiplex assays.

We have demonstrated for the first time, that i.p. injection of DIBI, 2 hours post LPS

instillation, attenuated LPS-induced lung inflammation in mice, as supported by reduced
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histopathological lung injury, prevention of NF-xB phosphorylation and suppressed
production of pro-inflammatory cytokines in lung tissue. This is in agreement with in
vitro study by Ali et al. (62). Although we found that DIBI treatment reduced the NF-«kB
activation in vivo, further studies are needed to investigate all possible mechanisms

involved in this process.

4.2.1. Histology

We found that i.p. injection of DIBI at a dosage of 80 mg/kg at timepoint 0 and 2 hours
after LPS instillation, significantly attenuated histopathological changes induced by LPS
after 4 hours observation time. However, administration of DIBI with the same dosage, 4
hours after LPS instillation, did not significantly reduce the inflammation (observation
time: 6 hours). Therefore, we suggest that at early stages, damage and inflammation in
the lung tissue can be alleviated by DIBI treatment. However, 4 hours after LPS
administration, lung tissue indicated remarkable histopathological injury relative to the
control group. The efficacy of DIBI to reduce inflammation at a late stage, in which

significant damage was manifested in lung tissue, was not significant.

Our histopathological findings are in agreement with other experimental models of
inflammation. For instance, the small intestine was examined for mucosal lesions in
experimental systemic inflammation (sepsis) induced by LPS. Thorburn et al. reported
that administration of DIBI treatment reduced mucosal damage and improved

histopathological changes in small intestine (109).

The effects of DIBI on various measurements of inflammation were also assessed in

several other studies. Islam et al. revealed a significant reduction in leukocyte recruitment
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and remarkable improvement of Functional Capillary Density (FCD) after DIBI
administration in surgical sepsis using intravital microscopy (114). Lehmann ef al. also
reported similar findings in an endotoxemia model of sepsis after DIBI treatment (115).
Proinflammatory signals induce ROS formation and expression of adhesion molecules,
triggering leukocyte rolling and subsequent adhesion (116). Hence, reduction in
leukocyte recruitment might be due to the antioxidant effect of iron chelation blocking
iron-regulated ROS formation after DIBI administration (111). Additionally,
inflammatory responses induced by LPS promote a reduction in FCD, which is
responsible for two major changes: first, an increase in leukocyte-endothelial cell
interactions, and second, an increase in permeability of the microvasculature (endothelial

damage) resulting in the formation of edema (117).

Furthermore, the effect of other iron chelators in lung inflammation was investigated in
the literature. For instance, Kono ef al. indicated that pre-treatment with i.p. DFX reduced
infiltration of cells and exudate in lung tissue caused by intratracheal administration of 5
mg/kg LPS. In addition, DFX alleviates acute lung inflammation by inhibiting neutrophil
recruitment into lung tissues and neutrophil extracellular trap (NET) formation, which
directly damages alveolar epithelium and endothelial cells (61). These findings confirm

the anti-inflammatory effects of iron chelators in experimental lung inflammation.

4.2.2. NF-kB activation

The second method used in our study to assess anti-inflammatory effects of DIBI was the

measurement of NF-kB activation in lung tissues by Western blotting. As outlined in
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Objective 1, we saw a significant increase in NF-kB activation in lung tissues 4 hours

after LPS instillation at dosage 5 mg/kg.

DIBI treatment at early stages (0 and 2 hours after LPS instillation) significantly
diminished NF-kB activation compared to untreated LPS animals after 4 hours
observation time. The strongest effect was seen when DIBI was administered
immediately after LPS challenge (T=0h). NF-kB was almost at the level of control
animals at the 4 hours timepoint. In order to evaluate the effects of DIBI treatment at later
stage (4 hours after LPS inhalation), NF-kB activation in lung tissue was compared to
another group of LPS-treated animals with 6 hours observation time. Interestingly, DIBI
still remarkably reduced NF-kB activation, almost to the level of control at the 6 hours

timepoint (CON6h).

To summarize, our findings indicate that DIBI administration at all timepoints (0, 2, and
4 hours) after LPS inhalation significantly attenuates NF-xB activation in lung tissue.
This result may be related to the ROS reducing effects of iron chelation since NF-«B
activation is redox-sensitive (118,119). However, these positive findings were not
completely mirrored in the histological results, in particular at later timepoints. Most
likely, some of the histological changes could not be reversed by the delayed DIBI
treatment. This could also be related to the relative short half-life of DIBI (2hrs) and ip

injection route.

Our findings are consistent with results of other studies with different iron chelators. Lin
et al. reported that treatment of cultured rat hepatic macrophages (HMs) with an iron

chelator, L1, prevented LPS-induced NF-«B activation (120). Another in vitro study by
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Ali et al. showed that treatment with high doses of DIBI (100 or 200 uM) did prevent
nuclear translocation of NF-kB P65 in CF15 cells challenged with LPS. Higher doses of
DIBI which molecular size is too large to pass cell walls, mobilize intracellular iron by
binding to extracellular iron, thereby reducing iron bioavailability for intracellular ROS
generation and NF-kB activation (62). In addition, Li et al., in an experimental murine
model of local inflammation assessed by immunohistochemistry and western blot
analysis, indicated that DFO blocked LPS-induced nuclear translocation of p65 subunit of
NF-kB, since DFO inhibited LPS-induced NADPH oxidase which mediated oxidative
stress through increase in protein levels of the catalytic NADPH oxidase subunit, p22P1°

(49).

In a different setting, another study evaluated the effect of iron chelators on NF-kB
activation in myelodysplastic cells and in leukemia cell lines (K562 and HL60)
characterized by high basal NF-kB activity. Messa et al. reported that NF-«B inhibition

by DFO in these cell lines was not observed with DFP (121) .
4.2.3. Lung and plasma cytokine levels

To further assess inflammation post DIBI treatment in our murine model, levels of
inflammatory cytokines and chemokines were measured in lung and plasma collected 4
and 6 hours after intranasal LPS challenge. Similar to our findings in Objective 1, plasma
and lung levels of some inflammatory mediators in the DIBI treatment groups were too
low to be detected by the assay (Luminex®). IL-18, IFN-y, and TNF-a were under the
detection threshold in plasma samples, while in lung samples the level of IFN-y, IL-17,

and TNF-a were too low to be detected.
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In plasma, DIBI treatment neither at early treatment (0 and 2 hours post LPS instillation)
nor later treatment (4 hours after LPS inhalation) could reduce the levels of LIX, CXCL2,
CCLS5, CXCL10, IL-6,1L-17, or CXCLI, respectively. However, Kim et al., using the
iron chelator, di-2-pyridylketone-4,4-dimethyl-3-thiosemicarbazone (Dp44mT), reported
that serum levels of IL-1B and TNF-a were reduced in a dose-dependent fashion in a
murine experimental model of allergic rhinitis (122). Others studies using the FDA-
approved iron chelators, DFO or DFX in endotoxemic humans, mice and rats indicated
decreased LPS-induced activation of NF-xB, reduced levels of TNF-a, IL-6, IL-1f in
plasma and lower levels of inflammatory parameters of liver injury (123-126).
Additionally, our findings are in discrepancy to previous studies, where administration of
DIBI in systemic inflammation attenuated the levels of plasma cytokines and adhesion
molecules (112,115,127). Obviously, the administration routes of LPS and DIBI are
critical and should be considered in interpretation of the results. In our study we
administered LPS intranasally, which is different from intraperitoneal injection of LPS

(115).

Unlike our results from plasma, early treatment with DIBI at time 0 and 2 hours post LPS
instillation significantly reduced the lung tissue levels of LIX, CXCL2, CCLS5, and IL-6.
However, later treatment with DIBI at time 4 hours after LPS inhalation, significantly
diminished only lung levels of CXCL2 and IL-6. Therefore, we can conclude that early
treatment with DIBI is effective to alleviate most of studied tissue inflammatory
mediators in our model, which is in agreement with our findings from histopathological
changes and NF-xB activation in lung tissue. He et al. evaluated the effect of DFO on
allergic events caused by ovalbumin (OVA)-induced lung inflammation exacerbated by
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particulate matter less than 2.5um (PM2.5) with LPS. They found that DFO did not
suppress neutrophil-related responses (IL-1B, IL-6, TNF-a, KC, RANTES) in BALF
(128). When comparing our lung inflammation model with DIBI treatment to their
results, we observed the same result in the lung level of only IL-1p and CXCLI1 (KC)
after DIBI administration at both early and later stages as well as in lung level of CCL5
after DIBI treatment in later stage (at 4 hours after LPS instillation). In addition, we
found that IL-6 levels in lung tissue were remarkably decreased in both early and later
treatment with DIBI. Ali ef al. also indicated that higher concentrations of DIBI reduced
the apical secretion of IL-6 in LPS-stimulated CF15 cells (62). Furthermore, similar
finding were reported in an in vitro study that higher concentrations of DFO inhibited the
release of IL-1P from LPS-stimulated AMs of both smokers and non-smokers (129). It
should be noted that during the time course of lung inflammation, other organs such as
brain respond to lung inflammation and release cytokines and chemokines which are
mixed up with other plasma cytokines. Hence plasma cytokines do not mirror the changes
in lung tissue since the cytokines from the brain also contribute to the plasma level of
cytokines in response to lung inflammation. Although DIBI alone did not induce any
significant changes in plasma levels of inflammatory mediators, cytokines from other

tissues are expected to contribute to the plasma cytokines measured after DIBI treatment.
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4.3. Limitations and future directions

Some limitations can be identified in our study. First, considering the genetic and
physiological differences between humans and mice (130), murine models are not
substitutes for human models. However, they are valuable tools to gain a preliminary
understanding of how a medication may function in clinical trials. In this context, we first
studied the anti-inflammatory effect of DIBI immediately after LPS instillation. After
finding promising results, more clinically relevant time points for DIBI treatment were
selected. However, for both LPS instillation and DIBI treatment, we still had only a
limited number of time points and dosages to study the inflammatory changes. Since
mice have a faster metabolism and immune response than humans following a stimulus
such as LPS (131), shorter time points such as 30 minutes, 1 hour, 2 hours, and 3 hours
after LPS administration should be included in future experiments. Furthermore, we only
tested two doses of LPS from P. aeruginosa (1 mg/kg and 5 mg/kg) and one dose of DIBI
(80 mg/kg) based on previous literature. Therefore, future experiments should also test
more doses of DIBI to potentially improve its efficacy as well as more frequent
administration of DIBI, to compensate for its short half-life. Additionally, the
administration route of DIBI in our study was through intraperitoneal injection, while the
LPS was administered intranasally. Potentially, inhalation of aerosolized DIBI would be

a more effective route of administration.

Another limitation of our model is that experiments were performed on healthy mature
adult male mice aged 12-14-week-old. Although it has been shown that male mice
demonstrated significantly greater airway responsiveness to LPS relative to females

(132), it is helpful to investigate the inflammatory lung changes in female mice in future
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experiments. In addition, mature adult mice show cumulative immune responses
following LPS exposure compared to young mice (133). Therefore, the factors of age and

sex should be regarded in the interpretation of the results.

Recent studies reported the possible therapeutic effects of iron chelators in patients with
COVID-19 through preventing excessive inflammatory response and tissue damage by
blocking free iron and inhibiting the oxygen radical formation and lipid peroxidation
(134,135). In addition the possibility of therapeutic effect of iron chelators in cystic
fibrosis disease was suggested and then proved by Aali et al. in an in vitro study.
(62,136). The results of our study also suggest the potential therapeutic use of DIBI in
systemic inflammation caused by SARS-CoV-2 or in cystic fibrosis through targeting the

release of inflammatory mediators such as ROS and prevention of cytokine storm.

4.4. Conclusion

The present study investigated the impact of the novel iron chelator, DIBI, on immune
responses in an experimental murine model of lung inflammation. First, we established
an LPS-induced lung inflammation model, using intranasal administration of two
different doses of LPS at two different observation time points. Second, to assess the anti-
inflammatory properties of DIBI, we administered DIBI intraperitoneally in the early and
later stages. It was the first time that DIBI was tested in an experimental murine model of
lung inflammation. We found that DIBI indicated an anti-inflammatory effect by
attenuated LPS-induced pulmonary histopathological injury, NF-xB activation, and

inflammatory mediators in lung tissues. These results suggest that DIBI could be utilized
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as a promising anti-inflammatory treatment for lung inflammation caused by Gram-

negative bacteria.
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Figure A.l. Normalization of western blots with Amido black staining of total
protein. Lanes 1 to 4 in Figure A.1.A are LPS 5 mg/kg after 4 hours+ DIBI 80 mg/kg at
time 0 h(TO0), while lanes 5 to 9 in Figure A.1.A are LPS 5 mg/kg after 4 hours+ DIBI 80
mg/kg at time 4 (T4). In Figure A.1.C, lanes 1 to 9 are LPS 5 mg/kg after 4 hours.

Figures A.1.B&D are corresponding total protein-stained membrane with amido black.
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