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Abstract

Pseudomonas aeruginosa is a Gram negative bacterium found frequently in the environment. It can
infect immunocompromised patients and is a major cause of nosocomial infections. Of particular
concern are its roles in lung infections as a causative agent for pneumonia and in respiratory infections
in patients with cystic fibrosis and chronic obstructive pulmonary disease. Treatment of P. aeruginosa
lung infections is difficult due to its formation of biofilms and the development of multi-drug resistant
P. aeruginosa strains. Synthetic derivatives of host defense peptides (HDPs) called innate defense
regulators (IDRs) are alternatives to antibiotics that modulate the immune response rather than directly
targeting the bacteria, thus limiting the development of antibiotic resistance. IDRs have shown success
against many bacteria but had not previously been tested in P. aeruginosa lung infection models. In
this work, IDR-1002 reduced the production of inflammatory cytokines by macrophages in response
to P. aeruginosa lipopolysaccharide. IDR-1002 also limited the toxicity caused by live P. aeruginosa
to macrophages and bronchial epithelial cells. Importantly, IDR-1002 did not show any toxic effects
in vitro, unlike the HDP LL-37. In an acute in vivo P. aeruginosa lung infection model, IDR-1002
significantly decreased the bacterial burden as well as the concentrations of MCP-1, KC, and IL-6 in
the lungs. In another in vivo P. aeruginosa lung infection model using alginate to mimic a chronic
infection, IDR-1002 decreased the infiltration of cells to the infection site and significantly decreased
IL-6 levels in the lungs. To improve drug delivery, peptide IDR-1018, which has a strong aggregation
propensity, was tested with various formulations, and its combination with a hyperbranched
polyglycerol reduced the production of inflammatory cytokines in vitro and trended towards reducing
cytokines in vivo in the acute P. aeruginosa lung infection model. Finally, RNA-Seq and downstream
bioinformatics were performed on both lung and blood samples from the acute P. aeruginosa lung
infection model, providing insights into the impact of P. aeruginosa during infection and the protective
mechanisms of IDR-1002 via its anti-inflammatory effects. These data suggest the strong potential of

IDR-1002 for the treatment of P. aeruginosa lung infections.



Lay Summary

Antibiotic resistance is expected to be one of the most serious health crises of the 21% century. One
type of bacterium that is already demonstrating resistance to multiple antibiotics is Pseudomonas
aeruginosa. This bacterium is a frequent cause of pneumonia and other lung infections, particularly in
patients with cystic fibrosis and chronic obstructive pulmonary disease. Treatment of P. aeruginosa
lung infections is difficult due to both inherent and acquired resistance. In this thesis, | examined an
alternative to traditional antibiotics, called IDR-1002, for use against P. aeruginosa infections. In two
types of cells and in two models of lung infection in mice, | demonstrated that IDR-1002 reduces
inflammation and can also decrease the number of bacteria in the lungs. | also examined formulations
to improve drug delivery and the host responses to both bacteria and IDR-1002. Overall, this thesis

demonstrates the potential of IDR-1002 for use against P. aeruginosa infections.
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Chapter 1: Introduction
1.1 Pseudomonas aeruginosa

Pseudomonas aeruginosa is a Gram negative, rod-shaped bacterium in the
gammaproteobacteria family. It is ubiquitous in the environment and has been isolated from water and
soil samples worldwide. It can also occasionally be found as part of the normal human flora on the
skin, in the gastrointestinal tract, and in the lungs (1, 2). As such, it does not normally cause problems
in healthy individuals, but in immunocompromised patients, or in cases where it has been introduced
into new sites, it can lead to infections that can be fatal. Indeed, P. aeruginosa is one of the leading
causes of death from lung infections. Antibiotics are typically the first medical response to a P.
aeruginosa infection, but intrinsic and adaptive resistance mechanisms and the rise of acquired multi-
drug resistance (MDR) have reduced their effectiveness in treating Pseudomonas infections.
Unsurprisingly, P. aeruginosa is one of the leading resistant pathogens in a hospital setting, and the
United States Centers for Disease Control and Prevention (CDC) classified P. aeruginosa as a serious
threat, the second highest level, in their report on antibiotic resistance (3). Therefore, understanding
the pathogenesis of Pseudomonas and exploring alternative treatment methods are critical for reducing
the morbidity and mortality caused by its infection.
1.1.1  Virulence factors

P. aeruginosa has numerous virulence factors that promote infection (4-6). Pyocyanin and
pyoverdine, which are responsible for its characteristic green-blue color, serve multiple roles in
infection (7-10). Pyoverdine, along with pyochelin, acts as a siderophore and acquires iron for growth,
while pyocyanin inactivates catalase and interferes with the redox system in eukaryotes, leading to the
production of inflammatory reactive oxygen species (ROS) (4, 8, 11).

P. aeruginosa produces several toxins, most notably exotoxin A, which is released by the type
2 secretion system and inhibits elongation factor-2 (EF-2) in eukaryotes, thus stopping polypeptide

production (12). Depending on the strain of P. aeruginosa, it can also produce the exoenzymes ExoS,
1



ExoT, ExoU, and/or ExoY, all secreted by the type 3 secretion system (T3SS), a needle-like apparatus
that is used to inject toxins into neighboring cells and cause necrosis (13-15). ExoU causes the most
cellular damage due to its phospholipase A2 activity, which is an activity also induced by the peptide
melittin that is found in snake and insect venom (14, 16, 17). P. aeruginosa can also produce
phospholipase C and many proteases, including elastase (4, 18). These enzymes can be used to break
down intercellular tight junctions and host-produced immune mediators to enable the bacteria to
spread through the host and blunt the resulting host immune response (19, 20). As with all Gram
negative bacteria, P. aeruginosa has lipopolysaccharide (LPS) in its outer membrane, which strongly
induces immune responses that are highly inflammatory. It is also the major serotype antigen (20). P.
aeruginosa has type IV pili and a single polar flagellum for motility, although these can be lost in
some strains, particularly those found in chronic infections (21-24). Although motility is not strictly
necessary for infection, it enhances P. aeruginosa virulence (21).

One of the critical aspects of many P. aeruginosa infections is its formation of biofilms (25,
26). These are organized multi-cellular structures, held together by a matrix consisting of
exopolysaccharides and extracellular DNA, which serve to protect the bacteria from host immunity
and antibiotics (26, 27). The major exopolysaccharides in the biofilm matrix are Psl and Pel (28, 29).
Another exopolysaccharide that can be found in P. aeruginosa biofilms is alginate, which is a linear
polymer made of (1,4)-linked 3-D-mannuronate and a-L-guluronate subunits that is analogous to the
alginate found in seaweed (30, 31). It is estimated that between 65-80% of microbial infections are
caused by bacteria growing in biofilms (32). The major steps of biofilm formation involve 1) initial
surface attachment, 2) formation of microcolonies, 3) formation of macrocolonies, and 4) dispersal.
The formation of biofilms can be directed in part through quorum sensing (QS), a process in which
bacteria at sufficient concentrations release signaling molecules above a minimum threshold that
signal neighboring bacteria to alter their behavior (33). In P. aeruginosa, the QS molecules include N-

acyl-homoserine lactones (AHLs) and 2-alkyl-4-quinolones (AQs) (34). When a minimum number of
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bacteria are present and producing sufficient levels of specific AHLs or AQs, the bacteria can be
directed to form a structured biofilm. QS is also involved in other processes including iron uptake, the
production of virulence factors that impact the effectiveness of the host immune system, and certain
types of surface motility, such as swarming motility that involves the coordinated movement of
multiple bacteria (34).

1.1.2 Antibiotic resistance

P. aeruginosa antibiotic resistance falls into one of three categories: 1) intrinsic, 2) adaptive,
or 3) acquired. Intrinsic resistance mechanisms that are inherent in all P. aeruginosa include low outer
membrane permeability, as well as the presence of a chromosomal AmpC B-lactamase and multiple
efflux pumps to destroy and quickly remove antibiotics from within the cell, respectively (4, 35).
Porins, which are channels in the outer membrane, are typically reduced in overall number and
effectiveness in P. aeruginosa (4, 36), thus slowing the entry of antibiotics into P. aeruginosa cells.

Adaptive resistance is activated in response to specific environmental conditions, such as a
change in pH, decrease in cations such as Ca* or Mg?*, or the presence of antibiotics or certain carbon
sources (36, 37). Growth in biofilms or swarming motility can also act as triggers. This resistance is
largely due to alterations in multiple resistance mechanisms including increases in efflux pump
expression, reduction in the negative charge of LPS to limit the interaction of positively charged
molecules such as polymyxin antibiotics, and increases in B-lactamase production (37). Importantly,
this adaptive resistance only lasts while the environmental stimulus is present; once it is removed, the
resistance mechanisms are downregulated.

Finally, acquired resistance is genetically encoded resistance, either attained from external
sources by DNA transfer from other species of bacteria or other strains of P. aeruginosa, or occurring
through the selection of mutations that increase drug resistance (4, 36). Examples include acquiring
plasmid-encoded B-lactamases or aminoglycoside-modifying enzymes or mutations upregulating

efflux pumps that increase their effectiveness in expelling antibiotics (36, 38). This form of resistance
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is the most critical for the development of MDR strains (35), although adaptive resistance also

contributes to MDR (37).

1.2 P. aeruginosa infections in humans

P. aeruginosa infects numerous epithelial locations, including burns, wounds, the urinary
tract, the conjunctiva of the eyes, and the lungs. Due to its role as an opportunistic pathogen, it is a
frequent cause of nosocomial (hospital-acquired) infections. P. aeruginosa accounts for almost 10%
of the isolates found in either hospital-wide pneumonia or urinary tract infections (UTIs), which
increases to nearly 20% when only intensive care unit (ICU) cases are considered (39). It colonizes
catheters and other in-dwelling medical implants, aided by its formation of biofilms, and is the third
most common cause of catheter-associated UTIs (40). It is also found in 19.3% of burn infections,
second only to Staphylococcus aureus (41). However, lung infections are one of the most critical forms
of P. aeruginosa infection in terms of both morbidity and mortality.

1.2.1 P.aeruginosa lung infections and the immune response

The respiratory tract is constantly exposed to microbes during inhalation. In immunocompetent
patients, microbes can be removed through mechanical or immunological activity. However, in
immunocompromised patients or in those with damage to the respiratory tract, microbes may enter the
lungs and cause infection. Cystic fibrosis (CF), chronic obstructive pulmonary disease (COPD), and
pneumonia are diseases in which P. aeruginosa infections play a key role in disease pathogenesis (42,
43).

CF is an autosomal recessive genetic disorder caused by mutations or deletions in the cystic
fibrosis transmembrane conductance regulator (CFTR) gene. Changes in CFTR affect the secretion of
mucus and liquids due to its role as a cAMP-regulated chloride ion channel (44-46). This can affect
numerous secretory organs, including the respiratory tract, gastrointestinal tract, pancreas, and the

male reproductive organs (47). The effects of CF in the lungs are some of the most serious as they



prevent proper clearance of the airways and usually lead to bronchiectasis. In childhood, most CF
patients are infected by S. aureus, although studies have indicated that 21-29% of infants with CF still
acquire P. aeruginosa within the first 6-12 months of life (48, 49). However, by late adolescence S.
aureus has been largely displaced by P. aeruginosa, with 80% of CF patients infected by P. aeruginosa
before reaching their mid-twenties (48). Colonization by P. aeruginosa is associated with increased
morbidity and mortality (50), and while advances in treatment have greatly extended the average
lifespan and quality of life of CF patients, the median lifespan is still only around 40 years (44).

COPD is a progressive lung disease characterized by breathing difficulties. It has multiple risk
factors, although cigarette smoking is often an underlying cause. Patients have frequent lung
infections, and P. aeruginosa has been isolated from patient samples in numerous studies (43). As
with CF, P. aeruginosa infection in COPD is associated with the later stages of the disease and with
exacerbations, although its overall contribution to COPD symptoms is debated (43, 51). Overall,
COPD results in 3 million deaths annually worldwide (52).

Pneumonia is inflammation in the lungs, often accompanied by a buildup of fluid and
occasionally by bronchiectasis. Two common forms are hospital-acquired pneumonia (HAP) and
ventilator-associated pneumonia (VAP), which together are the second most common form of
nosocomial infection and result in 30-62% mortality (53, 54). Although most HAP cases are caused
by viruses or Streptococcus pneumoniae, P. aeruginosa is a common cause of pneumonia in late-onset
and ICU cases, being found in 18.1% of ICU pneumonia cases (39). Pneumonia also frequently affects
people outside of the hospital environment, with risk factors including having COPD or CF. However,
it can also occur in otherwise healthy individuals.

P. aeruginosa lung infections begin when the bacteria enter the respiratory tract through
aspiration from the gastrointestinal tract or from inhalation through the nose and initial colonization
of the sinuses (44). The environment in the respiratory tract is affected by the presence of the airway

surface liquid (ASL) interface. The ASL is composed of two thin layers, with the bottom aqueous
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periciliary (sol) layer adjacent to the ciliated epithelial surface and the top layer containing mucus (45,
55). In a healthy respiratory tract, the ASL has a watery consistency and can contain neutrophils,
macrophages, surfactants, mucins, host defense peptides such as f-defensins and LL-37, and larger
antimicrobial proteins such as lactoferrin and lysozyme (45, 56). Microbes can become trapped in the
top layer of the mucus, which is then moved by the beating action of cilia on epithelial cells in the
lower watery layer, a process called mucociliary clearance (45, 57). This allows the removal of most
microbes. However, this process is often compromised in patients at risk for lung infections. In CF
patients, the ASL is viscous due to the dysregulation of ion movement and has increased acidity, both
of which limit the antimicrobial activities of the ASL, the beating of cilia, and the function of epithelial
cells (45, 46, 58). In addition, other factors have been suggested as being involved in the mechanism
of initial colonization, including increased receptor expression and decreased epithelial cell
phagocytosis (59). In COPD, cilia function is often damaged from smoke exposure, which thus
hampers mucociliary clearance (60, 61).

As the initial barriers are breached, P. aeruginosa can be detected by pattern recognition
receptors (PRRs) on host cells. PRRs are divided into several structural families, with the most critical
being the Toll-like receptors (TLRs), Nod-like receptors (NLRs), and RIG-I-like receptors (RLRS).
For P. aeruginosa, key PRRs include TLR4, which binds LPS with the help of MD2, CD14, and LPS
binding protein (LBP), as well as TLR5, which detects the structural component of the flagellum called
flagellin (62-65). Additionally, the TLR1/2 complex that detects triacylated lipopeptides and the
internal TLR9, which detects unmethylated CpG DNA motifs, can recognize these motifs in P.
aeruginosa (62, 66). ExoS has also been reported to activate TLR2 and TLR4 (67). For the NLRs,
NOD1 (also called NLRC1) detects P. aeruginosa peptidoglycan while NLRC4 (also called IPAF) in
combination with NAIP5 detects flagellin (68-70). NLRC4 also detects the T3SS, although the T3SS
product ExoU can also inactivate NLRC4 (71). Other receptors include asialylated glycolipids

containing GaINAcB1-4Gal, notably asialoGM1, which recognizes P. aeruginosa pili and flagellin
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(59, 72, 73). Human neutrophils have also been shown to detect a P. aeruginosa QS molecule, the
AHL N-(3-oxododecanoyl)-L-homoserine lactone, through the bitter taste receptor T2R38 (74), and
the neutrophils use CR3 or CD14 to phagocytose the bacteria (75).

Recognition of P. aeruginosa by the above TLRs and NOD1 leads to the recruitment of adaptor
proteins, most critically MyD88, TRIF, TRAM, and TIRAP for the TLRs, and consequent activation
of the NF-kB pathway and the activation of the MAPKs ERK1/2, JNK, and p38 (62, 76). This leads
to the upregulated transcription of hundreds of genes as well as the production and release of multiple
inflammatory cytokines, including IL-6, TNF-a, and IFN-y (62, 77). NLRC4 also activates caspase-1,
which promotes the maturation and release of IL-1p (69, 71).

Additionally, the release of chemokines such as Gro-o (CXCL1), IL-8, MCP-1, RANTES, and
IP-10 leads to the recruitment of immune cells to the site of infection. These cells include neutrophils,
which attempt to phagocytize and kill the microbes and also produce ROS and reactive nitrogen
species (RNS) (77). However, ExoS and ExoT can limit both neutrophil recruitment and phagocytosis,
whereas other virulence factors such as ExoU and elastase are cytotoxic to neutrophils (14, 15). The
complement system is also activated during P. aeruginosa infection, with roles for C5a and C3a
described in the recruitment and opsonization of immune cells (78).

Antigen-presenting cells (APCs) such as dendritic cells (DCs) and macrophages are also
present in the lungs and/or can be recruited after infection. These cells are critical for presenting
antigens to T cells and activating the adaptive immune response. However, while antibody titers
increase in CF patients as the P. aeruginosa infection progresses, the adaptive immune system is
insufficient for clearing the infection (49).

While the immune system undergoes numerous changes in response to infection, P. aeruginosa
also adapts to its new environment. During the initial stages, the infection is acute and P. aeruginosa
produces numerous virulence factors including the exoenzyme toxins, exotoxin A, and proteases.

Elastase, which is secreted by both P. aeruginosa and host neutrophils, can disrupt tight junctions and
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allow bacteria to spread (18, 79). P. aeruginosa also induces the shedding of a heparan sulfate
proteoglycan, syndecan-1, from epithelial cells, which enhances P. aeruginosa virulence (80).
Additionally, in vivo evidence in a burn model indicates that P. aeruginosa begins to form biofilms
as early as eight hours after infection (81). Over time, if the infection is not cleared by the immune
system or antibiotic treatment, there is progression to a chronic infection, which is characterized by
changes in P. aeruginosa cells that allow them to evade the immune response (82). For example, P.
aeruginosa can turn off the production of flagellin to evade detection by TLR5 and it can also reduce
pili expression, rendering many chronic strains non-motile (59). Similarly, LPS loses its O-antigen
polysaccharide, making the organism less susceptible to antibody-mediated clearance (83).
Additionally, other virulence factors, such as QS and toxins, are dampened (44). Biofilm formation
becomes more pronounced, with increasing production of alginate and/or Psl and the development of
a mucoid colony phenotype (28, 34, 44). Although there is a massive infiltration of neutrophils into
the lungs, the biofilm protects the bacteria from ROS, phagocytosis, and other anti-infective elements
(44). As the chronic infection proceeds, the strains of P. aeruginosa present also become increasingly
antibiotic resistant, and hypermutator mutations speed up the acquisition of resistance and other
adaptations that promote chronic bacterial growth (34, 44, 84). In CF and COPD, the host continues
to produce inflammatory mediators in response to the infection, but they are usually unsuccessful in
clearing it. Intriguingly, in these chronic infections it is usually the host response, rather than the P.
aeruginosa itself, that causes the most damage to the lungs and the associated morbidity and mortality.
Since the host immune system in immunocompromised patients is ineffective at removing the bacteria

in chronic lung infections, it is necessary to turn to external treatments.



1.2.2 Treatment options for P. aeruginosa lung infections and rise of multi-drug resistant
strains
1.2.2.1  Antibiotics

While P. aeruginosa infections can occur in a variety of tissues and may involve different
forms, such as mucoid strains or biofilms, the major treatment option is inevitably antibiotics. There
are four major classes of antibiotics used for P. aeruginosa: 1) B-lactams, 2) aminoglycosides, 3),
fluoroquinolones, and 4) polymyxins.

There are several variations of B-lactams including carbapenems such as imipenem or
meropenem; penicillins such as ticarcillin or piperacillin; cephalosporins such as ceftazidime,
cefepime, or ceftobiprole; and monobactams including aztreonam (85-88). These drugs work by
inhibiting the production and/or stability of peptidoglycan, a component of the bacterial cell wall (89).
Due to intrinsic P. aeruginosa resistance to B-lactams through the production of the inducible
chromosomal B-lactamase AmpC, these antibiotics are often paired with a B-lactamase inhibitor, such
as tazobactam or clavulanic acid, in order to increase effectiveness, or used in combination with an
aminoglycoside (90, 91). Modifications in P. aeruginosa efflux pumps also increase bacterial
resistance to pB-lactams.

Anti-pseudomonal aminoglycosides include tobramycin, gentamicin, and amikacin. They bind
the bacterial ribosome and inhibit protein synthesis, but unlike many other ribosome inhibitors they
are bactericidal. P. aeruginosa resistance to aminoglycosides can involve the production of plasmid-
mediated aminoglycoside-modifying enzymes that adenylate or phosphorylate the antibiotic (92, 93).
However, much of the resistance is due to efflux pump improvement to quickly remove the antibiotics
(92, 93). Aminoglycosides have been associated with nephrotoxicity and ototoxicity, but their use for
lung infections has expanded due to aerosolized delivery, which allows beneficial effects in the

respiratory tract but limits the systemic concentration and thus toxicity (92, 94, 95).



The fluoroquinolones, such as ciprofloxacin and levofloxacin, act on topoisomerase 1V and
DNA gyrase (96, 97). Resistance can occur frequently through efflux pump upregulation or
modification of the targeted enzymes (93).

Polymyxins are cationic lipopeptides that disrupt the bacterial membrane. Polymyxin B and
polymyxin E (colistin) are the members used for P. aeruginosa infections (98). However, these drugs
are also reported to have high nephrotoxicity and neurotoxicity, including neuromuscular blockade,
and for many years were only used for topical applications. This toxicity has been partially reduced
by chemical modification of the primary amines with methane sulfonate to create a pro-drug (99). The
lack of alternative options has led to their more frequent use as inhalation antibiotics in CF in recent
years and they are now considered “last resort” antibiotics (4, 91).

For chronic P. aeruginosa lung infections, treatment is much more difficult and rarely
completely successful. In CF, airway clearance to remove the buildup of mucus is a key part of
infection control, which can be done to some extent through treatment with recombinant human DNase
I or mucus rehydration (47). Other options in CF include lung transplantation or therapy correcting
the CFTR product, but due to costs and limited availability and, in the case of CFTR-directed therapy,
a limited number of targeted mutants, these treatments are infrequent. For pneumonia and COPD,
draining mucus from the lungs is common, but usually only provides temporary relief. COPD is also
treated with bronchodilators, steroids, and in some cases lung transplantation. However, when
bacterial lung infections occur in COPD patients these treatments are limited due to
immunosuppressive side effects. Therefore, the treatment of P. aeruginosa lung infections for all of
these diseases usually involves the use of antibiotics. In CF, antibiotics are used beginning at an early
age in an attempt to prevent, or at least delay, the onset of chronic infection (100). Treatment usually
involves a B-lactam in combination with a drug from one of the three other categories, with aerosolized
tobramycin, colistin, amikacin, and levofloxacin as common options (91, 101). For COPD, while P.

aeruginosa infections occur, they are usually not the target of antibiotic treatment, although evidence
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is emerging that these infections cause exacerbations and should be treated in a manner similar to CF
(43, 51, 102). In the case of pneumonia, usually a combination of a B-lactam and an additional
antibiotic from the fluoroquinolone or aminoglycoside classes is recommended, with colistin used for
drug-resistant infections (103).
1.2.2.2  Emergence of drug resistance

Treating P. aeruginosa lung infections with antibiotics is often met with challenges. This can
be attributed to multiple drug-resistance mechanisms, including those due to the formation of biofilms
(4, 104). Critically, MDR is on the rise, with studies indicating up to 32% of isolated P. aeruginosa
strains demonstrating resistance to three or more drugs (105). However, the discovery of new
antibiotic classes has stalled. p-lactams were the first antibiotic described, with the discovery of
penicillin by Alexander Fleming in 1928, and the aminoglycosides and polymyxins were identified in
the 1940s (89, 98, 106). The quinolones are the newest class of antibiotics discovered that can be used
against P. aeruginosa infections; however, their discovery occurred in 1962 (107). While some new
drugs in these four classes have been discovered, such as the B-lactam carbapenems in the 1980s (85),
the lack of new antibiotic classes for over fifty years makes the rise of MDR strains a growing health
crisis. In the United States, the CDC attribute 51,000 infections to P. aeruginosa annually, and 6700
of these are MDR (3). It is therefore critical to find alternative options for combating P. aeruginosa

infections.

1.3 New therapies against P. aeruginosa lung infections: Potential of host defense peptides
Although the development of new antibiotics has stalled in the past two decades, one promising

area of research is finding naturally occurring antimicrobials from previously unculturable species

(108). A screen of previously unculturable soil microbes found a new antibiotic, teixobactin, that is

effective against many Gram positive and some Gram negative species (108). Although the minimum
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inhibitory concentration (MIC) for P. aeruginosa was >32 pg/ml with teixobactin (108), this method
could reveal new antibiotics for use against P. aeruginosa.

Another idea is the use of bacteriophages to lyse bacteria, which was used in human medicine
in the Soviet Union in the early to mid-twentieth century and is still occasionally used in Russia and
Georgia (109). One aspect of phage therapy that is both a benefit and a limitation is that most
bacteriophages will attack only specific strains of a bacterial species (109). On one hand, this limits
effects on both the host and the host microflora; on the other, this makes it difficult to use against an
infection without isolating the bacterial strain. In vitro and in vivo phage treatments have shown
effectiveness against P. aeruginosa, and the commencement of new clinical trials in humans should
provide further information about the viability of phage therapy (109, 110).

Anti-biofilm therapies have also been proposed (111, 112). One drug in phase I clinical trials
is OligoG, an alginate oligosaccharide, which has shown effectiveness in disrupting biofilms (101).
However, no therapies are currently approved.

An alternative idea is to focus on targeting the host immune system rather than on treatments
that directly attack the bacteria. The advantage of this strategy, as opposed to using antibiotics, is that,
by harnessing the power of the host immune system, the bacteria would be less likely to develop
resistance as they would be attacked via multiple mechanisms by an immune system that has evolved
over millennia precisely to deal with microbial infections. One example is using vaccines along with
adjuvants. However, despite testing potential vaccines against P. aeruginosa since 1970, no vaccine
has been approved or recommended for use (113, 114). Some successes were seen with vaccines
against flagella in human trials, with a bivalent flagella vaccine advancing to phase Il trials in humans,
but the vaccine did not reach its benchmarks and its production was terminated (113-116).

Another example is using components of the immune system itself. Intravenous (IV)
immunoglobulin has been used for immunodeficiencies and autoimmune diseases (117). Type |

interferons are used as therapies for multiple sclerosis, cancer, and hepatitis B and C, usually in
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combination with other drugs. The Type Il interferon, IFN-y, has been approved for use against chronic
granulomatous disease and osteopetrosis, and has been prescribed off-label for atopic dermatitis (118).
Both G-CSF and GM-CSF are used for treating neutropenia (119), and GM-CSF has also been
approved as an anti-fungal agent (120).

Although other components produced by the host immune system could be used against
infections, a key issue is their potential for creating a cytokine storm and overwhelming the host with
inflammatory mediators. For instance, cytokines such as TNF-a, IL-1B, and IL-6 are critical for the
response against infection but are also implicated in the immune dysregulation that can lead to septic
shock (121). Ultimately, it is necessary to examine potential anti-infection treatments for both pro-
and anti-inflammatory influences and find a balance between these effects.

1.3.1 Host defense peptides

Host defense peptides (HDPs) are one component of the immune system that show promise as
immunomodulatory agents during infections. HDPs are typically defined as small peptides (10-50
amino acids in length) that are amphipathic. While anionic HDPs exist, cationic HDPs (typically +2
to +9 charge) are the most widely studied and are the focus of this thesis (122). Cationic amphipathic
peptides have been found in all three domains of life, and include the polymyxins from bacteria (123).
However, the term HDP is usually reserved for ones from the Eukarya domain. HDPs are also often
called antimicrobial peptides (AMPSs) due to their direct antimicrobial activities against microbes. This
can occur by binding of the positively-charged AMP to the negatively-charged bacterial membrane,
with multiple peptides assembling to form a pore in the membrane, thus causing the cell to lyse (122,
124, 125). Alternatively, AMPs can also enter the cell and interact with bacterial nucleic acids and
proteins (122). Indolicidin, a bovine HDP, inhibits nucleic acid synthesis, whereas pyrrhocidin from
insects targets chaperone-assisted protein folding (122). However, many of these direct antimicrobial
activities are lost under physiological salt conditions or in the presence of serum (126-128). For

example, the human cathelicidin LL-37 loses its antimicrobial activity against methicillin-resistant S.
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aureus, Proteus mirabilis, and Candida albicans in the presence of 100 mM of sodium chloride (129),
and increasing concentrations of sodium chloride also drastically increase the MIC of LL-37 against
Escherichia coli (127). Human B-defensin (hBD)-1 was also shown to be unable to kill bacteria in the
CF lung, and other -defensins have shown sensitivity to salt or acidic pH (130-133).

Despite the loss of this antimicrobial activity, these peptides still show effectiveness in
infection models (134). It is now understood that this can be attributed to their effects on the host
immune system. The immunomodulatory effects of HDPs are numerous and include modifying
cytokine or chemokine production and thus recruiting and/or activating leukocytes and modifying
inflammation in response to bacterial products; altering the production of ROS and RNS; increasing
angiogenesis and wound healing; degranulating mast cells; and binding directly to LPS (134-139).
Some cationic peptides have been reported to show anti-cancer activity while others have a role in
immunometabolism (134, 135). Importantly, not every HDP possesses all of these effects, and the
exact nature of the response can vary according to HDP concentration, location, and the model being
used. Therefore, while AMP and HDP are sometimes used interchangeably, HDPs usually refer to
cationic peptides with activities that are not due to direct antimicrobial killing, while AMP is reserved
for cationic peptides that are acting through bactericidal mechanisms.

In humans, there are several AMPs and HDPs, including hepcidin, LEAP-2, and the histatins
(135, 140-144). Other human cationic amphipathic peptides that may also play roles in host defense
include hormones such as the natriuretic peptides, certain neuropeptides such as substance P and
derivatives of pro-opiomelanocortin, and various gastrointestinal-associated peptides (135, 145-150).
However, the most abundant and well-studied human HDPs are the defensins and LL-37, the only
human cathelicidin (151-156). The defensins are classified as a- or B-defensins based on the disulfide
linkages between six cysteines used for their characteristic three disulfide bonds. There are six well-
studied a-defensins, human neutrophil peptides (HNP) 1-4, found mostly in the azurophilic (primary)

granules in neutrophils, and HD5 and HDG6, which are mostly produced by the Paneth cells in the
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intestine (135, 153, 154). There are four prominent B-defensins expressed in humans, human f-
defensin (HBD) 1-4, which are largely produced by epithelial cells in multiple locations, including the
respiratory tract (131, 153, 154). LL-37 is produced by numerous cells including epithelial cells in the
respiratory tract, keratinocytes in the skin, and both circulating and resident leukocytes including
neutrophils, monocytes, macrophages, DCs, T cells, and B cells, and is present in tissues, fluids, and
secretions (127, 135, 157). Both the defensins and LL-37 are originally translated as a prepropeptide,
which is processed into a propeptide that is often stored in granules and then processed into the mature
peptide by specific proteases in response to appropriate stimuli such as microbial infection (158).

As mentioned above, HDPs are produced by leukocytes and epithelial cells in the lungs and
are also found in the ASL (45, 127). They are involved in the innate immune response to lung
infections. The effects of HDPs can be both pro- and anti-inflammatory and vary according to the
conditions present (159, 160). Thus, their roles in lung disease are complex. For example, in a
xenograft model using rat tracheas seeded with primary human bronchus cells from CF or non-CF
patients and then implanted into the flanks of mice, the ASL collected from the CF patient xenografts
failed to kill P. aeruginosa (161). However, when an adenovirus expressing LL-37 was added, the
ASL from the CF xenografts was bactericidal against P. aeruginosa in diluted broth (161). The acidic
pH of the CF ASL can impair HDP killing of P. aeruginosa, as seen with LL-37 and hBD-3 (130).
Although these studies focused on direct antimicrobial activity, it has been proposed that the HDP
response to bacterial infection in CF is impaired due to high salt content, even though HDP activities
are less affected by physiological salt conditions (47). While high concentrations of LL-37, hBD-1,
and hBD-2 have been found in CF bronchoalveolar lavage fluid (BALF), those patients still had lung
infections, and the presence of the HDPs actually correlated with disease severity, with increased LL-
37 associated with inflammation and poor lung function and decreased hBD-2 correlating with

decreased lung function (162).
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Defensins and LL-37 have shown effectiveness against P. aeruginosa when overexpressed,
and thus have been proposed to have key roles in lung immunity. In a rat model of P. aeruginosa lung
infection, the delivery of adenovirus expressing rat p-defensin-2, 48 h prior to infection, decreased the
bacterial burden, neutrophil infiltration, and lung pathology (163). The murine homologs of hBD-1,
hBD-2, and hBD-3 are involved in the immune response to P. aeruginosa keratitis in vivo, with hBD-
2 having a critical role (164, 165).

LL-37 and its murine orthologue, cathelin-related antimicrobial peptide (CRAMP) have also
been extensively studied for activity against P. aeruginosa infections. LL-37 prevents the formation
of P. aeruginosa biofilms in vitro (166). In an acute P. aeruginosa murine lung infection model using
the PAOL1 strain, which is a commonly used laboratory strain derived from a wound isolate (167),
delivery of an adenovirus expressing LL-37 four days prior to infection decreased TNF-a levels and
bacterial burden (168). In another acute PAO1 lung infection model, the colony-forming unit (CFU)
burden in the lungs and the BALF was significantly reduced for the mice given concomitant intranasal
(IN) delivery of LL-37 (169). No significant changes were seen in the expression of TNF-a, IL-6,
MIP-2, KC, or MCP-1, and the effects of LL-37 were attributed to early neutrophil recruitment (169).
Mice lacking CRAMP showed increased P. aeruginosa burden compared to wild-type (WT) controls,
but the bacterial numbers could be reduced by adding LL-37 (169). Delayed neutrophil recruitment
was also seen in another study for acute P. aeruginosa lung infections using mice lacking CRAMP
(170). The knockout mice had increased IL-17, MIP-2, and KC compared to WT mice, but no
difference in TNF-a; there was also no difference between knockout and WT mice in the dissemination
of the P. aeruginosa from the lungs or survival (170). In addition to lung infection models, mice
lacking CRAMP also showed decreased corneal recovery in a P. aeruginosa keratitis model (171).
Finally, LL-37 alone or in combination with G-CSF and/or imipenem, all delivered IV, improved
survival in a neutropenic intraperitoneal (IP) P. aeruginosa sepsis model (172). Overall, P. aeruginosa

infection models using mice that do not produce CRAMP show increased inflammation and bacterial
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numbers and decreased survival. The use of exogenous LL-37 or CRAMP decreases inflammation
and improves infection outcomes.

In response to subinhibitory concentrations of LL-37, polymyxin B, and other cationic
peptides, P. aeruginosa increases adaptive resistance and QS signals (173-176). However, these
results were observed in vitro and monitored the direct antimicrobial effects of the peptides, whereas
the roles of cationic peptides in vivo are more complex and involve coordination with the host immune
system, thereby limiting the development of resistance (177).

Despite these encouraging results, neither the defensins nor LL-37 have entered clinical trials
for the treatment of P. aeruginosa. Factors that may be responsible include uncharacterized toxicities
and the cost of synthesis. The defensins and LL-37, and even some of their derivatives, have shown
toxicity both in vitro and in vivo. LL-37 causes hemolysis and other cytotoxic effects at higher
concentrations (178), and it promotes apoptosis of epithelial cells and degranulation of mast cells (179,
180). In a P. aeruginosa sinusitis model in rabbits, a 24-amino acid LL-37 derivative reduced CFUs
but also caused inflammation around the sinus mucosa (181). A 32-mer LL-37 derivative caused
edema on its own in a murine P. aeruginosa intratracheal (IT) model, and, despite concomitant
delivery with the bacteria, it did not reduce bacterial load or increase survival (182). Furthermore, an
IT delivered mixture of HNP-1, -2, and -3 induced pro-inflammatory TNF-a in mice (183).
Notwithstanding these results, LL-37 has been used successfully in a chronic venous leg ulcer model,
the first human trial for LL-37 administration (184). This study used a topical application of LL-37 in
sodium acetate and saline that was diluted with polyvinyl alcohol to make a viscous solution that
would remain in the wound bed, thus limiting potential systemic toxicity (184). LL-37 has also entered
a phase I/11 clinical trial for the treatment of melanoma (NCT02225366), with the goal of targeting
cancerous cells directly using an intratumoral injection, which will ideally limit any toxic effects on

non-cancerous cells. However, no trials using systemic administration of LL-37 are scheduled.
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The cost of HDPs can be an issue, with HDPs costing up to hundreds of US$ per gram (126).
Longer HDPs or ones with complex chemistry, such as the disulfide bonds in defensins, can increase
both the cost and difficulty of manufacturing. Due to direct antimicrobial effects that occur when the
HDP reaches a very high concentration, creating recombinant HDPs in bacteria requires protecting the
bacteria from the HDP, for example, by connecting the HDP to glutathione transferase or another large
protein, then cleaving the fusion for the final product (185). Therefore, most HDPs are made through
N-(9-fluorenyl) methoxycarbonyl (F-moc) chemistry, in which individual amino acids are added as a
chain to a tethered amino acid, with the growing amino acid chain protected and unprotected by
changing the acidity. When the HDP is complete, it is removed from the solid phase by the addition
of a counter-ion such as trifluoroacetic acid (TFA).

Due to these issues with HDPs, many researchers have worked on creating new HDPs that
have improved toxicity profiles against eukaryotic cells and that are shorter in length in order to reduce
the cost of synthesis. While some of these HDPs have been created by semi-random design, many new
HDPs are created by truncating the sequence of HDPs or proteins occurring in nature. These include
derivatives of LL-37 and an HDP made from the antimicrobial protein lactoferrin that is called hLF1-
11 (181, 182, 186). Other HDPs are made by substituting amino acids in a naturally occurring HDP.
Our laboratory has used the cyclic bovine HDP bactenecin as a backbone and performed amino acid
substitutions and scrambled sequences to create hundreds of new HDPs that are linear but still contain
twelve amino acids as with the parent peptide (187-189). These peptides, called innate defense

regulators (IDRs), are then screened in vitro to identify the lead peptide candidates (Table 1.1).
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Table 1.1: Sequences of HDPs and IDRs. LL-37 and bactenecin are naturally occurring HDPs.
Bac2a is the linearized version of bactenecin. IDR-1, -1018, and -1002 are derivatives of Bac2a
created through amino acid substitution arrays.

Name Origin Sequence
LL-37 Natural (human) | LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES
bactenecin | Natural (bovine) | RLCRIVVIRVCR (Disulfide bridge 3-11)
Bac2a Synthetic RLCRIVVIRVCR
IDR-1 Synthetic KSRIVPAIPVSLL
IDR-1018  Synthetic VRLIVAVRIWRR
IDR-1002 Synthetic VOQRWLIVWRIRK

1.4 Innate defense regulators

Hundreds of IDRs have been tested in vitro for their antimicrobial, anti-biofilm, and
immunomodulatory activities (187, 190-198). One peptide, IDR-1018, has emerged as the best
candidate in terms of overall activity.

IDR-1018 was isolated from a large screen of synthetic peptides as being the most potent in
inducing chemokines. It increased MCP-1 production in human peripheral blood mononuclear cells
(PBMCs), whereas in cells exposed to TLR agonists such as LPS, polyinosinic:polycytidylic (poly
I:C), Pam3CSK4, and CpG it decreased the production of inflammatory cytokines such as TNF-a. or
IL-1pB (195, 199, 200). It also affected neutrophil activation and promoted their killing of E. coli (201).
When used on differentiating monocytes, IDR-1018 induced the production of macrophages with both
pro- and anti-inflammatory functions, showing an intermediate between the classical M1 macrophages
that are considered pro-inflammatory and the alternative M2 macrophages that are associated with
anti-inflammatory functions (202). It also helped to resolve a pro-inflammatory autophagy defect in
CF epithelial cells that contain a CFTR mutation (203). Importantly, it has shown very little cytotoxic
activity while producing these numerous immunomodulatory effects (204, 205).

Due to its promising results in vitro, IDR-1018 has also been tested in several in vivo models.
In a murine model of cerebral malaria it improved survival when delivered prophylactically through

IV injection or when given therapeutically with anti-malarial drugs (200). It also showed success as a
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prophylactic in an IP S. aureus model (200). Moreover, it promoted better wound healing than LL-37
in mice as well as in S. aureus-infected porcine wounds, although it did not improve bacterial clearance
(205). In a murine lung infection used to model tuberculosis, it reduced lung inflammation and
bacterial burden for both drug susceptible and MDR strains when delivered IT (206). IDR-1018 has
also been used successfully in vivo for treatment in a murine neonatal hypoxia/endotoxin challenge
model and in S. aureus-infected implants (207, 208).

In addition to these activities, IDR-1018 is an excellent broad spectrum anti-biofilm peptide.
In a flow cell system designed to model the formation of biofilms on surfaces exposed to the movement
of liquid, such as in catheters or in blood vessels, IDR-1018 inhibited the formation of P. aeruginosa
biofilms and caused the dispersal and killing of bacteria in mature biofilms (209). For example, when
P. aeruginosa was grown in the flow cell for two days to form a biofilm and then 100 times the MIC
of ciprofloxacin was added there was little damage to the biofilm or the bacteria themselves (209).
However, adding IDR-1018 to the ciprofloxacin killed most of the bacteria and destroyed the biofilm
(209). This synergy also occurred when the combination was added prior to biofilm development
(209). IDR-1018 was also effective against biofilms formed by several other strains, including drug-
resistant strains such as methicillin-resistant S. aureus and various Gram negative bacteria, as well as
multispecies biofilms (209, 210). The anti-biofilm activity of IDR-1018 was determined to be due to
IDR-1018 affecting the stringent response of bacteria that is used to respond to growth conditions
under stress, such as when the bacteria are exposed to antibiotics or the host immune system (211).
Despite its anti-biofilm activity, IDR-1018 showed only modest activity against planktonic bacteria,
with an MIC of 19 pg/ml against P. aeruginosa strain PAO1 (204).

Based on its ability to improve outcomes in infection models, including reducing inflammation
and bacterial numbers in a lung model of tuberculosis, as well as its antibiofilm activities, IDR-1018
is a promising candidate for treating P. aeruginosa lung infections. However, IDR-1018 is not without

its limitations. It has not been effective in other in vivo models, including healing wounds in diabetic
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mice and reducing inflammation in a murine arthritis model (205, 212). It was also unsuccessful
prophylactically when delivered IP in the malaria model or therapeutically without anti-malarial drugs,
and in the tuberculosis model it was ineffective when administered IP (200, 206). Additionally, IDR-
1018 aggregates rapidly in most solutions, including water, PBS, and saline, making in vivo delivery
difficult (Dr. Evan Haney, unpublished results). Furthermore, this aggregation might affect the
bioavailability of the peptide and could hinder its ability to address an infection in the lungs. Therefore,
it is desirable to examine alternatives for IDR-1018 use against P. aeruginosa.

One alternative to IDR-1018 is through designing a peptide with similar activities as IDR-1018
but that does not aggregate in solution. For IDR-1018, the aggregation is believed to be due to a
sequence of five hydrophobic amino acids in the middle of the peptide (LIVAV) (Table 1.1). An
alternative peptide is IDR-1002. While IDR-1002 also has a sequence of five hydrophobic amino acids
(WLIVW), two of those are tryptophans, which are aromatic but zwitterionic and able to pi stack and
thus bind to the interfacial regions of membranes, which might be influential in its potential to
aggregate. Also, IDR-1002 has an additional polar amino acid, glutamine, in its sequence to increase
its polarity. IDR-1002 has demonstrated immunomodulatory activity in vitro by improving monocyte
adhesion and chemotaxis towards chemokines, inducing the release of chemokines from PBMCs,
inducing both pro- and anti-inflammatory effects in IL-1p-stimulated synovial fibroblasts, and
activating neutrophils to improve E. coli killing while also reducing their production of inflammatory
mediators (192, 201, 206, 213-215). IDR-1002 also showed success in vivo against IP infections with
S. aureus or E. coli, although it was ineffective in the tuberculosis model (192, 206).

Another option for overcoming IDR-1018 aggregation is through the use of formulation. Many
drug delivery systems have been designed to improve drug targeting in vivo (216). These include
nanoparticles, polymers, and liposomes. Using IDR-1018 with these systems could prevent

aggregation, improve bioavailability, and make it more suited for use in vivo.
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In conclusion, while IDRs have shown success as anti-infective agents in vitro and in vivo,
they have not been previously examined against P. aeruginosa lung infections, which desperately
require novel therapeutic agents. The concept of immunomodulation by IDR peptides represents a new
idea for these infections. There have been a limited number of other synthetic HDPs used against P.
aeruginosa lung infections in vivo. Derivatives of the bovine cathelicidin BMAP-27 showed
encouraging in vitro results, but in an acute P. aeruginosa lung infection the lead peptide candidate
did not reduce CFU burden and also caused some toxicity, with one mouse dying due to the peptide
(217). In arat model of a chronic P. aeruginosa infection in which PAO1 is embedded in agar beads
and then left in the lungs for three days, four peptides showed modest reductions in CFU burden when
given as a daily treatment for three days, although no statistical analysis of significance was included
(218). However, these peptides are longer than the IDRs discussed here, ranging from 18 to 30 amino
acids in length, and their effects on inflammation in the lung model were not reported (218). The most
successful synthetic peptide against P. aeruginosa lung infections has been the sheep HDP derivative
novispirin G10, which reduced P. aeruginosa burden and inflammatory cytokines in a chronic
infection model in rats using a mucoid P. aeruginosa strain mixed with alginate (219). However, this
peptide is also longer than IDRs, with a length of 18 amino acids, and it was given at 0 h and 3 h
relative to infection, meaning the 0 h dose may have killed some of the bacteria directly if they were
delivered at the same time (219). Most importantly, novispirin showed toxicity at 1, 5, and 20 mg/mi
in the rats (219, 220). Similarly, in a Klebsiella pneumoniae lung infection model in mice novispirin
G10 showed significant toxicity (219, 220).

Therefore, the need for a new immunomodulatory therapy for P. aeruginosa has not been met
by previous synthetic HDPs. Based on the existing evidence for immunomodulatory, anti-infective,
and anti-biofilm properties of IDR-1002 and IDR-1018, | believe they warrant evaluation as novel

anti-pseudomonal drugs.
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1.5 Hypothesis and research aims

P. aeruginosa lung infections are found in pneumonia, COPD, and CF, but treating them is
difficult due to the rise of MDR strains and the formation of biofilms. As such, P. aeruginosa lung
infections kill thousands of people each year. The lack of new antibiotics necessitates the use of novel
therapeutics, especially since Pseudomonas has proven recalcitrant to most newly introduced
antibiotics. One strategy is the use of derivatives of HDPs, since these are small, amphipathic peptides
with profound immunomodulatory effects that help to fight against microbial infections while limiting
excessive inflammation. However, one caveat with HDPs is that they can sometimes cause toxicity to
the host. Additionally, some HDPs may be expensive or difficult to make due to their relatively longer
sequences and complex secondary structures. Therefore, synthetic HDPs called IDRs have been
developed. They have not been tested in models of P. aeruginosa lung infection, but IDRs have shown
effectiveness in recent years in multiple in vitro and in vivo models against a variety of organisms,
including, during the course of this thesis, against P. aeruginosa biofilms in vitro (209). Therefore, I
hypothesized that IDR peptides can be used to prevent and treat P. aeruginosa lung infections due to
their immunomodulatory properties.

This thesis focused on two IDRs, IDR-1002 and IDR-1018, and looked at their potential for
use against P. aeruginosa lung infections with three research aims: 1) to determine the effects of IDR-
1002 in vitro and in vivo against P. aeruginosa infections, 2) to test different formulations of IDR-
1018 for optimization of delivery against P. aeruginosa infections, and 3) to examine the host

pathways involved in a P. aeruginosa acute in vivo lung infection and the effects of IDR-1002.
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Chapter 2: IDR-1002 is effective at preventing and treating both in vitro and in

vivo models of P. aeruginosa infections

2.1 Introduction

P. aeruginosa is a frequent cause of lung infections, but treatment is challenging due to P.
aeruginosa drug resistance and its ability to evade the host immune system by forming biofilms and/or
limiting its expression of flagellin.

HDPs are small, naturally occurring peptides that have shown profound effects in many
conditions, including a critical role in the host response to microbial infections (134). However, their
use as exogenous agents has been limited due to toxicity and cost. Therefore, synthetic versions, called
IDRs, have been developed with similar properties but with reduced toxicity and cost (187-189). IDR-
1002 has been tested in vivo against S. aureus and E. coli and shown to have anti-infective properties
(192). These effects suggest that IDR-1002 may also be beneficial against P. aeruginosa infections.

In this chapter, | examine the potential of IDR-1002 as an anti-infective agent against P.
aeruginosa lung infections. First, IDR-1002 and the human HDP LL-37 were tested in in vitro cultures
of bronchial epithelial cells and macrophages, two key cell populations for the immune response
during a lung infection, and the effects of peptide on toxicity and cytokine and chemokine release were
evaluated with peptide alone or in the presence of P. aeruginosa or its components. Next, two murine
lung models were developed for testing IDR-1002. The acute P. aeruginosa lung model used IN
administration of P. aeruginosa PA103, a highly virulent strain that produces ExoU and ExoT but is
a weak biofilm former (221-224). It was originally isolated from human sputum and is considered
non-motile due to a lack of flagellum, and it also shows a reduced twitching ability, indicating
dysfunctional type 1V pili (23, 223, 225). It has also been used in numerous rabbit and murine P.

aeruginosa infection models (221, 226, 227).
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While the initial stages of P. aeruginosa lung infection are acute and can be examined through
this model, in diseases such as CF the P. aeruginosa infection transitions to a chronic state that is
characterized by ongoing inflammation while the bacteria are protected by biofilms. However, P.
aeruginosa does not normally cause a chronic infection in mice, therefore the bacteria are often
embedded in agar or agarose beads and then delivered IT (228, 229). Alternatively, a model was
developed using a clinical isolate of P. aeruginosa mixed with alginate isolated from the same strain
(230-232). While both models provide the P. aeruginosa with some protection from the host immune
system, using an actual biofilm component, alginate, instead of agar better reflects the interactions of
the host immune system with the bacteria during a chronic infection. To improve the throughput and
make the model more representative of the typical route of lung infection, | used alginate isolated from
seaweed and used IN administration of the P. aeruginosa and alginate mixture. | also used the CF
patient isolate LESB58, which is now considered to be the first isolated Liverpool Epidemic Strain, a
group of highly virulent strains that have increased antibiotic resistance and are associated with
increased morbidity and transmission among CF patients (233-235). LESB58 is a strong biofilm
producer, and although it has flagellum it shows decreased motility compared to other P. aeruginosa
strains (236).

The in vitro and in vivo results showed that IDR-1002 was effective against preventing P.
aeruginosa lung infections and could lower CFU burden and limit the release of pro-inflammatory
cytokines. Additionally, while IDR-1002 did not affect the lung CFUs in the alginate model, it still
decreased infection-induced cytokine production and tissue damage in the lungs. Overall, the data
indicate that IDR peptides could be novel therapeutic or prophylactic agents against P. aeruginosa

lung infections.
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2.2 Materials and methods
2.2.1 Mice and ethics statement

C57BI/6J mice were ordered from Jackson Laboratory or were bred at the Modified Barrier
Facility (University of British Columbia). Female mice were used between 6-8 weeks of age. All
experiments were approved by the UBC Animal Care Committee.
2.2.2 Reagents

LL-37 (LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES-NH2) was purchased from
CPC Scientific (Sunnyvale, California, USA) and IDR-1002 (VOQRWLIVWRIRK-NH2) was
purchased from Kinexus (Vancouver, British Columbia, Canada). Both peptides were synthesized by
F-moc chemistry and purified by HPLC to greater than 95% purity. Peptides were stored as desiccated
powders at -20°C, then resuspended in endotoxin-free water for experiments and stored at -20°C unless
otherwise noted. LPS from P. aeruginosa PAO1 (strain H103) was isolated in the laboratory by the
Darveau-Hancock method as previously described (237). Briefly, P. aeruginosa was grown to an
ODsoo reading of 0.6-0.8, then the bacteria were centrifuged and lyophilized (237). The dried bacterial
cells were then resuspended and subjected to a series of purification steps to remove contaminating
material, then the LPS concentration was quantified by determining the concentration of the LPS
component 2-keto-3-deoxyoctonate (237). S. aureus lipoteichoic acid (LTA) was purchased from
InvivoGen (San Diego, California, USA).
2.2.3  Cell culture

16HBE140- (HBE) cells were grown in MEM with Earle’s salts (Gibco 11090) and RAW?264.7
(RAW) cells were grown in DMEM (Gibco 10313), each with the addition of 10% (v/v) heat-
inactivated fetal bovine serum (FBS) and 2 mM L-glutamine (Gibco 25030). Cells were maintained
at 37°C with 5% carbon dioxide and passaged by removing media, washing with PBS (Gibco 10010),
and adding 0.05% trypsin (Gibco 2520) to detach the cells. Cells were centrifuged, the supernatant

was removed, and the cells were resuspended and transferred to new flasks.
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For experiments, HBE cells were passaged into 48-well plates (1 x 10° cells/ml, 0.5 ml per
well) and allowed to grow for approximately two days to achieve greater than 80% confluency in a
monolayer. At approximately 2 h before experiments, the medium was removed, cells were washed
with PBS, and fresh medium supplemented with L-glutamine and 1% FBS was added. The cells were
rested for 2 h, then used for experiments. RAW cells were passaged into 48-well plates (1.5 x 10°
cells/ml, 0.5 ml per well) and allowed to grow overnight before being used for experiments. For
treatments, samples received equivalent volumes of the diluents unless otherwise noted. Culture
supernatants were collected and then stored at -20°C.
2.2.4 Bacterial culture and heat-killed bacteria

Bacterial strains P. aeruginosa PA103, LESB58, and PAOL1 (strain H103) were streaked onto
LB plates from frozen stocks and grown overnight at 37°C. The following day individual CFUs were
used to make overnight cultures in LB and grown overnight at 37°C with shaking. Overnight cultures
were diluted 1:50 (PA103 and PAO1) or 1:10 (LESB58) and grown to an ODeoo reading of
approximately 0.5. Bacteria were washed with endotoxin-free 0.9% sodium chloride solution (saline),
centrifuged, supernatant discarded, and the pellet resuspended in endotoxin-free saline to an ODeggo Of
0.5. Bacteria were then diluted to the appropriate concentration based on previous experiments relating
ODsoo reading to CFU/ml, and serial dilutions were plated on LB to check the final concentration.

For heat-killed bacteria, 10-15 ml of the bacterial suspension in endotoxin-free saline was
centrifuged, resuspended in a small volume of endotoxin-free saline, then heated in a 65°C water bath
for 1 h. After heating, the bacteria were tested for viability by plating a small volume on LB agar.
2.2.5 Pseudomonas lung infection models

P. aeruginosa PA103 or LESB58 was prepared as described above, except LESB58 was
resuspended in a 11 mg/ml sodium alginate (Sigma-Aldrich) solution that was prepared in endotoxin-
free saline. Mice were anesthetized with 2-5% isoflurane and placed on an intubation stand (BrainTree

Scientific, Massachusetts, USA). IDR-1002, P. aeruginosa, or appropriate controls were instilled
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dropwise using a micropipette into the left nostril of each mouse. P. aeruginosa was in a 20 pl volume,
while the peptide volume was approximately 10-20 pl depending on the weight of the mouse.
Isoflurane was periodically applied to keep the mouse at a steady respiratory rate. After instillation,
mice were kept on the stand under isoflurane for 2-3 minutes to ensure absorption of the liquid. Once
they were fully recovered, they were returned to their cages.

For sample collection, mice were euthanized with 120 mg/kg of IP injected sodium
pentobarbital. Blood was collected from the inferior vena cava and allowed to clot, then centrifuged
and the serum was collected. For BALF collection, the chest cavity and trachea were exposed and an
incision was made in the trachea. A cannulated needle was then inserted and used to slowly fill the
lungs with sterile PBS (600 pl), which was then slowly withdrawn through the cannulated needle and
saved. This procedure was repeated twice for a total of three washes. The first BALF wash was used
for CFU enumeration by spread-plating undiluted BALF or ten-fold dilutions made in PBS onto LB
agar plates in duplicate. Plates were incubated overnight at 37°C and CFUs were enumerated the
following day. The remaining first BALF wash was centrifuged and the supernatant saved for ELISAs.
The pellet from the first BALF wash was combined with the pellet from BALF washes 2 and 3 and
resuspended in PBS, then leukocytes were counted on a hemocytometer using Turk’s stain.

For lung homogenates, the lungs were collected and the lobes separated and placed in 300 pl
of PBS. The lungs were then homogenized on a Mini-Beadbeater-96 (BioSpec, Bartlesville,
Oklahoma, USA) for 1 minute. The homogenates were filtered (40 pum filter, #431750, Corning) and
the filtrate was used for plating on LB as described above. The remaining liquid was stored at -20°C
for use in ELISASs.

2.2.6  Cell differential counts and lung histology

In some experiments, the leukocytes were also used in a StatSpin Cytofuge 2 (Beckman-

Coulter) and the resulting slides were air-dried overnight, stained with the Diff-Quik Staining Kit

(VWR, Radnor, PA) according to the manufacturer’s protocol, and then 200 cells/slide were counted.
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For histology, a cannulated needle was used to deliver 4% paraformaldehyde (PFA) into the
lungs, then the trachea was tied off with string to prevent leakage and the lungs were placed in a
container of 4% PFA. After two days, the samples were washed with 70% ethanol. Wax-It Histology
Services (Vancouver, British Columbia, Canada) embedded the samples in paraffin, sectioned them,
and then stained the slides with hematoxylin and eosin (H&E), periodic acid-Schiff (PAS), or Alcian
blue.
2.2.7 ELISAs

Samples were stored at -20°C until use in ELISAs. The levels of cytokines and chemokines
were measured using eBioscience (San Diego, California, USA) antibodies for murine TNF-a and IL-
6 and human IL-6. MCP-1 antibodies were from eBioscience or R&D Systems (Minneapolis,
Minnesota, USA). KC (CXCL1) antibodies were from Fitzgerald (Acton, Massachusetts, USA) or
R&D Systems. Human IL-8 antibodies were from Invitrogen (Waltham, Massachusetts, USA).
Standards were purchased from the same sources. The ELISAs were performed by following the
manufacturer protocols with optimization of antibody and sample dilutions, washes, and incubation
times. They were developed using TMB (eBioscience) and the reactions were stopped with 2 N
sulfuric acid. The plates were read on a Power Wave X340 plate-reader (Bio-Tek Instruments,
Winooski, VT) and data were fitted to a 4-parameter standard curve using KC4 software (Bio-Tek).
2.2.8 Lactate dehydrogenase (LDH) assay

Supernatants collected from cell cultures were combined at a 1:1 (v/v) ratio with complete
LDH assay reagent (Roche Diagnostics, Basel, Switzerland). After incubating for 15-25 minutes in
the dark, the plates were read on a Power Wave X340 plate-reader (Bio-Tek Instruments, Winooski,
VT). Results were normalized to the control sample (0% toxicity) and to a sample in which 2% (v/v)

Triton X-100 had been added to cause complete lysis of the cells (100% toxicity).
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2.2.9 Statistical analysis

Data were analyzed using Microsoft Excel 2013 and GraphPad Prism version 7. GraphPad
Prism was used to perform an unpaired t-test, one-way ANOVA, or two-way ANOVA as appropriate.
Tukey’s and Dunnett’s multiple comparisons tests were used when comparing the means of all
samples or when comparing to only to a control sample, respectively. A value of p < 0.05 was

considered statistically significant.

2.3 Results

2.3.1 IDR-1002 is not toxic in vitro

HBE cells and RAW cells were exposed to a range of either LL-37 or IDR-1002 concentrations (5 X
10" uM to 50 puM) for 24 h, then supernatants were collected and cytotoxicity measured by assessing
the release of cytosolic LDH. IDR-1002 showed less than 5% toxicity compared to the Triton X-100
control for both HBE cells and RAW cells, whereas LL-37 showed almost 50% cytotoxicity at the
highest dose in RAW cells and nearly 100% cytotoxicity at 25-50 uM in HBE cells (Figure 2.1).
Based on these results, the maximum doses of LL-37 used in future experiments were 3 uM for HBE
cells and 25 puM for RAW cells, as these doses caused less than 20% cytotoxicity. This 20% limit has
been used for evaluating HDPs and IDR peptides in order to balance between limiting any effects

caused by cell death while also allowing for some experimental variability.
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Figure 2.1: IDR-1002 is not toxic in HBE cells or RAW cells, whereas LL-37 demonstrates
cytotoxicity. The listed concentrations of IDR-1002 (A, B) or LL-37 (C, D) were added to cells, then
supernatants were collected after 24 h and used in an LDH cytotoxicity assay. The horizontal line
represents 20% cytotoxicity. Data represent mean = SEM from four (HBE cells) or five (RAW cells)

independent experiments.

2.3.2 IDR-1002 is not pro-inflammatory and it suppresses inflammatory cytokines induced by

P. aeruginosa lipopolysaccharide

IDR-1002 (5 x 10* uM to 50 uM) or LL-37 (5 x 10* uM to 3 uM for HBE cells or 25 pM for
RAW cells) was added to HBE cells or RAW cells at the same time as P. aeruginosa LPS (10 ng/ml),
then supernatants were collected after 24 h and used for ELISAs to measure the production of

cytokines and chemokines in response to peptide alone or the combination of peptide and LPS. Both
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HBE cells and RAW cells showed similar cytotoxicity results as the samples shown in Fig. 2.1 without
LPS.

In HBE cells, IL-6 and IL-8 production showed a slight but significant dose-dependent increase
in response to IDR-1002 and LL-37 (Figure 2.2). HBE cells did not demonstrate changes in IL-6 or
IL-8 in response to LPS, but the combinations of IDR-1002 or LL-37 with LPS showed virtually

identical results to those with peptide alone, with both peptides showing a dose-dependent increase.
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Figure 2.2: HBE cells show increases in IL-6 and IL-8 in response to peptide. Peptide was added
to the cells, then supernatants were collected after 24 h for ELISAs. IDR-1002 significantly increased
IL-6 (A) and IL-8 (B), and LL-37 significantly increased IL-6 (C) and IL-8 (D). Data represent mean
+ SEM from four independent experiments and were analyzed using two-way ANOVA and Dunnett’s
multiple comparisons test. **: p < 0.01, ***: p <0.001, ****: p <0.0001 compared to control.

In RAW cells, the levels of pro-inflammatory cytokines TNF-a and IL-6 in the supernatant

were below the detectable limit for all doses of IDR-1002 and LL-37 (Figure 2.3). MCP-1 production
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was not increased in response to either peptide. RAW cells showed significant increases in IL-6, TNF-
a, and MCP-1 levels in response to LPS, but when higher doses of IDR-1002 or LL-37 were used in
conjunction with LPS, the levels returned to the baseline seen in the control without LPS. The
decreases in cytokine or chemokine concentration were dose-dependent, with higher concentrations
of peptide producing a greater reduction in the LPS-induced response. However, lower concentrations
of LL-37 actually increased the production of cytokines in combination with LPS, with 1L-6 showing
a significant increase compared to LPS alone.

To further examine the effects of IDR-1002 on LPS exposure, RAW cells were treated with
12.5, 25, or 50 uM IDR-1002 at 24 or 4 hours prior to LPS exposure, 2 hours after LPS exposure, or
at the same time as LPS as in the previous experiment, with each time point also having an LPS control
and a control without LPS. Samples were collected 24 h after LPS addition and used in ELISAs
(Figure 2.4). Intriguingly, IDR-1002 significantly reduced IL-6, TNF-a, and MCP-1 production at all
times points of application relative to LPS treatment and at most concentrations, with the exception
being 12.5 uM IDR-1002 given 24 h prior to LPS. Even when given 2 h after the addition of LPS,
IDR-1002 still reduced IL-6, TNF-a, and MCP-1 production in a dose-dependent manner with less
than half of the cytokines and chemokine produced relative to that due to LPS alone. The results with
LPS suggests that IDR-1002 has the potential to limit inflammatory mediators as a prophylactic or

therapeutic agent.
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Figure 2.3: IDR-1002 and LL-37 reduce LPS-induced cytokines and chemokine in RAW cells.
The listed concentrations of IDR-1002 or LL-37 were added with or without P. aeruginosa LPS (10
ng/ml), then supernatants were collected after 24 h. Without LPS, IDR-1002 and LL-37 did not induce
any of the cytokines or chemokine. IDR-1002 decreased LPS-induced IL-6 (A), TNF-a (B), and MCP-
1 (C). LL-37 also decreased LPS-induced IL-6 (D), TNF-a (E), and MCP-1 (F). Data represent mean
+ SEM relative to LPS from four independent experiments and were analyzed using two-way ANOVA
and Dunnett’s multiple comparisons test and expressed as fold-change relative to LPS. Only the
significance for samples given LPS is displayed. *: p <0.05, **: p < 0.01, ***: p < 0.001, ****; p <
0.0001 compared to LPS.
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Figure 2.4: IDR-1002 reduces LPS-induced inflammatory cytokines and chemokine when added
before or after the addition of LPS. IDR-1002 at 12.5, 25, or 50 M was added 24 or 4 h prior to P.
aeruginosa LPS, at the same time as LPS (0 h), or 2 hours after LPS. Supernatants were collected 24
h after the addition of LPS for use in ELISASs for IL-6 (A), TNF-a (B), and MCP-1 (C). Data represent
mean + SEM from three independent experiments, relative to LPS at each time point.

2.3.3 IDR-1002 has more limited effects on inflammatory mediators induced by heat-killed P.
aeruginosa
Although LPS is a factor in the innate immune response to P. aeruginosa, other moieties are

present in whole bacteria. Therefore, whole P. aeruginosa PAOL1 (strain H103) or PA103 were grown,
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resuspended in saline, heat-killed, and added to HBE cells or RAW cells at multiplicities of infection
(MOils) of 1, 10, 50, or 100, based on original seeding density of the cells. P. aeruginosa PAOL (strain
H103) LPS resuspended in water was added at 1, 10, or 100 ng/ml for comparison. Controls were
treated with equivalent volumes of water or saline, or contained only medium. An LDH cytotoxicity
assay showed that none of the conditions used was toxic.

RAW cells showed a significant increase in IL-6, TNF-a, and MCP-1 in response to heat-killed

PAO1 (HKPAOL) and heat-killed PA103 (HKPA103) compared to the medium control (Figure 2.5).
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Figure 2.5: Heat-killed P. aeruginosa induces inflammatory mediators in RAW cells. Heat-killed
P. aeruginosa PAO1 (HKPAOL1L) or PA103 (HKPA103) in saline at MOls of 1, 10, 50, or 100, or
PAOL1 LPSat1, 10, or 100 ng/ml in water was added to RAW cells at 0 h. Controls received equivalent
volumes as the treatments of either saline or water, or received only medium. Supernatants were
collected after 24 h for use in ELISAs for IL-6 (A), TNF-a (B), and MCP-1 (C). Data represent mean
+ SEM from four independent experiments and were analyzed using two-way ANOVA and Dunnett’s
multiple comparisons test. *: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p <0.0001 compared to
media control.
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Increases in IL-6, TNF-0, and MCP-1 were also seen after LPS exposure. MOIs of 50 and 100
produced similar results, possibly indicating the inflammatory response had attained a maximum effect
at these MOls. Therefore, it was decided to use an MOI of 10 for HKPA103 treatment of RAW cells
to test the effects of peptides. This also gave comparable results to LPS at 10 ng/ml, which was the
concentration of LPS used in previous experiments. In HBE cells, the responses to HKPAO1 and
HKPA103 in IL-6 and IL-8 production were slight and, as described above, LPS did not produce a
response.

In RAW cells, HKPA103 at MOI 10 was added at 0 h and immediately followed by IDR-1002
or LL-37 at a range of doses from 5 x 10* uM to 25 uM. LDH cytotoxicity assessments indicated that
LL-37 at 25 pM with HKPA103 was very toxic (>40% compared to Triton X 100 control), therefore,
this dose of LL-37 was not included in the ELISAs. In contrast to its ability to decrease LPS-induced
inflammatory cytokines, IDR-1002 had no significant influence on IL-6 and MCP-1 production
induced by HKPA103, while LL-37 reduced the HKPA103-induced IL-6 and MCP-1 in a manner
similar to the results with LPS (Figure 2.6). LL-37 also reduced TNF-o at 12.5 and 6 uM, but at lower
doses it slightly, although not significantly, increased TNF-a. in the presence of HKPA103. Similarly,
IDR-1002 also slightly increased TNF-a in the presence of HKPA103. The results with only IDR-
1002 or LL-37 without HKPA103 were similar to the previous results in Figure 2.3 in showing no
induction of these cytokines.

To see if the lack of IDR-1002 response to HKPA103 could be attributed to a particular TLR
agonist, the TLR2 agonists Pam3CSK4 and S. aureus LTA were tested in RAW cells at various
concentrations. In an initial experiment, LTA induced responses similar to those seen with HKPA103,
whereas Pam3CSK4 showed a weaker induction than LTA for the cytokine output. Therefore, LTA

was chosen as the TLR2 agonist.
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Figure 2.6: LL-37 decreases responses to HKPA103 in RAW cells, but IDR-1002 does not
decrease responses. At 0 h, RAW cells were given HKPA103 at MOI 10 with or without IDR-1002
or LL-37 at the listed concentrations, then supernatants were collected after 24 h for use in ELISAs.
The effects of IDR-1002 were evaluated for HKPA103-induced IL-6 (A), TNF-a (B), or MCP-1 (C),
and, similarly, the effects of LL-37 were evaluated for HKPA103-induced IL-6 (D), TNF-a (E), and
MCP-1 (F). Data represent mean = SEM from three independent experiments and were analyzed using
two-way ANOVA and Dunnett’s multiple comparisons test and expressed relative to HKPA103. Only
the significance for samples given HKPA103 is displayed. *: p < 0.05, **: p <0.01, ***: p <0.001,
*A%E p<0.0001 compared to HKPA103.
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LTA (10 pg/ml) was added to RAW cells at 0 h and immediately followed by 12.5, 25, or 50
MM of IDR-1002, then supernatants were collected and used for LDH cytotoxicity assessment and
ELISAs after 24 h. None of the treatments caused toxicity. IDR-1002 significantly reduced the IL-6

and MCP-1 induced by LTA, and also showed a reduction, albeit not significant, in TNF-a (Figure

2.7).
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Figure 2.7: IDR-1002 reduces LTA-induced cytokines and chemokine. At 0 h, RAW cells were
given LTA (10 pg/ml) and IDR-1002 at the indicated concentrations. Supernatants were collected at
24 h and used for ELISASs for IL-6 (A), TNF-a (B), and MCP-1 (C). Data are expressed as fold-change
relative to LTA. Data represent mean £ SEM from five or six independent experiments and were
analyzed using two-way ANOVA and Dunnett’s multiple comparisons test and expressed as fold-
change relative to LTA. Only the significance for LTA-treated samples is shown. *: p <0.05, ***: p
<0.001, ****: p <0.0001 compared to LTA.
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2.3.4 IDR-1002 reduces toxicity caused by P. aeruginosa in vitro

Although dead bacteria and bacterial components, such as LPS, can cause inflammation, it is
also important to examine the effects of living bacteria. Therefore, live P. aeruginosa strain PA103
was added to HBE cells or RAW cells at MOls of 4, 2, 1, or 0.5 based on the cell seeding density.
Triton X-100 (2%) was added to control wells at the same time in order to have controls with 100%
cell lysis for comparison. At 2, 4 and 6 h, samples were collected, along with an uninfected control
and a Triton X-100 control at each time point, and used for LDH cytotoxicity assays and ELISASs. In
HBE cells, little toxicity was seen at 2 or 4 h, but at 6 h PA103 caused almost 50% cell death, with
toxicity increasing as the MOI increased (Figure 2.8). In RAW cells, the toxicity was accelerated,
with around 50% toxicity at 4 h for MOI 4 and 2, and all MOls showing greater than 90% toxicity at
6 h post-infection. Therefore, an MOI of 4 at 6 h was selected for HBE cells and an MOl of 1 at 4 h
selected for RAW cells as these were the greatest MOls and longest time points tolerated without

causing more than 50% cytotoxicity.
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Figure 2.8: P. aeruginosa causes toxicity in HBE cells and RAW cells. Live P. aeruginosa PA103
at MOls of 0.5, 1, 2, or 4 was added to HBE cells (A) or RAW cells (B) at time 0 h at the same time
as control and Triton X-100 samples. Samples were collected at 2, 4, or 6 h and compared to a control
and Triton X-100 for each time point in an LDH cytotoxicity assay. Data represent mean = SEM from
three (RAW cells) or four (HBE cells) independent experiments.
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Next, the effects of peptides on the live PA103 were tested. In HBE cells, PA103 (MOI 4) was
added at O h, and either IDR-1002 (50 uM) or LL-37 (3 uM) was added to the wellsat -1 hor O h in
relation to infection with PA103. Triton X-100 was also added at 0 h to control wells in order to have
controls with 100% cell lysis for comparison. Samples were collected at 6 h post-infection and used
for LDH cytotoxicity assays and ELISAs. For RAW cells, the design was similar except PA103 was
used at an MOI of 1, LL-37 was used at 12.5 puM, and all samples were collected at 4 h post-infection.
In HBE cells, IDR-1002 blocked the cytotoxic effects of PA103, instead showing cytotoxicity levels
near those of the control or IDR-1002 by itself (Figure 2.9). The combination of LL-37 and PA103
induced a synergistic effect in increasing cytotoxicity as opposed to reducing the toxicity or simply

having an additive effect.
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Figure 2.9: IDR-1002 limits cytotoxicity of P. aeruginosa in HBE cells, while LL-37 increases it.
Live P. aeruginosa PA103 (MOI 4) was added at 0 h, and IDR-1002 (50 uM) or LL-37 (3 pM) was
added at -1 h (A) or 0 h (B). Triton X-100 was added at 0 h. Samples were collected at 6 h and
compared to a control and Triton X-100 for each time point in an LDH cytotoxicity assay. Data
represent mean + SEM from four independent experiments.

In RAW cells, IDR-1002 showed a similar blocking effect for PA103 cytotoxicity, but the

combination of PA103 and LL-37 showed similar cytotoxicity levels to those of PA103 alone (Figure
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2.10). For each of the cell lines, the cytotoxicity results were similar regardless of the time the peptide

was added.
A Peptide: -1 h B Peptide: 0 h
150+ 150+
P P
‘G 1004 S 1004
2 2
S S
S S
L>>\ 504 5‘ 504
O\o ) O\o ) l
0- L] L] T _T_ L] L] L] 0- L] L] L] * L] T L]
S & & 4A O O O & 4 A O O o
PSR N NN PSSR N SN
AN R A o o o OISR I P i o
Q (@) Q‘ Q (@) Q‘
<9 N q/x /\x <9 N q/x /\x
<& S o <& S o
NN IR
Q_’ A2 Q_ v
Q Q

Figure 2.10: IDR-1002 limits cytotoxicity of P. aeruginosa in RAW cells. Live P. aeruginosa
PA103 (MOI 1) was added at 0 h, and IDR-1002 (50 uM) or LL-37 (12.5 uM) was added at -1 h (A)
or 0 h (B). Triton X-100 was added at 0 h. Samples were collected at 4 h and compared to a control
and Triton X-100 for each time point in an LDH cytotoxicity assay. Data represent mean £ SEM from

four independent experiments.

Cytokine and chemokine levels in the supernatants were also examined. In HBE cells, IL-6
and IL-8 showed slight increases when either peptide or PA103 was added, but the combination of
LL-37 and PA103 showed significant increases in both markers (Figure 2.11). IL-6 and TNF-a were
below the detectable limit in RAW cell samples, while MCP-1 concentrations were mostly
undetectable and all were below 200 pg/ml, compared to the results seen at 24 h with LPS or HKPA103

inducing approximately 10 ng/ml of MCP-1.
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Figure 2.11: IL-6 and IL-8 production in HBE cells in response to live P. aeruginosa PA103.
PA103 (MOI 4) was added at 0 h, then IDR-1002 (50 uM) or LL-37 (3 uM) was added at -1 h (A, B)
or 0 h (C, D). Samples were collected at 6 h and used for ELISASs for IL-6 (A, C) or IL-8 (B, D). Data
represent mean = SEM from four independent experiments and were analyzed using two-way ANOVA
and Dunnett’s multiple comparisons test. *: p < 0.05, **: p < 0.01, ****: p < 0.0001 compared to
PA103.

2.3.5 P.aeruginosa strain PA103 produces an acute lung infection in mice

To establish an acute P. aeruginosa infection model, female C57BI/6J mice of 6-8 weeks of
age were instilled IN with 2, 4, or 6 x 10° CFUs of P. aeruginosa PA103 per mouse. Mice were
monitored at 3 and 18 h post-infection and scored on a scale of 1-4 for the appearance of fur, eyes,

and hunching, and a scale of 1-5 for categories of warmth, activity, and respiration, with a total score
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of 20 or more or a score of 5 in any category indicating a humane endpoint (Appendix 1). Mice were
euthanized at 18 h and BALF and serum were collected. CFU counts from the BALF showed
increasing CFUs as the original instillation dose increased (Figure 2.12). Interestingly, total
leukocytes in the BALF increased in the mice administered 2 x 10° CFU compared to those given 4 x
10° CFU, but then dropped again for the mice given 6 x 10° CFU. By 18 h, the mice given 2 x 10° CFU
had no visible signs of infection, the mice administered 4 x 10° CFU had a wide range of health scores,

and the mice administered 6 x 10° CFU were all noticeably sick.
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Figure 2.12: P. aeruginosa PA103 causes an acute lung infection in mice. Mice were instilled IN
with 2, 4, or 6 x 10° CFUs, then euthanized and samples processed at 18 h. (A) CFU counts from the
BALF. (B) Leukocyte counts in the BALF. (C) Health scores at 3 h post-infection. (D) Health scores
at 18 h post-infection. Data represent n = 3 mice per condition from one experiment and were analyzed
using one-way ANOVA and Tukey’s multiple comparisons test. *: p <0.05, **: p <0.01.
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The BALF and serum from these mice were used for ELISAs (Figure 2.13). IL-6, KC, and
MCP-1 all showed significant increases in both the BALF and serum for the mice given 6 x 10° CFU
compared to those given 2 x 10° CFU, and also showed significant increases relative to mice given 4
x 10° CFU mice (with the exception of KC in the serum). No detectable TNF-a was found in the

serum, while TNF-a in the BALF increased with initial CFU concentration, although not significantly.
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Figure 2.13: P. aeruginosa PA103 increases the levels of cytokines and chemokines in the BALF
and serum of infected mice. Mice were instilled IN with 2, 4, or 6 x 10° CFUs, then euthanized and
samples processed at 18 h. ELISAs were performed for MCP-1 in BALF (A) and serum (B); KC in
BALF (C) and serum (D); IL-6 in BALF (E) and serum (F); and TNF-a in BALF (G). Data represent
mean + SEM for n = 3 mice per condition from one experiment and were analyzed using one-way
ANOVA and Tukey’s multiple comparisons test. *: p < 0.05, **: p <0.01, ***: p <0.001, *¥***: p <
0.0001.
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2.3.6 Intraperitoneally-delivered IDR-1002 does not reduce P. aeruginosa burden in the
lungs

Mice were injected IP with IDR-1002 resuspended in in vivo grade saline at 2 mg/kg or 4
mg/kg, and controls were injected with saline. After 4 hours, mice were infected IN with 4 x 10°
CFU/mouse, then were monitored, euthanized, and processed as described previously. No differences
were seen in the CFU counts, number of leukocytes in the BALF, or health scores between the control

mice and the IDR-1002 mice (Figure 2.14).
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Figure 2.14: IDR-1002 delivered intraperitoneally does not change CFU burden, total leukocytes
in the BALF, or signs of infection. Mice were injected IP with saline or IDR-1002 (2 or 4 mg/kg) at
-4 h, instilled IN with 4 x 10° CFUs of P. aeruginosa PA103 at 0 h, then euthanized and samples
processed at 18 h. (A) CFU counts from the BALF. (B) Leukocyte counts in the BALF. (C) Health
scores at 3 h post-infection. (D) Health scores at 18 h post-infection. Data represent n = 3 or 4 mice
per condition from one experiment and were analyzed using one-way ANOVA and Dunnett’s multiple
comparisons test. There were no statistically significant differences.
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The BALF and serum were also used in ELISAs for MCP-1, KC, IL-6, and TNF-a (Figure
2.15). Interestingly, MCP-1 in the serum showed a small but significant increase at the 2 mg/kg
concentration of IDR-1002. The other cytokines and chemokines had similar concentrations for both

the control and the IDR-1002 mice. TNF-a in the serum was below the detectable limit.
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Figure 2.15: IDR-1002 delivered intraperitoneally does not affect cytokines, but infected mice
given IDR-1002 show increased serum MCP-1. Mice were injected IP with saline or IDR-1002 (2
or 4 mg/kg) at -4 h, instilled IN with 4 x 10° CFUs of P. aeruginosa PA103 at 0 h, then euthanized
and samples processed at 18 h. ELISAs were performed for MCP-1 in BALF (A) and serum (B); KC
in BALF (C) and serum (D); IL-6 in BALF (E) and serum (F); and TNF-a in BALF (G). Data represent
mean £ SEM for n = 3 or 4 mice per condition from one experiment and were analyzed using one-way
ANOVA and Dunnett’s multiple comparisons test. *: p < 0.05.
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2.3.7 Intranasally-delivered IDR-1002 reduces P. aeruginosa in the lungs and pro-
inflammatory cytokines in the lungs and serum in a dose-dependent manner

Next, in pilot experiments, IDR-1002 was delivered IN at low concentrations (1-4 mg/kg) or
at various time points (-24 h, -4 h, -2 h, +2 h) relative to infection with P. aeruginosa PA103 at 4 to 8
x 10° CFU/mouse. Based on these experiments, it was decided to use IDR-1002 (in endotoxin-free
water) delivered IN at -24 h relative to infection at 4, 6, or 8 mg/kg. Control mice were given
endotoxin-free water. As before, at 0 h mice were given P. aeruginosa PA103, monitored at 3 and 18
h post-infection, and then euthanized at 18 h. In this experiment, P. aeruginosa PA103 was increased
to 8 x 10° CFU/mouse to make the infection more consistent. IDR-1002 at 8 mg/kg significantly
decreased the CFU burden in the BALF (Figure 2.16). While these effects were modest, this was to
be expected when using an immunomodulatory treatment. The health scores were similar for all groups
at 3 h, although by 18 h some of the IDR-1002 mice were showing improvements, but not consistently.
No significant changes in the total leukocyte counts were seen. Differential counts of the leukocytes
in the BALF showed >90% neutrophils for all groups and the remainder consisting of a small number
of monocytes/macrophages and lymphocytes.

To study a potential anti-inflammatory effect of this peptide, MCP-1, KC, IL-6, and TNF-a
levels were measured in the BALF and serum using ELISAs (Figure 2.17). Significant decreases in
MCP-1 in the BALF and serum and in IL-6 in the BALF were seen in all three groups of mice given
IDR-1002. The 8 mg/kg IDR-1002 group also showed a significant decrease in KC in the BALF, and
the 6 and 8 mg/kg IDR-1002 mice showed a significant decrease in serum IL-6. KC in the serum and
TNF-a in the BALF also trended towards decreases in the mice given IDR-1002. The TNF-a in the
serum was below the detectable limit. Thus, overall, IDR-1002 showed a strong anti-inflammatory

effect.
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Figure 2.16: Intranasal IDR-1002 reduces P. aeruginosa CFUs in the BALF. Mice were given
water or IDR-1002 (4, 6, or 8 mg/kg) IN at -24 h, given 8 x 10° CFUs of P. aeruginosa PA103 IN at
0 h, then euthanized at 18 h. (A) CFU counts from the BALF. (B) Leukocyte counts in the BALF. (C)
Distribution of leukocytes in the BALF. (D, E) Health scores at 3 h or 18 h post-infection. Data
represent n = 3 mice per condition from one experiment and were analyzed using one-way ANOVA
and Dunnett’s multiple comparisons test. **: p < 0.01.
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Figure 2.17: IDR-1002 reduces cytokines and chemokines in the BALF and serum. Mice were
given water or IDR-1002 (4, 6, or 8 mg/kg) IN at -24 h, given 8 x 10° CFUs of P. aeruginosa PA103
IN at O h, then euthanized at 18 h. ELISAs were performed for MCP-1 in BALF (A) and serum (B);
KC in BALF (C) and serum (D); IL-6 in BALF (E) and serum (F); and TNF-a in BALF (G). Data
represent mean + SEM for n = 3 mice per condition from one experiment and were analyzed using
one-way ANOVA and Dunnett’s multiple comparisons test. *: p < 0.05, **: p <0.01, ***: p <0.001.
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2.3.8 P. aeruginosa strain LESB58 mixed with alginate produces a sustained infection in mice

While IDR-1002 showed encouraging results prophylactically against P. aeruginosa PA103
infection, the model was not conducive for testing IDR-1002 therapeutically because the mice became
sick rapidly (within two hours) and visible signs of infection typically increased over the course of the
experiment, making it difficult to humanely anesthetize the mice and deliver IDR-1002 IN even at the
early stages of infection. Decreasing the number of bacteria delivered in order to extend the model to
multiple days was also ineffective, as the mice simply cleared the bacteria and appeared fully
recovered a few hours after infection. Therefore, a second lung model was developed based on the
work of Hoffmann et al. (230), who used alginate isolated from a clinical strain of P. aeruginosa, then
mixed the alginate with the same strain and delivered it IT. In my investigation, | used seaweed
alginate to provide consistency, as alginate from P. aeruginosa can vary in structure. It was mixed
with the clinical isolate strain P. aeruginosa LESB58, as initial experiments using PA103 did not
produce a sustained infection. Delivery was via the IN route, which is faster and less invasive than IT.
Each mouse received 7 x 10° CFU delivered in a 20 pl volume at 0 h. The mice were monitored twice
daily and euthanized on day 2 at approximately 42 h post-infection. The lungs were homogenized and
plated for CFUs. As expected, the mice given only alginate did not have P. aeruginosa, while the mice
given alginate mixed with P. aeruginosa LESB58 had CFUs recovered from their lungs (Figure 2.18).
Before homogenization, the lungs of alginate + LESB58 mice also appeared red around the opening
of the trachea into the lungs, which was absent from the mice given only alginate. The alginate +
LESB58 mice showed a slight initial worsening of health scores (increased numbers) but recovered
by 24 h, although they lost 6-7% of their initial weight by 18 h after infection and this weight decrease
was maintained throughout the course of the experiment. The lung homogenate and serum were used
for ELISAs (Figure 2.19). Despite being two days after the initial infection, the alginate + LESB58
mice had significant increases in IL-6, MCP-1, and TNF-a in the lungs and in IL-6 in the serum. TNF-

a in the serum was below the detectable limit.
51



*kkx

o
1

(e}
1
<

N
1

o

Adrdhd
AT A

Alginate Alginate + LESB58

Log1g CFU/mI of lung homogenate
N
<

B 20 .
-e- Alginate
15- - Alginate + LESB58
]
o
[&]
n
c 10'
©
(3]
T

630
C 1104 - Alginate
£ 1054 -= Alginate + LESB58
o
g 100\+ 41!
©
£ 951
2
o 904
©
¥ 851
80 1 1 1 1 1
0 10 20 30 40 50
Hours

Figure 2.18: P. aeruginosa LESB58 is present two days post-infection when delivered with
alginate. Mice were given alginate or alginate mixed with P. aeruginosa LESB58 (7 x 10°
CFU/mouse) IN at 0 h, then euthanized and samples processed at 42 h. (A) CFU counts from the lung
homogenate. (B) Health scores over the course of the experiment. (C) Percentage of original weight
for mice over the course of the experiment. Data represent n = 4 or 16 mice per condition from the
combination of two experiments and were analyzed using unpaired an t-test with Welch’s correction.
FaAk: p <0.0001.
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Figure 2.19: P. aeruginosa LESB58 produces increases in cytokines and chemokines that are
present two days post-infection. Mice were given alginate or alginate mixed with P. aeruginosa
LESB58 (7 x 10° CFU/mouse) IN at 0 h, then euthanized and samples processed at 42 h. ELISAs were
performed for MCP-1 in lung homogenate (A) and serum (B); IL-6 in lung homogenate (C) and serum
(D); and TNF-a in lung homogenate (E). Data represent mean + SEM for n = 4 or 16 mice per condition
from the combination of two experiments and were analyzed using unpaired t-test with Welch’s
correction. **: p <0.01, ***: p <0.001, ****: p <0.0001.

2.3.9 IDR-1002 reduces lesion sizes and lung damage in the alginate model but does not reduce
P. aeruginosa burden

To test the ability of IDR-1002 to be used as a treatment for an established P. aeruginosa lung
infection, mice were given 7 x 10® CFUs of P. aeruginosa LESB58 in alginate IN at 0 h, then at 18 h
post-infection mice were given IDR-1002 (resuspended in endotoxin-free water) at 12 mg/kg IN.

Control mice received an equivalent volume of endotoxin-free water IN. Mice were then euthanized
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at 42 h and the lungs homogenized and plated for CFUs. The number of recovered CFUs was
indistinguishable between the two groups (Figure 2.20). Mice actually showed slight worsening of
health scores after being treated with IDR-1002 compared to controls given endotoxin-free water,
although the mice given IDR-1002 recovered by 42 h. The IDR-1002 mice also exhibited an 11%

decrease in weight by 42 h, while the control mice only had a 5.5% decrease.
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Figure 2.20: IDR-1002 does not decrease P. aeruginosa CFUs in the alginate model. Mice were
given alginate mixed with P. aeruginosa LESB58 (7 x 10° CFU/mouse) IN at 0 h, then IDR-1002 (12
mg/kg) or control IN at 18 h, then euthanized and samples processed at 42 h. (A) CFU counts from
the lung homogenate. (B) Health scores over the course of the experiment. (C) Percentage of original
weight for mice over the course of the experiment. Data represent n = 10 mice per condition from the
combination of two experiments.

The lung homogenate and serum were also used in ELISAs (Figure 2.21). In the IDR-1002

mice, IL-6 in the lung homogenate was significantly decreased, while the MCP-1 and TNF-a also

trended towards showing decreases.
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Figure 2.21: IDR-1002 decreases cytokines and chemokines in the alginate model. Mice were
given alginate mixed with P. aeruginosa LESB58 (7 x 10° CFU/mouse) IN at 0 h, then IDR-1002 (12
mg/kg) or control IN at 18 h, then euthanized and samples processed at 42 h. ELISAs were performed
for MCP-1 in lung homogenate (A) and serum (B); IL-6 in lung homogenate (C) and serum (D); and
TNF-a in lung homogenate (E). Data represent mean + SEM for n = 10 mice per condition from the
combination of two experiments and were analyzed using unpaired t-test. *: p <0.05.

Control mice showed areas of redness near the opening to the trachea (Figure 2.22). However,
the IDR-1002 treated mice either did not show these lesions or they were greatly reduced. Lung
histology revealed that the control mice had more leukocyte infiltration than the IDR-1002 mice, as
observed after H&E staining. However, no major differences were seen between control mice and
IDR-1002 mice in the PAS or Alcian blue stained samples.
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Figure 2.22: IDR-1002 mice demonstrate improved lung appearance in the alginate model. Mice were given alginate mixed with P.
aeruginosa LESB58 (7 x 10° CFU/mouse) IN at 0 h, then IDR-1002 (12 mg/kg) or control IN at 18 h, then euthanized at 42 h. Control mice
(A) demonstrated lesions (black arrows), whereas in the IDR-1002 mice (B) the lesions were reduced or eliminated. H&E staining in the control
mice (C) showed damage, while in IDR-1002 mice (D) it was reduced. This was also seen with H&E staining in control mice (E) or IDR-1002
mice (F) at 20x. PAS staining in the control mice (G) and IDR-1002 mice (H) and Alcian blue staining in the control mice (1) and IDR-1002
mice (J) appeared similar between the two groups.
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2.4 Discussion

In most in vitro and in vivo models of P. aeruginosa lung infection, IDR-1002 demonstrated
an ability to reduce P. aeruginosa burden while also decreasing inflammatory mediators such as TNF-
a or IL-6 that are associated with microbial infections. Many P. aeruginosa lung infections, such as
the chronic infections seen in CF, are highly inflammatory, and so the ability to target both the P.
aeruginosa and the associated inflammation would be highly beneficial. Importantly, IDR-1002 did
not demonstrate any toxicity in vitro, whereas the natural human HDP LL-37 caused toxicity at higher
concentrations. In RAW cells, IDR-1002 did not induce the production of TNF-a or IL-6, while in
HBE cells increases in IL-6 were slight. IDR-1002 also did not show any toxicity in vivo in the acute
P. aeruginosa model, and while the mice in the alginate model were slow to recover and had worse
health scores after IDR-1002 delivery, their health scores had returned to baseline within a few hours.
This initial worsening of health scores might be due to the effect of IDR-1002 on P. aeruginosa rather
than the peptide itself acting on the mouse, as it had not previously shown toxicity on its own.

IDR-1002 also did not increase MCP-1 in RAW cells. This is in contrast to previous results in
human PBMCs and in mouse peritoneal lavage cells, where IDR-1002 strongly induced MCP-1 (192,
200). However, in agreement with my results, in mouse bone marrow-derived macrophages (BMDMs)
MCP-1 mRNA was not significantly upregulated at four hours after IDR-1002 exposure (192).
PBMCs contain T cells, B cells, and monocytes, with small numbers of DCs and natural Killer (NK)
cells, while peritoneal lavage mostly contains B cells, T cells, and naive macrophages (238). It is
possible that the induction of MCP-1 in PBMCs and peritoneal lavage cells is due to its expression by
a small population of cells, such as y6 T cells (239), or that it requires the interactions of particular
combinations of cell types. Another factor might be the cellular differentiation state, as RAW cells
and BMDMs are differentiated macrophages, whereas PBMCs contain monocytes and peritoneal

lavage often contains naive macrophages. IDR-1002 did however increase the levels of a different
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chemokine, IL-8, in HBE cells, but these cells do not express MCP-1 and thus its expression could not
be examined. Further research into the induction of MCP-1 by IDR-1002 in specific cell populations
could provide insights into the mechanisms of this response.

In RAW cells, P. aeruginosa LPS increased the expression of IL-6, TNF-a, and MCP-1, but
in the presence of IDR-1002 the levels of these mediators were significantly reduced, even when IDR-
1002 was added up to 24 h prior to, or 2 h after, the addition of LPS. However, IDR-1002 did not alter
the production of IL-6 or MCP-1 induced in RAW cells exposed to HKPA103, and slightly increased
the TNF-a at some concentrations. Since HKPA103 also has TLR2 agonists (240), the TLR2 ligand
LTA was used in combination with IDR-1002 and the peptide reduced the LTA-induced cytokines
and chemokine. RAW cells lack TLR5 and PA103 lacks flagellum (23, 241), therefore, flagellin was
not examined. The combination of multiple agonists found in HKPA103 may be responsible for the
lack of response (240). Another TLR2 agonist, such as Pam3CSK4, may also be useful, although this
agonist was tested and showed weaker induction than LTA or HKPA103 for the cytokine outputs. The
reason for the lack of response to IDR-1002 in the presence of HKPA103 should be investigated
further.

On the other hand, LL-37 reduced the HKPA103-induced IL-6 and MCP-1. LL-37 also
reduced TNF-a at higher doses, but at lower concentrations it trended towards increasing TNF-a in
the presence of HKPA103. Low doses of LL-37 have been shown to cause an increase in pro-
inflammatory cytokines in the presence of TLR agonists in keratinocytes and bronchial epithelial cells
(242). To the best of my knowledge, this thesis demonstrates the first report on the effects of LL-37
on cytokines and a chemokine induced by heat-killed bacteria in macrophages. A previous report using
heat-killed Porphyromonas gingivalis in human gingival fibroblasts showed the agonist-induced IL-6
and IL-8 were reduced in the presence of LL-37 (243).

In the presence of live bacteria in RAW cells, LL-37 did not decrease their toxic effects, and

actually produced a slight increase in P. aeruginosa PA103 toxicity when added one hour prior to
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bacteria, whereas IDR-1002 caused a significant reduction in cytotoxicity. In HBE cells, IDR-1002
blocked the cytotoxic effects of PA103, instead showing cytotoxicity levels near those of the control
or IDR-1002. The combination of LL-37 and PA103 in HBEs induced a synergistic effect in
cytotoxicity rather than reducing the toxicity or simply having an additive effect. The combination
also significantly increased IL-6 and IL-8 expression. The synergism of LL-37 and P. aeruginosa
PAOL1 in cell death in both HBE cells and primary airway epithelial cells was previously reported and
found to be caused by the induction of apoptosis (244). The ability of IDR-1002 to eliminate PA103-
induced cytotoxicity might have been due in part to direct antimicrobial killing based on published
MIC values (204) or to the lack of effect of this peptide on apoptotic cell death.

IDR-1002 was also effective in the P. aeruginosa acute lung model, with reductions in both
the CFUs and the levels of IL-6, TNF-a, KC, and MCP-1 in the BALF and serum. IDR-1002 was
effective despite being delivered 24 h prior to infection, which was purposefully done to exclude direct
anti-bacterial effects as a possible reason for its anti-infective activity. Prophylactic treatment for P.
aeruginosa lung infections would be beneficial in infants and children with CF, as they are likely to
develop P. aeruginosa lung infections during childhood or adolescence (48). Interestingly, no changes
in total leukocyte infiltration into the lungs or in the numbers of neutrophils, monocytes/macrophages,
and lymphocytes were seen for the mice given IDR-1002 compared to the control mice. Notably, in
an IP S. aureus model, the protective effects of IDR-1002 were attributed to leukocyte recruitment to
the site of injection, and elimination of monocytes and macrophages abolished the protection by IDR-
1002 (192). However, this leukocyte recruitment peaked at 2-4 h post-IDR-1002 injection, and was
almost returned to baseline by 24 h (192). Since samples in the acute lung model were collected
approximately 42 h after IDR-1002 was administered, it is likely that any changes in leukocyte
recruitment due to IDR-1002 occurred earlier or were masked by the strong recruitment in response

to P. aeruginosa.
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The alginate model resulted in a sustained infection over two days, with mice displaying a
slight initial worsening in health scores but completely recovering by 24 h other than weight loss.
Importantly, significant increases were still seen in inflammatory markers in both the lungs and the
serum of infected mice after two days when compared to the mice given only alginate, which helps
solidify the model as a prototype for testing peptides in chronic P. aeruginosa lung infections such as
those seen in CF. When IDR-1002 was used, no changes were seen in the CFU burden. However, the
peptide-treated mice had a significant reduction in IL-6 in the lung homogenate, and the
macroscopically visible lesions were either eliminated or greatly reduced. Histology revealed that
IDR-1002 reduced leukocyte infiltration compared to the control mice. This is in contrast to results
seen in the acute model when IDR-1002 was delivered IP and was completely unproductive, with no
changes in the CFU burden or lung appearance and no reduction in cytokines or chemokines in the
BALF or serum. In the alginate model, decreases in lung cytokine concentrations and the differences
in the lung pathology indicated that, despite the lack of change in the CFU counts, IDR-1002 still
seemed to be promoting an immune response against the infection and was not completely ineffective.
It is possible that mixing bacteria with alginate reduced the access of phagocytic cells to these bacteria,
and given that phagocytes appear to be highly influential in protection by IDR peptides (190, 192),
this might have impeded the immune response induced by IDR-1002.

In conclusion, this chapter focused on the potential of IDR-1002 as a treatment of P.
aeruginosa lung infections. IDR-1002 reduced pro-inflammatory cytokines in vitro and in both in vivo
models. As excessive inflammation is a life-threatening feature in chronic P. aeruginosa lung
infections, the results are encouraging for using IDR-1002 against P. aeruginosa infections. Critically,
IDR-1002 demonstrated both effectiveness and safety, two features that were limited in previous
peptide-based drugs against P. aeruginosa in vivo lung infections (217-220). Overall, IDR-1002

shows promise as a new agent to combat P. aeruginosa lung infections.
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Chapter 3: Optimizing IDR-1018 formulations to prevent peptide aggregation

and maintain immunomodulatory activity

3.1 Introduction

HDPs are small peptides that have shown numerous immunomodulatory effects and successes
against infective diseases in vitro and in vivo in animal models, but issues of cost and toxicity have
limited their translation to human medicine.

IDR peptides are examples of synthetic HDPs. To date in our laboratory, 12 amino acid long
peptides have been explored to decrease their price of synthesis relative to that for longer HDPs, and
their sequences have been modified from the bovine HDP bactenecin to enable improved
immunomodulatory functions with reduced cytotoxicity. IDR-1018 is the lead peptide candidate and
has shown success in in vivo models for tuberculosis infection, cerebral malaria, neonatal
hypoxia/endotoxin challenge, invasive S. aureus infections, and S. aureus-infected wounds and
implants (200, 205-208). However, it was ineffective in other conditions such as a rheumatoid arthritis
model and in diabetic wounds (205, 212). While increasing our understanding of the mechanisms
through which IDR-1018 acts could elucidate why it works in some models but not others, another
possible reason for the disparity in results is due to its aggregation properties. IDR-1018 has been
shown to aggregate in numerous solutions and seems to follow the Hofmeister series, a classification
of the effects of various ions on protein solubility, in terms of precipitating in solution (Dr. Evan
Haney, unpublished results). This aggregation makes it difficult to deliver IDR-1018 in vivo and could
lead to toxicity if the peptide cannot be cleared effectively. Recent studies have suggested that
aggregation is in fact a widespread issue with cationic amphipathic peptides. For example, a variety
of HDPs including LL-37, a-defensins, and dermaseptin aggregate or precipitate at critical
concentrations in various solutions (245-247), which could lead to inconsistent data and limit their

potential as therapeutics. Protein aggregation contributes to a number of diseases (248), and it is
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thought that peptide aggregates are inherently toxic (249). A tendency to aggregate might be a class
effect of cationic amphipathic peptides, and a variety of strategies have been proposed for limiting
peptide aggregation (250).

One method to combat aggregation is through formulation and altering the drug delivery
system, such as by combining the drug with polymers. Polymers have been used in drug delivery
systems for decades, with a common example being cellulose derivatives (216). Two of these,
carboxymethyl cellulose (CMC) and hydroxypropyl methyl cellulose (HPMC), are already frequently
used as food additives and in the pharmaceutical industry. Other polymers have emerged more recently
as potential drug formulations. One is hyaluronic acid (HA), a glycosaminoglycan found in numerous
human tissues that is also a major component of the extracellular matrix (ECM). It has gained
prominence in recent years for use in cosmetic formulations, but is also being tested widely in drug
delivery, including for peptides (251). Other polymers emerging for formulation usage are
hyperbranched polyglycerols (HPGs), which have shown promise for drug delivery due to their lack
of toxicity and long half-lives in vivo (252, 253). All of these polymers possess negatively charged
functional groups at physiological pH, making it easy for them to bind and interact with cationic
peptides and thus limiting HDP aggregation.

In addition to polymers, resuspending IDR-1018 in other solvents, either alone or in
combination with a polymer, could reduce aggregation and improve delivery. PBS, Tris-buffered
saline (TBS), and HEPES are common buffers in cell biology. Water, while not appropriate for some
methods of delivery such as IV or IP, is commonly used for the resuspension of IDR peptides in vitro
and can also be used for IN delivery in vivo. Finally, solvents could also be optimized to limit
aggregation of the solutes through the addition of other substances. For example, trehalose is a
disaccharide made in bacteria, fungi, plants, and invertebrate animals that has been shown to increase
protein stability and limit protein aggregation (254). Trehalose limits the formation of aggregates by

amyloid-p, the peptide found in Alzheimer’s disease, which has also been shown to have
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immunomodulatory and antimicrobial properties (254-256). The use of trehalose has been limited due
to high manufacturing costs, but new methods have made it relatively inexpensive and expanded its
applications (254).

The goal for this project was to find a new drug delivery system for IDR-1018 that limited
aggregation while maintaining or even improving its immunomodulatory actions both in vitro and in
vivo in the acute P. aeruginosa lung infection model. Additionally, the formulation needed to be
nontoxic and safe for delivery in vivo. A screening method in PBMCs and HBE cells stimulated with
LPS or poly I:C, respectively, was chosen in order to evaluate the formulations (195). Using IDR-
1018 with HPG improved the aggregation and maintained immunomodulatory activity in vitro. In the
acute P. aeruginosa lung infection model, the formulated peptide was not as effective at reducing
CFUs in the BALF as unformulated IDR-1018, but it still showed a trend towards reductions in the
release of inflammatory cytokines and chemokines much like the unformulated peptide. These results
provide new insight into IDR formulation and a framework for future delivery systems for HDPs and

IDRs.

3.2 Materials and methods
3.2.1 Mice and ethics statement

C57BI/6J mice were ordered from Jackson Laboratory. Female mice were used between 6-8
weeks of age. All experiments were approved by the UBC Animal Care Committee.
3.2.2 Reagents

IDR-1018 (VRLIVAVRIWRR-NH2) was synthesized by F-moc chemistry (CPC Scientific,
Sunnyvale, California, USA). IDR-1018 was formulated with CMC, HPMC, HPG, or HA and
resuspended in PBS, TBS, HEPES, trehalose solution, or endotoxin-free water by the Centre for Drug
Research and Development (Vancouver, British Columbia) and kept at 4°C for a maximum of two

weeks. LPS from P. aeruginosa PAO1 strain H103 was isolated in the laboratory by the Darveau-
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Hancock method as previously described (237). Briefly, P. aeruginosa was grown to an ODsgo reading
of 0.6-0.8, then the bacteria were centrifuged and lyophilized (237). The dried bacterial cells were then
resuspended and subjected to a series of purification steps to remove contaminating material, then the
LPS concentration was quantified by determining the concentration of the LPS component 2-keto-3-
deoxyoctonate (237). Poly I:C was purchased from InvivoGen (San Diego, California, USA).
3.2.3 PBMC isolation

PBMCs were isolated using a standard density gradient centrifugation method. Human venous
blood was collected from healthy volunteers into heparin-containing vacutainer tubes (BD
Biosciences, San Jose, California, USA), in accordance with University of British Columbia ethical
guidelines and protocol approval. Human blood was diluted at a 1:1 ratio with PBS (Gibco 10010) and
gently layered onto LymphoPrep (STEMCELL Technologies, Vancouver, British Columbia, Canada)
at a ratio of two parts blood and PBS mixture to one part LymphoPrep. The tubes were centrifuged,
then the buffy layer was transferred to a fresh tube and washed two times with PBS before being
resuspended in RPMI 1640 (GE Healthcare HyClone SH30255.FS) supplemented with 10% (v/v)
FBS. Cells were placed in 96-well plates (2 x 108 cells/ml, 50 pl per well) and rested for 1-2 h before
the addition of stimuli in 50 pl, giving a final volume of 100 pl. Supernatants were collected 24 h after
treatment and used for LDH assays and ELISAs.
3.2.4 HBE cell culture

HBE cells were grown in MEM with Earle’s salts (Gibco 11090) with the addition of 10%
(v/v) heat-inactivated FBS and 2 mM L-glutamine (Gibco 25030). Cells were maintained at 37°C with
5% carbon dioxide and passaged by removing media, washing with PBS (Gibco 10010), and adding
0.05% trypsin (Gibco 2520) to detach the cells. Cells were centrifuged, the supernatant was removed,
and the cells were resuspended and transferred to new flasks.

For experiments, HBE cells were passaged into 96-well plates (2.5 x 10° cells/ml, 0.2 ml per

well) and allowed to grow for approximately two days to achieve greater than 80% confluency in a
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monolayer. At approximately 2 h before experiments, the medium was removed, cells were washed
with fresh MEM supplemented with L-glutamine and 1% FBS, and additional 1% FBS MEM was
added. The cells were rested for 2 h, then used for experiments. Culture supernatants were collected
24 h after treatment and used for LDH assays and ELISAs.
3.25 ELISAs

Samples were stored at -20°C until use in ELISAs. The levels of cytokines and chemokines
were measured using eBioscience (San Diego, California, USA) antibodies for murine TNF-a and IL-
6 and for human IL-1p, IL-6, and MCP-1. Murine MCP-1 antibodies were from eBioscience or R&D
Systems (Minneapolis, Minnesota, USA). Murine KC (CXCL1) antibodies were from Fitzgerald
(Acton, Massachusetts, USA) or R&D Systems. Human IL-8 antibodies were from Invitrogen
(Waltham, Massachusetts, USA). Standards were purchased from the same sources. The ELISAs were
performed by following the manufacturer protocols with optimization of antibody and sample
dilutions, washes, and incubation times. They were developed using TMB (eBioscience) and the
reactions were stopped with 2 N sulfuric acid. The plates were read on a Power Wave X340 plate-
reader (Bio-Tek Instruments, Winooski, VT) and data were fitted to a 4-parameter standard curve
using KC4 software (Bio-Tek).
3.26 LDH

Supernatants collected from cell cultures were combined at a 1:1 (v/v) ratio with complete
LDH assay reagent (Roche Diagnostics, Basel, Switzerland). After incubating for 15-25 minutes in
the dark, the plates were read on a Power Wave X340 plate-reader (Bio-Tek Instruments, Winooski,
VT). Results were normalized to the control sample (0% toxicity) and to a sample in which 2% (v/v)
Triton X-100 had been added to cause complete lysis of the cells (100% toxicity).
3.2.7 Preparation of bacteria and acute Pseudomonas lung infection

Bacterial strain P. aeruginosa PA103 was streaked onto LB plates from a frozen stock and

grown overnight at 37°C. The following day individual CFUs were used to make overnight cultures
65



in LB and grown overnight at 37°C with shaking. Overnight cultures were diluted 1:50 and grown to
an ODeoo reading of approximately 0.5. Bacteria were washed with endotoxin-free 0.9% sodium
chloride solution (saline), centrifuged, supernatant discarded, and the pellet resuspended in endotoxin-
free saline to an ODeoo Of 0.5. Bacteria were then diluted to the appropriate concentration based on
previous experiments relating ODegoo reading to CFU/ml, and serial dilutions were plated on LB to
check the final concentration.

Mice were anesthetized with 2-5% isoflurane and placed on an intubation stand (BrainTree
Scientific, Massachusetts, USA). IDR-1018, P. aeruginosa, or appropriate controls were instilled
dropwise using a micropipette into the left nostril of each mouse. P. aeruginosa was in a 20 pul volume,
while the peptide volume was approximately 10-30 pl depending on the weight of the mouse.
Isoflurane was periodically applied to keep the mouse at a steady respiratory rate. After instillation,
mice were kept on the stand under isoflurane for 2-3 minutes to ensure absorption of the liquid. Once
they were fully recovered, they were returned to their cages.

For sample collection, mice were euthanized with 120 mg/kg of IP injected sodium
pentobarbital. Blood was collected from the inferior vena cava and allowed to clot, then centrifuged
and the serum was collected. For bronchoalveolar lavage fluid (BALF) collection, the chest cavity and
trachea were exposed and an incision was made in the trachea. A cannulated needle was then inserted
and used to slowly fill the lungs with sterile PBS (600 pl), which was then slowly withdrawn through
the cannulated needle and saved. This procedure was repeated twice for a total of three washes. The
first BALF wash was used for CFU enumeration by spread-plating undiluted BALF or ten-fold
dilutions made in PBS onto LB agar plates in duplicate. Plates were incubated overnight at 37°C and
CFUs were enumerated the following day. The remaining first BALF wash was centrifuged and the
supernatant saved for ELISAs. The pellet from the first BALF wash was combined with the pellet
from BALF washes 2 and 3 and resuspended in PBS, then leukocytes were counted on a

hemocytometer using Turk’s stain.
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3.2.8 Statistical analysis

Data were analyzed using Microsoft Excel 2013 and GraphPad Prism version 7. GraphPad
Prism was used to perform a one-way ANOVA with Tukey’s or Dunnett’s multiple comparisons tests
when comparing the means of all columns or when comparing to only to a control column,

respectively. A value of p <0.05 was considered statistically significant.

3.3 Results
3.3.1 Unformulated IDR-1018 aggregates at higher concentrations, which limits effectiveness
in the acute P. aeruginosa lung infection model

To test the effects of unformulated IDR-1018 against P. aeruginosa, mice were given peptide
resuspended in water or water alone (all endotoxin-free), one day prior to infection. Mice given 4 or 8
mg/kg of IDR-1018 (at concentrations of 8 or 16 mg/ml, respectively) easily inhaled the peptide, but
the 12 mg/kg concentration (peptide at 24 mg/ml) led to the peptide forming a gel-like substance on
the nostril that could not be completely inhaled. At 0 h, the mice were infected with 8 x 10° CFU/mouse
IN of P. aeruginosa PA103, then BALF and serum were collected at 18 h. The CFU counts in the
BALF showed that the group receiving 8 mg/kg IDR-1018 had a significant reduction in P. aeruginosa
CFUs and also had improved health scores at 3 and 18 h (Figure 3.1). As expected, the 12 mg/kg
group had a CFU burden similar to that of the controls due to the aggregation of the peptide at this
concentration interfering with its administration. The 4 mg/kg group had one mouse without bacteria
but the other mice had a high CFU burden. No significant changes were seen in total leukocyte
infiltration into the lungs or in percentage of weight change over the course of two independent

experiments.
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Figure 3.1: IDR-1018 aggregates at higher concentrations and this limits its effectiveness in an
in vivo P. aeruginosa acute lung model. Mice were given water or IDR-1018 (4, 8, or 12 mg/kg) IN
at -24 h, given approximately 8 x 10° CFUs of P. aeruginosa PA103 IN at 0 h, then euthanized and
samples processed at 18 h. (A) CFU counts from the BALF. (B) Leukocyte counts in the BALF. (C,
D) Health scores at 3 h or 18 h post-infection. (E) Percentage of weight change from -24 h to 18 h.
Data represent n = 5 or 6 mice per condition from two independent experiment and were analyzed
using one-way ANOVA and Dunnett’s multiple comparisons test. **: p <0.01 compared to control.

An examination of pro-inflammatory cytokines and chemokines in the BALF and serum

revealed decreases in MCP-1, IL-6, and TNF-a in the BALF and serum in the mice that received 8
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mg/kg, although the decreases were not significant (Figure 3.2). The control mice and the mice given

4 or 12 mg/kg of IDR-1018 had similar concentrations to each other for every output.
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Figure 3.2: Concentrations of cytokines and chemokines in BALF and serum of P. aeruginosa
infected mice given IDR-1018. Mice were given water or IDR-1018 (4, 8, or 12 mg/kg) IN, at -24 h,
given 8 x 10° CFUs of P. aeruginosa PA103 IN at 0 h, then euthanized and samples processed at 18
h. ELISAs were performed for MCP-1 in BALF (A) and serum (B); IL-6 in BALF (C) and serum (D);
and TNF-a in BALF (E) and serum (F). Data represent mean £ SEM for n =5 or 6 mice per condition
from two independent experiments and were analyzed using one-way ANOVA and Dunnett’s multiple
comparisons test. No groups were significant compared to the control group.
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3.3.2 Hyperbranched polyglycerol reduces IDR-1018 aggregation while maintaining
immunomodulatory effects in vitro

To identify an IDR-1018 formulation that prevented aggregation, four polymers, CMC,
HPMC, HPG, and HA, were resuspended in PBS and mixed with IDR-1018 at ratios (w/w) of 6, 3, 1,
or 0.5 of polymer to IDR-1018 to give final concentrations of IDR-1018 of 100, 30, or 10 pg/ml. These
were added to PBMCs or HBE cells, along with unformulated IDR-1018 resuspended in water or PBS.
Polymers without peptide, equivalent to the concentration of the polymer in the 100 pg/ml
formulations, were also included as controls. The peptides were then tested on the cells alone or in
combination with TLR agonists, namely either P. aeruginosa LPS added to the PBMCs or poly I:C
for the HBE cells. Supernatants were collected after 24 h and used for LDH cytotoxicity assays and
ELISAs.

In HBE cells, only low levels of toxicity were seen under all conditions. In PBMCs, both CMC
and HPMC showed some cytotoxicity (Figure 3.3), particularly at 100 pg/ml of IDR-1018. However,
this cytotoxicity was also seen when only the polymer was used and no IDR-1018 was included. HPG
showed some toxicity at the highest ratio of polymer, while no notable toxicity was seen in the HA
formulations. There were also some negative values seen for the percentage of cytotoxicity. These are
due to some treatments causing reduced background release of LDH compared to the untreated control,
a phenomenon that has been linked to the effects of IDR-1018 on glycolysis (257).

Interestingly, IDR-1018 in PBS at 100 pg/ml also showed some toxicity, which was not seen
in the IDR-1018 resuspended in water. This also correlated with the formation of visible sheet-like
aggregates found near the surface of the liquid in the wells containing IDR-1018 in PBS. In the wells
with IDR-1018 in water, the aggregates were more punctate and located near the cells. Additionally,
while the HA formulations did not cause toxicity they were greatly aggregated, and ratios over 1 could

not be tested due to aggregation. The formulations with HPMC and CMC showed some aggregation,
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while the HPG formulations showed somewhat reduced aggregation. Therefore, it was decided to

focus on HPMC, CMC, and HPG for testing immunomodulatory activity.
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Figure 3.3: CMC and HPMC show cytotoxicity, while HPG and HA show limited toxicity.
PBMCs were given IDR-1018 mixed with CMC (A), HPMC (B), HPG (C), or HA (D). The polymers
were at a ratio of 6, 3, 1, or 0.5 to 100, 30, or 10 pg/ml of IDR-1018. Unformulated IDR-1018 in PBS
or water or controls given water or PBS without peptide were also included (displayed in all graphs
for comparison). The polymers at their maximum concentration were also included without IDR-1018.
Data represent mean £ SEM from three independent donors.

In PBMCs exposed to P. aeruginosa LPS (Figure 3.4), IDR-1018 in water decreased LPS-
induced IL-1p production in a dose-dependent manner, as expected given its anti-inflammatory
effects. IDR-1018 in PBS caused a reduction in IL-1p production but this was not very dose-dependent

and was similar at 10, 30 and 100 pg/ml of IDR-1018. The CMC and HPMC samples with peptide
71



A cMC B HPMC

> o
o (o]
c c
s ]
= ey
3 ?
% ©
o L
= «
F|| ] FI|
4 = =
HOaO
1B HAE
on883883 2
£ M 1 1 L l g
§€1018 1018 100 30 10 O G€10181018 100 30 10 0
(H20)(PBS) 1018 (ug/ml) and polymer (H20)(PBS) 1018 (ug/ml) and polymer
C HPG Ratio
os- m 05
- ]
m 3
2.0 M 6

1.5+

IL-1B (fold-change)

£¢ 10181018 100 30 10 O
(H20)(PBS) 1018 (ug/ml) and polymer

Figure 3.4: Reduction of LPS-induced IL-1p in PBMCs after IDR-1018 treatment. PBMCs were
given IDR-1018 mixed with CMC (A), HPMC (B), or HPG (C). The polymers were at a ratio of 6, 3,
1, or 0.5 to 100, 30, or 10 pg/ml of IDR-1018. Unformulated IDR-1018 in PBS or water or controls
given water or PBS without peptide were also included (displayed in all graphs for comparison). The
polymers at their maximum concentration were also included without IDR-1018. P. aeruginosa LPS
(10 ng/ml) was added at the same time. Supernatants were collected after 24 h and used in IL-1P
ELISAs. Data represent mean + SEM, expressed relative to control given LPS and water, from three
independent donors.

had no effect on IL-1p production. HPG samples with IDR-1018 showed reductions in IL-1f similar
to those of unformulated IDR-1018. Interestingly, HPG samples without IDR-1018 (displayed as O
pg/ml) also showed a reduction in IL-1B. Both unformulated and formulated IDR-1018 or the

polymers themselves did not induce IL-1p expression in PBMCs. The formulations were also
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evaluated for their effects on MCP-1 production in PBMCs (Figure 3.5). Unformulated IDR-1018 in

water or PBS increased MCP-1 production, and similar responses were seen in IDR-1018 formulated

with CMC, HPMC, or HPG.
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Figure 3.5: Effects of IDR peptide formulations on MCP-1 production in PBMCs. PBMCs were
given IDR-1018 mixed with CMC (A), HPMC (B), or HPG (C). Polymers were at a ratio of 6, 3, 1,
or 0.5to 100, 30, or 10 pg/ml of IDR-1018. Unformulated IDR-1018 in PBS or water or controls given
water or PBS without peptide were included (displayed in all graphs for comparison). Polymers at
their maximum concentration were also included without IDR-1018. Supernatants were collected after
24 h and used in MCP-1 ELISAs. Data represent mean + SEM from three independent donors.

In HBE cells, IDR-1018 in water slightly increased IL-6 (Figure 3.6) and IL-8 (Figure 3.7)

production, but this was not seen with IDR-1018 in PBS. Treatment with IDR-1018 with CMC or
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Figure 3.6: Effects of IDR peptide formulations on IL-6 production in HBE cells with or without
poly 1:C. HBE cells were given IDR-1018 mixed with CMC (A, D), HPMC (B, E), or HPG (C, F).
Polymers were at a ratio of 6, 3, 1, or 0.5 to 100, 30, or 10 pg/ml of IDR-1018. Unformulated IDR-
1018 in PBS or water or controls given water or PBS without peptide were included (displayed in all
graphs for comparison). Polymers at their maximum concentration were also included without IDR-
1018. Samples also received control (A-C) or poly I:C (D-F). Supernatants were collected after 24 h
and used in IL-6 ELISAs. Data represent mean £ SEM from three independent experiments.
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Figure 3.7: Effects of IDR peptide formulations on IL-8 production in HBE cells with or without
poly I:C. HBE cells were given IDR-1018 mixed with CMC (A, D), HPMC (B, E), or HPG (C, F).
Polymers were at a ratio of 6, 3, 1, or 0.5 to 100, 30, or 10 pg/ml of IDR-1018. Unformulated IDR-
1018 in PBS or water or controls given water or PBS without peptide were also included (displayed
in all graphs for comparison). Polymers at their maximum concentration were also included without
IDR-1018. Samples also received control (A-C) or poly I:C (D-F). Supernatants were collected after
24 h and used in IL-8 ELISAs. Data represent mean = SEM from three independent experiments.
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HPMC or with the polymers alone did not have any major effects on IL-6 or IL-8 expression, while
IDR-1018 formulated with HPG and HPG without peptide seemed to increase IL-6 and IL-8, with
concentrations increasing as the HPG increased from the 0.5 to the 6 ratio. When poly I:C was used,
IDR-1018 slightly reduced the IL-6 induced by poly I:C but did not significantly affect IL-8
production. CMC, HPMC, and HPG formulated IDR-1018 also produced similar responses, with HPG

and IDR-1018 treatments showing the best results.

3.3.3  Effects of HPG carboxylation and solvent on IDR-1018 toxicity and immunomodulatory
activity in vitro

Based on the results using the four polymers, it was decided to pursue the HPG formulation
and examine two factors: 1) the effect of carboxylating the HPG, and 2) the solvent used for
suspending the formulation. HPG with no carboxylation (HPGO), 115 carboxylate groups (HPG115),
or 224 carboxylate groups (HPG224, which was used in the previous round of screening) resuspended
in water, TBS, HEPES, or trehalose solution was mixed with IDR-1018 at ratios (w/w) of 6 or 3 of
polymer to IDR-1018 to give final concentrations of IDR-1018 of 100 or 30 pg/ml. PBMCs and HBE
cells were given the formulations and TLR agonists as done for the initial screen with the four
polymers.

For all four solvents, the HPGO samples caused toxicity in PBMCs (Figure 3.8). HPG0-1018
caused nearly 100% cell death at 100 pg/ml, and this was reduced only slightly at 30 pg/ml. Even
without IDR-1018, the HPGO still caused toxicity. The 6:1 ratio was worse than the 3:1 ratio. With
HPG115, the toxicity was reduced but still greater than 20% at 100 pg/ml of IDR-1018 for both ratios.

As seen previously, HPG224 samples showed only limited toxicity.
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Figure 3.8: Increasing HPG carboxylation decreases toxicity. PBMCs were given IDR-1018 mixed
with HPGO (A), HPG115 (B), or HPG224 (C) resuspended in water. The polymers were at a ratio of
6 or 3 to 100 or 30 pg/ml of IDR-1018. Unformulated IDR-1018 or unformulated HPG were also
included for each solution. Supernatants were collected after 24 h and used in LDH cytotoxicity assays.
Data represent mean £ SEM from three independent donors.

The effects of the solvent used for the formulation was also examined. As seen with HPG224
in PBMCs (Figure 3.9), using TBS or trehalose with the formulated peptide at 100 pg/ml resulted in
some toxicity, which was less than 20% for the samples in water or HEPES. Similar results were seen
with HPGO and HPG115 samples, but with greater toxicity overall due to the HPG carboxylation. The
solutions with unformulated IDR-1018 produced very little toxicity. In HBE cells, although the
toxicity levels were lower overall compared to PBMCs, the same patterns with carboxylation and the

solvents were seen.
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In both PBMCs and HBE cells, HPG224/1018 showed less aggregation compared to
HPGO0/1018 and HPG115/1018; this also seemed to be independent of the solution used. Samples
using trehalose also appeared to have less aggregation for HPG115/1018 and HPG224/1018. For
unformulated IDR-1018, aggregation was seen in TBS and HEPES, while the samples in water and

trehalose had some aggregation, with trehalose performing the best.
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Figure 3.9: HPG formulations in TBS and trehalose show some toxicity, whereas HPG
formulations in water and HEPES are nontoxic. PBMCs were given HPG224/1018 suspended in
(A) water (A)(same as Fig. 3.8C), TBS (B), HEPES (C), or trehalose (D). The polymers were at a ratio
of 6 or 3 to 100 or 30 pug/ml of IDR-1018. Unformulated IDR-1018 or unformulated HPG were also
included for each solution. Supernatants were collected after 24 h and used in LDH cytotoxicity assays.
Data represent mean £ SEM from three independent donors.
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Since the HPGO and HPG115 samples showed toxicity and did not reduce aggregation, it was
decided to focus on the HPG224 samples for examining immunomodulatory effects. In PBMCs
without LPS, some IL-1p production was seen with formulated peptide, particularly at the 6:1 ratio,
but it varied by blood donor. The cytokine production induced by the formulated peptide at a 6:1 ratio
ranged from 3 pg/ml to 912 pg/ml of IL-1p depending on the blood donor for water (mean + SEM of
375.4 £ 210.3), TBS (mean £ SEM of 185.1 + 162.0), and HEPES (mean + SEM of 426.6 + 248.2).
Trehalose showed higher production with 1292 pg/ml to 2804 pg/ml of IL-1p (mean £ SEM of 2060
+ 436.5). In comparison, 10 ng/ml of LPS typically induced around 1000-2000 pg/ml of IL-1f in
PBMCs. For other ratios without LPS, the IL-1p production was lower (all with a mean less than 300
pg/ml even for trehalose samples) or even at the background level.

In the presence of LPS (Figure 3.10), unformulated IDR-1018 decreased IL-1p at 100 pg/ml
with all solutions, compared to cells given LPS and media, but 30 pg/ml of IDR-1018 did not seem to
affect IL-1p. However, for the formulated peptide, the 100 ug/ml samples showed no reduction in IL-
1B, although the 30 pg/ml and some of the HPG control samples had generally less IL-1pB. In PBMCs
without LPS, both unformulated and formulated IDR-1018 increased MCP-1 at 100 pg/ml in water

(Figure 3.11), and similar results were observed with the other solutions.
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Figure 3.10: HPG224/1018 effects on IL-1p production in cells exposed to LPS. PBMCs were
given HPG224/1018 suspended in water (A), TBS (B), HEPES (C), or trehalose (D). The polymers
were at a ratio of 6 or 3 to 100 or 30 pug/ml of IDR-1018. Unformulated IDR-1018 or unformulated
HPG were also included for each solution. Supernatants were collected after 24 h and used for ELISAS
for IL-1B. Data represent mean + SEM, expressed relative to control given LPS and media, from three

independent donors.
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Figure 3.11: HPG224/1018 increases MCP-1 in PBMCs to the same extent as unformulated IDR-
1018. PBMCs were given HPG224/1018 suspended in water (A), TBS (B), HEPES (C), or trehalose
(D). The polymers were at a ratio of 6 or 3 to 100 or 30 pug/ml of IDR-1018. Unformulated IDR-1018
or unformulated HPG were also included for each solution. Supernatants were collected after 24 h and
used for an ELISA for MCP-1. Data represent mean = SEM from two (trehalose) or three (water, TBS,
HEPES) independent donors.

In HBE cells, unformulated IDR-1018 slightly to moderately increased IL-6 (Figure 3.12) and
IL-8 (Figure 3.13) at 100 pg/ml in all four solutions. The effects of HPG224 seemed to be mostly
independent of the presence of IDR-1018 but overall produced only slight increases in 1L-6 or IL-8.
In the presence of poly I:C, unformulated IDR-1018 produced only moderate effects on both IL-6 and
IL-8, with the largest decreases in IL-6 seen in IDR-1018 in HEPES and trehalose. Formulated IDR-

1018 mostly decreased IL-6 and IL-8 induced by poly I:C as the concentration of IDR-1018 increased.
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Figure 3.12: HPG224/1018 and solution effects on IL-6 production with or without poly I:C.
HBE cells were given HPG224/1018 suspended in water, TBS, HEPES, or trehalose. The polymers
were at a ratio of 6 or 3 to 100 or 30 pg/ml of IDR-1018. Unformulated IDR-1018 or unformulated
HPG were also included for each solution. Supernatants were collected after 24 h and used for ELISAS
for IL-6. A-C and G are without poly I:C and D-F and H are with poly I:C. Data represent mean *
SEM from three independent experiments.

82



A Water Ratio: B TBS Ratio: c HEPES Ratio:
15000+ e 15000+ - 6 15000 m 5
- 3 - 3
£ 100004 T 100001 £ 100004
=) > =)
= =] =
L @ L
- 50004 - 50004 - 50004
0- 0- 04
T 2 8 g © ® 0o ® o o T T S 8 © ® © o o o T 2 8 8 © ® © o o o
g é 2 E N JL JL J L ]
S & 1018 100 30 0 = & 1018 100 30 0 S & 1018 100 30 0
£ g (solvent) 1018 (ug/ml) £ g (solveny 1018 (ug/ml) £ g (solveny) 1018 (ug/ml)
& 3 and polymer 3 g and polymer 3 8 and polymer
Water ) TBS ) HEPES )
D Ratio: E Ratio: F Ratio:
15000 m 6 15000+ m 6 15000 .
mm 3 m 3 mm 3
£ 100004 T 10000+ T 100004
=) > =)
= =] =
L @ b
& 50004 . 50004 & 50004
ol— o4 o4
s
g g g 2 g 2 ]l JL J L )
S & 1018 100 30 0 S & 1018 100 30 0 S & 1018 100 30 0
s ©  (solvent) 1018 (ug/mi) s ‘_; (solvent) 1018 (ug/mi) s Z (solvent) 1018 (ug/mi)
s 3 and polymer g2 3 and polymer g 3 and polymer
2 2 2
Trehalose ) Trehalose
G Ratio: H Ratio:
150001 m 6 150001 - 6
mm 3 m 3
€ 10000 E 10000
2 g
% ®
4 50004 4 50004
0- 0
T 2 & § © 0o © @ o o T 2 8 § © ® o o o o
3 8 C I )L JL 1 g 2 [ J L J L JL J
£ & 1018 100 30 0 S & 1018 100 30 0
s 2 O
£ B (solvent) 1018 (ug/mi) 5 2 (solveny 1018 (ug/ml)
& 3 and polymer g2 g and polymer

Figure 3.13: HPG224/1018 and solution effects on IL-8 production with or without poly I:C.
HBE cells were given HPG224/1018 suspended in water, TBS, HEPES, or trehalose. The polymers
were at a ratio of 6 or 3 to 100 or 30 pg/ml of IDR-1018. Unformulated IDR-1018 or unformulated
HPG were also included for each solution. Supernatants were collected after 24 h and used for ELISAS
for IL-8. A-C and G are without poly I:C and D-F and H are with poly I:C. Data represent mean *
SEM from three independent experiments.

Overall, the screening results in PBMCs and HBEs revealed that HPG appeared to have the
best outcomes in terms of aggregation prevention while maintaining or improving immunomodulatory
effects. They also showed that HPG224 was vastly superior to HPG115 and HPGO in terms of limiting
cytotoxicity. The 6:1 ratio for all four solutions showed some IL-1 production in PBMCs while not

demonstrating a noticeable improvement over the 3:1 ratio for immunomodulatory effects in PBMCs
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or HBEs. For the solvents tested, water seemed to be the best for formulated peptide in terms of
immunomodulatory activities with limited toxicity.

Based on these results, it was decided to test, in vivo, IDR-1018 formulated with HPG224 at a
ratio (w/w) of 3 parts HPG224 to 1 part IDR-1018 in water, since IN delivery does not necessitate
using a buffered solution as required for other routes of administration such as I\VV. However, increasing
the concentration of IDR-1018 to the levels needed for in vivo delivery caused the formulation to
become insoluble. Therefore, HPG224 was replaced with HPG270. In PBMCs and HBE cells,
HPG270/1018 was non-toxic. In PBMCs with LPS, both the formulated peptide and the HPG270 by
itself seemed to decrease IL-1p (Figure 3.14) more than unformulated IDR-1018. In HBE cells with

poly I:C, HPG270/1018 seemed to decrease both IL-6 and IL-8.
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Figure 3.14: Effects of HPG270/1018 in PBMCs and HBE cells. Cells were given HPG270/1018
in water at a ratio of 3 parts HPG to 100 (PBMCs and HBE cells) or 30 (PBMCs only) pug/ml of IDR-
1018. Unformulated IDR-1018 or HPG was also included. PBMCs were also given LPS (10 ng/ml)
and HBE cells given poly I:C (100 ng/ml). Supernatants were collected after 24 h and used for ELISAs
for IL-1B (PBMCs; A) or IL-6 and IL-8 (HBE cells; B and C). Data represent mean £ SEM from two
independent donors for PBMCs, expressed relative to LPS, and two independent experiments for HBE
cells.
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3.34 IDR-1018 formulated with HPG appears to reduce pro-inflammatory cytokines in the
acute P. aeruginosa lung infection model but does not reduce P. aeruginosa burden in the lungs

The efficacy of HPG270/1018 against a P. aeruginosa lung infection was then assessed.
HPG270/1018 or unformulated IDR-1018 at 4 mg/kg was delivered IN to mice one day prior to
infection. Control mice received either water or HPG270. At 0 h, the mice were infected with 8 x 10°
CFU/mouse IN of P. aeruginosa PA103, then BALF and serum were collected at 18 h. The mice given
unformulated IDR-1018 showed a significant reduction in CFU burden in the BALF compared to the

controls, whereas the HPG270/1018 mice had CFUs similar to those of control mice (Figure 3.15).
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Figure 3.15: HPG270/1018 does not decrease CFUs in an acute P. aeruginosa lung infection. Mice
were given water, HPG control, unformulated IDR-1018 (4 mg/kg), or HPG270/1018 (4 mg/kg) IN,
at-24 h, given 8 x 10° CFUs of P. aeruginosa PA103 IN at 0 h, then euthanized and samples processed
at 18 h. (A) CFU counts in the BALF. (B) Leukocyte counts in the BALF. (C, D) Health scores at 3 h
or 18 h post-infection. (E) Percentage of weight change from -24 h to 18 h. Data represent n =5 or 6
mice per condition from two independent experiment and were analyzed using one-way ANOVA and
Tukey’s multiple comparisons test. *: p < 0.05.
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The unformulated IDR-1018 mice also showed slightly improved health scores, whereas the
HPG270/1018 mice scored similar to the controls. No differences were seen in total leukocyte
infiltration into the lungs or in percentage of weight change.

The unformulated IDR-1018 mice had significant reductions in IL-6 in the BALF when
compared to the control or HPG control mice and in TNF-a in the BALF when compared to the HPG
control mice (Figure 3.16). MCP-1 in the BALF and MCP-1, IL-6, and TNF-a in the serum also
trended towards a reduction in the unformulated IDR-1018 mice. Intriguingly, the HPG270-1018 mice
also trended towards decreases in IL-6 and MCP-1 in the BALF and TNF-a, IL-6, and MCP-1 in the

serum. However, the TNF-a in the BALF remained elevated in the HPG270/1018 mice.
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Figure 3.16: Unformulated IDR-1018 reduces cytokines and chemokines in the BALF and
serum, whereas HPG270/1018 has limited effects. Mice were given water, HPG control,
unformulated IDR-1018 (4 mg/kg), or HPG270/1018 (4 mg/kg) IN at -24 h, given 8 x 10° CFUs of P.
aeruginosa PA103 IN at 0 h, then euthanized and samples processed at 18 h. ELISAs were performed
for MCP-1 in BALF (A) and serum (B); IL-6 in BALF (C) and serum (D); and TNF-a in BALF (E)
and serum (F). Data represent n = 5 or 6 mice per condition from two independent experiment and
were analyzed using one-way ANOVA and Tukey’s multiple comparisons test. *: p < 0.05, **: p <
0.01.
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3.4 Discussion

IDR-1018 is a lead peptide candidate for the treatment of infections and inflammation, but its
tendency to aggregate limits its transition to human clinical trials. In this chapter, IDR-1018
formulations were evaluated for their toxicity as well as their immunomodulatory and anti-infective
effects.

Of the four polymers tested, HPG showed the most encouraging results in maintaining
immunomodulatory activity in vitro while showing limited cellular toxicity and peptide aggregation.
The lack of efficacy for 1018 formulated with HPMC and CMC was not altogether unexpected, since
artificial tear fluid made with CMC was shown previously to limit the activity of LL-37 and hBD-2
against P. aeruginosa (258). This is likely due to the cationic peptide binding to negatively charged
functional groups on the polymers and limiting its availability for activity against the bacteria.
Conversely, a peptide-containing cream for use against methicillin-resistant S. aureus was formulated
with HPMC and retained its antimicrobial activity without demonstrating toxicity, although this study
assessed direct antimicrobial killing rather than immunomodulatory activity (259). It is possible that
adjusting the negative charges on these polymers may improve their anti-aggregation properties while
allowing them to maintain peptide activity. Additionally, these formulations were made using PBS as
a solvent, and they should ideally be reevaluated in other solvents.

With HPG, decreasing the number of available carboxylate groups increased the toxicity.
While HPG270 was the best in terms of reducing aggregation and still demonstrated
immunomodulatory activity in vitro, in the acute P. aeruginosa lung infection model it was not
successful at reducing CFUs. However, the HPG270/1018 mice trended towards decreases in most
cytokine and chemokine outputs, similarly to the unformulated peptide, indicating HPG270/1018 was
likely having some effect. It is probable that the reduced activity was due to an excessive number of
negative charges that neutralized the peptide’s activity, which is dependent on the positive charge of

the peptide. Nevertheless, since the less-negatively charged HPG224 formulation aggregated at higher
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concentrations needed for in vivo delivery, it may be difficult to find a balance between efficacy,
aggregation reduction, and toxicity using HPG with IDR-1018. However, HPG has successfully been
used for improving the delivery of chemotherapeutic drugs in cancer models in vivo (260). HPG was
also used to formulate the HDP aurein 2.2 and it showed improved cytotoxic effects, although it was
not evaluated in vivo or for immunomodulatory effects (261). Therefore, it is possible that minor
adjustments to the HPG/1018 formulation may result in a more functional peptide. The results also
indicated that the trehalose solution reduced aggregation without causing toxicity with unformulated
IDR-1018. This may be another route to pursue for 1018 formulation studies. Critically, this chapter
demonstrated differences between in vitro and in vivo performance of peptide formulations. This has
major implications for future studies of formulations and indicates that it will be critical to test
formulations in animals to determine their effectiveness.

In this chapter, | tested polymers and solvents for reducing IDR-1018 aggregation to improve
its use as a treatment for P. aeruginosa lung infections. IDR-1018 formulated with HPG showed
reduced aggregation and maintained in vitro activity, and also retained some in vivo activity as shown
by reductions in inflammatory cytokines and chemokines. The research in this chapter provides an
important initial screening of IDR-1018 formulations for improving IDR-1018 as well as other IDR

peptides and suggests a path for future formulation studies.
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Chapter 4: Effects of P. aeruginosa lung infection on the host response in the lungs

and blood and the role of IDR-1002

4.1 Introduction

In Chapter 2, | showed that IDR-1002 was effective against P. aeruginosa lung infections. In
this chapter, the aim was to further explore the mechanisms underlying IDR-1002 activities in the
acute lung infection model. Previous work on IDR-1002 in the S. aureus IP model demonstrated that
it helped recruit leukocytes to the infection site, with an increase seen in both neutrophils and the
neutrophil chemokine KC (192). Increased numbers of monocytes were also observed, although no
changes in MCP-1 expression were seen (192). Eliminating macrophages with liposomal clodronate
eliminated the protective effect of IDR-1002 (192). This indicates that a key factor in IDR-1002-
mediated protection in the S. aureus IP model was the recruitment of macrophages, although there are
some reports indicating that clodronate also depletes DCs (262, 263). Similar results were achieved
for IDR-1 against S. aureus infection, with macrophages and monocytes required for protection, while
it was additionally shown that depleting neutrophils, T cells, or B cells had no effect (190). In vitro
studies with human monocytes showed that IDR-1002 can promote cell adhesion to fibronectin in the
presence of chemokines due to increased activation of B-integrins and the PI3K-Akt pathway, and
IDR-1002 also increased the expression of the chemokine receptor CCR5 (213, 214). Therefore, while
some aspects of IDR-1002 mechanisms have been uncovered and point to its involvement in leukocyte
recruitment, IDR-1002 has not been thoroughly examined in the context of infections, especially in
the P. aeruginosa lung model. Additionally, it was desired to take a more comprehensive approach to
the evaluation of its mechanisms of action. Therefore, RNA-Seq was utilized. RNA-Seq is a powerful
method for evaluating the transcriptome of an organism. It uses sequencing by synthesis and does not
require the use of probes as with microarray technology, thereby allowing for the more efficient

discovery of new or modified transcripts, without substantial and variable backgrounds as seen for
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hybridization methods such as microarrays (264). RNA-Seq also has a much broader range of signal
detection than microarrays.

In addition, while the host response to murine P. aeruginosa lung infections has been evaluated
using microarrays (265, 266), to the best of my knowledge only one RNA-Seq study, published during
the writing of this thesis, has been performed on mice with a P. aeruginosa lung infection and it
examined only the response in the lungs (267). Therefore, performing RNA-Seq on both the lungs and
blood from infected mice should provide new insights into the effects of P. aeruginosa infections and
possibly lead to new drug targets.

The RNA-Seq results showed that P. aeruginosa caused profound inflammatory responses in
both the lungs and the blood, including the induction of pathways not always associated with P.
aeruginosa infections, such as type | interferon signaling. While the mice given IDR-1002 alone
showed few changes in gene expression compared to the controls, differences among the other groups
in lymphocyte activation and metabolism provide new leads for understanding IDR mechanisms of
action. Critically, in these experiments IDR-1002 led to reductions in the CFU burden and in
inflammatory cytokines and chemokines. Overall, P. aeruginosa caused inflammation, and this was
reduced by the addition of IDR-1002. Furthermore, the RNA-Seq results provided insight into IDR-
1002 activity and the effects of P. aeruginosa infection, and these results can be used as the basis for

additional study into both peptide and P. aeruginosa effects on the host immune response.

4.2 Materials and methods
4.2.1 Mice and ethics statement

C57BI/6J mice were ordered from Jackson Laboratory or were bred at the Modified Barrier
Facility (University of British Columbia). Female mice were used between 6-8 weeks of age. All

experiments were approved by the UBC Animal Care Committee.
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4.2.2 Reagents

IDR-1002 (VQRWLIVWRIRK-NH,) was synthesized by F-moc chemistry (Kinexus,
Vancouver, British Columbia, Canada). Peptide was stored as desiccated powder at -20°C, then
resuspended in endotoxin-free water for experiments and stored at -20°C. Neutrophil specific
fluorescent imaging agent was from Kerafast (Boston, Massachusetts, USA).

4.2.3 Preparation of bacteria and acute Pseudomonas lung infection

Bacterial strain P. aeruginosa PA103 was streaked onto LB plates from a frozen stock and
grown overnight at 37°C. The following day individual CFUs were used to make overnight cultures
in LB and grown overnight at 37°C with shaking. Overnight cultures were diluted 1:50 and grown to
an ODeoo reading of approximately 0.5. Bacteria were washed with endotoxin-free 0.9% sodium
chloride solution (saline), centrifuged, supernatant discarded, and the pellet resuspended in endotoxin-
free saline to an ODeoo Of 0.5. Bacteria were then diluted to the appropriate concentration based on
previous experiments relating ODeoo reading to CFU/ml, and serial dilutions were plated on LB to
check the final concentration.

Mice were anesthetized with 2-5% isoflurane and placed on an intubation stand (BrainTree
Scientific, Massachusetts, USA). IDR-1002, P. aeruginosa, or appropriate controls were instilled
dropwise using a micropipette into the left nostril of each mouse. P. aeruginosa was in a 20 pul volume,
while the peptide volume was approximately 10-20 ul depending on the weight of the mouse.
Isoflurane was periodically applied to keep the mouse at a steady respiratory rate. After instillation,
mice were kept on the stand under isoflurane for 2-3 minutes to ensure absorption of the liquid. Once
they were fully recovered, they were returned to their cages.

For sample collection, mice were euthanized with 120 mg/kg of intraperitoneally injected
sodium pentobarbital. Blood was collected from the inferior vena cava and 100 pl was placed in
RNAprotect animal blood tubes (Qiagen, Hilden, Germany) for RNA isolation according to the

manufacturer’s protocol. The remaining blood was allowed to clot, then centrifuged and the serum
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was collected for ELISAs. For bronchoalveolar lavage fluid (BALF) collection, the chest cavity and
trachea were exposed and an incision was made in the trachea. A cannulated needle was then inserted
and used to slowly fill the lungs with sterile PBS (600 pl), which was then slowly withdrawn through
the cannulated needle and saved. This procedure was repeated twice for a total of three washes. After
the lavage, the smallest lobe of the lung was placed in RNAlater (Qiagen) and saved for RNA-Seq
according to the manufacturer’s protocol.

The first BALF wash was used for CFU enumeration by spread-plating undiluted BALF or
ten-fold dilutions made in PBS onto LB agar plates in duplicate. Plates were incubated overnight at
37°C and CFUs were enumerated the following day. The remaining first BALF wash was centrifuged
and the supernatant saved for ELISAs. The pellet from the first BALF wash was combined with the
pellet from BALF washes 2 and 3 and resuspended in PBS, then leukocytes were counted on a
hemocytometer using Turk’s stain.

The leukocytes were also used in a StatSpin Cytofuge 2 (Beckman-Coulter) and the resulting
slides were air-dried overnight, stained with the Diff-Quik Staining Kit (VWR, Radnor, PA) according
to the manufacturer’s protocol, and then 200 cells/slide were counted.

424 ELISAs

Samples were stored at -20°C until use in ELISAs. The levels of cytokines and chemokines
were measured using eBioscience (San Diego, California, USA) antibodies for murine TNF-a and IL-
6. Murine MCP-1 antibodies were from eBioscience or R&D Systems (Minneapolis, Minnesota,
USA). Murine KC (CXCL1) antibodies were from Fitzgerald (Acton, Massachusetts, USA) or R&D
Systems. Standards were purchased from the same sources. The ELISAs were performed by following
the manufacturer protocols with optimization of antibody and sample dilutions, washes, and
incubation times. They were developed using TMB (eBioscience) and the reactions were stopped with
2 N sulfuric acid. The plates were read on a Power Wave X340 plate-reader (Bio-Tek Instruments,

Winooski, VT) and data were fitted to a 4-parameter standard curve using KC4 software (Bio-Tek).
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4.2.5 RNA isolation and RNA-Seq

Total RNA was isolated from the lungs and blood from one experiment (n = 5 per condition)
using the RNAeasy Plus Mini kit (Qiagen). The quality of the RNA was analyzed using an RNA 6000
Nano Chip (Agilent Technologies, Santa Clara, California, USA) on an Agilent 2100 Bioanalyzer,
with all samples showing excellent quality. A polyA enrichment with d(T) beads (New England
Biolabs, Ipswich, Massachusetts, USA) was then used to isolate the mRNA, and a KAPA Stranded
Total RNA-Seq kit (Kapa Biosystems, Wilmington, Massachusetts, USA) was used to create the
cDNA libraries. In brief, first strand cDNA was synthesized, following by second strand synthesis and
blunt-end formation. After 3’ adenylation, adapters (Bioo Scientific, Austin, Texas, USA) for
multiplexing were ligated, followed by amplification and then purification using Agencourt Ampure
XP beads (Beckman Coulter). The quality of the library was checked using a High Sensitivity DNA
chip (Agilent, Santa Clara, California, USA) on an Agilent 2100 Bioanalyzer and all samples were
shown to have RNA integrity number (RIN) values of greater than 8. The samples were used for RNA-
Seq on an Illumina (San Diego, California, USA) GAIlIx (lungs) or HiSeq 2500 (blood).

After demultiplexing, the resulting FASTQ files were aligned to the Ensembl murine reference
genome GRCm38.p5 (build 86) using STAR aligner (version 2.5.2B) (268). Counts were generated
using HTSeq (version 0.6.1p1) (269). DESeq2 (version 1.14.1) in R (3.3.2) was used for finding
differentially expressed (DE) genes, with cutoffs for DE genes set as a fold-change of + 1.5, equivalent
to a log with base 2 fold change (log2 FC) of £ 0.58, and an adjusted p-value (false discovery rate) of
< 0.05 (270, 271). One mouse in the PA103 group was inadequately infected and was removed from
the analysis for lungs and blood. All remaining lung samples had excellent quality and number of read
counts. For the blood, samples with < 800,000 read counts were excluded, leaving n = 3 per condition
except for the PA103 group which had n = 4. The DE genes were used in NetworkAnalyst for network

visualization using the Imex database and in PANTHER for overrepresentation analysis (ORA) using
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gene ontology (GO) biological processes (PANTHER overrepresentation test release 20160715 and
GO Ontology database release 2017-2-28) (272-274). Venn diagrams were created using Venny (275).
4.2.6 Statistical analysis

Data from the lung model were analyzed using Microsoft Excel 2013 and GraphPad Prism
version 7. GraphPad Prism was used to perform an unpaired two-tailed t-test or one-way ANOVA

with Tukey’s multiple comparisons tests. A value of p <0.05 was considered statistically significant.

4.3 Results
4.3.1 IDR-1002 reduces P. aeruginosa burden and inflammation in the lungs and does not
itself produce inflammatory cytokines

To examine the effects of IDR-1002, P. aeruginosa, or their combination, the acute P.
aeruginosa lung model was used. As with previous acute P. aeruginosa lung model experiments,
female C57BI1/6J mice 6-8 weeks of age were given 8 mg/kg IDR-1002 or the vehicle (endotoxin-free
water) IN 24 h prior to infection with approximately 8 x 10° CFU/mouse of P. aeruginosa PA103 or
the vehicle (endotoxin-free saline) and then euthanized at 18 h post-infection. The groups of mice are
hereafter referred to as control (received only vehicles), IDR-1002 (received IDR-1002 and saline),
PA103 (received water and PA103), and treatment (received IDR-1002 and PA103). As seen in
Chapter 2, the addition of IDR-1002 significantly decreased the CFU burden in the lungs (Figure 4.1).
The addition of PA103 significantly increased leukocyte infiltration into the lungs compared to either
control or IDR-1002 mice, whereas the treatment mice showed a leukocyte count that was in between
the PA103 and the control or IDR-1002 mice. The addition of IDR-1002 did not change the total
leukocyte count compared to the control mice. However, when the distribution of leukocytes in the
lungs was examined, the IDR-1002 mice seemed to show a slight increase in neutrophils compared to
the controls. This was investigated further by using a probe for fluorescent tracking of neutrophils in

vivo (276). However, no differences were observed in IDR-1002 mice for neutrophils either 4 or 24 h
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Figure 4.1: IDR-1002 reduces CFU burden and improves health scores in mice infected with P.
aeruginosa PA103. Mice were given water or IDR-1002 (8 mg/kg) IN at -24 h, given saline or 8 x
10° CFUs of P. aeruginosa PA103 IN at 0 h, then euthanized and samples processed at 18 h. (A) CFU
counts from the BALF. (B) Leukocyte counts in the BALF. (C) Distribution of leukocytes in the
BALF. (D) Percentage of weight loss. (E, F) Health scores at 3 h or 18 h post-infection. Data represent
n =9 or 10 per condition from the combination of two experiments and were analyzed using an
unpaired two-tailed t-test for the CFUs and a one-way ANOVA and Tukey’s multiple comparisons
test for the leukocytes. *: p < 0.05, **: p<0.01.
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after IN administration of peptide compared to endotoxin-free water controls; however, it should be
noted that imaging of the fluorescence is hindered in mice with black fur. As expected, the PA103
mice showed a strong increase in neutrophils compared to the uninfected mice, while the treatment
mice showed a mixture of neutrophils and monocytes/macrophages that leaned towards neutrophils in
sick mice and showed more monocytes/macrophages in mice that had few signs of infection. The
health scores also showed an improvement in the treatment group at both 3 and 18 h post-infection
compared to the PA103 mice.

The expression of cytokines and chemokines in the BALF and serum was also examined
(Figure 4.2). MCP-1, KC, and IL-6 showed significant increases in the BALF and serum of the PA103
mice compared to either control or IDR-1002 mice, while the treatment mice had significant decreases
in most of these outputs compared to the PA103 mice. TNF-a also showed similar trends. Notably,
there were no significant increases for IDR-1002 compared to control mice for any of the cytokines or

chemokines.
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Figure 4.2: IDR-1002 reduces cytokines and chemokines in the BALF and serum that were
induced by P. aeruginosa PA103. Mice were given water or IDR-1002 (8 mg/kg) IN at -24 h, given
saline or 8 x 10° CFUs of P. aeruginosa PA103 IN at 0 h, then euthanized and samples processed at
18 h. ELISAs were performed for MCP-1 in BALF (A) and serum (B); KC in BALF (C) and serum
(D); IL-6 in BALF (E) and serum (F); and TNF-a in BALF (G) and serum (H). Data representn =9
or 10 per condition from the combination of two experiments and were analyzed using one-way
ANOVA and Tukey’s multiple comparisons test. *: p < 0.05, **: p < 0.01, ***: p <0.001.
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4.3.2 P.aeruginosa lung infection induces widespread inflammation in the lungs and blood
The lungs and whole blood from one of two experiments, consisting of 4-5 mice per condition,
were used to isolate RNA and run RNA-Seq to characterize the DE genes of the transcriptome during
infection and treatment. Principal component analysis (PCA) of the results (Figure 4.3) indicated that
most of the variance was between infected mice (PA103 or treatment) and uninfected mice (control or
IDR-1002). The IDR-1002 and control mice clustered together. The clustering of the treatment mice
correlated with their CFU burdens, with mice having no or reduced CFUs clustering towards the

untreated mice, while two treatment mice that had higher CFU counts were interspersed among the

PA103 mice.
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Figure 4.3: PCA plots show clustering of the transcriptome of infected versus uninfected mice.
A) Results from the lungs. B) Results from the blood. Red is the uninfected control mice, green is
uninfected mice given IDR-1002, blue is PA103-infected mice, and purple is IDR-1002 treatment of
PA103-infected mice.
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Next, the total number of DE genes for several comparisons was determined (Table 4.1). As
expected, PA103 infection led to the differential expression of many genes, with nearly five thousand

DE genes in the lungs and 1327 in the blood when compared to the control samples.

Table 4.1: Number of DE genes for different comparisons in the lungs and blood.

Comparison Lungs Blood
IDR-1002 vs. Control 2 0
PA103 vs. Control 4739 1327
Treatment vs. Control 813 294
Treatment vs. IDR-1002 638 271
Treatment vs. PA103 2111 1

In the lungs, there were 2360 upregulated DE genes and 2379 downregulated DE genes with
PA103 infection compared to the control mice. For upregulated DE genes in the lungs, the PA103 DE
genes had multiple genes encoding inflammatory response proteins, including CRAMP and acute
phase serum amyloid A proteins, and numerous chemokines. There were also genes for several matrix
metalloproteinases (MMPs) upregulated (MMP-3, -8, -9, -12, -14, and -25). The genes for the
cytokines and chemokines examined in the ELISAs, IL-6, TNF-a, MCP-1, and KC, were all
upregulated in the PA103 mice similar to the results seen at the protein level, with the genes showing
greater than 32-fold changes compared to the control mice. The downregulated DE genes in the lungs
were more varied in function but notably included several genes encoding subunits of various types
of collagen, which is a major component of ECM organization (277).

While the top DE genes according to fold-change can provide some interesting targets to
evaluate, it is important to take a systemic approach to the data. Therefore, ORA examining GO
biological processes was performed on the upregulated or downregulated DE genes for PA103 vs.
control in the lungs. There were dozens of pathways for the upregulated DE genes in the lungs for
PA103 vs. control (Table 4.2), including many pathways associated with inflammation and infection

such as the acute-phase response and acute inflammatory response, NF-kB and TLR signaling and
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their regulation, responses to bacteria and their components, response and regulation of cytokines, and
leukocyte chemotaxis, particularly for neutrophils and lymphocytes. In addition, there were pathways
associated with a type I interferon or viral response. There were considerably fewer pathways for the
downregulated DE genes (Table 4.3) but these included ones for ECM organization, cilium
organization and assembly, and some involving metabolic processes for sulfur compounds, cellular
lipids, and monocarboxylic acids. There were also some pathways associated with the nervous system,
particularly axon guidance. Since the lungs contain airway neurons and guidance molecules (278,
279), these pathways likewise indicate the loss of structural integrity and cell growth during the P.
aeruginosa infection. Importantly, the downregulated pathways did not show any involving the

immune system or an inflammatory response to a bacterial infection.

Table 4.2: Selected overrepresented pathways for upregulated DE genes in the lungs for PA103
vs. control mice.

Fold-

Genes in Enrich-
GO biological process (accession number) | pathway | Seen | Expect | ment P-value
Response to interferon-beta (GO:0035456) 45 29 4.54 6.39 1.11E-10
Response to interferon-alpha (GO:0035455) 19 11 1.92 5.74 4.39E-02
Chemokine-mediated signaling pathway
(GO:0070098) 45 25 4.54 5.51 1.60E-07
Pattern recognition receptor signaling
pathway (G0O:0002221) 55 30 5.54 541 2.60E-09
Toll-like receptor signaling pathway
(G0O:0002224) 46 25 4.64 5.39 2.51E-07
Lymphocyte chemotaxis (GO:0048247) 39 21 3.93 5.34 1.07E-05
Innate immune response-activating signal
transduction (GO:0002758) 58 31 5.85 5.3 1.78E-09
Neutrophil chemotaxis (GO:0030593) 60 32 6.05 5.29 7.80E-10
Activation of innate immune response
(G0:0002218) 65 34 6.55 5.19 2.31E-10
I-kappaB kinase/NF-kappaB signaling
(GO:0007249) 46 23 4.64 4.96 7.27E-06
Acute-phase response (GO:0006953) 33 16 3.33 4.81 3.70E-03
Regulation of neutrophil chemotaxis
(G0O:0090022) 33 16 3.33 4.81 3.70E-03
Regulation of toll-like receptor signaling
pathway (GO:0034121) 49 23 4.94 4.66 2.34E-05
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Fold-

Genes in Enrich-
GO biological process (accession number) | pathway | Seen | Expect | ment P-value
Response to interferon-gamma
(GO:0034341) 75 35 7.56 4.63 2.42E-09
Leukocyte chemotaxis (GO:0030595) 114 53 11.49 4.61 2.63E-15
Regulation of type I interferon production
(G0O:0032479) 61 27 6.15 4.39 3.62E-06
Regulation of interleukin-12 production
(GO:0032655) 50 22 5.04 437 | 1.57E-04
Leukocyte cell-cell adhesion (GO:0007159) 41 18 4.13 4.36 3.03E-03
Response to interleukin-1 (GO:0070555) 82 36 8.27 4.36 6.32E-09
Regulation of interleukin-1 production
(G0O:0032652) 57 25 5.75 4.35 1.88E-05
Cell chemotaxis (GO:0060326) 167 73 16.83 4.34 1.82E-20
Regulation of interferon-beta production
(GO:0032648) 45 19 4.54 419 | 2.61E-03
Response to molecule of bacterial origin
(G0O:0002237) 249 105 25.1 4.18 2.66E-29
Regulation of viral genome replication
(G0O:0045069) 69 29 6.96 4.17 2.70E-06
Regulation of interleukin-1 beta production
(GO:0032651) 43 18 4.33 4.15 5.93E-03
Response to lipopolysaccharide
(GO:0032496) 232 97 23.39 4.15 1.38E-26
Regulation of NF-kappaB import into
nucleus (G0O:0042345) 39 16 3.93 4.07 3.07E-02
Maturation of SSU-rRNA (G0:0030490) 49 20 4.94 4.05 2.18E-03
Regulation of cytokine biosynthetic process
(G0O:0042035) 99 40 9.98 4.01 4.53E-09
Regulation of innate immune response
(G0:0045088) 208 84 20.97 4.01 1.05E-21
Cytokine secretion (GO:0050663) 40 16 4.03 3.97 4.19E-02
Response to virus (GO:0009615) 178 71 17.94 3.96 1.14E-17
Acute inflammatory response (GO:0002526) 63 25 6.35 3.94 1.30E-04

Table 4.3: Selected overrepresented pathways for downregulated DE genes in the lungs for

PA103 vs. control mice.

Fold-
Genes in Enrich-
GO biological process (accession number) | pathway | Seen | Expect | ment P-value
Regulation of smoothened signaling pathway
(G0O:0008589) 72 24 7.23 3.32 5.10E-03
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Fold-

Genes in Enrich-
GO biological process (accession number) | pathway | Seen | Expect | ment P-value
Smoothened signaling pathway
(GO:0007224) 76 25 7.63 3.28 3.82E-03
Axon guidance (G0O:0007411) 173 41 17.37 2.36 6.91E-03
Neuron projection guidance (GO:0097485) 175 41 17.57 2.33 9.15E-03
Extracellular matrix organization
(G0O:0030198) 173 40 17.37 2.3 1.68E-02
Cilium organization (GO:0044782) 246 56 24.7 2.27 2.89E-04
Cilium assembly (GO:0060271) 225 50 22.59 2.21 3.03E-03
Sulfur compound metabolic process
(G0O:0006790) 253 52 25.4 2.05 1.68E-02
Axon development (GO:0061564) 325 64 32.63 1.96 5.01E-03
Axonogenesis (GO:0007409) 302 59 30.32 1.95 1.71E-02
Cell projection assembly (GO:0030031) 316 60 31.72 1.89 3.33E-02
Cell morphogenesis involved in neuron
differentiation (G0O:0048667) 369 69 37.05 1.86 1.11E-02
Neuron projection morphogenesis
(G0O:0048812) 400 74 40.16 1.84 6.84E-03
Cell projection morphogenesis
(G0O:0048858) 411 75 41.26 1.82 9.44E-03
Monocarboxylic acid metabolic process
(G0O:0032787) 440 80 4417 1.81 4.84E-03
Cell part morphogenesis (GO:0032990) 435 76 43.67 1.74 3.70E-02
Cell morphogenesis involved in
differentiation (G0O:0000904) 486 83 48.79 1.7 3.18E-02
Cell projection organization (GO:0030030) 951 161 | 95.47 1.69 1.83E-06
Oxoacid metabolic process (G0O:0043436) 765 129 76.8 1.68 1.48E-04
Sensory organ development (GO:0007423) 540 91 54.21 1.68 1.88E-02
Organic acid metabolic process
(G0O:0006082) 777 130 | 78.01 1.67 2.01E-04
Cell morphogenesis (GO:0000902) 620 103 | 62.24 1.65 7.72E-03
Oxidation-reduction process (GO:0055114) 832 137 | 83.53 1.64 2.11E-04
Cellular lipid metabolic process
(G0O:0044255) 759 123 76.2 1.61 2.45E-03
Carboxylic acid metabolic process
(G0O:0019752) 710 115 | 71.28 1.61 6.07E-03
Animal organ morphogenesis (GO:0009887) 922 145 | 92.56 1.57 1.19E-03
Small molecule metabolic process
(G0O:0044281) 1422 223 | 142.76 1.56 5.48E-07
Lipid metabolic process (GO:0006629) 986 149 | 98.99 1.51 7.49E-03
Regulation of nervous system development
(G0O:0051960) 891 134 | 89.45 1.5 3.35E-02
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To gain further insights into the genes and interactions involved in some of these pathways,
NetworkAnalyst was used to create and visualize protein-protein interaction networks (272). Since the
genes for multiple chemokines were upregulated, as well as pathways associated with chemotaxis, a
zero-order network showing the interactions of DE genes associated with leukocyte migration was
created (Figure 4.4). Almost all of the genes in the network were increased (red-colored nodes) in the
PA103 mice compared to the control mice, and numerous chemokines from both the CXC and CC
families were seen. P. aeruginosa lung infections are known to lead to an influx of leukocytes,
particularly neutrophils (44, 58), and an increase in neutrophils was seen in the leukocyte differential
counts in the BALF. Therefore, the induction of numerous chemokine genes is in agreement with these

observations.
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Figure 4.4: Zero-order protein-protein interaction network of DE genes in the lungs for PA103
vs. control mice that are associated with leukocyte migration and their interacting partners. Red
nodes were upregulated in the PA103 group and green nodes were downregulated in the PA103 group.
A darker color indicates a stronger fold-change. Chemokines are highlighted with blue circles.
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For the pathways seen in the ORA of downregulated DE genes in the lungs, genes involved in
ECM organization were also used to create a network (Figure 4.5). The upregulated DE genes
included Mmp9, which encodes a matrix metalloproteinase that is upregulated and released during
numerous lung injury models and which decreases ECM integrity (280). In contrast, the
downregulated DE genes included several for chains of types of collagen, the major fibrous component

of the ECM (277).
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Figure 4.5: Zero-order protein-protein interaction network of DE genes in the lungs for PA103
vs. control mice that are associated with ECM organization and their interacting partners. Red
nodes were upregulated in the PA103 group and green nodes were downregulated in the PA103 group.
A darker color indicates a stronger fold-change. The gene for matrix metalloproteinase MMP-9 and
components of collagen are highlighted with blue circles.

Other interesting pathways that appeared in the ORA for the upregulated DE genes involved
those reflecting responses to viruses, including type I interferon pathways. A zero-order interaction
network was created to examine these more closely (Figure 4.6). Multiple genes were upregulated,
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and while some of these have also been associated with bacterial infections, others have been more

typically linked to viral infections, including Irfl, Irf5, Tlr7, and Ddx58, the gene encoding RIG-I.
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Figure 4.6: Zero-order protein-protein interaction network of DE genes in the lungs for PA103
vs. control mice that are associated with a response to viruses and their interacting partners.
Red nodes were upregulated in the PA103 group and green nodes were downregulated in the PA103

group. A darker color indicates a stronger fold-change. Proteins that are closely associated with an
immune response to viruses are highlighted with blue circles.

In the blood, there were 686 upregulated and 641 downregulated DE genes in the PA103 mice
compared to the control mice. As with the lungs, many of the top upregulated DE genes in the blood
were associated with infection and inflammation, such as the genes for CRAMP and lactotransferrin,
an antimicrobial and iron-sequestering protein, and several chemokines. There were also genes
associated with neutrophil-induced inflammation, such as Lcn2, Cd177, and Ngp. While 1L-6, MCP-
1, and KC were significantly upregulated in the serum and TNF-a showed a trend towards
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upregulation, only the genes for MCP-1 and TNF-a were significantly upregulated in the blood,
probably reflecting differences in kinetics for these cytokines and chemokines. For the downregulated
DE genes, there were several involved with immunoglobulins or their receptors, or other aspects of a
B cell response.

As determined by ORA, the pathways for upregulated DE genes (Table 4.4) included many
that are related to infection as seen for the lungs, such as the acute inflammatory response and other
inflammation-related pathways, leukocyte chemotaxis including pathways for neutrophil and
lymphocyte chemotaxis, regulation of and response to cytokines, and responses to bacteria and their
components. Although lymphocyte chemotaxis was the only lymphocyte pathway upregulated, there
were multiple pathways involving lymphocyte activation, proliferation, and differentiation in the
pathways overrepresented in the downregulated DE genes (Table 4.5), which seemed to be related to
B cell processes rather than T cells. In addition, the pathways for the downregulated DE genes included

ones related to protein ubiquitination.

Table 4.4: Selected overrepresented pathways for upregulated DE genes in the blood for PA103
vs. control mice.

Fold-

Genes in Enrich-
GO biological process (accession number) | pathway | Seen | Expect | ment P-value
Leukocyte migration involved in
inflammatory response (GO:0002523) 17 7 0.52 13.5 9.94E-03
Lipopolysaccharide-mediated signaling
pathway (G0O:0031663) 29 9 0.88 10.17 | 3.18E-03
Neutrophil chemotaxis (GO:0030593) 60 18 1.83 9.83 9.83E-09
Leukocyte chemotaxis (GO:0030595) 114 27 3.48 7.76 7.18E-12
ADP metabolic process (GO:0046031) 43 10 1.31 7.62 9.68E-03
Regulation of plasma lipoprotein particle
levels (GO:0097006) 43 10 1.31 7.62 9.68E-03
Regulation of mononuclear cell migration
(GO:0071675) 39 9 1.19 7.56 3.50E-02
Lymphocyte chemotaxis (GO:0048247) 39 9 1.19 7.56 3.50E-02
Modification by host of symbiont
morphology or physiology (GO:0051851) 53 12 1.62 7.42 1.12E-03
Regulation of phagocytosis (GO:0050764) 84 19 2.56 7.41 2.80E-07
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Fold-

Genes in Enrich-
GO biological process (accession number) | pathway | Seen | Expect | ment P-value
Chemokine-mediated signaling pathway
(GO:0070098) 45 10 1.37 7.28 | 1.44E-02
Modification of morphology or physiology
of other organism (G0O:0035821) 77 17 2.35 7.24 4.29E-06
Myeloid leukocyte migration (GO:0097529) 96 21 2.93 7.17 4.84E-08
Defense response to Gram-negative
bacterium (GO:0050829) 46 10 1.4 7.13 1.75E-02
Interaction with symbiont (GO:0051702) 56 12 1.71 7.02 2.00E-03
Regulation of acute inflammatory response
(GO:0002673) 57 12 1.74 6.9 2.41E-03
Purine ribonucleoside diphosphate metabolic
process (GO:0009179) 48 10 1.46 6.83 2.54E-02
Regulation of myeloid leukocyte mediated
immunity (GO:0002886) 48 10 1.46 6.83 2.54E-02
Regulation of toll-like receptor signaling
pathway (G0:0034121) 49 10 1.49 6.69 3.04E-02
Myeloid leukocyte activation (GO:0002274) 99 20 3.02 6.62 6.10E-07
Cell chemotaxis (GO:0060326) 167 33 5.09 6.48 8.16E-13
Translational initiation (GO:0006413) 61 12 1.86 6.45 4.88E-03
Response to interleukin-1 (GO:0070555) 82 16 2.5 6.4 7.62E-05
Acute inflammatory response (GO:0002526) 63 12 1.92 6.24 6.80E-03
Innate immune response-activating signal
transduction (GO:0002758) 58 11 1.77 6.22 2.01E-02
Regulation of tumor necrosis factor
superfamily cytokine production
(GO:1903555) 122 23 3.72 6.18 9.12E-08
Regulation of interleukin-6 production
(GO:0032675) 119 22 3.63 6.06 3.67E-07
Activation of innate immune response
(G0:0002218) 65 12 1.98 6.05 9.36E-03
Regulation of tumor necrosis factor
production (GO:0032680) 120 22 3.66 6.01 4.29E-07
Response to molecule of bacterial origin
(GO:0002237) 249 43 7.6 5.66 2.34E-15

Table 4.5: Selected overrepresented pathways for downregulated DE genes in the blood for

PA103 vs. control mice.

Fold-
Genes in Enrich-
GO biological process (accession number) | pathway | Seen | Expect | ment P-value
Regulation of B cell proliferation
(G0O:0030888) 63 14 1.76 7.97 4.24E-05
B cell activation (G0O:0042113) 155 25 4.32 5.79 4.51E-08
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Fold-

Genes in Enrich-
GO biological process (accession number) | pathway | Seen | Expect | ment P-value
B cell differentiation (GO:0030183) 106 16 2.95 5.42 7.11E-04
Cofactor biosynthetic process (GO:0051188) 129 16 3.59 4.45 9.18E-03
Protein polyubiquitination (GO:0000209) 167 20 4.65 4.3 7.58E-04
Myeloid cell differentiation (GO:0030099) 213 24 5.94 4.04 1.26E-04
Regulation of mononuclear cell proliferation
(G0O:0032944) 209 22 5.82 3.78 1.56E-03
Regulation of lymphocyte proliferation
(G0O:0050670) 207 21 5.77 3.64 5.28E-03
Regulation of leukocyte proliferation
(GO:0070663) 217 22 6.05 3.64 2.91E-03
Protein ubiquitination (GO:0016567) 414 41 11.54 3.55 5.56E-08
Lymphocyte activation (GO:0046649) 381 37 10.62 3.49 1.03E-06
Lymphocyte differentiation (GO:0030098) 249 24 6.94 3.46 2.12E-03
Protein modification by small protein
conjugation (GO:0032446) 453 43 12.62 3.41 6.43E-08
Regulation of B cell activation
(G0O:0050864) 245 23 6.83 3.37 5.85E-03
Immune system development (GO:0002520) 691 63 19.25 3.27 4.24E-12
Hematopoietic or lymphoid organ
development (GO:0048534) 660 60 18.39 3.26 2.51E-11
Protein modification by small protein
conjugation or removal (GO:0070647) 572 48 15.94 3.01 2.55E-07
Regulation of chromosome organization
(GO:0033044) 290 24 8.08 2.97 2.88E-02
Modification-dependent protein catabolic
process (GO:0019941) 403 31 11.23 2.76 5.25E-03
Ubiquitin-dependent protein catabolic
process (GO:0006511) 396 29 11.03 2.63 3.07E-02
Covalent chromatin modification
(G0O:0016569) 428 30 11.93 2.52 4.87E-02
Regulation of lymphocyte activation
(G0O:0051249) 503 35 14.02 2.5 9.73E-03
Immune effector process (GO:0002252) 507 35 14.13 2.48 1.16E-02
Proteolysis involved in cellular protein
catabolic process (G0O:0051603) 469 32 13.07 2.45 4.12E-02
Macromolecule catabolic process
(G0O:0009057) 716 46 19.95 2.31 1.94E-03
Protein modification process (G0:0036211) 2157 131 60.1 2.18 1.41E-13
Macromolecule modification (GO:0043412) 2390 141 66.6 2.12 6.64E-14
Heterocycle biosynthetic process
(G0O:0018130) 2200 121 61.3 1.97 3.37E-09
Aromatic compound biosynthetic process
(G0:0019438) 2207 120 61.5 1.95 9.25E-09
RNA biosynthetic process (GO:0032774) 1897 102 | 52.86 1.93 1.21E-06
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A zero-order interaction network for the blood (Figure 4.7) showed a mixture of up- and
downregulated genes. Prominent hubs for upregulated genes included Rela, a subunit of the
transcription factor NF-xB; MyD88; and Cebpa and Cebpb, two members of the CCAAT/enhancer
binding proteins (C/EBP) transcription factor family that are involved in lung inflammation (281). The

downregulated gene Sp3, which encodes a proteinase inhibitor, was also a hub.
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Figure 4.7: Zero-order protein-protein interaction network of DE genes in the blood for PA103
vs. control mice. Red nodes were upregulated in the PA103 group and green nodes were
downregulated in the PA103 group. A darker color indicates a stronger fold-change. Several key genes
involved in the immune response to an infection are highlighted with blue circles.
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4.3.3 Administration of IDR-1002 reduces inflammation responses induced by P. aeruginosa
in the lungs and blood

The use of IDR-1002 in uninfected mice led to only two DE genes in the lungs, Csf3 and Saa2,
the genes encoding G-CSF and serum amyloid A2, which were upregulated and downregulated,
respectively, compared to the control mice.

While the response in uninfected mice was limited, the administration of IDR-1002 in
combination with PA103 infection had a large impact on the transcriptome. The comparison between
the treatment and PA103 groups showed 2111 DE genes in the lungs, with 1110 upregulated and 1001
downregulated DE genes. The genes for the four proteins examined in ELISAs, namely MCP-1, KC,
IL-6, and TNF-a, showed a trend towards downregulation in the treatment mice but were not
significantly DE. However, the treatment mice had the genes for several chemokines downregulated
compared to the PA103 mice, including Ccl4, Cxcl10, Ccl1l, and Cxcl13, along with other genes
associated with an inflammatory response, while the upregulated genes were more diverse. This was
also reflected in the pathways from the ORA (Tables 4.6 and 4.7), with only a limited number of
upregulated pathways and most of these related to broad biological processes. Of the more specific
pathways, there were ones related to regulation of epithelial cell proliferation and cell projection
organization as well as metabolism, including sulfur compound and oxoacid metabolic processes. In
contrast, there were numerous downregulated pathways including responses to LPS; viral and type |
interferon responses and their regulation; apoptotic processes and their regulation; regulation of

protein polyubiquitination; and regulation of and response to numerous cytokines.

Table 4.6: Selected overrepresented pathways for upregulated DE genes in the lungs for
treatment vs. PA103 mice.

Fold-

Genes in Enrich-
GO biological process (accession number) | pathway | Seen | Expect | ment P-value
Regulation of smoothened signaling pathway
(G0O:0008589) 72 15 3.43 4.37 2.53E-02
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Fold-

Genes in Enrich-
GO biological process (accession number) | pathway | Seen | Expect | ment P-value
Neuron migration (GO:0001764) 134 21 6.38 3.29 2.70E-02
Sulfur compound metabolic process
(GO:0006790) 253 31 12.05 2.57 2.47E-02
Regulation of epithelial cell proliferation
(GO:0050678) 319 37 15.19 2.44 1.01E-02
Regulation of cell projection organization
(GO:0031344) 638 61 30.38 2.01 3.40E-03
Small molecule metabolic process
(GO:0044281) 1422 125 67.72 1.85 4.54E-07
Oxoacid metabolic process (GO:0043436) 765 67 36.43 1.84 1.84E-02
Organic acid metabolic process
(GO:0006082) 777 68 37 1.84 1.58E-02
Animal organ morphogenesis (GO:0009887) 922 76 43.91 1.73 3.37E-02
Cell projection organization (G0O:0030030) 951 78 45.29 1.72 3.00E-02
Nervous system development (GO:0007399) 2052 162 | 97.72 1.66 1.54E-06
Neurogenesis (GO:0022008) 1551 120 | 73.86 1.62 1.36E-03
Generation of neurons (GO:0048699) 1450 108 | 69.05 1.56 3.23E-02
Single-organism metabolic process
(GO:0044710) 2762 201 | 131.53 1.53 6.18E-06

Table 4.7: Selected overrepresented pathways for downregulated DE genes in the lungs for

treatment vs. PA103 mice.

Fold-

Genes in Enrich-
GO biological process (accession number) | pathway | Seen | Expect | ment P-value
Regulation of protein polyubiquitination
(G0O:1902914) 14 8 0.61 13.02 | 2.29E-03
Regulation of interferon-alpha production
(GO:0032647) 19 9 0.83 10.79 | 1.98E-03
Response to interferon-alpha (GO:0035455) 19 8 0.83 9.59 | 2.18E-02
Toll-like receptor signaling pathway
(GO:0002224) 46 18 2.02 8.91 | 5.12E-08
Pattern recognition receptor signaling
pathway (G0O:0002221) 55 21 2.41 8.7 | 1.46E-09
NIK/NF-kappaB signaling (GO:0038061) 21 8 0.92 8.68 | 4.49E-02
Innate immune response-activating signal
transduction (GO:0002758) 58 22 2.55 8.64 | 4.44E-10
Activation of innate immune response
(G0O:0002218) 65 24 2.85 8.41 | 5.73E-11
I-kappaB kinase/NF-kappaB signaling
(GO:0007249) 46 15 2.02 7.43 | 3.25E-05
Regulation of interferon-beta production
(G0O:0032648) 45 14 1.98 7.09 | 1.89E-04
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Fold-

Genes in Enrich-
GO biological process (accession number) | pathway | Seen | Expect ment | P-value
Response to interferon-beta (GO:0035456) 45 14 1.98 7.09 | 1.89E-04
Regulation of type | interferon production
(G0O:0032479) 61 18 2.68 6.72 | 4.48E-06
Regulation of viral genome replication
(G0O:0045069) 69 20 3.03 6.6 | 6.83E-07
Regulation of NF-kappaB import into
nucleus (GO:0042345) 39 11 1.71 6.42 | 1.50E-02
Regulation of toll-like receptor signaling
pathway (GO:0034121) 49 13 2.15 6.04 | 3.53E-03
Regulation of interleukin-1 production
(G0O:0032652) 57 14 2.5 5.59 | 3.20E-03
Regulation of defense response to virus
(G0O:0050688) 59 14 2.59 5.4 | 4.78E-03
Response to molecule of bacterial origin
(G0O:0002237) 249 59 10.93 54| 7.35E-21
Intrinsic apoptotic signaling pathway in
response to DNA damage (G0O:0008630) 69 16 3.03 5.28 | 1.04E-03
Regulation of response to biotic stimulus
(G0O:0002831) 119 27 5.22 5.17 | 9.36E-08
Regulation of interleukin-2 production
(G0O:0032663) 53 12 2.33 5.16 | 4.78E-02
Regulation of innate immune response
(G0O:0045088) 208 47 9.13 515 | 2.78E-15
Response to lipopolysaccharide
(G0O:0032496) 232 52 10.19 511 | 4.91E-17
Cellular response to interleukin-1
(GO:0071347) 68 15 2.99 5.02 | 4.72E-03
Response to virus (GO:0009615) 178 39 7.81 4,99 | 8.01E-12
Regulation of lymphocyte apoptotic process
(GO:0070228) 65 14 2.85 491 | 1.46E-02
Defense response to virus (GO:0051607) 136 29 5.97 4.86 | 7.07E-08
Regulation of tumor necrosis factor
superfamily cytokine production
(G0O:1903555) 122 26 5.36 4.85 | 8.42E-07

A zero-order interaction network (Figure 4.8) also demonstrated that a large number of the

downregulated genes were associated with the inflammatory response in the treatment mice, including

Myd88, Traf6, and Rela. This indicates that IDR-1002 treatment reduced inflammation.
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Figure 4.8: Zero-order protein-protein interaction network of DE genes in the lungs for
treatment vs. PA103 mice. Red nodes were upregulated in the treatment group and green nodes were
downregulated in the treatment group. A darker color indicates a stronger fold-change. Several key
genes involved in the immune response to an infection are highlighted with blue circles.
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The number of DE genes for the treatment mice compared to either control (813 DE genes) or
IDR-1002 (638 DE genes) mice was much smaller than for the PA103 vs. control comparison, with
the comparison of treatment mice to control mice producing 512 upregulated and 301 downregulated
DE genes, while treatment vs. IDR-1002 had 475 upregulated and 163 downregulated DE genes. This
indicated that the treated mice were more like the uninfected mice. While the genes for the four
cytokines and chemokines examined in the ELISAs were upregulated in the treatment mice compared
to the control mice and the treatment vs. control comparison still indicated genes and pathways
associated with an immune response were upregulated, there were far fewer DE genes associated with
the inflammatory response than the number observed for PA103 vs. control. For the overrepresented
pathways for downregulated DE genes when comparing treatment vs. control, many of the pathways
were associated with lymphocyte activation and differentiation as well as MHC class Il antigen
processing, although some pathways involving lymphocytes and the adaptive response were also seen
in the upregulated pathways. The comparison of treatment to IDR-1002 showed similar results to those
for treatment vs. control.

To better understand the role of IDR-1002 in restoring a baseline condition, the DE genes
found in PA103 vs. control were compared to the DE genes found in treatment vs. control (Figure
4.9). There was considerable overlap between the two comparisons, but there were still 45 DE genes
found exclusively in the treatment vs. control comparison. These included 22 downregulated genes
and 23 upregulated genes. Many of these genes were associated with an immune response, including
the downregulated genes Bpifal and Nkg7 and the upregulated genes Cd300a and Ccr2. In particular,
some of these genes were associated with lymphocyte activities and maturation, including
downregulated genes Cd3d, Cd8a, 1121r, BInk, Lat, Igfl, H2-Abl, H2-Aa, and the upregulated gene
Vsir. Using only the downregulated genes exclusive to the treatment vs. control comparison for ORA

did not reveal any pathways, but the upregulated genes resulted in two pathways, the negative
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regulation of eosinophil activation and the negative regulation of immune effector process. There were

no DE genes that were upregulated in one comparison and downregulated in the other.

PA103 ' Treatment

Figure 4.9: Venn diagram comparing the DE genes found in PA103 vs. control to those in
treatment vs. control in the lungs.

Once again considering all of the DE genes and pathways found in PA103 vs. control compared
to the ones found in treatment vs. control, as mentioned previously there was still a strong immune
response seen in the treatment vs. control upregulated pathways but it was greatly reduced when
compared to the number of DE genes and pathways upregulated for PA103 vs. control. Despite the
reduced number of pathways, there were some pathways that were exclusive to the treatment vs.
control comparison (Tables 4.8 and 4.9), with ones for upregulated DE genes including response to
peptidoglycan; necroptotic process; the regulation of leukocyte degranulation, mast cell activation,
mononuclear cell migration, vascular endothelial growth factor production, or endocytosis; and
calcium ion homeostasis and its regulation. For the downregulated DE genes, the overrepresented
pathways found only in treatment vs. control included some related to antigen processing for MHC

class Il presentation. Interestingly, while there were some upregulated pathways involving the
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regulation of lymphocytes in PA103 vs. control, the processes themselves such as T cell selection, T

cell differentiation, T cell activation, and B cell activation were all found exclusively in the

downregulated pathways for treatment vs. control, while regulation of T-helper cell differentiation

was seen only in the upregulated pathways for treatment vs. control.

Table 4.8: Selected overrepresented pathways for upregulated DE genes in the lungs seen in

treatment vs. control but not in PA103 vs. control mice.

Fold-

Genes in Enrich-
GO biological process (accession number) | pathway | Seen | Expect | ment P-value
Response to peptidoglycan (G0:0032494) 10 5 0.22 22.41 | 3.01E-02
Necroptotic process (GO:0070266) 18 6 0.4 1494 | 3.23E-02
Regulation of vascular endothelial growth 30 8 0.67 11.95 | 4.22E-03
factor production (GO:0010574)
Regulation of T-helper cell differentiation 28 7 0.62 11.21 | 3.31E-02
(G0O:0045622)
Regulation of leukocyte degranulation
(GO:0043300) 42 9 0.94 9.6 5.01E-03
Regulation of mononuclear cell migration
(GO:0071675) 39 8 0.87 9.19 2.89E-02
Regulation of mast cell activation
(G0O:0033003) 44 9 0.98 9.17 7.32E-03
Regulation of endocytosis (GO:0030100) 219 22 4.89 4.5 7.34E-05
Regulation of cytosolic calcium ion
concentration (GO:0051480) 243 19 5.42 3.5 2.94E-02
Calcium ion homeostasis (GO:0055074) 363 24 8.1 2.96 2.84E-02

Table 4.9: Selected overrepresented pathways for downregulated DE genes in the lungs seen in

treatment vs. control but not in PA103 vs. control mice.

Fold-

Genes in Enrich-
GO biological process (accession number) | pathway | Seen | Expect | ment P-value
Antigen processing and presentation of
exogenous peptide antigen via MHC class |1
(G0O:0019886) 14 5 0.19 27.02 | 1.20E-02
Antigen processing and presentation of
peptide or polysaccharide antigen via MHC
class 11 (GO:0002504) 16 5 0.21 23.65 | 2.29E-02
Antigen processing and presentation of
peptide antigen via MHC class Il
(G0O:0002495) 16 5 0.21 23.65 | 2.29E-02
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Fold-
Genes in Enrich-

GO biological process (accession number) | pathway | Seen | Expect | ment P-value
Antigen processing and presentation of

exogenous antigen (G0O:0019884) 27 6 0.36 16.82 | 1.62E-02
T cell selection (GO:0045058) 43 7 0.57 12.32 | 1.75E-02
B cell activation (GO:0042113) 155 16 2.05 7.81 3.93E-06
T cell differentiation (GO:0030217) 153 14 2.02 6.92 2.13E-04
Lymphocyte activation (GO:0046649) 381 34 5.04 6.75 3.56E-14
Lymphocyte differentiation (GO:0030098) 249 22 3.29 6.69 4.14E-08
Antigen receptor-mediated signaling

pathway (GO:0050851) 205 15 2.71 554 | 1.19E-03
T cell activation (G0O:0042110) 254 18 3.36 5.36 1.09E-04

A first-order network for lymphocyte activation-associated DE genes for treatment vs. control
results was made (Figure 4.10) and demonstrated the presence of many DE genes related to
lymphocyte activation found in this comparison.
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Figure 4.10: First-order protein-protein interaction network of DE genes in the lungs for
treatment vs. control mice that are associated with lymphocyte activation and their interacting
partners. Red nodes were upregulated in the treatment group, green nodes were downregulated in the
treatment group, and grey nodes are not DE. A darker color indicates a stronger fold-change. Genes
involved in lymphocyte activation that were DE in treatment vs. control but were not DE for PA103
vs. control are highlighted with blue circles.
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In the blood, no DE genes were detected for IDR-1002 mice compared to control mice. There
was also only one DE gene related to treatment vs. PA103 in the blood, Ighd, a gene encoding the
heavy constant region of IgD, which was upregulated in the treatment group. For treatment vs. control
mice, there were 248 upregulated and 46 downregulated genes, and the comparison between treatment
vs. IDR-1002 mice showed similar numbers, with 221 upregulated and 50 downregulated genes.

Assessing the pathways overrepresented in the upregulated DE genes in the blood of treatment
vs. control mice indicated pathways associated with an immune response to infection, including
regulation of mast cell activation and degranulation, neutrophil chemotaxis, regulation of cytokine
production, and inflammatory response, whereas only four downregulated pathways were seen and all
were associated with general biological processes. The treatment vs. IDR-1002 showed similar results,
although amongst the genes encoding proteins that were analyzed in ELISAs, Ccl2 (MCP-1) was
increased in treatment vs. IDR-1002, but was not DE in treatment vs. control mice. The genes for
TNF-a, IL-6, and KC were not DE in either comparison.

The DE genes found in PA103 vs. control compared to the DE genes found in treatment vs.
control in the blood (Figure 4.11) demonstrated considerable overlap, but there were 20 DE genes (3
downregulated, 17 upregulated) found exclusively in the treatment vs. control comparison. Although
there were no pathways found in ORA for these twenty genes, there were some upregulated genes

associated with immune responses, including 1gsf6, Slfn4, Mefv, and Iftim1.
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PA103

Treatment

Figure 4.11: Venn diagram comparing the DE genes found in PA103 vs. control to those in

treatment vs. control in the blood.

For PA103 vs. control compared to treatment vs. control in the blood, there were many

upregulated pathways in common that are associated with an immune response to infection as

described above, although PA103 vs. control had many more upregulated and downregulated

pathways compared to treatment vs. control. However, there were still certain overrepresented

pathways seen for treatment vs. control upregulated DE genes that were not present in PA103 vs.

control (Table 4.10). These included response to peptidoglycan, regulation of mast cell activation and

degranulation, and regulation of peptidase activity.

Table 4.10: Selected overrepresented pathways for upregulated DE genes in the blood seen in
treatment vs. control but not in PA103 vs. control.

Fold-
Genes in Enrich-
GO biological process (accession number) | pathway | Seen | Expect | ment P-value
Response to peptidoglycan (G0O:0032494) 10 4 0.11 36.3 4.41E-02
Regulation of mast cell activation involved
in immune response (GO:0033006) 32 7 0.35 19.85 | 7.33E-04
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Fold-

Genes in Enrich-
GO biological process (accession number) | pathway | Seen | Expect | ment P-value
Regulation of mast cell degranulation
(G0O:0043304) 32 7 0.35 19.85 | 7.33E-04
Regulation of mast cell activation
(G0O:0033003) 44 9 0.48 18.56 | 1.85E-05
Regulation of leukocyte degranulation
(G0O:0043300) 42 7 0.46 15.12 | 4.48E-03
Regulation of endopeptidase activity
(GO:0052548) 249 14 2.74 5.1 7.75E-03
Regulation of peptidase activity
(GO:0052547) 348 18 3.84 4.69 7.30E-04

4.4 Discussion

Infection with P. aeruginosa PA103 led to almost 5000 DE genes in the lungs and almost 1500
DE genes in the blood compared to the control group. These numbers were greatly reduced in the
treatment vs. control comparisons for either the lungs or the blood, indicating more similarity with the
controls. This was in agreement with the CFU burdens and the ELISA results for cytokine and
chemokine expression, which showed decreases in the treatment mice compared to the PA103 mice,
but with levels that were still above those seen in the control or IDR-1002 mice. The use of IDR-1002
with PA103 infection produced a range of results with regards to individual mice, with some mice
showing either a complete or partial elimination in CFUs and signs of inflammation, while a few
showed results similar to those of the untreated PA103 mice. This was also seen in the PCA plots for
the RNA-Seq results, with some treatment mice clustering with untreated controls, and others being
closer to the PA103 mice. It is possible that this diversity might reflect minor differences in bacterial
infectious doses or the heterogeneity implicit in biological systems in response to both bacteria and
peptide. Indeed such variation in response to IDR-1002 has been observed with IDRs in other in vivo
models, such as IDR-1018 in a malaria model and IDR-1002 in IP-administered E. coli and S. aureus
models (192, 200). Increasing the IDR-1002 dose or formulating it to improve delivery could improve

its effectiveness in individual mice. Regardless of this heterogeneity, there were still 2111 DE genes
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in the lungs when comparing the treated and the PA103 mice, with the treated mice showing
upregulated DE genes for processes involved in morphogenesis and some metabolic pathways, while
the pathways for downregulated DE genes included numerous immune pathways such as activation of
the innate immune response and the response to LPS. In other words, the treatment vs. PA103
comparison showed almost the opposite results to PA103 vs. control, indicating that the treatment with
IDR-1002 reduced the overwhelming inflammatory response induced by PA103, as seen with both the
ELISA and the RNA-Seq results.

There were only two DE genes in IDR-1002 vs. control for the lungs and none for the blood.
Since the samples were collected 42 h after IDR-1002 administration it was unsurprising that few
changes were seen at the transcriptional level. Regardless, the results from the comparison of the DE
genes for treatment vs. control compared to PA103 vs. control offered some interesting differences
that could be explored further for unraveling the mechanisms behind the anti-inflammatory activities
of IDR-1002. PA103 vs. control had twice as many DE genes as treatment vs. control in the lungs and
four times as many DE genes in the blood, and as expected the majority of the DE genes overlapped.
Nevertheless, certain genes were only DE in IDR-1002 treated vs. control mice. In the lungs, several
genes associated with MHC class Il antigen processing and lymphocyte activation were
downregulated in the lungs in the treated mice compared to the control and these were not DE in
PA103 vs. control. It is possible that this relates to the composition of cells in the samples, and it was
observed that some of these pathways were also downregulated in the whole blood samples for PA103
vs. control. The differential cell count in the BALF showed that lymphocyte numbers were similar
between the PA103 and treatment groups, whereas the PA103 mice had a large proportion of
neutrophils compared to monocytes/macrophages and the treated mice had a mixture of neutrophils
and monocytes/macrophages that varied with the CFU burden. Examining cell populations in the lungs
with flow cytometry would provide insight into both the cell types involved and their activation states.

Another possibility is that IDR-1002 administration altered the immune response and these changes
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were then potentiated by the additional stimulus of PA103 infection, whereas in the mice given only
IDR-1002 the mice did not receive an additional signal to the immune system, which then returned
essentially to baseline levels. For example, the anti-inflammatory cytokine 1L-10 decreases signaling
through MHC class 11, and IDR-1002 has been shown to increase IL-10 secretion by peritoneal mouse
macrophages stimulated ex vivo, although the overexpression of IL-10 in P. aeruginosa lung
infections can have both beneficial and deleterious effects, which could also partly explain the
differences in responses in the treatment mice (192, 282, 283). Performing RNA-Seq on samples
collected within a few hours of IDR-1002 administration might provide additional insight into the
mechanisms of IDR-1002, and the changes seen in the RNA-Seq should be confirmed at both the gene
and protein level.

Overall, while the exact mechanism of IDR-1002 reduction of CFUs and inflammation in the
acute P. aeruginosa lung model is unknown, based on these results and previous experiments with the
S. aureus IP model and with human neutrophils (192, 201), it is possible that IDR-1002 is leading to
early cell recruitment and/or activation, particularly in the upper respiratory tract. This is based on the
slight increase of neutrophils seen in the BALF of IDR-1002 mice, even though these counts were
done 42 h after IDR-1002 delivery, as well as the increase in the gene for G-CSF in the RNA-Seq data
for IDR-1002 mice compared to the control mice. Additionally, preliminary experiments indicate that
the concentration of KC is increased in the serum 4 h after IN IDR-1002 and returned to baseline by
24 h after IDR-1002 delivery, while no changes were seen in MCP-1, IL-6, or TNF-a concentrations
in the BALF or serum, in KC levels in the BALF, or in total leukocyte recruitment in the BALF.
Experiments with IP IDR-1002 indicated that monocytes/macrophages and neutrophils were recruited
to the site of injection and peaked at 2-4 h post-injection (192). Human neutrophils also showed
increased activation with IDR-1002 treatment (201). These results provide evidence that IDR-1002 in
the acute P. aeruginosa lung model could also be increasing recruitment and/or activation of

monocytes/macrophages and neutrophils, but this could be occurring in the upper respiratory tract
123



closer to the site of IDR-1002 delivery. While in vivo imaging using a dye specific for neutrophils did
not indicate differences with the control, the dye also did not appear to image properly in mice with
black fur, as seen with C57BI/6J mice. Therefore, if IDR-1002 is acting in the acute P. aeruginosa
through cell activation and/or recruitment in the upper respiratory tract, it will be necessary to use
other methods for evaluating this activity. This could include using white mice or fur removal to
properly image using the neutrophil-specific dye. For other cell populations, nasal aspirates could be
used to evaluate local cells and cytokines or chemokines, but this procedure is prone to reproducibility
issues due to washes entering the mouth. Therefore, although not location specific, using antibodies
to eliminate certain cells or using adoptive transfer of IDR-1002-treated cells could be useful for
further evaluation of IDR-1002 mechanisms of action.

The RNA-Seq results showed that multiple inflammatory pathways upregulated in the lungs
and blood in response to P. aeruginosa. The large number of chemokine genes upregulated was in
agreement with the increased number of leukocytes seen in the BALF with PA103. Consistent with
this, P. aeruginosa lung infection, even in chronic conditions such as CF, is associated with increased
neutrophils in the lungs (44), a feature that was also seen in this acute P. aeruginosa model, along with
the upregulation of many genes associated with neutrophil activation. The upregulation of numerous
MMP genes and the decrease in ECM organization pathways, as observed with the mice infected with
PA103, also occurs with the early stages of lung disease such as CF and COPD (284-287). As the
diseases progress, the deposition of certain classes of collagen (particularly I and I11) leads to fibrosis
and decreases patient respiratory capacity (284, 287).

There were also some unexpected pathways seen in PA103 infection, such as ones related to
viral infection and the type I interferon response. While the type I interferon response has traditionally
been associated with viral and intracellular bacterial infections, recent research has shown that it can
also be induced in extracellular bacterial infections, including P. aeruginosa (288, 289). IRF3 and

TRIF are both critical for the response to P. aeruginosa lung infections in mice and are also involved
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in type I interferon signaling (290, 291). In the RNA-Seq results for PA103 vs. control, several genes
were upregulated that are associated with the type | interferon response, including Irfl, Irf5, Irf7,
TLR7, and the type | interferon receptor component Ifnar2. Ddx58, which encodes RIG-I, was also
upregulated. RIG-1 has been proposed to detect bacterial DNA after it has been transcribed to RNA
using RNA polymerase 1l (288), but the upregulation of Ddx58 or RIG-I in response to P. aeruginosa
has not previously been reported. However, the data did not show the differential expression of the
genes for IFN-a, IFN-B, TRIF, or IRF3. Nevertheless, it is possible that some of these genes were
differentially expressed at an earlier time point.

In conclusion, using IDR-1002 reduced CFUs and inflammation caused by P. aeruginosa
infection. The RNA-Seq results revealed the differential expression of 4739 genes in the lungs and
1327 genes in the blood in response to P. aeruginosa infection, while the treatment of P. aeruginosa
infections with IDR-1002 revealed a more muted response with only a few hundred DE genes
compared to controls. Finally, the combination of IDR-1002 and PA103 compared to PA103 alone
indicated 2111 DE genes that were influenced by peptide treatment. These data gave new insights
into both P. aeruginosa infections and possible mechanisms of IDR-1002 activity. Most importantly,
the results in this chapter provided further evidence supporting the use of IDR-1002 as an agent for

use against P. aeruginosa lung infections.
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Chapter 5: Discussion: IDR peptides as novel therapeutics against P. aeruginosa

lung infections

P. aeruginosa is the most common cause of chronic lung infections in adolescent and adult CF
patients, and its colonization is associated with increased illness and death. Although advances have
been made in therapies to treat the underlying cause of CF, these treatments are very expensive and
are not always covered by public health services, as seen in the United Kingdom with the National
Health Service decision in 2016 to not pay for lumacaftor/ivacaftor, the combination drug that targets
the most common CFTR mutation, AF508, by increasing the production of functional CFTR and
CFTR channel potentiation (292). The CFTR mutations targeted by lumacaftor/ivacaftor and ivacaftor
alone also account for only a portion of the CFTR mutations causing CF, with more than 1500
mutations identified (293). Therefore, in the immediate future, it will still be necessary to directly
target P. aeruginosa infections rather than treat the underlying cause. P. aeruginosa is also a major
cause of pneumonia, particularly in ICU cases, and in COPD. Due to antibiotic resistance, both
inherent and acquired, P. aeruginosa is difficult to treat, and alternatives to antibiotics are required.

HDPs are naturally occurring peptides that have key roles in fighting microbial infections (171,
294). IDRs are synthetic HDPs that have been designed to have lower toxicity and improved
immunomodulatory effects. Although IDRs have shown promise in several infection models, they had
not previously been tested against P. aeruginosa in vivo. Other synthetic HDPs have shown limited
efficacy and/or have issues with toxicity in P. aeruginosa in vivo lung infection models (217-220).
This thesis examined the potential of IDR peptides against P. aeruginosa lung infections, using both
an acute model and a model mimicking the alginate-protected state found in chronic P. aeruginosa
infections, and found that IDR-1002 provided protection against P. aeruginosa infection and also
suppressed damaging lung inflammation when used after the infection was established. Additionally,

the research in this thesis examined the formulation of IDR-1018 in order to decrease aggregation,
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providing an important basis for future research into drug delivery systems for IDRs. Finally, this
thesis studied the host response to both IDR-1002 and P. aeruginosa infections using RNA-Seq and
found differences in the inflammatory response in the lungs and whole blood. These RNA-Seq datasets
will be valuable for future research questions about the effects of P. aeruginosa infection and potential

new avenues of treatment.

5.1 IDR-1002 can act as both a prophylactic and therapeutic agent against P. aeruginosa
lung infections

In Chapter 2, |1 examined the use of IDR-1002 in countering the effects of P. aeruginosa LPS
and both live and heat-killed whole bacteria in macrophages and bronchial epithelial cells in vitro. In
both types of cells, IDR-1002 did not cause any toxicity, whereas the human HDP LL-37 caused nearly
complete cell death at the same molar concentrations. In RAW cells given IDR-1002 along with the
LPS, the levels of inflammatory mediators such as IL-6, TNF-a, and MCP-1 were reduced to levels
comparable to unstimulated controls. Importantly, this occurred even when IDR-1002 was delivered
up to 24 h prior to stimulation or 2 hours post-stimulation. IDR-1002 was also effective at reducing
toxicity caused by live P. aeruginosa in both macrophages and bronchial epithelial cells. These results
were extended to the acute P. aeruginosa lung infection model, with IN delivery of IDR-1002 one day
prior to infection leading to reductions in CFU counts in the BALF and decreases in IL-6, TNF-q,
MCP-1, and KC in the BALF and serum. Notably, the early stages of lung infections in CF have been
described as an acute infection, and, furthermore, 80% of CF patients acquire P. aeruginosa by their
mid-twenties (48). Therefore, the use of an agent such as IDR-1002 could help prevent P. aeruginosa
infection in this population. However, the research in Chapter 2 focused on a single dose of IDR-1002,
whereas prophylactic treatment against P. aeruginosa lung infections would require long term
administration. An assessment of repeated doses of IDR-1002 should be undertaken to look at effects

on toxicity, the immune system, weight, and other parameters such as overall health.
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The evaluation of IDR-1002 as a therapeutic also showed encouraging results in the alginate
model. The lungs showed less inflammation and there was a significant decrease in IL-6 in the lungs
after IDR-1002 delivery compared to mice given only P. aeruginosa LESB58. However, the CFU
counts were similar to the LESB58 mice. Future experiments should clarify the mechanisms
influenced by IDR-1002. It is, however, possible that the protective mechanisms elicited by IDR-1002
in acute infections are ineffective against bacteria encased in alginate. Extending the model for
additional days might give the immune system more time to attack the bacteria. Alternatively, IDR-
1002 could be paired with an antibiotic. By combining both immunomodulatory and antimicrobial
therapies, the risk of the development of antibiotic resistance would be reduced (295).

One area where IDR-1002 did not reduce inflammation was in the response of RAW cells to
HKPA103. Heat-killed P. aeruginosa is known to contain agonists for TLR2, TLR4, and TLR5 (240).
Since IDR-1002 decreased the responses to TLR4 or TLR2 agonists alone, and RAW cells do not
express TLR5 (241), it is possible that the lack of response was due to the presence of multiple
agonists, or that the HKPA103 was activating an alternative pathway, such as through an NLR. Future
experiments should seek to further examine the individual components of HKPA103 and their
combinations in the presence of IDR-1002 in order to determine the pathways being activated and the
reason for the lack of activity by IDR-1002 in this system.

Overall, the results in Chapter 2 showed that IDR-1002 can reduce inflammation caused by P.
aeruginosa LPS and live bacteria, and that these results can be translated in vivo in both acute and
chronic-like P. aeruginosa lung infections. IDR-1002 also reduced bacterial loads in the acute model
and bacterial-induced toxicity in vitro. Furthermore, no toxicity from the peptide was seen in vitro or
in vivo, something that has hampered previous work on synthetic HDPs in P. aeruginosa lung models.
These results provide evidence that IDR peptides could be used as a novel treatment against P.

aeruginosa lung infections.
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5.2 Formulating peptide with HPG reduces aggregation

IDR-1018 is one of the lead IDR drug candidates due to its strong ability to induce chemokines
in vitro and protect in vivo in multiple animal models, but its tendency to aggregate hinders its delivery
in vivo. In Chapter 2, | focused on using an alternatively designed peptide, IDR-1002, against P.
aeruginosa lung infections. In Chapter 3, I tested new formulations of IDR-1018 that were designed
to limit aggregation while retaining or even improving immunomodulatory function. Without
formulation, IDR-1018 showed a dose response in reducing CFU burden and IL-6, TNF-a, MCP-1,
and KC that was then abrogated at higher doses due to peptide aggregation. Combining IDR-1018
with HPG reduced LPS-induced inflammation in vitro and also trended towards a reduction in
inflammatory cytokines in vivo, although the P. aeruginosa CFU burden was not reduced.

Despite these mixed results in terms of efficacy, the data in Chapter 3 are an important basis
for future peptide formulation studies. Although many peptide-based drugs have been approved, they
often require 1V delivery due to low bioavailability (296). If the peptide aggregates, as with IDR-1018,
then IV delivery is difficult. However, drugs would ideally be delivered orally or intranasally, as these
do not require injections and thus improve patient compliance (297). While oral administration is
traditional, the use of nasal drug delivery has increased within the past two decades and is a promising
route of administration for respiratory infections (298). However, this route of delivery is challenging
due to low nasal absorption, especially for substances with high molecular weights, as well as
mucociliary clearance (298). The results with HPG270/1018 are therefore encouraging, since HPG
has a high molecular weight and yet the cytokine and chemokine results in vivo indicated that some
IDR-1018 activity was retained, while also showing reduced aggregation of the peptide. Going
forward, making minor changes to the HPG structure, such as modestly decreasing the carboxylation,
may improve efficacy. Alternatively, other polymers could be used, with chitosan a possible candidate
as it is already being used in numerous applications and has been formulated for nasal drug delivery

systems (297-299). Other options include nanoparticles and liposomes (299-302). Ultimately, the
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formulation candidate should be tested in both the acute and alginate P. aeruginosa lung models to
ensure its efficacy under both scenarios. Finally, it is also possible that IDR-1018 aggregation is
necessary for its immunomodulatory function, and that other peptides, such as IDR-1002, also
aggregate but at levels that would require more powerful microscopy, such as transmission electron
or atomic force microscopy, to be visible. Evaluating the role of peptide aggregation in

immunomodulatory function is therefore another area that should be examined.

5.3 P. aeruginosa causes widespread inflammation in the lungs and blood, which is reduced
by IDR-1002

In Chapter 2, | showed that IDR-1002 is effective against P. aeruginosa lung infections. In
Chapter 4, the goal was to further examine the effects of IDR-1002, P. aeruginosa, and the
combination of IDR-1002 and P. aeruginosa on the host. This was done using RNA-Seq, which had
not previously been used on animals given IDR-1002. In addition, the RNA-Seq of samples from an
in vivo P. aeruginosa lung infection provided the first detailed analysis of the results of infection in
both lungs and blood simultaneously by this organism in a model that is arguably relevant to human
infections.

The results for P. aeruginosa infection indicated the induction of multiple pathways associated
with inflammation and infection. There were also DE genes and pathways that have not previously
been associated with P. aeruginosa infection and these represent potential new targets for treating the
inflammation associated with bacterial infection

The samples given IDR-1002 alone had only two DE genes in the lungs and zero in the blood
when compared to controls. However, in infected mice that had been given IDR-1002, there were
strong reductions in inflammatory genes and pathways, as well as in CFU counts and cytokines and
chemokines. Interestingly, the treated mice showed the downregulation of several genes related to

lymphocyte activation and MHC class 1l expression when compared to the control mice, and these
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genes were not seen for the PA103 mice compared to the control mice. There were also
overrepresented pathways found in the upregulated genes involving regulation of mast cells and in the
downregulated genes for MHC class Il antigen presentation and several pathways involving
lymphocyte activation or differentiation. These results indicate that one area for further study would
be the effect of IDR-1002 on specific cell populations, particularly mast cells and lymphocytes. While
pathways associated with T and B cells were found in the treatment samples, it would also be of
interest to look at other lymphocyte populations such as NK cells and other cells now classified as
innate lymphoid cells (303).

The next steps should be confirming RNA-Seq results at both the transcript and protein levels,
then moving on to examine the role of pathways or individual genes in P. aeruginosa infection and
IDR-1002 activities. It would also be of interest to conduct further analysis on the RNA-Seq data to
look at markers to determine which cell types were present in the blood and the lungs and how these
populations contributed to the DE genes. Additionally, using another method of analysis that does not
rely on existing gene ontology information, but rather looks at co-expression data to discover modules
and to infer new interactions, would be useful for finding potential new treatments for P. aeruginosa
infection.

Additional RNA-Seq could also be implemented to examine the response of both the host and
the pathogen simultaneously, to look at responses over time for both IDR-1002 and P. aeruginosa, to
find any changes to the microbiome associated with infection or IDR-1002 treatment, or to look at the
effects of polymicrobial lung infection. Finally, while mouse models are a cost-effective and
acceptable approach for in vivo evaluation of the IDRs, it would also be useful to evaluate their
efficacy in lung infection models that more closely resemble human disease. In particular, lung models
in pigs and ferrets are more representative of conditions such as CF because the distribution of

submucosal glands and the production of excessive mucus mimic human disease (304). Evaluating
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IDR activity in the presence of the thick mucus found in pig or ferret models would help determine if

IDRs can be efficacious in human lung infections.

5.4 Concluding remarks

The rise of MDR strains of P. aeruginosa necessitates the use of alternatives to antibiotics to
treat infections. HDPs are promising anti-infective agents due to their actions on the immune system
rather than targeting the bacteria directly. However, the use of HDPs found in nature is often limited
by their toxicity. In this thesis, | showed that IDR-1002, a synthetic HDP with a sequence derived
from the bovine HDP bactenecin, is a promising prophylactic and therapeutic agent that can decrease
both the number of bacteria and the inflammation caused by a P. aeruginosa lung infection. In
addition, | also showed how different formulations and solvents can affect IDR-1018 aggregation,
immunomodulatory properties, and toxicity, and how this translates to in vivo results. Finally, 1 also
looked at the effects of both P. aeruginosa and IDR-1002 on the transcriptome of the host and found
potential new targets involved in the response to P. aeruginosa infection as well as new insights into
the mechanisms of action of IDR-1002. In conclusion, these results provide valuable new evidence
regarding the potential use of IDRs as agents against P. aeruginosa lung infections and will help

inform future work on the goal of translating IDRs to human medicine.
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Appendices

Appendix A Scoring sheet for in vivo P. aeruginosa lung model

Category

Grade

Description

Warmth

o

Normal

Slightly cool to touch

Cool to touch

Cold to touch and/or pale extremities

Fur

Normal

Lack of grooming

Slight piloerection

Moderate piloerection ( around head/neck)

Severe piloerection (entire body)

Eyes

Normal

Dull or squinted

Discharge

Sunken

Hunching

Normal

Hunching (mild, intermittent)

Hunching (moderate, persistent)

Hunching (severe)

Activity

Normal

Possible reduced activity

Reduced activity

Lethargic (no movement when cage moved)

Lethargic, moves only when touched

Non-responsive and/or persistent shaking

Breathing

Normal

Shallow/rapid breathing (intermittent)

Shallow/rapid breathing (continuous)

Increased respiratory effort

QPR WINO(OIAR|IWINIFPIO|IRWN|IORIWINIO|RWINFR|IO|OTIW(F

Gasping, extreme difficulty breathing
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