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1.0. ABBREVIATIONS

Abi Abortive infection

BREX Bacteriophage exclusion system

BSI Blood stream infection

CDC Centers for Disease Control and Prevention
CF Cystic fibrosis

CFTR CF transmembrane conductance regulator
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CLSM Confocal light scanning microscopy
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E-PIAS  Evolved PIAS phage

ECDC European Centre for Disease Prevention and Control

EPS Extracellular polymeric substances

ESBLs Extended spectrum-fB-lactamases
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HCAIs Healthcare-associated infections
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MDR Multidrug resistance

MFS Major facilitator superfamily
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2.0. PREFACE

This thesis was prepared at the University of Szeged, in the Department of Biotechnology. The
Department of Biotechnology first began to explore the use of phages in the agricultural sector
to overcome bacterial diseases in plants. The first collaborative study was conducted on the
plant pathogen Erwinia amylovora. In that study, PhiEaH2 phage was used to control E.
amylovora infection in the laboratory and in field experiments (Domotor et al., 2012; Meczker
etal., 2014). Later, we isolated 24 phages against Xanthomonas arboricola pv. juglandis (Xaj),
which causes diseases in walnut. This study demonstrated the first two complete Xaj phage
sequences, enabling an insight into the genomics of Xaj phages (Domotor et al., 2016). After
this, the Department collaborated with a Serbian laboratory in isolating 29 phages against
Bordetella bronchiseptica, a well-known etiological agent of kennel cough in dogs and cats
(Petrovic et al., 2017). In this project, phages against Pseudomonas aeruoginosa were also
isolated and characterized. The Department also took part in isolating lytic phage (®IK1)
against E. coli strain K1, which is a common causative agent of neonatal sepsis and meningitis.
Additionally, an in vivo phage rescue model was successfully conducted, resulting in a high
level of protection against bacterial infection (Schneider et al., 2018). In 2019, the Department
took part in an international collaborative project that isolated lytic phages against
Xanthomonas oryzae pv. oryzae, which causes leaf blight in rice plants. The project led to 10
newly isolated phages (Kovacs et al., 2019). In 2020, we collaborated on characterization of
lytic phages against drug-resistant Klebsiella pneumoniae: we studied the efficiency of lytic

phages in in vitro biofilm assay (Horvath et al., 2020).

The study described in this thesis was carried out between December 2015 and October 2021.
The first part of the thesis is published in Frontiers in Microbiology (Koderi Valappil et al.,
2021), and one is under preparation. To fulfill the Doctoral school criteria to obtain Ph.D.
degree, a coauthored article (Horvath et al., 2020) published in Scientific Report was used. The
Ph.D. work was supported by the Tempus Public Foundation and the European Union within
the Széchenyi 2020 Programmes EFOP-3.6.1-16-2016-00008 and EFOP-3.6.2-16-2017-00010

grants.



3.0. ABSTRACT

The emergence of antibiotic resistance among bacterial pathogens is a significant public health
threat affecting humans worldwide. In Europe, Pseudomonas aeruginosa contributes to almost
9% of overall multi-drug-resistant (MDR) infections. Alternative methods for controlling MDR
pathogens have been explored for several decades. Bacteriophage therapy is one of the oldest
and most efficient alternative solutions. The study described in this thesis began with the
isolation and characterization of 25 MDR P. aeruginosa clinical strains and eigth novel lytic
phages. The investigation disclosed the infection with two phage isolates, PIAS and PAPSZI1,
led to the sequential appearance of phage-resistant colonies with two phenotypes (green and
brown). We examined the evolutionary basis for the two types of mutants and uncovered phage
mutants capable of infecting green mutants. Simultaneously we also learned that PIAS phage
infected the host via the OrpM-MexXY system involved in drug efflux. Thus, the PIAS-
resistant mutants decreased the minimum inhibitory concentrations (MIC) for several non-
effective antibiotics. After this new insight into the evolutionary arms race between hosts and
phages, we decided to use this window to comprehensively eradicate mutants by treating MDR
strain with previously resistant antibiotics combined with PIAS phage. The in vitro study with
PIAS phage-antibiotic combination completely prevented the formation and growth of mutants.
We tested the same strategy in an in vivo rescue experiment in the mouse lung infection model,
when combined with PIAS phage and fosfomycin. The combination therapy saved 75% of the
animals. Later, we used PAPSZ1 phage to investigate whether phage mutants can suppress
bacterial resistance. We isolated multiple PAPSZ1 mutants after a continuous infection cycle,
which can block or suppress bacterial resistance and mutant formation and broaden the host
specificity of the phages. Phages like PIAS and PAPSZ1 offer a unique window that can exploit
to eradicate MDR bacteria. This study highlights the importance of preliminary and detailed
examinations of phage-host bacterium interactions preceding the application of a given phage.
The experimental data in this thesis shows that studying phage-host bacterium interactions and

coevolution will help to utilize phage therapy’s full potential when treating MDR infections.



4.0. INTRODUCTION

4.1 Pseudomonas aeruginosa

Pseudomonas aeruginosa 1s a ubiquitous Gram-negative bacterium occurring almost
everywhere in the environment. The pervasion of P. aeruginosa in various environments is due
to its ability to colonize multiple environmental niches and to utilize countless environmental
compounds as energy sources (Frimmersdorf et al., 2010). This bacterium can infect a wide
range of hosts, including humans, animals and plants (EkI6f et al., 2020; Haenni et al., 2015;
Walker et al., 2004). This omnipresent microbe can act as an opportunistic pathogen under
several circumstances. In humans, it is one of the leading pathogens that cause infections in
vulnerable patients. These infections include cystic fibrosis (CF) and obstructive pulmonary
diseases in patients who have permanent bladder catheters or who have been intubated for a
long period of time (EkIof et al., 2020; Modi & Kovacs, 2020). Similarly, P. aeruginosa is a

frequently occuring pathogen in burn wounds, diabetic foot ulcers, otitis media and keratitis.
4.2. History

The first P. aeruginosa infections in humans were likely reported in 1862 by Luke, who
observed rod-shaped particles in the blue-green pus of an infected wound (Lyczak et al., 2000).
Dr Sedillot had previously reported a similar colouration on surgical dressings. This colouration
was later determined to be caused by the pigment pyocyanin produced by P. aeruginosa
(Moradali et al., 2017). P. aeruginosa can grow on a wide variety of media. This kind of
bacterium grows well at 37°C, and it can survive at a wide range of temperatures from 4-42°C
(LaBauve & Wargo, 2012). It is also capable of producing various pigments and of forming
distinct colony morphologies. Colonies are usually spread flat with a serrated edge, but other
morphologies also exist, including mucoid and small colony variants. They typically have a
grape-like odour, and they are capable of producing hydrosoluble pigments, such as pyocyanin
(blue), pyorubin (red-brown), pyomelanin (brown-black) and pyoverdin (yellow-green or
yellow-brown). In fact, the name aeruginosa (from Latin aeriigo, ‘copper’) stems from the
bacterial colonies’ greenish-blue colour, which occurs when pyocyanin and pyoverdin pigments

are coproduced (Howarth And & Dedman, 1964).



4.3. Current epidemiology

After the revolutionary discovery of penicillin in 1928, and particularly after the beginning of
the 1940s, western medicine encouraged the widespread use of drugs (Tan & Tatsumura, 2015).
Sir Alexander Fleming himself warned that the misuse of drugs could result in antibiotic-
resistant bacteria (Rosenblatt-Farrell, 2009). As he predicted, the first resistant Mycobacterium
tuberculosis was reported in 1948 (Gillespie, 2002). Nevertheless, the discovery of antibiotics
has saved millions of lives throughout history. In the twentieth-twenty first century, however,
the rate of new antibiotic discoveries has decelerated, and an alarming increase in the number
of antibiotic-resistant strains has apparently led to the demise of the golden age of antibiotics.
Recent reports by the World Health Organisation (WHO) on the antibiotic pipeline (WHO,
2020) revealed a trend for many new drugs to be weak and ineffective compared to the last
three antibiotic classes: diarylquinolines, malacidins and teixobactin (Hover et al., 2018; Ling
et al., 2015; Samson, 2005). The report considered 50 antibiotics under development. The data
even showed that the new class of drugs has led to the potential evolution of drug-resistant
clones. In 2017, the WHO warned of a new wave of Gram-negative pathogens that are resistant
to multiple antibiotics (WHO, 2018). A recent survey by the European Antimicrobial
Resistance Surveillance Network (EARS-Net) raised the alarm about eight increasingly
prevalent drug-resistant bacteria species in the EU (Ecdc, 2019). Another recent review (WHO,
2021) analysed 43 antibiotics currently in development and found that none of them addressed
extensively drug-resistant (XDR) or MDR Gram-negative bacteria. Novel drugs targeting
WHO-priority pathogens, such as carbapenem-resistant Acinetobacter baumannii and P.

aeruginosa, were lacking.

Nearly all clinical cases of P. aeruginosa infection can be correlated with the compromise of
host defenses. P. aeruginosa infection has acquired a special status because it has become the
leading cause of morbidity and mortality in CF patients (Kosorok et al., 2001; Osmon et al.,
2004; Mulcahy et al., 2010; Vicente et al., 2013). P. aeruginosa has also become the leading
nosocomial pathogen affecting hospitalized patients (Moradali et al., 2017). It is intrinsically
resistant to a wide range of antibiotics, and it has been reported as one of the most lethal
causative organisms of bacteraemia. One study has shown that patients with Pseudomonas
bloodstream infections (BSIs) had higher mortality rates than those with infections caused by
the family of Enterobacteriaceae (Shi et al., 2019). A recent study revealed a great prevalence
of P. aeruginosa infections in ICU (Intensive Care Unit) patients in Europe. That study showed

a nearly threefold increase of P. aeruginosa infections compared to a 2011 study. Among the



P. aeruginosa clinical isolates, 40% and 66.7% were MDR in 2011 and 2019, respectively
(Litwin et al., 2021). Beyond the striking virulence, it has intrinsically evolved resistance to
‘drugs of last resort,” resulting in emergent strains that are pan-drug-resistant. The WHO’s
global priority pathogens list includes MDR bacteria, thus prioritizing P. aeruginosa as a
critical worldwide threat to public health (WHO, 2018). Infections caused by MDR strains of
bacteria are challenging to treat because of the strain’s physical adaption to its host and its
genomic plasticity (Casadevall & Pirofski, 2000; Dubern et al., 2015; Faure et al., 2018). These
assets control and contribute intrinsic resistance to different classes of antimicrobials.
Designing and developing new alternative solutions is the only way to stop the rising crises

related to drug-resistant bacteria.
4.4. Clinical manifestations

The human body’s flora is open to different types of bacteria, sometimes including P.
aeruginosa. This natural flora is always kept in check by the immune defense system of our
body. Inhabiting a clinical environment or a hospital increases the likelihood of finding the
bacteria on intact skin, however. A sizeable inoculum of the bacteria can overwhelm normal
defenses and lead to infection. When people with other clinical histories undergo
hospitalization, P. aeruginosa can colonize them and lead to severe infection. The most frequent
P. aeruginosa infections target patients with cystic fibrosis (CF). P. aeruginosa can also cause

infections in the urinary tract, eyes, ears and skin.
4.4.1. The opportunistic infections and cystic fibrosis

With a frequency of about one in 2,500 live births, CF is the most common autosomal recessive
disorder in white people (Ratjen et al., 2009). CF patients inherit genetic defects in the CF
transmembrane conductance regulator (CFTR) gene, which causes them to suffer from a
multisystem disease. The CFTR regulator controls and maintains habitual mucus and
homeostasis in the epithelial membrane. It plays a significant role in regulating the transport of
electrolytes and chloride across cell membranes. The mutation in CFTR protein results in
abnormally thick, dehydrated sticky mucus layers in the lungs (Flume & van Devanter, 2012).
This causes CF patients to be especially susceptible to respiratory infections. Studies have
shown that newborn infants with CF have a 30% chance to acquire initial P. aeruginosa strains
from the environment, thus leading to acute infections. This rate increases to 50% from the age

of three. Mucoid phenotypes causing chronic infections are widely reported from the ages of



3—16 (Vicente et al., 2013). These infections can significantly harm CF patients, increasing
morbidity and mortality (Malhotra et al., 2019). Primary infection in CF patients requires
frequent antibiotic treatments to control the disease. The extensive use of antibiotics to treat P.
aeruginosa has resulted in the formation of antibiotic-resistant strains in many patients (Litwin
et al., 2021). Recently CF has become a significant focus area in current research, particularly
on CF airway infections — which seeks to understand the frequent failure of antibiotics. Despite
severe antibiotic therapy after diagnosis, resistance development is rare during the first years
after P. aeruginosa infection in CF airways. The reason for this relative lack of resistance
development remains a mystery, but several explanations have been offered. One common
explanation cites the biofilm mode of life of P. aeruginosa in CF airways. This mode is usually

associated with increased antibiotic tolerance.
4.1.2. Biofilm lifestyle of P. aeruginosa in cystic fibrosis patients

During acute infection, the relationship between P. aeruginosa and host can become
reciprocally destructive. This destruction is mainly triggered by different virulent cytotoxic
molecules, which can impair the host’s cellular processes (do Vale et al., 2016; Brito et al.,
2019). On the other hand, the host can respond by producing antimicrobial compounds and
reactive oxygen species, as well as by implementing enhanced phagocytosis (Chaplin, 2010;
Lim et al., 2017). The host’s immune system can easily detect a single freely motile cell, which
triggers inflammatory responses and phagocytosis by macrophages. Switching to a protective
and stationary lifestyle and to lower virulence is the most widespread survival strategy of many
pathogenic bacteria, including P. aeruginosa (Amiel et al., 2010). They choose to lose motility,
attach to surfaces and form microcolonies embedded in extracellular polymeric substances
(EPS) to protect themselves from the surrounding environment. These surface associated
microbial aggregates are called biofilms. Biofilms have shown an extreme capacity for
persistence against phagocytosis, oxidative stresses, nutrient restriction, metabolic waste
accumulation, interspecies competitions and antimicrobial agents (Lee et al., 2014; Olsen,
2015; Rasamiravaka et al., 2015; Wolska et al., 2016; Thi et al., 2020). The biofilm mode of
life is a vital means of ensuring the persistence of P. aeruginosa during the long-term
colonization of CF respiratory tracts (Ciofu, et al., 2010; Chadha, 2014; Heiby et al., 2017; Thi
et al., 2020). Studies have also demonstrated that P. aeruginosa increases the expression of
genes involved in the production of alginate, exopolysaccharide and other biofilm determinants

in CF airways (Ciofu et al., 2015; Kordes et al., 2019). This finding aligns with numerous direct



observations from different biopsies, which have shown that P. aeruginosa grows in small
aggregates resembling biofilms (Heiby et al., 2017; Wu et al., 2019). An MDR P. aeruginosa
in cystic fibrosis patients can grow within chronic biofilm lung infections, making it extremely

challenging to eliminate. Failure to eradicate the infection can be fatal.
4.1.3. Biofilm-specific antibiotic tolerance and resistance

Biofilm is a complex microbiome structure, sometimes featuring multispecies strains or a single
type of cells encased in a polysaccharide matrix attached to a surface. This multifaceted
structure is highly hydrated. It is comprised 97% of water, together with polysaccharides,
proteins, lipids, nucleic acids and insoluble components such as amyloids, fimbriae, pili and
flagella (Flemming et al., 2016). Biofilm development is a regulated multistep process
beginning with cell adhesion, EPS production and the detachment of microorganisms from the
mature biofilm (Fig. 1) (Grande et al., 2020). Infection-caused biofilm is more resistant to
antibiotics than planktonic bacteria (Hoiby, Bjarnsholt, et al., 2010; Heiby, Ciofu, et al., 2010;
Ciofu et al., 2015; Grande et al., 2020; Olivares et al., 2020). For instance, biofilms can tolerate
antimicrobial agents at concentrations 10—1,000 times higher than those that are needed to
deactivate genetically equivalent planktonic bacteria of the same number (Chadha, 2014;
Donlan & Costerton, 2002). One of the common barriers of biofilm begins with its impermeable
matrix. Positively charged antibiotics — such as aminoglycosides and polypeptides, which can
bind to a negatively charged biofilm matrix — can delay the penetration through biofilm (Olsen,
2015). The EPS matrix can also protect bacteria from antibiotics by decreasing permeability in
bactericidal concentrations, thereby promoting resistance (Fig. 2) (Pinto et al., 2020). The
nature of biofilm structures and other physiological changes, such as a slow growth rate, helps

them to resist antimicrobial agents (Chadha, 2014; Donlan & Costerton, 2002).
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Figure 1. Stages of biofilm formation. a) Initial adhesion: P. aeruginosa adheres to a host or
any surfaces through cell-surface-associated adhesins. b) Early biofilm formation: P.
aeruginosa begins to divide and produce EPS, enhancing adhesion while forming the matrix
that embeds the cells. ¢) Biofilm maturation: whereby 3D biofilm structures are developed in
which the EPS matrix provides a multifunctional and protective scaffold. d) Dispersal: whereby
cells leave the biofilm to re-enter the planktonic phase. The figure concept was adapted from a
published article (Koo et al., 2017) and redrawn by the author.

Antibiotic resistance can generally be defined as an increase in the minimum inhibitory
concentration (MIC) value of an antibiotic due to a change in the bacteria caused by genomic
modification or to resistance acquired through horizontal gene transfer. These resistance
mechanisms are further reinforced by additional factors, such as a polymeric matrix that can
restrict diffusion; the ability of biofilm to alter metabolic activity inside the biofilm by slowing
the growth rate; and masking or hiding the target sites (Fig. 2). The density of bacteria in a
biofilm can also play a critical role in spreading antibiotic resistance. In a dense population, one

of the most common mechanisms of virulence exchange takes place via horizontal transfer of

10



resistance genes (Abe et al., 2021). When the microorganisms within the matrix are too dense,
due to close contacts, the resistant genes throughout the flora can be easily exchanged. This
multicellular environment can also promote the transfer of conjugative plasmids due to the close
proximity of cells (Lécuyer et al., 2018). Overall antibiotic resistance in biofilm depends on
two main factors: physiological and gene-based makeover (Ciofu et al., 2015). Combining these
two factors plays a crucial role in biofilm maturity and drug tolerance, which imposes a great
challenge for the use of conventional antimicrobials. To conclude, bacterial biofilm plays a vital

part in the development of antimicrobial resistance.

Impaired physical penetration of
antibiotics (yellow) through the
biofilm matrix

This metabolically inactive layer
will receive low antibiotic-
concentrations because of the
protective matrix, which initiates
stress response against Antibiotics.
(red-antibiotic resistance cells)

This altered dormant -

microenvironment is where
persistent phenotypes emerge.
(green- Persistent cells)

Figure 2. Mechanism of the antibiotic resistance in different layers of biofilm. The figure
concept was adapted from a published article (Stewart & William, 2001) and redrawn by the

author.
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4.1.4. P. aeruginosa bloodstream infection or bacteraemia

P. aeruginosa is one of the common nosocomial infections that contributes to a higher mortality
rate in immunocompromised patients (Cheol-In et al., 2003; Thaden et al., 2017). Recent studies
have reported that BSI also contributes to this event (Fabre et al., n.d.; Pilmis et al., 2020). BSI
is defined as the presence of the microorganism in a blood culture, along with clinical evidence
of infection. The clinical outcomes of BSI are strongly associated with multiple factors, such
as the host’s underlying diseases or conditions, the severity of the infection and antibiotic
appropriateness (Pilmis et al., 2020). BSI caused by P. aeruginosa has shown a higher mortality
rate than an infection caused by other dominant MDR bacteria. In haematological patients, P.
aeruginosa BSI has also been reported to represent an increased risk of death compared to other
Gram-negative bacteria (Cattaneo et al., 2012).

Infections caused by P. aeruginosa are typically difficult to treat due to intrinsic antibiotic
resistance and to the strain’s remarkable ability to acquire resistance to multiple groups of
antimicrobial agents. BSIs are often reported in ICU patients (Shi et al., 2019). This is primarily
due to prolonged hospitalization, invasive medical procedures and the long-term use of
antibiotics. In most cases, a BSI is a secondary infection that surfaces after a primary infection

in areas like the respiratory or the urinary tract (Cheol-In et al., 2003; Enoch et al., 2013).
4.1.5. Other P. aeruginosa infections

4.1.5.1. Urinary tract infection

Urinary tract infections (UTIs) are among the most common kinds of bacterial infection. They
cause severe health problems in millions of people each year (Tandogdu et al., 2014;
Wagenlehner et al., 2020). UTIs are the second most prevalent form of infection in the human
body. The last European point-prevalence survey of healthcare-associated infections (HCAIs)
in acute care hospitals estimated that 3% of patients admitted to the ICU for more than two days
were reported to have UTIs (ECDC, 2019). P. aeruginosa UTIs are frequently linked to
healthcare-associated UTIs (HAUTIs) (Wagenlehner et al., 2020). HAUTIs are typically caused
by the catheterization of the urinary tract (Johansen et al., 2006). They occur mainly in
immunocompromised patients or in patients with structural or functional urinary tract
abnormalities. A recent cohort study has shown that P. aeruginosa complicated UTIs were more

frequently polymicrobial than UTIs caused by other microorganisms (Gomila et al., 2018).
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4.1.5.2. Eye and ear infection

P. aeruginosa is one of the most common bacterial infections associated with contaminated
contact lens solutions (Hue et al., 2009; Pachigolla et al., 2007; Kugadas et al., 2016; Reedy &
Wood, 2000). The ability of P. aeruginosa to adhere to contact lens surfaces increases the
chance of infection. In addition, P. aeruginosa can form biofilm on contact lenses within a short

period of time (Boyle et al., 2001).

There are two major ear inflammations caused by P. aeruginosa infections, namely
perichondritis and otitis externa (OE). Perichondritis is triggered by the wear and tear of ear
ornaments or piercings (Sandhu et al., 2017; Sosin et al., 2015). The inflammation begins with
the swelling of the pinna, which becomes red and tender. The infection progresses to necrosis
of the cartilage. Perichondritis of the auricle due to P. aeruginosa infections has become more
frequent (Klug et al., 2019). OE is an inflammatory process of the external auditory canal that

primarily affects children, persons with diabetes and immunocompromised patients.

4.1.5.3. Soft tissue infection

There are many different types of soft tissue infections caused by P. aeruginosa. These include
folliculitis, puncture wounds, osteomyelitis, necrotizing fasciitis, green nail syndrome and burn
wound infections. Of these, the most common are burn wound infections and the green nail

syndrome.

4.1.5.4. Green nail syndrome

Green nail syndrome (chromonychia) is a nail disorder characterized by onycholysis and the
green-black discolouration of the nailbed. This condition is often associated with chronic
paronychia (Klug et al., 2019). P. aeruginosa is the most frequently identified organism in the
affected area. Despite the various treatment options featuring essential antipseudomonal drugs,

it is still necessary to remove the nail in many cases (Bae et al., 2014; Miiller et al., 2014).

4.1.5.5. Burn infection

Burns are one of the most common and devastating forms of trauma. Patients with severe
thermal injuries require immediate specialized care. Burn wound sepsis is currently the leading
cause of morbidity and mortality after burn trauma (Church et al., 2006). Burns can be infected with

many pathogens, including P. aeruginosa. Among the burn wound pathogens, P. aeruginosa has
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shown the highest incidence, and it plays a predominant role in developing infections
(Azzopardi et al., 2014; Fournier et al., 2016; Gonzalez et al., 2016; Safaei et al., 2017). The
immunosuppression state triggered by burn trauma and the wound’s local microenvironment
produce favourable elements for microbial colonization (Licheng et al., 2005). Many recent
studies have reported MDR P. aeruginosa strain infection in burn patients (Fournier et al., 2016;

Safaei et al., 2017).
4.5. Genome size and flexibility of P. aeruginosa

P. aeruginosa strains have a large genome size of ~5—7 Mbp. According to a recent large-scale
study, the species’ essential functions are encoded in its core genome, which contains
approximately 665 genes (Freschi et al., 2019). These essential genes facilitate the ecological
flexibility needed to adapt and grow in CF-affected lungs (Turner et al., 2015). The P.
aeruginosa pan-genome consists of 54,272 genes. Of these, 665 are core genes, 26,420 are
flexible genes and 27,187 are unique genes. Core genes represent only ~1% (665) of the P.
aeruginosa pan-genome. The expanded repertoire of genes of the PAOI1 strain comprises ~521
regulatory genes, ~150 code for outer membranes, ~300 cytoplasmic membrane proteins and
many genes involved in the catabolism, multiple paths of transport/efflux of organic compounds
(Stover et al., 2000). Statistical analysis of the repertoire of significantly conserved genes
suggests the highest proportion of regulatory genes and networks that benefit from responding
and adapting to distinct environments (Mathee et al., 2007; Frimmersdorf et al., 2010). The
increased number of genes also allows P. aeruginosa to develop resistance to nearly all
available antipseudomonal agents through chromosomal mutations (Lopez-Causapé, Cabot, et
al., 2018). The ubiquitous presence of P. aeruginosa — as well as its prevalence and persistence
in clinical settings, a phenomenon that includes its intrinsic resistance to therapeutics — is

attributable to its extraordinary capability for survival.
4.6. Current epidemiology of MDR Pseudomonas

The emergence of antibiotic resistance among bacterial pathogens is a significant public health
threat affecting humans worldwide. MDR organisms have not only emerged in hospital
environments; they are also often identified in common environmental flora. This suggests that
a pool of antibiotic-resistant bacteria is present outside of the hospital. Many studies have
characterized P. aeruginosa isolates as MDR and XDR according to the standardized

international terminology presented in 2011 by the European Centre for Disease Prevention and
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Control and the Centers for Disease Control and Prevention (CDC). MDR was defined as
acquired nonsusceptibility to at least 1 agent in >3 antimicrobial categories, while XDR was
described as nonsusceptibility to at least 1 agent in >6 antimicrobial categories. Recent years
have witnessed an increasing prevalence of MDR and XDR P. aeruginosa strains, with rates
between 15-30% in many countries (Eklof et al., 2020; Mirzaei et al., 2020; Pappa et al., 2020;
Karruli et al., 2021).

According to the CDC, 2.8 million cases of antibiotic resistance are reported each year in the
US. These cases produce an annual mortality rate of approximately 35,000 people/year/US. The
MDR P. aeruginosa causes 32,600 severe HCAIs and 2,700 estimated deaths yearly (CDC,
2019). The European Centre for Disease Prevention and Control’s Prevalence Survey for
HCALISs found that P. aeruginosa contributed to almost 9% of overall infections. It is the third
most common pathogen in European hospitals (ECDC, 2019). According to this report, 31.8%
of the P. aeruginosa isolates in the EU were reported to be resistant to at least one of the
antimicrobial groups under surveillance. Resistance to two or more antimicrobial groups was
common; it was seen in 17.6% of all tested isolates. In the last five years, many studies have
reported the increasing incidence of nosocomial infections derived from MDR or XDR P.
aeruginosa throughout the world (Table 1). The lack of new antibiotics and the increasing

failure of conventional antibiotics have exacerbated the problem.
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Table 1. Studies showing recent P. aeruginosa drug resistance epidemiology.

Study Outcomes
Design/ Source Cases no/percentee Reference
Date P &
Retrospective Tertiary care; Greece 71 58 (82%) Pappa et al.,
Cohort:2020 | Hospital-acquired infections MDR 2020
' 48 (15.5%)
Retrospective \T\fecﬁigyig?;i"[igr?: 75 XDR Mirzaei et
Cohort:2020 . o 51 (16.5%) al., 2020
bacteremia and burn injuries
MDR
‘ ' 16 (18.1%)
Retrospective Tertiary care; Paklsthan XDR Saleem &
Wound infections, 88 Bokhari,
Cohort:2020 . o 32 (36%)
bacteremia and burn injuries 2020
MDR
19 (28.1%)
Retrospective Tertiary care; Nigeria 69 XDR Oluseye et
Cohort:2020 Wound infection 69 (100-%) al., 2021
MDR
Retrospective Tertiary care; Poland 202 97 (48%) Brzozowski
Cohort:2020 Clinical isolates MDR et al., 2020
Tertiary care; Greece 141 (28.1%)
Retrospective | Respiratory tract, ventilator- 504 XDR George et
Cohort:2020 | associated pneumonia and 142 (20.6 %) | al., 2020,
bacteremia MDR
Tertiary care; Greece, Italy 19 (35%)
Retrospective and Spain 53 XDR Pérez et al.,
Cohort:2019 Ventilator-associated 30 (16%) 2019
pneumonia MDR
9 (28.1%)
Retrospective Tertiary care; USA 3 XDR Atkin et al.,
Cohort:2019 Cystic fibrosis 32(100%) 2018
MDR
56 (22%)
Retrospective Tertiary care; Thailand 755 XDR Palavutitotai
Cohort:2018 Clinical isolates 32 (12.5%) et al., 2018
MDR
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4.7. Drug resistance mechanisms

Bacterial conflict with antibiotics is a prime example of bacterial adaptation and evolution. This
process of survival of the fittest is driven by the immense genetic plasticity of bacterial
pathogens. Plasticity is meticulously triggered and controlled by distinct responses that result
in mutational adaptations, acquisition of genetic material or alteration of gene expression.
Understanding the virtuosity that enables resistance is vital to prevent the spread of MDR
organisms. Rates of antibiotic resistance in P. aeruginosa are increasing in many parts of the
world. Drug resistance in P. aeruginosa is facilitated by several mechanisms, including
multidrug efflux systems, neutralizing enzyme production, outer membrane protein loss and

target mutations (Fig. 3).

4.7.1. Intrinsic antibiotic resistance

The innate ability of bacterial species to moderate the efficacy of an antibiotic through inherent
functional characteristics is called intrinsic antibiotic resistance (Blair et al., 2015). For
example, P. aeruginosa has shown remarkable resistance against many antibiotics due to its
restricted outer membrane permeability, efflux systems that pump antibiotics out of the cell and

enzymes inactivating or degrading antibiotics (Breidenstein et al., 2011).

Altered porin Drug-inactivating enzyme

/

Modified drug target

Plasmid with
antibiotic Efflux pump
resistant genes

Antibiotic

Figure 3. A schematic representation of antibiotic resistance in P. aeruginosa. The
antibiotic resistance mechanisms possessed by P. aeruginosa include restricted outer membrane
permeability by porin, pumping out antibiotics by efflux pump, production of drug inactivating
enzymes, a plasmid with an antibiotic resistance gene, or modifying drug binding targets. The

figure was designed and illustrated by the author.
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The impermeable outer membrane

The impermeable defence mechanism is mostly effected by the class of antibiotics that hampers
bacterial growth by degrading the outer cell wall. These antibiotics can block bacterial cell wall
biosynthesis by conceding the penicillin-binding proteins involved in peptidoglycan synthesis.
For example, B-lactams and quinolones, these antibiotics penetrate cell membranes through
porin channels (Poole, 2004). Antibiotics like aminoglycosides and polymyxins initiate their
uptake by binding to lipopolysaccharides (LPS) on the outer membrane of P. aeruginosa
(Lambert, 2002). P. aeruginosa can counteract this entry by screening antibiotics with the help
of phospholipids and LPS. This layer is embedded with porins that form B-barrel protein
channels as a selective barrier to prevent antibiotic penetration (Delcour, 2009). The family of
porins can be divided into four classes: the non-specific porins, which allow the slow diffusion
of most hydrophilic molecules (Eg: OprF); specific porins, which possess specific sites to bind
a particular set of molecules (Eg: OprB, OprD, OprE, OprO and OprP); gated porins, which are
responsible for the uptake of ion complexes (Eg: OprC and OprH); and efflux porins, which are
essential components of efflux pumps (OprM, OprN and OprJ) (Hancock & Brinkman, 2002).
Among these porins, many antibiotics use OprD as a door. For example, the class of B-lactam-
carbapenem type antibiotics uses OprD as a binding site to penetrate the cell. The absence of

OprD can increase antibiotic resistance (Fang et al., 2014; Xian-Zhi & Hiroshi, 2009).

Drug efflux systems

Bacterial efflux pumps play a vital role in discharging toxic compounds from the cell. These
efflux pumps belong to five families: The resistance-nodulation-division (RND) family, the
major facilitator superfamily (MFS), the ATP-binding cassette (ABC) superfamily, the small
multidrug resistance (SMR) family and the multidrug and toxic compound extrusion (MATE)
family. In particular, the RND family proteins MexAB-OprM, MexCD-OprJ, MexEF-OprN
and MexXY-OprM play a crucial role in antibiotic resistance in P. aeruginosa (Dreier &
Ruggerone, 2015). The efflux pumps MexAB-OprM and MexCD-Opr] are able to pump out
fluroquinolones and B-lactams (Masuda et al., 2000; Dupont et al., 2005). MexAB-OprM and
MexEF-OprN extrude quinolones, while MexXY-OprM expels aminoglycosides (Masuda et
al., 2000; Vogne et al., 2004). Thus, it is certain that the overexpression of multiple pumps can
induce antibiotic resistance. This has been found in many clinical P. aeruginosa strains that
possess a broad range of antibiotic resistance and that have contributed to the development of

multidrug resistance (Kievit et al., 2001; Singh et al., 2017).

18



Antibiotic-inactivating enzymes

The production of antibiotic-degrading enzymes capable of breaking down or modifying
antibiotics is one of the most effective mechanisms of intrinsic resistance in P. aeruginosa.
Many antibiotics have chemical bonds such as amides and esters, which are vulnerable to
hydrolysis by enzymes produced by P. aeruginosa. Such enzymes include B-lactamases and
aminoglycosidases (Poole, 2004; Wolter & Lister, 2013). P. aeruginosa controls the production
of the former by an inducible ampC gene that encodes the hydrolytic enzyme B-lactamase. This
enzyme will break the amide bond of the B-lactam ring, leading to the inactivation of -lactam
antibiotics (Wright, 2005). Indeed, considering certain other Gram-negative bacteria, P.
aeruginosa can produce extended-spectrum-B-lactamases (ESBLs), which confer a high degree
of resistance to the majority of B-lactam antibiotics, including penicillins, cephalosporins and
aztreonam (Paterson & Bonomo, 2005; Rawat & Nair, 2010). Aminoglycoside resistance in P.
aeruginosa arises due to multiple factors, such as reduced cell membrane permeability,

increased efflux, ribosomal changes and enzyme modification.

4.7.2. Acquired antibiotic resistance

P. aeruginosa can gain antibiotic resistance through mutational changes or the acquisition of
resistance genes via horizontal gene transfer (Jose & Cesar, 2016). Spontaneous mutations that
trigger or inhibit any function of the above systems can play a vital role in resistance. A single
mutational change can alter antibiotic uptake, modify antibiotic targets and overexpress efflux
pumps (Ferndndez & Hancock, 2012). An impulsive mutation in the porin gene can affect the
function, thereby reducing permeability and increasing antibiotic resistance. For instance, a
deficiency in OprD in P. aeruginosa confers a high level of resistance to carbapenems,

especially imipenem (H. Li et al., 2012; Fang et al., 2014;).

Acquisition of resistance genes

Antibiotic resistance genes can be exchanged via horizontal gene transfer from the same
bacterial species or from different ones, including plasmids, transposons, integrons and
prophages (Breidenstein et al., 2011). For example, P. aeruginosa has the highest number of
metallo beta-lactamases genes. These include Verona integron-encoded metallo-B-lactamase,
Germany imipenemase, Sao Paulo metallo-fB-lactamase, New Delhi metallo-B-lactamase,
Florence imipenemase and imipenemase (Hong et al., 2015), which are able to hydrolyze most

available p-lactam-based antibiotics. The acquisition of aminoglycoside and [-lactam
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resistance genes is a common scenario in P. aeruginosa clinical isolates (Poirel et al., 2001).
Genetic elements, including integrons and plasmids, have been detected carrying many genes

responsible for the resistance.

4.7.3. Biofilm-associated resistance

Biofilm is astonishingly widespread, and it appears very early in the fossil record (Birger, 2000;
Frances et al., 2001). It represents a protected mode of growth that allows cells to survive in
hostile environments and to colonize new niches by dispersing microorganisms from microbial
clusters. Many free-growing bacteria that lack intrinsic resistance or genomic mutation can
become less susceptible to antibiotics when they grow in biofilm (Stewart, 2002). Additionally,
sensitivity is rapidly reinstated when bacteria lose biofilm protection, which suggests that the
many hostile-mediated resistance mechanisms are independent of genetic mutations (Walters
et al., 2003). Common mechanisms of biofilm-mediated resistance include the prevention of
antibiotic infiltration, the reform of the microenvironment for slow growth of cells, the
induction of a versatile stress response and the differentiation of persister cells (Stewart, 2002)
(Fig. 1).

P. aeruginosa can cause chronic biofilm infections in CF patients (Heiby, Bjarnsholt, et al.,
2010; Heiby, Ciofu, et al., 2010; Ciofu et al., 2015; Heiby et al., 2017). This intimidating
environment is regulated by multifactorial systems referred to as quorum sensing. Quorum
sensing is a network of cell-to-cell communication that regulates gene expression profiles in
response to changes in cell-population density (Miller & Bassler, 2001). The biofilm matrix
also contains eDNA (extracellullar DNA), facilitating initial cell-cell adhesion and aggregation
on surfaces (Das et al., 2010). Studies have shown that P. aeruginosa can acidify the biofilm
environment and induce gene expression, a process that can increase aminoglycoside resistance
(Wilton et al., 2016). P. aeruginosa also has unique genes — for example, ndvB, PA14 40260-
40230 and tssC1 — that control antibiotic resistance in biofilm environments (Mah et al., 2003;
Zhang & Mah, 2008; Zhang et al., 2011) . Biofilm is also capable of producing persister cells
(Lewis, 2010). These are protected seedlings that grow slowly. They are usually metabolically
suppressed or inactive as well as highly tolerant to antibiotics (Maisonneuve & Gerdes, 2014;
Wood et al., 2013; Mlynarcik & Kolar, 2017). Persister cells comprise about 1% of biofilm
cells. Antibiotics can kill the general flora of P. aeruginosa; persisters, however, can spawn
dormant states and repopulate later (Fig. 2). This process can promote the recalcitrance of
chronic infections in CF patients. Such infections resist common treatments. Studies have

shown that CF patients often have high levels of persister cells compared to those with typical
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infections (Mulcahy et al., 2010). This attribute even pushes P. aeruginosa to a higher class of

multidrug-tolerant strains.
4.8. Alternative therapies

Alternative methods for the control of MDR pathogens have been explored for several decades.
Presently, adopting alternative strategies that promote the elimination of resistant microbial
strains from the environment is of the utmost importance. Many research groups pursue
promising alternatives, such as antimicrobial peptides, lysin therapy, bacteriocins and
antibacterial antibodies. One of the oldest and most efficient alternative solutions is the use of
bacteriophage (or phage) therapy. Here, we will discuss and analyse the pros and cons of phage

therapy.
4.9. Phage therapy

In recent years, phage therapy has been one of the most debated alternative therapies. Viruses
that infect bacteria, or bacteriophages, were discovered in 1915 by Frederick Twort (Twort,
1915). Phage inception was discovered by Félix d’Hérelle in 1917, thus revolutionizing the
world with a new therapy against bacterial infection (Ackermann, 2011). Phage treatment was
considered to be a possible therapy around a century ago. Nevertheless, it was mostly
suppressed by the antibiotic boom in 1929. Bacteriophage-based therapy exploits the ability of
phages to selectively infect compatible bacterial hosts. Phages have been classified based on
their morphology since before the existence of modern-day molecular tools or sequencing.
David Bradley accomplished one of the first classifications of tailed phages. He classified these
phages into three groups — long-contractile tail, short-contractile tail and non-contractile tail —
based on electron microscopy (Bradley, 1967). In 1971, the International Committee on
Nomenclature of Viruses (ICNV) formally adopted this method. Subsequently, the ICNV
renamed the classification to Myoviridae, Podoviridae and Siphoviridae (Ackermann &

Eisenstark, 1974).

Certain other phage classes have equally ancient histories. The families [Inoviridae,
Microviridae, Tectiviridae, Corticoviridae, Plasmaviridae, Leviviridae and Cystoviridae were
all formalized by the ICNV in 1978 (Ackermann, 2004). Due to the rise of the genomics era,
the sequencing of phage genomes has uncovered a considerably higher degree of genomic

diversity by the 2000s. This was especially true in relation to phages belonging to the order
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Caudovirales, which led to the invention of the first subfamilies within the three existing
families of Podoviridae, Myoviridae and Siphoviridae (Ackermann, 2001; 2004). Recently,
three new families of myoviruses have been officially approved: Ackermannviridae,
Chaseviridae Herelleviridae. Two families have been approved for the siphoviruses:
Demerecviridae and Drexlerviridae. One has been approved for podoviruses:
Autographiviridae (Turner et al., 2021). Phages can conduct precise bactericidal activity by
killing only a particular host with low inherent toxicity. They are the only auto-dosing
antibacterial agent capable of increasing their numbers in the specific site where the host is
located (Loc-Carrillo & Abedon, 2011). Compared to other therapeutic agents, a single
infection can produce an exponential pattern, showing a continuous killing effect. The rise of
antimicrobial resistance and the paucity of new antibiotics led to the rediscovery of phage

therapy.
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Figure 4. Bacteriophage replication cycles. The phage recognizes the receptor and initiates
the attachment by tail fiber protein followed by injection of the DNA. After the internalization
of the genome, the phage initiates the cycle either as lysogenic cycle and/or lytic or chronic

replication cycles. The figure was designed and illustrated by the author.

The production of new virions is realized either through a reproductive lytic cycle in the case
of Caudovirales and Microviridae phages or through a reproductive non-lytic life cycle in the
case of filamentous phages or /noviridae (Fig. 4). Both cycles start with the recognition and
infection of the targeted bacteria (Fig.4a, 4c), a process that is followed by phage DNA

replication and the synthesis of new virions (Fig. 4al, 4a2 and 4¢2). In lytic cycles, new virions
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are released through bacterial lysis (Fig.4a3). Without bacterial lysis, new virions of
filamentous phages exit bacteria through a dedicated secretion apparatus (Fig. 4c2). Phages that
reproduce only through lytic cycles are called virulent. Temperate phages can perform either
cycle; they can enter prophage state in the infected bacteria (Fig. 4bl, 4b). The prophage is
either integrated within the bacterial genome, or it inhabits an episomal state that can replicate
with the bacterial chromosome for as long as the bacteria divide (Fig. 4b1). When the host
bacterium is exposed to stress, the prophage is cleaved off, and the phage enters a lytic or a
chronic cycle.

In addition to the processes described above, the lysogenic phage can employ distinct repressor
genes that act as a genetic switch to control the balance between lysis and lysogeny (Ptashne,
2004). This repressor gene can also inhibit the integration of any new, incoming phage
genomes, thus conferring immunity to superinfection. The lysogenic life cycle of phages can
profoundly affect the bacterial life cycle. Many studies have reported that bacteria use prophage
as a beneficial tool to adapt and improve their genomes. For example, prophages often encode
‘morons’ that are not directly involved in viral replication and that can confer a benefit to their
bacterial host (Juhala et al., 2000). Morons can comprise genes that improve the virulence of
their bacterial host. For example, phage-encoded toxins can enhance bacterial ecological fitness
during infection(Hacker & Carniel, 2001). Prophage has also been reported to promote biofilm-
associated bacterial infection. The filamentous phage Pf4 is widespread in many clinical P.
aeruginosa isolates, and it can influence several stages of biofilm maturation. Pf4 can switch to
a superinfective form within mature biofilms by administering dispersal and promoting
virulence (Rice et al., 2009). Prophage in P. aeruginosa has also been shown to convert non-
mucoid strains to mucoidy, a phenotype characterized by the overproduction of the
polysaccharide alginate. This phenotype nourishes bacteria with a physical protectant that helps
them become resistant to many antibiotic treatments (Hentzer et al., 2001). In addition,
prophage is well known to carry antimicrobial resistance genes. For example, salmonellae
phages carry the blaCMY -2 gene encoding resistance to third generation cephalosporins (Zhang
& LelJeune, 2008), and the staphylococcal phage, TEM123 (isolated from food) was shown to

confer beta-lactam resistance via a metallo-B-lactamase gene (Lee & Park, 2015).
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4.9.1. Biotechnological applications of phages

Many recent studies have explored phages as efficient molecular tools in therapeutics. Some
well-known methods include phage display, phage typing and gene delivery (Ul Haq et al.,
2012). The phage display technique helps researchers synthesize novel polypeptides with
distinct properties. The DNA that encodes an oligopeptide population is fused to phage coat
protein genes, and the desired protein is expressed on the surface of the phage particle. For
example, phage M13 and the T7 phage of E. coli have been extensively used in phage display
and phage typing (Sidhu, 2000).

Phage display libraries can be screened to isolate peptides that are highly specific to a target
protein. These peptides can be used in drug design and as model agents to understand the
molecular mechanism behind receptors (Sidhu, 2000). The phages’ ability to display foreign
polypeptides on their surfaces enables the technique to identify specific motifs targeting
particular cell types, which is necessary for successful gene therapy (Benhar, 2001).

In agriculture, phages are renowned for their properties as biocontrol agents. For example,
Pectobacterium spp. are pathogens associated with potato blackleg disease. Two Myoviridae
phages were used as control agents for blackleg in potatoes (Adriaenssens et al., 2012).
Pseudomonas syringae pathovars are responsible for many plant diseases in agriculture. Two
parallel field trials with 6-phages have been attempted in three locations to control P. syringae
pv. porri infections (Rombouts et al., 2016).

Phages have also been used in bioprocessing to reduce the bacterial load in foods, particularly
in minimally processed foods, and thereby to avoid cooking-associated flavours or textures
(Garcia et al., 2010). Eliminating the pathogens of fruits and vegetables is of much concern
because these foods cannot be further processed to kill any pathogens that might be present.
The eradication of pathogens by phages is a nonthermal intervention to substantially reduce the
CFU of Salmonella enteritidis in cheese (Modi et al., 2001) as well as Listeria monocytogenes
in milk and meat products (Dykes & Moorhead, 2002) and fresh-cut fruit (Leverentz et al.,
2003).
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4.9.2. Significant advantages of phage therapy over antibiotics

The advantages of phage therapy over chemical antibiotics can be outlined in terms of phage
properties. These properties highlight the use of phages as an effective alternative therapy
against MDR bacteria.

Auto dosing therapy

The bacteriophage is the only bactericidal agent that can manifold its inhibition capability with
each encounter (Abedon & Thomas-Abedon, 2010). Phages are capable of increasing their
numbers in the specific sites where hosts are located. This ability confers a great advantage on
the treatment period and frequency. Applying a single dose replicates itself and thereby

achieves a continuously active therapy.
Bactericidal agents

If a bacterium was successfully infected by obligately lytic phage, it would be unable to regain
its viability. By contrast, certain bacteriostatic antimicrobials have hormetic, dose-dependent
effects in low concentrations, which can stimulate cell growth and conjugative gene transfer in

addition to promoting bacteria to evolve against antibiotics (Stratton, 2003).
Minimal disruption of normal flora

The widespread use of antibiotics over the years has killed an incalculable number of microbes,
both pathogenic and beneficial. Human-gut-associated microbes play a vital role in our lives.
Killing this commensal flora can influence the function of the immune system, our ability to
resist infection, and our capacity to digest different foods (Becattini et al., 2016). In contrast to
antibiotics, phages possess a property called host specificity, which controls their ability to
infect only a few particular strains of a bacterial species. Rarely, phages can infect members of
closely related bacterial genera (Federici et al., 2021). This property protects commensal flora,

thereby reducing the impact on health.
Biofilm eradication and clearance

The bacterial lifestyle in so-called biofilm has been recognized as one of the major causes of
increasing antibiotic resistance (Walters et al., 2003; Stewart & J William, 2001; Ciofu et al.,
2015; Philip G & MPhi, 2018; Ciofu & Tolker-Nielsen, 2019). Bacteriophages, however, seem
to have a remarkable ability to target adaptation. The high numbers of bacteria present within
biofilms facilitate rapid and efficient infection, consequently amplifying the bacteriophages. In

addition, phages can produce enzymes that degrade the extracellular matrix (K Chan & T
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Abedon, 2015). They can also infect persister cells, remaining dormant within them and
reactivating when they become metabolically active (Harper et al., 2014).

Lack of cross-resistance

Phage infection processes are entirely different from antibiotics. Each phage might have a
unique mechanism of infection that substantially decreases the chance of cross-resistance
among phages (Rakhuba et al., 2010). In contrast, particular classes of antibiotic resistance can

also affect other classes of antibiotics (Blair et al., 2015; Jose & Cesar, 2016).

4.9.3. Potential disadvantages of phage therapy

Phage therapy’s cons can be grouped under three headings: (1) inappropriate phage selection,
(2) phage host range limitation and (3) phage resistance.

Phage selection

The primary criterion for a potential phage candidate is its ability to exclusively undergo a lytic
cycle. In addition, it is essential to determine properties and application conditions such as
genome sequences, host specificity, burst size, optimum temperatures, titer, efficacy and safety
studies (Abedon & Thomas-Abedon, 2010). It is essential to determine the phage sequence to
confirm the absence of undesirable genes (Skurnik et al., 2007). The improper selection of
phages for use in therapy can result in superinfection immunity (Hyman & Abedon, 2010;
Sousa & Rocha, 2019), which can induce bacterial virulence and toxin production (Skurnik &
Strauch, 2006).

Phage host range limitation

Phages’ narrow host range can also be a disadvantage when these phages can only infect a few
strains or a single species of bacteria (Abedon & Thomas-Abedon, 2010). This property of
phages makes it important to identify and screen phage infection efficacy for a given pathogen
to determine their susceptibility prior to treatment. Nevertheless, a narrow host specificity can
be overcome by combining phage and other antibacterial agents or phage cocktails. In addition,
the lytic spectra of phage cocktails can be much broader than the spectra of activity among

individual phage types (Gu et al., 2012; Chan et al., 2013; Forti et al., 2018;).
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Phage resistance

Phages are the obligate intracellular parasites of bacteria. They can regulate and control
bacterial populations in the environment. Constant attacks by phages have influenced bacteria
to evolve diverse mechanisms to defend themselves. Fig. 5 summarizes the most recently

discovered and most common phage resistance mechanisms.

a)

&%

Figure 5. Summary of phage resistance mechanisms. a) Outer membrane vehicles as decoys
are produced, b) Inhibition of phage adsorption, ¢) Blocking phage DNA injection, d) Cleavage
of injected phage DNA e¢) Inhibition of phage DNA replication, f) Interference of phage
assembly g) Suicide of bacteria. The figure concept was adapted from a published article (Azam

& Tanji, 2019) and redrawn by the author.

Outer membrane vehicles as an anti-phage mechanism

Outer membrane vehicles (OMVs) are non-replicating, globular nanostructures composed of
outer membrane lipid, outer membrane protein and periplasmic components produced during
bacterial growth (Schwechheimer & Kuehn, 2015). OMVs have the same surface structure as
the bacterial cells that produce them. Bacteria often use them as natural decoys to defend against
harmful substances. Recent studies have reported that bacteria could use OMVs as a decoy
against phages by tricking the phages into binding with and injecting their DNA into the
vehicles, thus allowing the bacteria to escape infection (Fig. 5a) (Reyes-Robles et al., 2018).
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Inhibiting phage adsorption by compromising phage receptors

Phages initiate infection by binding the phage receptor-binding protein (RBP) to the bacterial
host's surface (Dowah & Clokie, 2018). Most bacteria instigate their first line of defence against
phages by modifying their binding receptors. The infection begins with adsorption to the cell
surface by attaching the phage protein to a receptor. This process is followed by the injection
of the phage genome into bacteria. Phage infection can be inhibited either at the stage of
adsorption or after it. To prevent the initial infection process, bacteria use several strategies,
including alteration or deletion of the receptor. Generally, Gram-positive bacteria phages use
peptidoglycan or teichoic acid as their receptors (Bertozzi Silva et al., 2016). LPS moieties
present on the outer membrane are the most-studied phage receptor in Gram-negative bacteria.
Some phages have also been reported to use pilus, LPS, pill flagella, porins and efflux pumps

(Fig. 6; Hyman & Abedon, 2010; Bertozzi Silva et al., 2016)
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Figure 6. Example of bacterial receptors for phage binding. Phage DNA encode binding
proteins that recognize and attach to the sites on the surface of the bacterial cell. Many phages
bind to protein structures on the bacteria, such as LPS (black), pill (red), flagella (yellow),
porins (blue) or efflux pumps (green). The figure concept was adapted from a published article

(Kortright et al., 2019) and redrawn by the author.

The most-reported defence mechanism is the induction of single nucleotide polymorphisms
(SNPs) in receptor genes, which alters the function or expression of a particular receptor (Pan
et al., 2016; Hesse et al., 2020). Phages might overcome this defence by inducing mutation in

their genomes (Pan et al., 2016; Azam et al., 2018; Li et al., 2018). Bacteria can also delete the
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phage binding receptor — such as OmpC protein or wall teichoic acid — to prevent adsorption
(Parent et al., 2014; Hesse et al., 2020). Phages can counter this evolutionary upgrade by
adapting to new receptors (Habusha et al., 2019). For example, a recent study reported that the
P. aeruginosa phage could use the surface-exposed OprM of the MexAB and MexXY as a
‘novel’ receptor (Chan et al., 2016; Gurney et al., 2020). The second defence strategy involves
masking the receptor by overproducing capsular polysaccharides or overproducing cell-wall-
anchored proteins (Labrie et al., 2010). Phages can counter this strategy by expressing enzymes

capable of degrading the physical barriers produced by bacteria (Samson et al., 2013).
Inhibiting phage infection by hindering phage DNA

Bacteria can apply various strategies to interfere with phage DNA function. These methods
include blocking phage DNA injection, cleaving injected phage DNA and hindering phage
DNA replication. One mechanism is known as superinfection exclusions (Sies), a phenomenon
that blocks the entry of phage DNA (Fig. 5c,d). The Sies controlled by various proteins encoded
in the prophage genomes block the entry of phage DNA into the host bacteria (Labrie et al., 201
0; Azam et al., 2018). When DNA injection is inevitable, bacteria can employ other defence
mechanisms by cutting the injected phage DNA. The injected DNA can be cleaved by the host’s
innate or adaptive defence systems. The innate defence system consists of a defence island
system associated with restriction-modification (Ofir et al., 2018), restriction-modification
system (Oliveira et al., 2014) and prokaryote argonaute proteins (Swarts et al., 2014). The
adaptive defence system only includes a clustered, regularly interspaced and short palindromic
repeat (CRISPR)-Cas system (Godde & Bickerton, 2006) and bacteriophage exclusion system
(BREX) (Goldfarb et al., 2015).

Preventing phage assembly

Many bacteria contain a chromosomal region called the phage-inducible chromosomal island
(PICI) (Penadés & Christie, 2015; Fillol-Salom et al., 2018), which can interfere with the
reproduction of specific phage (Fig. 5¢). Upon infection by phage, the PICI is excised, and then
it circularizes, replicates, and packages itself. Therefore, host bacteria can alter the expression
of'a gene involved in the PICI region and the PICI can interfere with phage reproduction (Fillol-

Salom et al., 2018).
Abortive infection

Abortive infection (Abi) is a phage resistance mechanism in which phages cannot release

themselves from bacteria, causing them to perish. This is a suicidal defence strategy wherein

29



the host bacteria die to protect surrounding bacteria from phages (Fig. 5g) (Dy et al., 2014).
The Abi systems can arrest and interrupt phage development at different stages of the infection
cycle. Unlike RM and BREX systems, which target any phage DNA regardless of origin, Abi

systems are relatively specific to certain phages.

4.9.4. Phage therapy in practice

Growing concerns about antibiotic-resistant pathogens have reignited interest in phage research
and even patient trials. The recent PhagoBurn project is one example. This project was the first
prospective multicentric, randomized, single-blind and controlled clinical trial of phage therapy
ever performed in the world (CORDIS, 2017; Jault et al., 2019). Many studies have reported
the successful treatment of bacterial infections with phages as a first-line therapy; successes
have been particularly evident among infections caused by MDR pathogens. Two
compassionate phage treatments conducted in Europe and the United States validated this
approach's safety and efficacy (Jennes et al., 2017; Schooley et al., 2017). Advances in
molecular biology have also opened a wide range of genetic-modification techniques, thereby
revolutionizing the scientific view of phage therapy. A clinical trial that deployed an engineered
phage cocktail against MDR Mycobacterium abscessus in cystic fibrosis patients is one
excellent example (Dedrick et al., 2019). Another prominent trial treated MDR P. aeruginosa
infections by administering a spray-dried phage formulation (Chang et al., 2018). In addition to
single-phage therapy, cocktails with a broad host range have also been developed. A six-phage
cocktail of multiple, broad-range P. aeruginosa phages was much more efficient than single-
phage therapy (Forti et al., 2018). This treatment model demonstrated that phages can enter the

biofilm, destroy the biomass and reach the bacteria embedded inside.

4.9.5. P. aeruginosa phages and their clinical applications

Phages that explicitly target the Pseudomonas genus were first encountered in the middle of the
twentieth century (Kellenberger & Kellenberger, 1957). To date, numerous P. aeruginosa
phages have been isolated. All of them can be classified into four categories based on their
morphologies and genome compositions (Fig. 7). The majority of these phages fall into the
double-stranded DNA phage families, namely Myoviridae (Ackermann et al., 1988; Campbell
et al., 2021) as well as Siphoviridae and Podoviridae (Ojeniyi et al., 1991; Namonyo et al.,
2022). Some phages belong to the single-stranded DNA phage family, /noviridae (Bradley,
1973; Zeng et al., 2021). A few phages with a tri-segmented dsRNA genome belong to
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Cystoviridae (Méntynen et al., 2018). Some with a single-stranded RNA genome fall into the
Leviviridae family (Weppelman & Brinton, 1971; Ruokoranta et al., 2006).

dsDNA
Tailed phages
| Myovirus Podovirus Siphovirus |
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Figure 7. P. aeruginosa phage taxonomy based on morphology and type of the genome.

The figure concept was adapted from a published article (Ofir & Sorek, 2018) and redrawn by

the author.

There are currently 1,047 complete Pseudomonas bacteriophage genomes in public databases.
Of these, approximately 95% are members of the tailed Caudovirales, and 5% belong to other
classes. The antimicrobial efficacies of many isolated phages have been investigated in several
applications including experiments against P. aeruginosa infections, prevention of biofilm
formation, and phage therapy in clinical trials. The first published, quality-controlled clinical
trials applying a P. aeruginosa phage cocktail (BFC-1) to treat burn wound infections were
reported in 2009 (Merabishvili et al., 2009). A thoroughly controlled clinical study involving
24 patients was also attempted in the same year to treat chronic otitis arising from an antibiotic-
resistant P. aeruginosa infection. Both treatments were well-conducted, and they were executed
without any adverse side effects. In 2011, a six-phage cocktail was used to treat MDR P.
aeruginosa urinary tract infections under the control of the Australia Therapeutic Goods
Administration of Public Health Institute, which regulates and controls phage therapy
(Khawaldeh et al., 2011). Many clinical trials are currently underway. A private enterprise
BiomX has developed BX004, a quite promising cocktail that targets a broad range of P.

aeruginosa strains focused primarily on CF patients.
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5.0.

GOALS AND OBJECTIVES

As antibacterial agents, phages have several advantages that make them convincing alternatives

to antibiotics. Nevertheless, not all phages make for promising therapeutics. A decent

therapeutic phage should have a high potential to reach and overcome bacterial virulence, the

bacterial resistance or defence shields discussed above. The existence of these characteristics

can be reasonably ascertained by a detailed study on bacteria and phages.

The main goals of this project are as follows:

)
2)
3)
4)

5)

6)

7)

8)

9)

To isolate and characterize drug-resistant P. aeruginosa from clinical samples.

To isolate and characterize potential phages that target MDR P. aeruginosa.

To evaluate the efficacy of isolated phages against P. aeruginosa biofilm.

To isolate and characterize phage-resistant strains.

To reveal the relationship between phage resistance and antibiotic sensitivity in P.
aeruginosa.

To disclose the molecular background and evolutionary reasons for the formation of
two types of mutants.

To assess the efficacy of phage and antibiotic combinational therapy in vitro.

To ascertain the efficacy of combinational therapy in vivo using a murine lung infection
model.

To establish the role of PAK-like phages in bacterial genome deletions.

10) To isolate and characterize PAPSZ1 mutants that can block/suppress bacterial

resistance.
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6.0. MATERIALS AND METHODS

6.1. Bacterial strains, growth conditions, and antibiotic susceptibility

Bacterial isolates were acquired from the Clinical Microbiology Laboratory, University of
Szeged over the course of a year. The strains were identified by MALDI-TOF MS and 16S
ribosomal RNA gene sequencing using universal 16S rDNA bacterial primers: 27F (5°-
AGAGTTTGATCATGGCTCA-3’) and 1492R (5’-TACGGTTACCTTGTTACGACTT-3").
All bacterial strains were grown aerobically at 37°C in either Luria Broth (LB) or agar (LA).
We screened all the strains for serotype according to the BioRad 16 monovalent sera kit.
Primary antibiotic resistances of the wild-type and mutant strains were determined by the
EUCAST disk diffusion antibiotic susceptibility tests (BioRad). An overnight grown bacterial
culture 300uL (~2 x 108 CFU/ml) was spread onto an LA plate and allowed to dry for
10 minutes, then antibiotic-containing disks were applied to the agar. Plates were incubated at
37°C for 12h and susceptibility was estimated based on the size of the inhibition zone.
Antibiotics (gentamicin, fosfomycin, ceftazidime and tetracycline (Sigma)) were chosen, and
the EUCAST broth microdilution method was used to establish minimal inhibitory
concentrations (MIC) (EUCAST, 2020). Four antibiotic stocks were diluted to different test
concentrations in LB medium. The overnight grew culture was diluted to ~2 x 10° cfu/mL in
LB. MIC:s for the above antibiotics were determined by dispensing 100 puL of a given antibiotic
concentration and 100 pL of diluted bacteria into the wells of a flat bottom 96-well plate and
incubating at 37 °C with 180 rpm for 12 h. Bacterial growth was monitored by a
spectrophotometer (Thermo Multiskan Ascent Plate Reader) at 600nm.

6.2. Bacteriophage isolation and stock preparation

We assayed different clinical sources, including swabs from an infected wound and blood
samples, for P. aeruginosa—specific bacteriophages. We homogenized solid and liquid samples
in 5 ml of phage suspension buffer (10 mM Tris—HCI, pH 7.6, NaCl 0.4%, gelatin 0.1%),
centrifuged the homogenate, and filtered it through 0.22 um pore-size PTFE filters (Sigma).
The filtrate was added to 25 ml LB broth containing 1 ml overnight culture of various P.
aeruginosa MDR strains and incubated at 37°C for 24 h. We added chloroform (0.1% (v/v),
final concentration) to the culture then incubated at 37°C with gentle shaking for 5 min. After

removing bacterial cell debris by 10 min centrifugation at 9,000 x g at 4°C, we filtered the
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suspension through a 0.22 um pore-size filter. We determined the presence of phages in the

filtrates by spot assay, as described previously (Kropinskiet al., 2009).
6.3. Phage purification and Transmission Electron Microscopy (TEM)

Amplified high-titer phage stocks were obtained through liquid broth amplification (LB
medium). We adapted the protocol from Cui et al. (Cui et al., 2017), with minor modifications.
Single plaques from a plate containing phage pregrown on the individual host inoculum (1 ml
for 10 ml fresh broth) were incubated at 37°C for 12 hours. We prepared the phages used in the
experiments from continuous consecutive passages: each passage was centrifuged, filtered, and
combined with fresh inoculum every 12 h and incubated at 37°C for 48 h to minimize the risk
of host coevolution. We treated the lysed liquid culture obtained after incubation with
chloroform (final concentration of 0.2% (v/v)) for 30 min with gentle shaking to kill the
remaining bacteria, and we then added NaCl (0.5 M) directely to the solution and incubated the
culture for 1 h at 4°C. We removed bacterial debris by 10 min centrifugation at 8,000 x g and
4°C. We coagulated the phages in the supernatant overnight using polyethylene glycol
PEGS8000 (100 g/L) at 4°C. After 30 min centrifugation at 12,000 x g and 4°C, the collected
pellet was dissolved in phage suspension buffer (1 mL phage suspension buffer per 100 mL
original volume) and vortexed. We added an equal volume of chloroform to remove PEG8000
and other debris and carried out 15 min centrifugation at 5,000 x g and 4°C. The aquatic phase
(upper phase) with a high titer of phages was collected and stored at 4°C. We viewed samples
of the purified phage under a JEM-1400 Flash transmission electron microscope (JEOL; Tokyo,
Japan) at the Biological Research Centre, Szeged, Hungary. We deposited 5 pl of the sample
onto formvar-coated 150 mesh copper grids (Electron Microscopy Sciences). We used the edge
of a filter paper to remove the excess fluid after 30 sec, and then samples were contrasted by
adding 20 pl 1% (v/v) uranyl acetate (Electron Microscopy Sciences) in 50% (v/v) ethanol
(Molar) for 3 min (three times). After removing the superfluous staining solution, samples were
dried at room temperature in a Petri dish for 2 h before taking the electron microscopic picture.
We screened samples systematically at 10,000x magnification to localize the presence of
phages on the grid. We then recorded healthy, unbroken phages at 80,000-100,000%
magnification with a 16 MP Matataki Flash sCMOS camera (JEOL).
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6.4. Phage genome sequencing and phylogenetics

Phage DNA isolation was carried out using the High Pure Viral Nucleic Acid Large Volume
Kit (Roche). We sequenced the phage genomes on the Illumina MiSeq platform and achieved
coverages of at least 50x. The sequences were filtered by BBduk (http://jgi.doe.gov/data-and-
tools/bb-tools/) and assembled using Spades (v.3.13.1) with default settings and the “careful”
option (Nurk et al., 2013). From the output, we used the “contigs.fasta” files for annotation with
Prokka (v.1.14.6) (Seemann, 2014). We downloaded all other Pseudomonas phage gene
sequences from Uniprot (Chen et al., 2016) and used them as trusted sequences for annotation.
Phage phylogeny was carried out using VICTOR (Meier-Kolthoff & Goker, 2017) a
comparison was performed by Brig (Alikhan et al., 2011). The phage sequences were deposited
in the NCBI database (Bioproject: PRINA720536).

6.5. Biofilm inhibition assay

In the light microscopy and confocal light scanning microscopy (CLSM) study, the biofilm
grew on glass slide pieces (1 x 1 cm) placed in 24-well polystyrene plates containing LB broth.
After 24 h, 37°C static incubation, the control slides were analysed for biofilm formation. Next,
the pre-formed biofilm was infected with phages and further incubated for 24 h. The glass slide
pieces were then washed with PBS and stained with 0.1% (v/v) acridine orange (Sigma). The
depth of phage infection on the biofilm was studied with an Olympus confocal laser-scanning
biological microscope FV1000. The 24-h phage-post-infected samples and control biofilms
without phage infection were analysed separately. The stained cells were detected using a 488
nm argon laser and a 500-640 nm bandpass excitation filter. Z stack analysis (surface
topography and three-dimensional architecture) was performed for all triplicates. The biofilm
stack images were then analysed using COMSTAT software (Heydorn et al., 2000). The
thickness (mm) of the biofilms and the biovolume (mm?) of bacteria per mm? of the surface

were determined by COMSTAT.

6.6. Phage cocktail

Virulent phages with a broad-host range spectrum and biofilm inhibition were mixed to make
the cocktail. Four Myoviridae (PAPSZ2, PAPSZ3, PAPSZ6 and PAPSZ7) phages and two
Siphoviridae (PAPSZ4 and PAPSZS5) phage were selected based on biofilm inhibition assay
result. Each phage lysate was grown and purified as described above (MM 6.3). A phage
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cocktail was generated by mixing six phage preparations at the same PFU/ml immediately

before each experiment to ensure accurate phage titres.
6.7. Determination of PIAS phage infection efficiency.

The PIAS phage infection efficiency was assayed in 96-well-flat bottom plates (VWR) for 24
h. All samples were run in triplicate in three independent experiments. We added 500 pl of
overnight test strain culture to 10 ml of LB in a 250 mL flask and incubated it at 37°C, shaking
it at 200 rpm, until an ODeoonm = 0.6 (~1 x 108 CFU/ml) was reached. Once the required culture
density was obtained, we put 90 puL of bacteria into the wells. We treated bacterial samples with
10 puL of phage stock with different multiplicity of infection (MOI) (0.1, 1.0, and 10.0). The
control was mock-treated with phage suspension buffer. We measured the ODsoonm €very 3 h
for 24 h using a Thermo Multiskan Ascent Plate Reader. The latent period and burst size were
determined according to the protocol of the Jeffrey Barrick laboratory (Heineman and Bull,
2007). To determine the time required for PIAS adsorption to the wild-type and transposon
mutants, an adsorption assay was performed following the protocol of Kropinski et al.
(Kropinski, 2009). We determined the mutant frequency via the previously described method
of Shen et al. (Shen et al., 2018).

6.8. Bacterial genome sequencing and genome comparison

Bacterial genomic DNA was extracted from mutant and parental strains using GenElute
Bacterial Genomic DNA kits (Sigma). We sequenced five wild-type strains and 15 mutants.
We first prepared libraries using the Nextra XT kit (Illumina) and sequenced them in a MiSeq
sequencer (Illumina Inc.). Paired-end sequencing with 150 bp read length was used to generate
reads. Quality assessment was carried out with FastQ (Wingett & Andrews, 2018). We trimmed
raw reads to remove adapter sequences and PhiX174 contamination using BBduk (Bushnell B,
2017). Sequence reads were assembled using Unicycler (version v0.4.7) (Wick et al., 2017).
The assembled sequences were annotated with Prokka (version 1.14.6) (Seemann, 2014)
against all P. aeruginosa proteins. We downloaded 6,661,531 protein sequences belonging to
P. aeruginosa from Uniprot (Chen et al., 2016) and used these as trusted proteins for annotating
assembled contigs in Prokka. BBMap (Bushnell B, 2017) utilities were applied to obtain
assembly metrics’ statistics. To identify genome deletions, all reads were mapped back to the
reference P. aeruginosa PAO1 strain (Stover et al., 2000). Mapped reads were analyzed using

Samtools (H. Li et al., 2009) and visualized using an Integrated Genome Viewer (Robinson et
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al., 2011). The annotated genomes were compared to identify the missing genes across the strain
and mutants using Roary (Page et al., 2015). We identified SNPs in the green mutants by
mapping the reads to their respective reference strain using Breseq (version: 0.35.4)

(Deatherage & Barrick, 2015).
6.9. Membrane integrity measurements

Membrane integrity can be measured using the membrane-damaging agent bile acid (Lazar et
al.,, 2018). We studied the membrane integrity of the mutant strains by measuring their
sensitivity to bile acid. The experiments were carried out in 96 well plates for 24 h (37°C) at
160 rpm. We added 10 puL of overnight test strain culture to 1 mL of LB supplemented with
1%—7% bile acid. We plated 200 pL. from each concentration. The mock-treated control
contained a sterile buffer without bile acid. We measured the ODgsoonm 1n every hour over 24 h

(Thermo Multiskan Ascent Plate Reader).
6.10. Screening the knock-out mutants for PIAS sensitivity — drop assay

Based on the genome sequences of the green and brown mutants, we purchased 12 transposon
knock-out mutants from the Transposon Mutant Collection of the University of Washington
(Genome Sciences, Manoil Lab) (Table S1). For the drop assay, we added 200 uL of each
mutant overnight culture to 5 mL of molten LB soft agar (0.6% (m/v) agar) and overlaid the
mixture onto a 1.5% (m/v) LB agar plate to generate a bacterial lawn. After solidification, we
spotted 5 puL volumes of serially diluted (10-fold dilution) PIAS phage suspensions and then
incubated the plates at 37°C for 24 h. We determined the PIAS susceptibility of tested bacteria
based on the formation of a single clear plaque or a bacterial growth inhibition zone on the

plates.

6.11. Isolation of phage mutants (E-PIAS and PAPSZ]1 derivatives) - plaque

assay

We used the previously published double agar plaque assay protocol with slight modifications
(Kropinski, 2009). The host strains were grown at 37°C with agitation until reaching ~2 x 103
CFU/ml. We then mixed 200 pl cultures with the same number of PIAS (MOI 1.0) in the
presence of 5 mM of CaCl,. After 20 min incubation at room temperature, the suspension was

mixed with 5 mL warm, soft agar (4 g/L) and poured onto LB agar. Following 64 h incubation
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at 37°C, the plate’s soft agar was scraped and homogenized in 5 mL of phage suspension buffer.
This suspension was centrifuged and filtered through 0.22 um pore-size PTFE filters (Sigma).
Finally, we diluted phage in the suspension buffer in tenfold increments and plated them with
overnight bacterial mutant culture (SNP mutant). After 24 h, we isolated single plaques and
carried out purification and genome sequencing as described above. For isolation PAPSZ1
mutants, the same protocol was followed as mentioned above with minor modification. Phage
lysate from 64 h incubated (37°C) plate was used to infect a fresh host and plated again for 12
continuous cycles of infection with 64-hour-long incubation. Lysate from each cycle was
screened by plague assay on PA22 mutants (CR-PA22M and PR-PA22M), and a single plague

was collected and later sequenced.
6.12. Isolation of PAPSZ1 phage-resistant bacterial mutants

To isolate phage-resistant bacterial mutants, 1ml of mid-log (~0.6 ODgg, ~1 x 108 CFU/ml)
PA22 host grown at 37°C in LB medium was infected with the wt PAPSZ1 (~10% pfu/ml) and
incubated at 37°C. The culture was reseeded every 24 h for 3 days into a new LB medium with
a fresh PAPSZI1 phage to check the phage resistance of the bacteria obtained. During the
incubation, 100 p1 of broth was collected, serially diluted and spread over LB plate every 3 h
beginning from the twelfth hour of incubation. The single colonies from overnight plates were
sub-cultured and subjected to drop assay with wild type PAPSZ1 phage to determine host

sensitivity.

6.13. Elimination of bacteria with combined PIAS phage and antibiotic

therapy in vitro

Following a spot test, we mixed 100 pl from an overnight-grown sensitive strain (2 x 108+ 0.2
x 10% cfu/mL) with an equal number of PIAS (MOI 1.0) and 3 mL of the molten soft agar (0.5%
(m/v)) and overlaid it on the surface of the solidified LB agar (1.5% (m/v)). We allowed each
overlay to solidify for 20 min and incubated them at 37°C for 48 h. To investigate the
combination therapy, we plated the above mixture on solid antibiotic agar with soft agar
containing various antibiotics (FSF, GMN, TET and CAZ). In addition, we spread culture
without phage as control onto the antibiotic-containing agar plates. The broth susceptibility
assay was carried out in 96 well plates. We ran all samples in triplicate with three independent

experiments. We added 500 ul of overnight culture to 10 mL of LB in a 250 mL flask and
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incubated it at 37°C, shaking it at 200 rpm, until reaching an ODgoonm 0.6 (~1 x 108 cfu/ml).
After the required culture density was attained, we placed 180 pL of it in the wells. Bacterial
samples were mixed with 10 pL. of phage (MOI 1.0) and 10 pL antibiotic stock solutions in
various concentrations, ranging from 10 pg/mL to 100 pug/mL (two controls were also prepared
for testing the phage and antibiotic sensitivities, separately). We measured the ODgoonm €very 3

h for 24 h using a Thermo Multiskan Ascent Plate Reader.
6.14. In vivo rescue experiments in mouse lung infection model

P. aeruginosa clinical strain PA16 was used as the host bacterium. We used PIAS and FSF as
therapeutic agents. (Table 8, Page 66) shows the basic experimental setup. We assayed the
potential therapies in a lung infection model using 8—10-week-old BL67 black female mice
(C57/BL67 weight: 18-25 g; Charles River Laboratories). The animals were maintained in
room with standard temperature (23°C + 1°C) using 12-h dark/12-h light cycles for the bacterial
challenge. PA16 grew up to ODsoonm 0.5 in 50 mL of LB broth at 37°C with shaking at 120
rpm. The bacterial suspension in the log phase was centrifuged (for 1 min at 12,000 rpm),
washed with PBS, and the ODgoonm Was set to 1.0. The suspension was diluted to 5-fold and 15-
fold diluted suspension was administered through the nostrils of intraperitoneally anesthetized
mice. The anesthetic used was one dose of 70 ul Combo solution (10 ml PBS, 10 ml Calypso
(50 mg/ml injection; Richter Gedeon) and 150 pul primazin. Five days after the bacterial
challenge, we administered PBS, FSF, PIAS phage, and their combinations for both the control
and the treatment groups once intraperitoneally. All mouse experiments were conducted
according to the guidelines of the European Federation for Laboratory Animal Science
Associations. The Animal Welfare Committee approved all protocols and procedures involving
animals of the Enviroinvest Co. (Permit Number: BAI/35/867-6/2019). To investigate whether
any phage-resistant mutant colonies were formed during the in vivo phage treatment, we
removed the organs after the end of the post-infection treatments. The lung, spleen, and brain
were aseptically homogenized in sterile PBS using a tissue homogenizer. We plated
homogenized tissue aliquots onto a P. aeruginosa—selective nutrient agar (BioRad) and
incubated them at 37°C for 48 h. We selected 20 random colonies and screened them against
PIAS, FSF, and E-PIASs sensitivities. In addition, we screened homogenized aliquots for

phages using the double-layer agar method (Kropinski, 2009) with wild-type PA16 bacteria.
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6.15. Statistical analysis

Statistical analysis was performed using one-way analysis variance (ANOVA) with dunnett's
multiple comparisons test for the line chart and two-way (ANOVA) was performed with
Tukey’s multiple comparison test for bar graph in GraphPad Prism Version 8.4.2 (GraphPad
Software). Differences were considered statistically significant with a P-value if P<0.001 ***,

1f P<0.01**, 1f P<0.05 *. ns= not significant.
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7.0. RESULTS

7.1. Bacterial host and antibiogram

Strains were collected from diverse clinical samples and typed using serotyping and
antibiograms. We isolated and identified 25 strains resistant to at least one antibiotic class (Fig.
8). Previously, P. aeruginosa isolates had been classified into three major groups. Nonetheless,
a more recent revision has defined five groups of P. aeruginosa isolates (Freschi et al., 2019).
The first linage strains are closely related to Group 1, and the second linage is closer to Group

2. Thus, most clinical isolates belong to Group 1 or Group 2.

Group 1 9925P1

12971P7
20922P6

17P1

Group 2 6867P12

33188P1
6252P11

0,150

Né)te: Branches shorter than 0,0101 are shown as having length 0,0161

Figure 8. The Neighbor-Joining Phylogenetic tree of P. aeruginosa hosts isolated. The
evolutionary distance was computed using the Jukes-Cantor (JC) method. Evolutionary

analyses were conducted using the CLC genomics workbench 21 (version 21.0.3).

The prevalences of various serotypes were: P1 (2.5%); P10 (0.75%); P11 (1%); P3 and PS5
(0.5%); and P12, P4, P6 and P7 (0.25%). Although the prevalence of P. aeruginosa serotype
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varies from one hospital to another, P1 and P11 are often the most prevalent serotypes reported.
Table 2 shows the antimicrobial susceptibility of P. aeruginosa isolates against 16 agents out
of seven antimicrobial categories is shown in (Table 2). The highest susceptibility values
pertained to polymyxins. The lowest susceptibilities belonged to meropenem (3%) and
fosfomycin (5%).

Finally, we have chosen five MDR strains (PA16, PA17, PA21, PA22 and PAS59) for further
studies. The PA16 and PA22 strains were the primary model hosts, but many experiments were

performed with all five strains.

Table 2. Drug sensitivity for twenty-five clinical isolates was determined. Drug sensitivity is
shown in gray and dark-red shows drug resistance.

Monobactams
Sample | Sero- Amino- Carba- Cephalo- Penicillins & Poly- Fluoro-
Names | type | glycosides penems sporins Phosponic myxins quinolones
acid
- GMN | AKN | MEM | DOR | CZD | FEP | TCC | PTZ | ATM FSF | CST | PXB | CIP | LVX

PA59 P1
PA33 P1
PA17 P1
PA21 P1
PA15 P1
PA59 P1
PA1l P1
PA64 P1
PA53 P1
PA64 P1
PA22 P3
PA16 P3
PA63 P4
PA20 P5
PA26 P5
PA09 P6
PA12 P7
PA99 P10
PA68 P10
PA67 P10
PA60 P11
PAG62 P11
PA69 P11
PA65 P11

PA87 P12
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7.2. Phage isolation and characterization

We isolated eight strictly lytic phages from different clinical sources (Fig. 9). Ten different P.
aeruginosa strains of various serotypes were used for phage isolation. All of the phages were
characterized by electron microscopy and biofilm inhibition assay. The phage isolates were
classified based on TEM and genomic data. Six isolates (PIAS, PAPSZ1, PAPSZ2, PAPSZ3,
PAPSZ6 and PAPSZ7) belonged to the family of Myoviridae and two isolates (PAPSZ4,
PAPSZ5) belonged to Siphoviridae family.

PIAS PAPSZI ~ PAPSZ2 PAPSZ3
(Host range 25/8) (Host range 25/14) (Host range 25/16) (Host range 25/12)

PAPSZ4 PAPSZ5 PAPSZ6 PAPSZ7
(Host range 25/11) (Host range 25/14) (Host range 25/13) (Host range 25/14)

Figure 9. Transmission electron microscopy images of isolated phages. The scale bar
represents 50 nm. Phage was scanned under a JEM-1400 Flash transmission electron

Microscopy.

The host range was established by screening 25 isolates against phages. All isolates were shown
to form clear transparent plaques in many clinical strains. The isolate PAPSZ2 showed a broad
spectrum by infecting 16 strains. Meanwhile, the PIAS phage could infect only eight bacterial
isolates. The PIAS and PAPSZ1 made a halo surrounding the plaques. It became larger after a
few days of incubation. This may be the result of the lysis function of endolysin (Huang et al.,

2013).
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7.3. Biofilm inhibition assay

Research on surface-attached bacteria began almost a century ago. Nevertheless, scientists still
work on understanding the significance of biofilm communities in depth. The discovery of
confocal scanning laser microscopes (CLSM) has helped researchers to acquire deeper insights
into the three-dimensional structure and the function of biofilms. In this study, we used light

microscopy as the primary tool to visualize biofilm, and CLSM for in-depth study (Fig. 10).

i Control biofilm E Single phage treated | Cocktail treated biofilm i
i i biofilm i i

e e e e g SRR e e e
[}

Light microscopic analysis

Confocal laser scanning microscopy

Figure 10. The light microscopy and CLSM micrograph of P. aeruginosa biofilm. The first
column is the control biofilm (non-treated) after 48 hours, and the second shows the bacterial
biofilm column treated with a single phage PAPSZ2 (~2 %103 pfu), and the third row displays
the bacterial biofilm treated with a cocktail of six phages (PAPSZ2-7).
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PA16 host was used to study the biofilm assay. The biomass and thickness of biofilm
architecture were measured against phage-treated biofilms. Light microscopy and confocal
micrographs showed that the non-infected (control) group displayed a more highly structured

matrix formation than the treated group (Table 3).

Table 3. COMSTAT analysis of biofilm. The biomass, average thickness, and maximum
thickness of biofilm architecture of P. aeruginosa PA16 infected with various bacteriophages.
The values represent the mean of six independent scan data.

Parameters
Biomass Average Maximum
Phages 3 5 Thickness thickness
(um°/ um*)
(um) (um)

Biofilm | 16.02+2.50 | 20.02 +2.50 | 26.02 + 5.00
Control

PIAS 12.02+2.50 | 16.02+2.00 | 19.02 +3.00

PAPSZ1 12.02+2.50 | 16.02 +2.50 | 20.02 = 3.00

PAPSZ2 8.02+2.00 | 10.02+2.00 | 16.02 +3.00

PAPSZ3 12.02+2.50 | 16.02+2.02 | 21.02 +£3.02

PAPSZ4 10.02+2.50 | 12.02+2.50 | 20.02 £ 2.50

PAPSZ5 14.02+£2.50 | 14.02 +£2.02 | 20.02 = 3.00

PAPSZ6 13.02+2.50 | 15.02+2.00 | 23.00 = 3.00

PAPSZ7 11.02+2.50 | 14.02+2.02 | 20.02 £ 2.00

Phage | 4 004200 | 6.0242.00 | 12.02 + 2.00
Cocktail

The phage PAPSZ2 disrupted biofilm most effectively. Six of the most efficient phages
(PAPSZ2-PAPSZ7) were mixed to prepare a phage cocktail. The cocktail-treated biofilm
contained disintegrated clumps with scattered microflora, which resulted in the collapse of thick

biofilm. Table 3 shows the results of further analyses with COMSTAT-definite CLSM
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micrographs. The phage PAPSZ2 showed high antibiofilm activity. The structural difference
between the biofilm and the phage-treated biofilm indicates the phages’ biofilm-disrupting
efficacy. The decrease in biomass, average thickness and maximum thickness in treated

micrographs confirm the ability of phages to break down the biofilm architecture.
7.4. Phage PIAS and PAPSZ1

The phages PIAS and PAPSZ1 were selected for further study based on their ability to induce
phenotypic changes within target bacteria. The growth of phage-resistant colonies after
prolonged incubation (24—-64 h) was observed for both phages. Nonetheless, the number of
these colonies varied in terms of number-based host and phage number. Both phages were
further investigated in one-step growth experiments and genome sequencing. PIAS and
PAPSZ1 phages belong to the Myoviridae phage family. Both phages formed massive plaques

on all sensitive clinical strains surrounded by haloes (Fig. 11).

Brown mutant

Figure 11. Phage PIAS and PAPSZ1 infection a) Phage resistant PA16 red colonies after
PIAS phage infection. b) The massive plague of PIAS and PAPSZ1 phages with surrounding

haloes.

The phage PIAS has a narrow host range, which infected 8 of 25 clinical strains. PAPSZ1
infected 16 isolates. No host serotype specificity could be observed for either of these phages.
Using the PA16 strain, the latent periods of PIAS and PAPSZ1 were between 55-60 min. The
burst size of PIAS and PAPSZ1 phages were approximately ~110 and ~80 PFU per infected
cell, respectively. Fig. 12 shows that approximately 90% of the phages were adsorbed to host
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cells within 30 min. The PIAS phage had a larger bust size compared to that of PAPSZ1. PIAS

also induced more brown mutants than PAPSZ1.

a) b)
1E+08 1E+08
1E+07 1E+07
£ £
> 1E+06 S 1E+06
a Burst size = Burst size
1E+05 1E+05
. Burst Period “Burst Period
Latent period Latent period
1E+04 P——/—-—1r—-mr—-—-—mr-—-r—-—-T—T-"T""T—T"T"1 1E+04 P—~—~r—T—T—T—T—TTTTTT
00 20 40 60 80 100 00 20 40 60 80 100
Time (minutes) Time (minutes)

Figure 12. One-step growth curves of phage PIAS and PAPSZ1.The plot represents the
values of three independent experiments. The latent phase of PIAS and PAPSZI1 takes
approximately 55-60 min; PIAS phage can produce about ~110 phages and PAPSZ1 ~80
progeny per infected cell. Each experiment was done in triplicate. Error bars represent SD for

three replicates.

To assess the PIAS and PAPSZ1 phage's host killing efficiency, culture was grown in LB broth
and infected with PIAS and PAPSZ1 using different MOI values (0.1, 1.0, and 10.0). Bacterial
growth was monitored by measuring optical densities at ODgoo nm. The phage infection
inhibited the bacterial growth at MOI > 1.0, a result that grew progressively more prominent as
MOl increased. The optical density of the culture decreased at approximately 3 h post-infection
for all three MOI values (Fig. 13). At a higher phage titre (MOI 10), bacterial growth utterly
ceased for both phages. At a lower phage titre (MOI 0.1), bacterial growth was higher than
observed when the cells were infected at both MOI 1.0 and MOI 10, but it was still lower than

in the case of non-infected cells.
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Figure 13. Growth curves of PA16 host infected by the phage PIAS and PAPSZ1 at
different MOI. At a high phage titer (MOI 10), bacterial growth was inhibited by phage
infection (black). When an equal ratio of phage/bacteria was used (MOI 1), a growth increase
was observed (mutant growth) after 16 hours (red). At lower phage titer (MOI 0.1), the bacterial
growth inhibition could hardly be observed. The non-infected sample was used as a control
(green). Each experiment was done in triplicate, and ODgoonm values were measured, averaged,

and plotted. Error bars represent SD for three replicates.
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7.5. Phage genome sequencing and comparison

The complete genomes for PIAS and PAPSZ1 were sequenced, assembled and annotated
(Bioproject: PRINA722489). Phage annotation against phage sequences in Uniprot provided
hits for only 15 out of 181 predicted CDS regions. Phage phylogenetic analysis revealed that
PIAS was closely related to the phages PaP1 (Lu et al., 2013) and PaoP5 (Shen et al., 2016)
(Fig. 14a)
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Figure 14. Genome-wide comparison of PIAS and PAPSZ1 to other selected P. aeruginosa
phages. a) Phylogenetic analysis of PIAS and few related phages. b) Whole genome
comparison of PIAS to closely related phages.
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Table 4. Characteristics of the genomes of PIAS, PAPSZ1 and other P. aeruginosa PAK P1-
like and KPP10-like phages

Clade Name Genome length | ORFs predicted | GC content | tRNA
PAK P1 93398 181 49.50% 13
PAK P2 92495 176 49.30% 11
PAK P4 93147 174 49.30% 13
PAK Pl-like | JG004 93017 161 49.30% 12
PaP1 91715 157 49.40% 13
PIAS 92 397 181 49.29% 15
PAPSZ1 92 261 181 49.30% 15
PAK P3 88097 165 54.80% 3
KPP10-like | PAK PS5 88789 164 54.70% 3
CHA P1 88255 166 54.60% 3

Previous studies have identified these phages as a separate group called PAK-P1 like phages
(Henry et al., 2015). This group of phages clusters separately from other P. aeruginosa phages.
Multiple whole genome comparisons of PIAS and PAPSZ1 against other Pak-P1 phages
suggests the phages share close synteny (Fig. 14b). Phage annotation with closely related phage
sequences present in Uniprot provided annotations only for 15 CDS regions out of 181 predicted

CDS regions (Table. 4).

7.6. Formation of PIAS and PAPSZ1 phage resistant strains

PIAS and PAPSZI1 phage infections led to the sequential appearance of colonies with two
phenotypes (Fig. 15). The initial set of colonies were green/pale, then these colonies turned to

brown in the presence of phages.

24 hours incubation 48 hours incubation 64 hours incubation

Figure 15. Appearance of resistant colonies after phage infection. The color of mutant

colonies shifted from green or pale to brown over a period.
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Colonies of these two phenotypes could be observed with the other four strains, as well.
However, the time elapsed till the appearance of the differently colored variants depended on
strains and MOI values. In a double-layer soft agar plate, primarily green or pale. Notably, no
green or brown colonies appeared in the absence of phage infection after several replating of
the hosts, therefore the phenotypic (and genotyping see below) changes were evidently phage-
induced or phage-provoked. At higher MOI, there were fewer phage-resistant colonies for many
clinical strains (Fig. 16). The average frequencies of PIAS mutant in the five studied strains
were: at MOI 0.1: ~311 £ 20 x 1078 for green and ~183 = 25 x 1078 for brown colonies; at MOI
1: ~120 +£ 22 x 1078 for green and ~238 + 24 x 1078 for brown; at MOI 10: ~43 £10 x 1078 for

green and ~53 + 10 x 1078 for brown colonies (Fig. 16a).

The average mutant frequencies of the five studied strains were lower in the case of PAPSZ1
than PIAS infections: at MOI 0.1: ~263 £+ 28 x 1078 for green and ~160 + 20 x 107® for brown
colonies; at MOI 1: ~60 £ 20 x 1078 for green and ~73 £ 23 x 1078 for brown; at MOI 10: ~23
+£15 x 1078 for green and ~30 + 10 x 1078 for brown colonies (Fig. 16b). A higher MOI always
generated a lower incidence of phage-resistant colonies. Therefore, we used MOI 1 as a

standard for further experiments.

a) b)

400 300

300 225

200

150

100 75

Mutant frequency ( x 107-8)

MOI 0.1 MOl 1 MOI 10 MOI 0.1 MOl 1 MOI 10

B Brown mutants [ Green mutants

Figure 16. Bacterial mutant frequencies. MOI dependence of the frequencies of the green
and brown colony formation of a) PIAS and b) PAPSZ1. For statistical analysis, two-way
ANOVA was performed with Tukey’s multiple comparison test. *** if P<(0.001 and ns= not

significant.
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7.7. PIAS phage and its mutual evolutionary effect on the bacterial hosts

7.7.1. Genome characterization of PIAS phage resistant mutants

Phage resistant colonies were cultivated for isolating and sequencing their genomes. Again, we
used the PAO1 genome as the reference genome. As shown in Table 5 and Fig. 17, the genomes
of all green colonies harbored SNPs and relatively small deletions (20—80 kbp), while we
observed large deletions (274—417 kb) in all the brown colonies. Most importantly, the mutated
genomic regions of the green and the brown mutants were very similar (from 2,000 to 2,500

kbp).

Table 5. Single nucleotide genetic variations in the mexY gene of the green/pale mutant of
various P. aeruginosa strains. All strains were resistant against PIAS but could be infected by

E-PIASs (see below).

Mutated Gene Strain Mutation Annotation
Gl6 C—A T408N (ACC—AAC)
G21 829bp MC
G22 G—A Intergenic (—/+520)
MexY -Multidrug efflux Gl7 Smd} E658 (AGG—ATG)
RND transporter subunit G59 80bp MC
(MexXY-OrpM) IVAIL6 CoA T408N (ACC—AAC)
IVB16 C—A T408N (ACC—AAC)
IVC16 C—A T408N (ACC—AAC)
IVDI16 C—A T408N (ACC—AAC)
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Figure 17. Mutated genomic regions. Alignment of the genomic deletions of PA16 green and

brown mutants in the region of 2000 kbp-2500 kbp.

Deeper analysis of the mutations in the green colonies disclosed that common SNPs occurred
in the mexY gene (Table 5), which might hinder the wild type PIAS phage infection of the green
mutants. On the other hand, the larger deletion in the brown mutants occurring in the genome's
2000-2500 kb region removed the mexY gene with many genes involved in membrane integrity,

transport, quorum sensing, pigmentation, and antibiotic resistance (Table S2).

2000 kbp

Figure 18. Genomic deletions. The mutated genomic regions of the wild type, green (G) and

brown (B) PA16, PA17, PA21, PA22, PA59 mutants induced by either PIAS or PAPSZ1.
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We compared the mutated genomic regions of the brown mutants to those presented in a
previous study (Shen et al., 2018) (Figure 18, SRR64, SRR65). Despite of using different
phages and hosts, the deleted regions in the brown mutants were similar in both studies. We
note that Shen et al. (date?) used the PaoP5 phage, which is also a member of PAK-P1-like
phage family (Fig. 14). The pattern of smaller deletions in various PA16 green mutants (Fig.
17) suggested that the formation of the large deletions might have occurred via a continuous
multistep evolutionary process that began with the emergence of SNPs, followed by smaller

than larger deletions.
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7.7.2. Antibiotics’MIC assay for PIAS phage resistance mutant

As mentioned above, five MDR P. aeruginosa clinical strains were selected for detailed study
(PA16, PA17, PA21, PA22, and PAS9). The antibiotic sensitivities of these strains were
screened by the disk diffusion method, followed by a minimum inhibitory concentration (MIC)
assay. In the case of four strains, the MIC of gentamicin (aminoglycosides) was >45 pg/mL;
for two strains, the MIC of ceftazidime (antipseudomonal cephalosporins) was >45 pg/mL. For
all five strains, the MICs of fosfomycin (phosphonic acid) and tetracycline (polyketide) were
>180 pg/mL and >93 ng/mL, respectively (Table 6).

Table 6. Antibiotic’s MIC values in the case the wild-type and phage-provoked green and

brown mutants of various MDR P. aeruginosa clinical isolates.

Antibiotic’s MIC
Antibiotic Strain
Wild-type | Green mutant | Brown mutant

. PA16 | 173.3%11.1 19.3£1.5 16.6£1.5
= PA21 | 126.6%11.5 16.6£1.5 12.6£1.5
g PA22 | 93.3%115 18.6£1.5 14.6£1.5
§ PA17 | 126.7+11.5 | 21.3%15 18.6£1.5

PA59 | 130.0+10.0 18.7£1.5 18.7£1.5
: PA16 | 201.6+2.8 29.343.0 20.342.5
S PA21 180.0+0.0 28.0+0.0 21.344.1
g PA22 | 200.3+20.0 | 31.6+2.8 27.642.5
3 PA17 | 1933£11.5 | 26.6£1.5 31.6+2.8

PA59 | 193.3£11.5 |  40.0£5.0 35.645.0
. PA16 30.02.0 8.6<1.5 53+1.1
-,% PA21 45.3+1.1 7.3+1.5 6.6+1.2
IS PA22 30.6+1.1 9.3+1.2 53+1.2
§ PA17 46.7+1.1 10.0+2.0 6.6+1.1

PA59 46.7+1.1 17.642.5 11.642.5
£ PA16 51.6+2.8 21.642.5 15.042.5
Qé* PA21 61.742.8 21.642.5 15.042.5
2 PA22 51.6+2.8 12.0£2.5 10.0+2.5
S PAI7 | 45.0%5.0 12.042.5 10.0+2.5

The MIC of the above antibiotics were significantly changed - dominantly dropped — for the
mutants (Table 6). The MICs of gentamicin for green and brown mutants were <21 pg/mL and

< 15 pg/mL, respectively; the MICs of ceftazidime for green and brown mutants were < 10
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png/mL and < 6 pg/mL, respectively. The MICs of fosfomycin and tetracycline for green mutant

and brown mutants were <40 pg/mL and < 35 ug/mL, respectively.

7.7.3. Membrane integrity

The membrane integrity of bacterial cells is a well-accepted criterion for characterizing their
virulence. A break in the integrity of the cell membrane immediately compromises its essential
role as a barrier, which can seriously endanger the cell. Whole-genome analyses of the mutant
bacteria disclosed that they lost many membrane-related genes (Table S2). Furthermore,
examination of the deleted regions indicated that the brown bacteria lost many genes of proteins
having membrane-related functions such as cell adhesion, cell surface receptor, pilus
organization, genes responsible for regulating biosynthesis of important organic molecules, and
cell wall organization.

To investigate the impact of these gene deletions, we measured the membrane sensitivity to bile
acid (Fig. 19). All five brown mutants exhibited higher sensitivity to bile acid than wild-type
bacteria did. The average MIC concentrations of bile acid for wild type, green and brown
mutants were 6 % (£0.5%), 4% (£1%) and 2.5 % (£ 0.5%), respectively. Conversely, the bile

acid sensitivity of the green mutants was almost similar to that of the wild type.

8
) (]
—o880— [ J —o880—
6 esee esee haaad QUMM
) ok —O800—  GINNL. 0000  Abbbdddd ®
S Abbdbidd esee —ahiada oo W1
o AMA
‘S A GM
c 4
2 *%k% *%k% *%k% k%% % A BM
@ AbbbbbAd  AMMAAAAL  —AMM  AbMMAAAL AdMAMAAL
AMA AMAMAA Jay AMAAMA
2 oS o B8
0

PA16 PA21 PA22 PA17 PA59

Figure 19. The MIC concentrations of bile acid for the wild type and mutant strains. GM:
green mutants, BM: brown mutants. For statistical analysis, two-way ANOVA was performed

with Tukey’s multiple comparison test. *** if P<0.001.
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7.7.4. Screening receptor-based knock-out library for phage sensitivity and adsorption

Bacteria evolve phage resistance by alerting, losing, or masking phage receptors from binding
(Dowah & Clokie, 2018). In such a mutant, the phage can not be adsorbed and multiply. The
genomic analysis of the mutants identified a few potential targets as phage receptors. We

screened 12 knock-out mutants (Fig. 20 and Table S2) for PIAS sensitivity.

a) b)
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Figure 20. PIAS phage sensitivity of the PAO1 transposon mutant strains. a) PIAS plaque
spot assay on various PAOI1 transposon mutants (Table S2). b) PIAS adsorption assay with the
PA16 and PAOI1 wild-type strains as well as selected PAO1 transposon mutants. Each
experiment was done in triplicate. Error bars represent SD for three replicates. For statistical
analysis, one-way ANOVA was performed with Tukey’s multiple comparison test. *** if

P<0.001, * if P<0.05.

The doprM and AmexY mutants were completely resistant to PIAS, but the 4galU strain (GalU
1s responsible for the biosynthesis of LPS core region) was still sensitive (Fig. 20a,b). We then
quantified unadsorbed phages after a brief incubation period, revealing defects in binding.
Adsorption was lower to both the wild-type PAOI1 strains and transposon knock-out mutants
than to our wild-type clinical strains. At a set point, adsorption to the PAO1 and A4galU PAO1
strains was ~40% less than to the wild type clinical strain (PA16). No PIAS adsorption to the
AmexY and doprM PAO1 mutants could be observed.
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7.7.5. Isolation of co-evolved PIAS phage mutant E-PIASs

To study the (evolutionary) reason of the two types of mutants (pale and brown), we first
isolated early pale mutants of PA16, PA22, PA21 and PA17. We used whole-genome
sequencing to confirm the SNPs. Then, we were able to isolate phages capable of infecting
these green mutants from previously infected plates. Phage lysates were collected and plated
with these green mutants. Next, we purified, propagated phages from single plaque(s) capable
of infecting green mutants from various hosts. Their genetic materials were purified and
sequenced (Bioproject: PRINA722489). Comparison of their genomes to that of the wild-type
PIAS revealed that phages had SNPs in the phage tail fiber protein (Table 7). These mutations

enabled the phages to infect the green bacterial mutant.

Table 7. Single nucleotide genetic variations in the phage tail fiber protein of various E-PIAS

phages multiplied on various green hosts.

Mutated Gene E-PIAS Mutation Annotation
E-PIAS H16 T—G 1639S (ATC—AGC)
Tail fiber E-PIAS H22 T—G 1639S (ATC—AGC)
protein
E-PIAS H21 G—A | H635Y (TGA—TAA)

7.7.6. Frequency of the formation off E-PIAS phage cocktail resistance mutants

Mutation frequencies were also examined with E-PIAS phage cocktail (E-PIAS H17+ E-PIAS
H21+ E-PIAS H16) and first-line SNP bacterial mutants. At higher MOI, there were fewer
phage-resistant colonies relative to wild type PIAS phage. The average mutation frequencies of
the wild type hosts infected with E-PIAS cocktail for the five studied strains were: at MOI 0.1:
~25 £ 5 x 1078 for green and ~68 = 10 x 107® for brown colonies; at MOI 1: ~3 £ 1 x 107® for
green and ~8 + 5 x 107® for brown; at MOI 10 there was no growth observed (Fig. 21). The
average mutation frequencies of the five PIAS resistant green mutant strains infected with E-
PIAS were: at MOI 0.1: ~9 £ 5 x 107® for green and ~50 + 10 x 1078 for brown colonies; at
MOI 1: ~4 £ 2 x 1078 for brown and no green mutant were observed. At a higher MOI (MOI
10), E-PIAS cocktail completely eradicated the bacterial growth.
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Figure 21. Mutation frequencies of various hosts infected with E-PIAS phage cocktail. a)
Bar graph represented the green and red/brown mutant frequencies when wild type P.
aeruginosa was infected with E-PIAS phage cocktail. b) Bar graph represents the frequency of
green and brown mutant formations when SNP green mutant hosts were infected with E-PIAS
phage cocktail. Each experiment was done in triplicate, ND - Not detected. Error bars represent
SD for three replicates. For statistical analysis, two-way ANOV A was performed with Tukey’s

multiple comparison test. *** if P<(0.001.

7.7.7. Challenging bacteria with phage and phage antibiotic combinational therapy

One of the mostly discussed potential drawbacks of phage therapy is the possible rise of phage-
resistant bacterial mutants that evolve and proliferate during treatment. Genome analysis of the
evolved bacterial mutants revealed that the bacteria had an altered membrane-related gene
product MexY (of MexXY-OprM system) for self-defense against PIAS. This protein plays a
vital role in the RND drug efflux system involved in antibiotic resistance (Masuda et al., 2000).
We first determined the MIC values of four antibiotics for all five clinical strains and their
mutants for (Table 6). In all cases, the phage-provoked mutants were substantially more
sensitive to all antibiotics. This means that the formation of phage resistance comes at the cost
of increased drug sensitivity. We used this window as a strategy for comprehensively
eradicating mutants by treating the Pal6 wild-type strain with an antibiotic (fosfomycin,

gentamycin, tetracycline and ceftazidime) combined with PIAS. A control plate with
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gentamycin but without phage had visible colonies after 24 h (Fig. 22a). Upon phage treatment,
the mutant formation described above could also be observed (Fig. 22b). The PIAS-antibiotic
combination completely prevented the formation and growth of mutants after 48 h incubation

(Fig. 22c¢).

Figure 22. Combination therapy on solid agar. PA16 plated with a) antibiotic (30 pg/ml
GMN), b) with PIAS (~2 x 10® pfu) and ¢) with PIAS (~2 x10® pfu) and antibiotic (30 ug/ml
GMN).

We confirmed this in a planktonic assay using four antibiotics (Fig. 23 a,b,c,d). We found that
combination therapy outperforms either phage or antibiotic treatments alone. Notably, the same
strategy can be achieved by many other antibiotics against which bacterial resistance is based

on the RND system.
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Figure 23. Combination therapy in liquid broth (LB). The single and combined effects of
phages and antibiotics on cell growth as compared to the non-treated cells. The PIAS (~2 x108
pfu) and the following antibiotics: a) FSF 50ug/ml, b) GMN 30 pg/ml, ¢) TET 30 pg/ml and
d) CAZ 30 pg/ml were used for the combinational therapy. For statistical analysis, one-way

ANOVA was performed with Tukey’s multiple comparison test. *** if P<0.001, ** if P<0.01,

Time (hours)

* 1f P<0.05, ns=not significant.
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7.7.8. In vivo rescue experiment in the mouse lung infection model

Fig. 24 illustrates the scheme of the experiments and Table 8§ summarizes our experimental
setup and results. We first tested the effects of controls - phosphate-buffered saline (PBS), high
dose of phage, and FSF - on the mice. None of these had a drastic effect on the animal during

the 10-day monitoring period (Table 8, Group 1-3).

_ Pseudomonas aeruginosa
" lung infection model

PIAS Phage Treated { PIAS+Antibiotics Phage Treated

X X

Harvested mice's organs after post-infection treatment

Figure 24. Schematic representation of in vivo experiment.

Infection doses in the applied bacterial lung model adapted to PA16 were established in
preliminary studies. The administration of 5 x 10% cfu/mouse was fatal and killed all
experimental animals in two days. Conversely, administration of one-third of this bacterial load
[15x dilution (15x)] ensured the survival of 75% of the animals (Table 8, Group 4). Therefore,
the experiments with 5 x 10° cfu/mouse doses will be discussed here. In the case of the 5x
bacterial dilution, the survival ratios were modified minimally if either PIAS - at any applied
MOI (0.2, 1, and 5) - or 1 mg FSF was administered intraperitoneally to the challenged groups.
However, this situation changed drastically if 1 mg FSF and PIAS were used in combination as

therapeutic agents. In the case of PIAS (MOIs 1 and 2) combined with FSF, 25% of the animals
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survived, and their lifespans were elongated in some cases. In the case of MOI 5 applied with
FSF, 75% of the animals survived (Table 4, Group 7). Combination therapy ensured 100%
survival of all mice in groups in which the bacterial challenge was performed with the 15x

diluted bacterial inoculum.

Table 8. Treatments and survival rates in the in vivo rescue experiments in the mouse lung

infection model.

Survival
G Ba.ctelcium Bacterium FSF Phage Phage (%)
dilution cfu/mouse | mg/mouse | MOI | pfu/mouse 10 days
1 A. PBS control
S S S S S I
2 B. PIAS control
- | - - ] - 125000000 ]| 100%
3 C. fosfomycin control
- - ] o |- ] -] 100%)
4 D. Bacterium PA16 dilution controls
5x 5,000,000 - - - 0%
15x 1,500,000 - - - 75%
5 E. Bacterium PA16 + Phage PIASpais,
5x 5,000,000 - 0.2 1,000,000 0%
5x 5,000,000 - 1.0 5,000,000 0%
5x 5,000,000 - 5.0 25,000,000 25%
6 F. Bacterium PA16 + fosfomycin
5x 5,000,000 o | - | - 0%
7 G. Bacterium PA16 + fosfomycin + Phage PIASPA ¢,
5x 5,000,000 1.0 0,2 1,000,000 25%
5x 5,000,000 1.0 1.0 5,000,000 25%
5x 5,000,000 1.0 5.0 25,000,000 75%

Infection doses in the applied bacterial lung model adapted to PA16 were established in
preliminary studies. The administration of 5 x 10% cfu/mouse was fatal and killed all
experimental animals in two days. Conversely, administration of one-third of this bacterial load
[15x dilution (15x)] ensured the survival of 75% of the animals (Table 8, Group 4). Therefore,
the experiments with 5 x 10° cfu/mouse doses will be discussed here. In the case of the 5x

bacterial dilution, the survival ratios were modified minimally if either PIAS - at any applied
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MOI (0.2, 1, and 5) - or I mg FSF was administered intraperitoneally to the challenged groups.
However, this situation changed drastically if 1 mg FSF and PIAS were used in combination as
therapeutic agents. In the case of PIAS (MOIs 1 and 2) combined with FSF, 25% of the animals
survived, and their lifespans were elongated in some cases. In the case of MOI 5 applied with
FSF, 75% of the animals survived (Table 4, Group 7). Combination therapy ensured 100%
survival of all mice in groups in which the bacterial challenge was performed with the 15x

diluted bacterial inoculum.

We recovered PA16 bacterial colonies from many organs, including the brain, spleen, and lung
(Fig. 24). We screened 20 isolates from each organ against FSF, phage PIAS, and E-PIASs. We
recovered fewer bacteria from the brain than from either spleen or lung. Conversely, we found
a higher number of bacterial mutants in lung than in other organs. Approximately 4% of the
isolated colonies from lung and 2% of isolates from spleen were mutants. We isolated one
brown colony and two green colonies from the lung. The brown colony was sensitive to FSF (>
50 pg/ml), and the two green colonies displayed decreased MIC for FSF and were sensitive to
E-PIAS. Two mutant colonies in spleen had decreased MIC for FSF and were sensitive to E-
PIAS. We found no mutant colonies in brain isolates. We also screened the homogenized lung
solution for phages. We selected multiple plaques and screened them against PA16g mutants
and wild-type strains. Phage isolates were able to infect the wild-type PA16 but not the PA16g

mutant strains. We could not detect any phages in the other organs.
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7.8. PAPSZ1 phage and its coevolution with the host

7.8.1. Isolation of P. aeruginosa PAPSZ.1 phage-resistant mutants

To get a deeper insight into bacterial phage resistance, we infected PA22, with PAPSZ1 (Fig.
25a). Next, we tested PA22 phage resistance by reseeding the PA22-C1 (infection cycle 1)
sampled at 24 h into a fresh LB medium with a fresh PAPSZ1 phage to generate more
mutations. This cycle repeated for 64 h until three continuous infection cycles had been reached

(PA22-C1,-C2,-C3).
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Figure 25. a) Bacterial kinetic growth curve of PA22 (red) and PA22 (c1, c2, c3) infected with
PAPSZ1 (black). PA22 cultures were infected with PAPSZI1 and reseeded into a fresh LB
medium every 24 h for 64 h. Data are shown as the mean = SD from three experiments. b)
Bacterial titre at the given time points. ¢) Phage titres of the evolved PAPSZI1 lysates on the
actual host. The results are presented as mean values; error bars are £ SD from three
experiments. For statistical analysis, one-way ANOVA was performed with Tukey’s multiple

comparison test. *** if P<0.001, ** if P<0.01.
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We isolated multiple bacterial colonies during growth kinetic assay. These colonies were once
again screened for phage resistance by drop assay. Many colonies exhibited a variety of
PAPSZ1 resistance. Some displayed complete resistance, while others showed partial
phenotypes. The partial phenotype strains were dominant among the first infections (C1), but
they became less prevalent in the second cycle (C2). The C3 cycle only had the complete
resistance phenotype. Plaque- and colony-forming assays from samples taken at different time
points also confirmed the formation of phage-resistant mutants and their multiplication after 15

h (Fig. 25 b,c).

Table 9. Single nucleotide genetic variations in PAPSZ1-resistant colonies of the PA22 host.

Strain Gene Mutation Annotation

Hypothetical protein C—T Intergenic (—/+320)
Hypothetical protein C—G A5G (GCC—GGO)

PR-PA22
Sﬁjfuilizzzc(ljaz:? N-JE intergenic (—/-891)
Hypothetical protein C-T Intergenic (—/+320)
Hypothetical protein C—G A5G (GCC—GGO)
CR-PA22 Glycoprotein C—A Intergenic (—/-8)
CRISPR associated

endonuclease Casl N-JE intergenic (—/-891)

280 kb genome Deletion | 2,000kbp—2,500kbp

CRR-PA22 | CRISPR associated
endonuclease Casl

N-JE intergenic (—/-891)

Furthermore, genome analyses of (PR-PA22M partial-resistant colonies, CR-PA22M
completely resistant green colonies and CRR-PA22M completely resistant brown colonies) had
several mutations (Table 9). In the PR-PA22M genomes, SNPs in a hypothetical protein-coding
gene were identified. CR-PA22M had the same mutations, followed by missing nucleotides in
the glycoprotein and WYL domain. CRR-PA22M had a significant (280kb+20kb) genomic
deletion. The phenotypes of PR-PA22M and CR-PA22M were distinguishable in 16-20 h, and
the brown phenotype was noticeable after 24—48 h of infection.
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7.8.2. Isolation and characterization of PAPSZ1 phage mutants

Because CRR-PA22M had genomic deletion that caused permanent phage resistance, PR-
PA22M and CR-PA22M colonies were used for mutant phage screening. Notably, the CR-
PA22M strain was resistant to the wildtype PAPSZ1. Therefore, it was used only in the mutant
phage assays. Phage filtrate from different infection cycles (see ‘Materials and Methods’) was
used to test host sensitivity. The preliminary plaque assay on the above strains resulted in
numerous plaques. The whole-genome analyses of these phages revealed multiple mutations in

many genes and intergenic regions (Table 10).

Table 10: Summary of the single nucleotide genetic variations in all PAPSZ1 mutants.

Position | Mutation Annotation Description
5,912 +A intergenic (+56/-179) DNA primase/helicase protein
7,966 +G intergenic (+13/-47) Primase/helicase/DNA polymerase |
20,183 +A intergenic (+81/-31) Thymidylate synthase
21,558 +A intergenic (+35/-59) Ribonucleotide reductase
28,662 +A coding (311/315 nt) SprT-like domain-containing protein
40,481 4G intergenic (+73/-504) Endonuclease/hypothetical protein
65,482 +A intergenic (+2/-60) tRNA-Gly(tcc)/tRNA-Phe(gaa)
71,612 +C coding (609/639 nt) Major head protein
79,667 +A coding (2165/2271 nt) Tail length tape-measure protein
83,089 +A coding (+68/-131) Baseplate protein
86,126 | T—G L294R (CTT—CGT) Tail fiber protein
86,717 | A—G H491R (CAC—CGC) Tail fiber protein
86,733 | C—A S496R (AGC—AGA) Tail fiber protein
87,161 T-G 1639S (ATC—AGC) Tail fiber protein
89,068 | 3 bp—CAT coding (1385/1500 nt) Tail fiber protein

The phage mutants were classified into 4 categories based on the nature of their mutations (Fig.
26). The PAPSZ1/M1 mutant category had single SNP change in the tail fiber protein (TFP)
gene (¢fp). The PAPSZ1/M2 mutant contained two mutations in #fp as well as SNP changes in
phage tail length tap-measure protein (TLTMP) #/tmp; PAPSZ1/M3 had 4 SNPs in ¢fp, one SNP
in t/tmp and 1-1 insertion in head protein (HP) and base plate protein (BPP) gene. Compared to
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PAPSZ1/M3, PAPSZ1/M4 harboured two extra mutation in the #fp gene. Apart from these
genes, all mutants contained SNPs in the genes of SprT-like domain-containing protein, DNA

primase/helicase proteins and a tRNA-Gly/tRNA-Phe.

PAPSZ1/M1 PAPSZ1/M2

lT—»G C—-A

TFP TFP  +A TFP
TLTMP

PAPSZ1/M3 PAPSZ1/M4

+C +C
CP CP

C—oA T-G C—oA

TFP TFP TFP

A-G +A -G A—G +A T-G

TFP +A BPP TFP TFP_+A BPP L ~TFP
TLTMP TLTMP TFP

Figure 26. PAPSZ1 mutants capable of infecting PA22 green mutants. Four categories of

mutants and the corresponding typical single-nucleotide genetic variations of PAPSZ1 mutants.

7.8.3. PAPSZ1 mutants gained a broader host range and suppressed bacterial mutation

At this point, we had a PA22 wild type and mutant collection as well as a set of PAPSZ1/M
phage mutants. We were interested in how the host spectrum of the mutant phages had changed.
Therefore, we tested mutant phages from all categories on the wild-type and mutant PA22 hosts.
The PAPSZ1/M4 category of phage mutants had a higher infection spectrum than the other
phages. The PAPSZ1/M3 and PAPSZ1/M4 phages could infect both the PRPA22 and the
CRPA22 mutants, which were utterly resistant to wtPAPSZ1. PAPSZ1/M2 could infect
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PRPA22 and CRPA22, but it was not so efficient as PAPSZ1/M3 or M4. Meanwhile,
PAPSZ1/M1 was only able to infect PRPA22 (Fig. 27).

o

PAPSZ1/M1 PAPSZ1/M2

WT-PA22 PR-PA22 CR-PA22 WT-PA22 PR-PA22 CR-PA22

%

)
PAPSZ1/M3 PAPSZ1/M4

10°

10°

107

10°

WT-PA22 PR-PA22 CR-PA22 WT-PA22 PR-PA22 CR-PA22

Figure 27. Plaque assay using PAPSZ1/M phage mutants as well as wild-type and mutant
PA22 hosts.

These mutant phages were then used to study the broth infection assay on wt-PA22. To study
bacterial resistance, we infected WT-PA22 with PAPSZ1/M1, PAPSZ1/M2, PAPSZ1/M3 and
PAPSZ1/M4 for a 24-h broth assay. The phage mutants PAPSZ1/M3 and PAPSZ1/M4
overcame the bacterial phage resistance (Fig. 28, d,e) derived from various genetic changes
(Table 9). PAPSZ1/M2 was able to delay the time required for the formation of bacterial
resistance (Fig. 28,c). The PAPSZ1/M1 phage was unable to overcome the formation of
bacterial resistance (Fig. 28,b). We then used PAPSZ1/M3 and PAPSZ1/M4 mix as a cocktail
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to infect the PA22 host. These cocktails were more efficient than the single-mutant phage (Fig.
R28, 1).
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Figure 28. Kinetic plots showing growth curves of WT-PA22 bacterial cultures that were
infected with PAPSZ1 and PAPSZI1 mutants. WT-PA22 was infected with a) PAPSZ1
(control); b) PAPSZ1/M1; ¢) PAPSZ1/M2; d) PAPSZ1/M3; e) PAPSZ1/M4; f) a cocktail
composed of PAPSZ1/M3 and PAPSZ1/M4 (1:1). MOI 1.0 was applied, and the bacterial
growth was monitored by measuring optical density at 600 nm. Each plot consists of three
replicates from three independent experiments and is shown as the mean + SD. For statistical
analysis, one-way ANOVA was performed with Tukey’s multiple comparison test. *** if
P<0.001 and ns= not significant.
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8.0. DISCUSSION

Bacteriophages are the only antimicrobial entities that show precision in choosing a host and
self-replicate by continuously co-evolving with their host. The idea of using phages to combat
bacteria is not new. The PhagoBurn study of burn patients infected with Escherichia coli and
P. aeruginosa are some recent examples of such application (Jault et al., 2019). However, the
idea of using phage therapy to its full potential by utilizing an evolutionary window is unique.
Many interactions occur during the phage infection cycle. These interactions happen in different
stages, beginning with the early reversible binding of the virion and continuing till the end of
the viral release (Thomassen et al., 2003). In many cases, the O-antigene of the LPS layer serves
as a receptor for phage adsorption in P. aeruginosa (Bertozzi Silva et al., 2016). One of the
most striking features of P. aeruginosa is its remarkable capacity to develop fast resistance via
chromosomal mutations; this helps it combat antimicrobial treatments and/or phage infection.
For example, an SNP in the phage receptor is sufficient to stop phage infection in P. aeruginosa
and Klebsiella pneumonia (Hesse et al., 2020; G. Li et al., 2018). The phage genome can also
be evolved to counteract the bacterial defense mechanisms by inducing mutation in its genome,

as it was described for Bacillus subtilis (Habusha et al., 2019).

The PIAS described in this study could inhibit and eradicate many tested clinical strains at high
MOI values. At low MOlIs, hosts undergo multistep evolution by generating changes in their
genomes to block phage infection. This is a critical issue to review, as the uneven distribution
of the bacteria and phages in real applications will result in different MOI values in different
organs. The first line of bacterial defense caused the growth of green colonies containing SNPs
and small genomic deletions. These mutations appeared shortly after single plating. A
comparative study of multiple green mutants from a single clinical strain revealed small
deletions with some variations (Fig. 17). Nevertheless, the patterns of the more minor genomic
deletions in the green mutants suggest a multistep bacterial evolution process, which begins
with SNPs followed by smaller to larger deletions that interfere with phage infection. Apart
from observing random and more minor deletions in the 2000-2500 kb region, we could not
isolate a mutant with single-gene deletion responsible for phage resistance. All these green
mutants had either SNPs in the mexY gene and/or smaller deletions in that genomic region. Our
experiments clearly showed that these mutations defended the bacterial lineages from phage
infection. PIAS counteracted this through evolving mutations against the first lineage of
bacterial mutants. The genomic study of E-PIASs and PAPSZ1 phage sequences identified a

mutation in the tail-fiber protein that restored the phage’s virulence against the green mutants
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(Table 7). Ultimately, the bacteria shielded itself against this evolved phage by generating a
stable brown mutant with a larger genomic deletion containing many genes responsible for the
membrane function and integrity, including mexY but not the orpM. MexY, as a part of the
MexXY-OprM efflux system, plays a key role in PIAS adsorption. We confirmed this using
knock-out mutants derived from P. aeruginosa strain PAO1 in spotting and adsorption assays.
Moreover, the orpM knock-out mutant was also resistant to phage infection, indicating the
essential role of OrpM in phage-host interaction. In contrast, the disruption of the galU gene
coding for a protein involved in the LPS core region biosynthesis had no apparent effect on the
phage infection process. Consequently, PIAS phage uses the MexXY with OprM as a receptor
to initiate infection. Previously studied OMKOI1 phage (Myoviridae family) has also been
reported using MexXY-OprM as a receptor for adsorption (Gurney et al., 2020). The brown
color in the mutants is attributed to the deletion of the AmgA4 gene, causing accumulation of
homogentisic acid (Rodriguez-Rojas et al., 2009). The deleted region also has many other genes
necessary for bacterial defense, pathogenesis membrane integrity, transport, guorum sensing,
and antibiotic resistance (Table S2). Chromosomal DNA deletion-producing pigment mutants
have been studied (Shen et al., 2018; Tanji et al., 2008). According to these studies, random
brown mutants with chromosomal deletion and a white mutant with a single nucleotide
variation in the LPS gene prevented phage adsorption after phage infection. In (Le et al., 2014),
the authors also stated that the brown mutants formed spontaneously before phage infection.
However, we found that no pigment mutant appeared without phage infection. Large genome
deletions (50-600 kb) have also been found when P. aeruginosa is exposed to certain antibiotics

such as ceftazidime and meropenem (Cabot et al., 2016; Sanz-garcia et al., 2018).

In a previous study, a single ga/U mutant was shown to have increased ceftazidime MIC value,
linked to a decreased membrane permeability (Alvarez-Ortega et al., 2010). However, in phage
provoked brown mutant the same gal/U gene is missing with a more significant genome deletion
including many membrane-related genes (Table S2, GO:0006011). Our bile acid permeability
study showed that the brown mutants significantly increased the membrane permeability
compared to the wild-type strain (Fig. 19). However, no point mutation could be identified in
the galU gene in our green mutants. Thus, the decreased MIC of ceftazidime in the mutants
might have multiple reasons, including the mutation/elimination of genes responsible for the
membrane integrity. Notably, no antibiotics were used in our study when large genomic
deletions took place. The other difference in this study from previous findings is that the PIAS

uses a different receptor - MexXY-OprM - to initiate the infection.
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Interestingly, previous studies with phages PaP1 and PaoP5 revealed similar genomic deletion
patterns in the bacterial host (Shen et al., 2018). Our study compared the genomic deletions in
their host mutants generated by PIAS and PaoP5 (Fig. 18a). We found that the mutants had
similar deleted regions that clogged phage infection. One important difference in our study was
that PaoP5 was adsorbed to the LPS, whereas PIAS interacted with MexXY-OprM as the phage
receptor of bacteria. It is also important to note that phage-provoked chromosomal deletions
are not limited solely to PAK-P1-like phages. Another group of Podoviridae phages, Ab31,
Ab27 and Ab09 also gives rise to mutants with genomic deletions (Latino et al., 2014, 2019).
However, the genomes of these phages (~45kb) are much smaller than are those of PAK-P1-
like phages (~93kb). Thus, further studies are required to identify the genera to which both
Ab31 and Ab27 belong and any underlying functional similarities in how these phages infect
their hosts and induce deletions. Our study also observed phage-provoked chromosomal
deletion by PAPSZ1, which could also provoke the formation of brown mutants from various
clinical strains. However, after PAPSZ1 infection, the green mutant did not show any
significant drug sensitivity compared to the wild type. Thus, we believe that PAPSZ1 uses an
alternative receptor to initiate infection. The formation of bacterial mutants with different
colony morphology following phage infection has been studied (see above). However, there
have been no published studies concerning the interaction between genomic deletion and
restoration of antibiotic resistance. Furthermore, this thesis provides insight into the short-term

bacterial and phage coevolution both in vitro and in vivo.

8.1. Compromised RND multidrug efflux system

P. aeruginosa mainly neutralizes the action of antibiotics by reducing the permeability of its
outer membrane and efficiently excluding drug molecules through efflux pumps (Lambert,
2002; Riou et al., 2016; Cunrath et al., 2019;). Most common clinical resistance in P.
aeruginosa 1s associated with mutations affecting efflux pumps (Kievit et al., 2001;
Laohavaleeson et al., 2008; Ohene-Agyei et al., 2012; Ozer et al., 2012; Singh et al., 2017;
Guénard et al., 2014; Serra et al., 2019). Shreds of evidence support that the membrane-
associated peptidoglycan and a major facilitator superfamily (MFS) transporter can also
contribute to antibiotic resistance (Borisova et al., 2014; Sharma et al., 2017). Efflux pumps are
vital for bacteria to overcome the current era of antibiotics. This significance has attracted them
as novel drug targets, and many new efflux pump inhibitors have been developed (Lamut et al.,

2019). Meanwhile, PIAS can directly utilize the components of an efflux pump for infection.
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This will induce a race between bacterial fitness/antibiotic sensitivity and phage resistance. Of
the various RND type efflux pumps, MexAB-OprM, MexCD-Opr), MexEF-OprN, and
MexXY-OprM are extremely important. The MexXY-OprM RND comprises an outer
membrane porin (OprM), a cytoplasmic-membrane antiporter (MexY), and a periplasmic
membrane fusion protein that joins the membrane-associated components together (MexX)
(Daury et al., 2016). This system, together with OprM, contributes to the intrinsic drug-
resistance mechanism in MDR P. aeruginosa. In our study, the mutant colonies displayed
changes (SNPs or deletions) in the mexY gene, potentially changing the function of the efflux
system. The brown mutant showed more severe mutations, with-complete loss of genes such as
the mexY efflux transporter gene, the mexX precursor gene, and the regulatory gene mexZ.
Previous studies have shown that loss of mexY caused sensitivity to drugs of different classes
(Masuda et al., 2000). PIAS-provoked mutation and subsequent deletion may interfere with the
function of the efflux pump, making previous MDR clinical strains sensitive to different drug
classes. Aminoglycosides are an important class of drugs in treating P. aeruginosa infections.
Aminoglycoside resistance is widespread among CF patients. Overexpression and mutation in
mexXY have been reported in P. aeruginosa isolated from CF patients (Laohavaleeson et al.,
2008; Singh et al., 2017; Lopez-Causapé, Rubio, et al., 2018). Noticeably, in the PIAS provoked

green and brown mutants, the MIC of gentamicin decreased.

The larger genomic region was deleted during prolonged exposure of ceftazidime (Sanz-Garcia
et al., 2018). However, followed by this deletion, SNPs in MexAB-OprM and MexR genes
were also reported. Interestingly, an elevated MIC of ceftazidime for these mutants could be
measured. In contrast to this study, in our case, the phage provoked mutant had lowered MIC
for ceftazidime, which might have multiple genetic reasons. An earlier study has shown that
the outer peptidoglycan layer can also contribute to resistance (Borisova et al., 2014). In P.
aeruginosa, glpT transporter mutation can trigger FSF resistance (Castafieda-Garcia et al.,
2009). This mutation was absent in studied wild-type strains. For the PIAS-provoked bacterial
mutants, we found the MIC of FSF to be lower than for the mother strains. Phage-provoked
green mutants of PA16 had multiple minor deletions and SNPs in membrane-related genes that
might affect the mutants’ FSF resistance. The exact mechanism underlying the FSF resistance
remains unclear. We selected FSF for combinational therapy, as all the mutants became at least
5-times more sensitive to FSF than were the clinical wild-type cell lines. The ability of PIAS to

utilize efflux pumps as a receptor and induce deletions will qualify it as a novel phage. Thus,
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phage selection will be critical in using the full potential of such PIAS-like phages to combat
MDR bacteria.

8.2. In vivo and in vitro antibiotic and phage combination therapy

Though there have been ground-breaking in vivo studies on the efficiency of phage therapy,
few recent studies have evaluated the efficiency of combinational treatment with antibiotics and
phages in treating bacterial infection. A recent study of in vivo combination therapy with
OMKOI1 phage (which also utilizes efflux pumps for infection) and erythromycin showed
increased sensitivity in a wax moth (Galleria mellonella) larvae model (Burmeister et al., 2020).
For PIAS, it is vital to study how P. aeruginosa will respond in an environment where both the
phage and antibiotics are present. During infection and the subsequent phage treatment, the
actual MOI values depend strongly on the infection level, the applied phages doses, the method
of administration, and the quantitative tissue distribution. We used combined phage and
antibiotic therapy to challenge clinical strains of P. aeruginosa. The selected clinical strains
were infected in vitro with MOI 1 PIAS and with different antibiotics against which the strains
were resistant. Combination treatment eliminated the MDR-resistant strains, and we observed
no growth after 48 h incubation. This elimination may be provoked by the combined effect of
the antibiotics and the phages, with the antibiotics blocking the growth of mutants and the
phages killing the non-mutants. Though the way in which these gene mutations and subsequent
deletions were induced at the molecular level remains unclear, the phages clearly play an active
role in the process. From the in vivo experiments it could be concluded that PIAS in combination
with antibiotics could fight P. aeruginosa infection in mice. Several studies have recently
shown that phage therapy can treat P. aeruginosa infection in animal models (Beeton et al.,
2015; Cafora et al., 2019). We have also isolated bacteriophages capable of killing a range of
P. aeruginosa clinical isolates without the formation of phage resistant strains. Our study points
out the importance of preliminary, detailed examinations of the phage-host bacterium
interactions preceding the application of a given phage. This will determine the further strategy

for treating the infection.

Nevertheless, the phage mutants isolated from the animal organs confirmed that phage—
bacterial coevolution could also happen in vivo. As described above, we found a positive
interaction between phage and antibiotic therapy, as lethality was reduced when phages and
FSF were administered in combination. The combined action of phages and antibiotics has been

efficient in controlling MDR strains (Oechslin et al., 2017). As an antibacterial agent, PIAS has
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several properties that make it an undeniable alternative for treating MDR P. aeruginosa; the
ability of PIAS to compromise the drug efflux mechanism, the fitness, and the pathogenicity of
the target cells will add further advantages to the promising combination therapy. Combination
treatment may be able to alleviate some concerns associated with phage therapeutics. This study
shows that phages such as PIAS offer a unique window that can be exploited to eradicate MDR

bacteria.

8.3 PAPSZ1 mutant phages gained a broader host range and suppressed the formation
of bacterial resistance

Phages are the only known abundant bacterial parasite on the planet. Furthermore, they are
possibly the most diverse entity in existence. The diversity in phages is driven primarily by
their dynamic adaptation when facing selective pressures such as phage resistance, which is
widespread in bacterial hosts. In nature, this evolutionary upgrade can take a sustained period
of time to develop. Nonetheless, a study on PIAS phages has revealed that PAK-like phages
can undergo rapid mutation to overcome temporary bacterial resistance (Koderi Valappil et al.,
2021). When we compared the bacterial mutant frequency (PA22 green and brown mutant)
induced by PIAS and PAPSZI1, the PAPSZ1 phage provoked less mutants than the PIAS
(Fig.16). It is also important to note that PAPSZ1 infection resulted in more green than brown
PA22 mutants. Additionally, PAPSZ1 had broader host specificity than PIAS. Considering
these properties, we selected PAPSZ1 over PIAS to investigate whether phage mutants can

block/suppress bacterial resistance.

In this study, PA22 mutant hosts were generated against PAPSZ1. We confirmed PA22M’s
phage resistances by reseeding the strains. The colonies exhibited variations in resistance. When
we correlated resistance with genomic data, the colonies displaying complete resistance in 24
h had an added mutation in a glycoprotein gene. This gene may play a significant role in phage
resistance and, consequently, infection cycles. In addition to the genes of this glycoprotein and
the WYL domain protein, the bacteria also caused a change in the CRISPR-associated
endonuclease gene (Table 9). Previously, it was assumed that P. aeruginosa blocked the
infection of PAK-like phages either by a membrane-based defence strategy or by an advanced
approach of genomic deletion. The comparative genome analysis of host and phage mutants
revealed a more complex mutation pattern. In PAPSZ1 mutants, genomic changes in the DNA
primase/helicase gene and in many other genes code for proteins likely playing functional roles

in overcoming resistance. It is also important to consider the new junction evidence in CRISPR-
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associated endonuclease in resistant bacteria. These comparative data show that PAPSZ1 has
evolved to overcome multiple defence strategies in host bacteria. As described in the ‘Results’
section, PAPSZ1/M3 and PAPSZ1/M4 utterly prevented the formation of PA22 resistance. The
selection of such mutants will increase the efficiency of phage therapy. This study also

established the hotspot region of mutation, which suppresses bacterial resistance.

77



9.0.

SUMMARY

This thesis was written based on three projects carried out at the University of Szeged,

Department of Biotechnology. The study began with the isolation and characterization of novel

phages against MDR Pseudomonas aeruginosa. This process was followed by an investigation

of efficacy of these phages against in vitro P. aeruginosa biofilm. The isolated phages were

later characterized based on their morphologies, genomes and infection spectra. During this

study, we isolated two novel PAK-like phages capable of provoking single mutations and

genomic deletion in MDR P. aeruginosa. Further study on these two phages has uncovered new

insights into phage and bacterial coevolution. This window was used to explore the possibilities

of treating MDR resistance infection in an in vivo mouse model.

The following points summarize the primary findings of my research:

)

2)

3)

4)

We isolated and identified 25 clinical P. aeruginosa strains. The highest antimicrobial
susceptibility, which was 100%, pertained to polymyxins. The lowest susceptibilities
belonged to meropenem (3%) and fosfomycin (5%). The prevalences of various
serotypes were: P1 (2.5%); P10 (0.75%); P11 (1%); P3 and P5 (0.5%); and P12, P4, P6
and P7 (0.25%).

We isolated eight lytic phages (PIAS, PAPSZ1, PAPSZ2, PAPSZ3, PAPSZ4, PAPSZS,
PAPSZ6 and PAPSZ7). The host range was further established by screening 25 isolates
against phages. The isolate PAPSZ2 showed a broad spectrum by infecting 16 strains.
Meanwhile, PIAS phage exhibited a narrower host spectrum; it infected only eight
isolates. Six isolates (PIAS, PAPSZI1, PAPSZ2, PAPSZ3, PAPSZ6 and PAPSZ7)
belonged to the family of Myoviridae. Two isolates (PAPSZ4 and PAPSZS5) belonged
to the Siphoviridae family.

The phages’ biofilm infection efficiency was studied using confocal laser-scanning
microscopy. In vitro biofilm study showed that PAPSZ2 could disrupt biofilm most
effectively. A six-phage cocktail (PAPSZ2-PAPSZ7) was more efficient in
disintegrating the biofilm, however.

Further study on PIAS and PAPSZ1 phage infections led to the sequential appearance
of phage-resistant colonies with two phenotypes. The initial set of colonies was green
(pale). These colonies turned brown in the presence of phages. The colonies were

isolated and screened against phages and antibiotic sensitivity. Both isolated mutants
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5)

6)

7)

8)

9)

exhibited resistance to phages, but PIAS mutant had decreased MIC for gentamicin,
ceftazidime, tetracycline and fosfomycin.

Genome analysis of these mutants revealed they had undergone significant mutations.
The PIAS-phage infection resulted in green colonies harbouring SNPs and relatively
small deletions (20-80 kbp). A closer investigation of several genomic data revealed
that SNPs change in the mexY gene is responsible for phage resistance and antibiotic
sensitivity. The PAPSZ1 phage provoked only SNPs. Both Phage-provoked brown
mutants had larger genome deletions (274-417 kb).

We investigated the evolutionary explanation for the two types of mutants: green (pale)
and brown. We uncovered phage mutants capable of infecting green mutants from
previously infected plates. Comparison of their genomes and that of the wild-type PIAS
revealed that phages had SNPs in the phage tail fiber protein, which enabled them to
infect the green bacterial mutant.

After achieving this new insight into the evolutionary arm race between hosts and
phages, we comprehensively eradicated mutants by treating MDR strain with an
antibiotic (fosfomycin, gentamycin, tetracycline and ceftazidime) combined with PIAS.
The in vitro study with PIAS-antibiotic combination completely prevented the
formation and growth of mutants after a 48-h incubation period. We confirmed this
finding in a broth susceptibility assay, and we found that combination therapy
outperforms either phage or antibiotic treatments alone.

After a successful in vitro experiment, we experimented with same strategy in an in vivo
rescue mouse lung infection model. Combinational therapy, combined PIAS (MOI 1
and 2) with FSF, saved 5% of the animals. In the case of MOI 5 applied with FSF, 75%
of the animals survived. Combination therapy ensured a 100% survival rate among mice
in groups in which the bacterial challenge was performed with the 15-time diluted
bacterial inoculum.

The study on PIAS phages revealed that PAK-like phages can undergo rapid mutation
to overcome temporary bacterial resistance. When we compared the frequencies of the
green and brown mutants formed after PIAS and PAPSZ1 infection. The PAPSZ1
infection yielded lower mutant frequency than PIAS. Additionally, PAPSZ1 had a
broader host specificity compared to PIAS. Considering these properties, we selected
PAPSZ1 over PIAS to investigate whether phage mutants can prevent/suppress the
formation of bacterial resistance. We intently isolated multiple PAPSZ1 mutants after a

continuous evolutionary infection cycle.

79



10) The phage mutants were classified into four categories based on the nature of their
mutations. The PAPSZ1/M1 mutant category had single SNP change in the #/p (tail fiber
protein). The PAPSZ1/M2 mutant contained two mutations in #fp as well as an SNP in
phage tail length tap-measure protein, #/tmp gene. PAPSZ1/M3 had 4 SNPs #fp, one SNP
in tltmp and 1-1 insertion in the HP and the BPP gene. Compared to PAPSZ1/M3,
PAPSZ1/M4 harboured two extra mutation in the #fp gene. Further study showed that
the phage mutants PAPSZ1/M3 and PAPSZ1/M4 overcame bacterial phage resistance.

Although there have been groundbreaking in vivo studies on phage therapy's efficiency, few
recent studies have compared the combinational efficiency of antibiotics and phage infection.
This in vitro and in vivo combinational study with PIAS phage and previously resistant
antibiotics eliminated bacterial growth. As an antibacterial agent, PIAS has several properties
that make it an undeniable alternative to treat MDR P. aeruginosa. A combinational treatment
could overcome some concerns associated with phage therapeutics. As shown in this thesis,
phages such as PIAS and PAPSZ]1 offer a unique window that can be exploited to eradicate
MDR bacteria. An assortment of phage mutants such as PAPSZ1/M3 and PAPSZ1/M4 could
suppress/block the formation of host resistance. Selecting such mutants will increase the

efficiency of phage therapy.
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10.0.

OSSZEFOGLALAS

A PhD tézis 3, az SZTE TTIK Biotechnologiai Tanszékén végzett, projekten alapul. A

tanulmany elsé 1épése: MDR Pseudomonas aeruginosa ellenes 1) bakteriofagok izoléalasa és

jellemzése. Ezt kovette az izolalt fagok hatékonysaganak vizsgélata in vitro P. aeruginosa

biofilmen, a fagok morfoldgiai jellemzése, genomjuk szekvencia analizise és a fertdzési

spektrumuk megallapitdsa. Ezek eredményeként sikeresen azonositottunk két j, PAK-szerti

fagot, melyek képesek genomi deléciot kivaltani a gazda MDR P. aeruginosa torzsekben.

Ennek a két fagnak a tovabbi részletes vizsgalata Gjfajta betekintést engedett a bakteriofag-

baktérium ko-evolucioba, amely alapjan a kezelés terapias potencialjat kivantuk kiaknazni az

MDR fertézés in vivo egérmodelljén keresztiil.

Kutatasaim legfontosabb eredményeit a kovetkezd pontokban foglalhatjuk 6ssze:

)

2)

3)

4)

Izolaltunk és azonositottunk 25 klinikai torzset, melyek legnagyobb érzékenységet
polymixinekre (100% gatlas) mutattak, meropenemre €s foszfomicinre kevésbé voltak
érzékenyek: 3% illetve 5% gatlast tapasztaltunk. A kiilonb6z6 szerotipusok gyakorisaga
a kovetkez6 volt: P1 (2,5%); P10 (0,75%); P11 (1%); P3, P5 (0.5%) és P12, P4, P6, P7
(0,25%).

Izolaltunk nyolc litikus bakteriofag torzset (PIAS, PAPSZ1, PAPSZ2, PAPSZ3,
PAPSZ4, PAPSZS, PAPSZ6, ¢és PAPSZT7), melyek gazda specificitasat a 25 izolalt
klinikai baktérium torzson teszteltiik. A PAPSZ2 széles-spektrumt izolatum 16 torzset
fert6zott, mig az alacsonyabb gazdaspektrumi PIAS 8 torzset fertézott. A
fagizolatumok kozil 6 (PIAS, PAPSZ1, PAPSZ2, PAPSZ3, PAPSZ6, PAPSZ7) a
Mpyoviridae csaladba, kettd (PAPSZ4, PAPSZS5) pedig a Siphoviridae csaladba tartozott.
A fagizolatumok biofilm-fert6z6 hatékonysagat konfokalis pasztazé mikroszkopia
segitségével vizsgaltuk, melyben a leghatékonyabb izoldtumnak a PAPSZ2 bizonyult.
Azonban 6 fagbdl allé koktél (PAPSZ2-PAPSZ7) hatékonyabban bontotta meg a
biofilmet, mint az egyediil alkalmazott PAPSZ2.

A PIAS és PAPSZ1 izolatumokkal torténd tovabbi fert6zési tesztek soran megjelentek
fagrezisztens baktérium koloniak is, melyek kétféle fenotipust mutattak. Kezdetben
zoldes vagy halvany szintiek voltak, majd a fagok jelenlétében késObb rozsdabarndva

valtak. Ezeket a koloniakat izolaltuk ¢€s teszteltiik fag és antibiotikum érzékenységiiket.
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5)

6)

7)

8)

9)

Mindkét tipust mutans megOrizte a fagrezisztencidjat, ellenben csdkkent MIC értéket
mutattak gentamicinre, ceftazidimre, tetraciklinre és foszfomicinre.

A fenti mutans baktériumtorzsek genomanalizise szamos mutaciot tart fel. A PIAS fagra
rezisztens zold kolonidkat SNP-k (single nucleotide polymorphism) €s kisebb deléciok
(20-80 kbp) jellemezték. A genomi adatok részletesebb vizsgdlata alapjan arra
jutottunk, hogy PIAS fert6zés hatasara a mexY génben megjelend SNP-k feleldsek a
fagrezisztenciaért és az antibiotikum érzékenységért. A PAPSZ1 fagokkal val6 fert6zés
csak SNP-k megjelenéséhez vezetett. A barmelyik fag fertézése soran megjelend barna
kolénidkban viszont nagyobb kiterjedésii delécidk (274-417 kbp) voltak azonosithatok.
A kétfajta mutans (zold és barna) kialakulasanak evolucios okat probaltuk megfejteni.
A korabban fert6zott lemezekrdl visszanyertiik a z6ld mutdnsokat fert6zni képes
fagmutansokat. Osszehasonlitd genom analizisiikbd]l fény deriilt arra, hogy a vad tipust
PIAS-hoz hasonlitva ezek a mutansok SNP-ket hordoztak a fag farokszal proteinjét (tail
fiber protein) kodold génben, mely lehetdve tette a zdld baktérium mutansok
megfertdzését.

Miutéan betekintést nyertiink a gazdabaktérium és fagok fej-fej mellett zajlé evolucios
versenyébe, megkiséreltiik a baktérium mutansokat kiirtani agy, hogy az eredeti MDR
baktériumtorzseket egylittesen kezeltiik antibiotikumokkal (foszfomicin, gentamicin,
tetraciklin és ceftazidim) és PIAS faggal. Ez a kombinécio in vitro teljesen meggatolta
a mutansok megjelenését 48 ora inkubacio alatt. Szuszpenzids tesztben is
hatékonyabbnak bizonyult a kombinécids terapia az egyediili fag vagy antibiotikum
terapianal.

A sikeres in vitro kisérleteket kovetden ugyanazt a stratégiat alkalmaztuk in vivo egér
tidofertdzéses modellben. A PIAS (MOI1 ¢és MOI2) és foszfomicin (FSF)
kombinacios terdpiat kapd allatok 5%-a tulélte a fertézést, a kombinacios terapiahoz
fagot (MOI 5) és FSF-et hasznalva pedig az allatok 75%-a €It tal. Abban a csoportban,
ahol az allatok 15x higitott baktérium inokulummal lettek fertézve, 100%-os talélést
tapasztaltunk.

A PIAS fagok tesztelése ramutatott, hogy a PAK-szerti fagok gyorsan mutalodnak, hogy
athidaljdk az ideiglenes baktérium rezisztenciat. A PAPSZ1 esetén zold és barna
mutansok el6fordulasi gyakorisaga alacsonyabb, mint PIAS esetén, a PAPSZ1 pedig a
baktériumtorzsek szélesebb korét fertdzi, mint a PIAS. A fentieket figyelembe véve

tovabbi vizsgéalatokhoz a PAPSZ1-et valasztottuk, melyekben azt vizsgaltuk, a fag
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képes-e elnyomni a baktérium rezisztenciat. Ehhez szamos PAPSZ1 muténst izolaltunk

folyamatos evoluciot biztositd fertdézési ciklusokbol.
A fagmutansokat a mutaciok alapjan négy kategoriaba soroltuk. A PAPSZ1/M1 mutansokban
csak egyetlen SNP taldlhato a TFP strukturfehérjét kodold #fp génben, a PAPSZ1/M2
mutansokban 2 mutacié van a TLTMP (tail length tap-measure protein) fehérjét kodolo ttmp
génben, a PAPSZ1/M3-ban pedig 4 SNP a ¢fp génben, 1 SNP a ¢/tmp génben és 1-1 inszercid a
HP (head protein), illetve BPP (base plate protein) fehérjét kédold génben. A PAPSZ1/M4 a
PAPSZ1/M3 mutéciodin feliil még két extra #fp génmutaciot is hordoz. A fenti kategoriak koziil
a PAPSZ1/M3 és a PAPSZ1/M4 tipus tudott feliilkerekedni a baktériumok fagrezisztenciajan.

A fagok in vivo terapias hatakonysagat tekintve attéré eredmények sziilettek az elmult években,
azonban csak néhany tanulmany vizsgélta a fagok és az antibiotikumok kombinalt terapias
hatékonysagat. Ebben a tézisben kimutattuk, hogy a PIAS fag és el6zdleg rezisztencia miatt
hatdstalan antibiotikumok kombinalasa in vitro és in vivo egyarant hatékonyan gatolta a
baktériumok novekedését. A PIAS fag, antibakterialis tulajdonségai alapjan tagadhatatlan
alternativat jelent az MDR P. aeruginosa kezelésére. A kombinalt kezelés megoldast adhat a
fagterapia alkalmazasaval kapcsolatos kételyekre. Ahogy a tézisben bemutattuk, a PIAS és
PAPSZ1 fagok uj tavlatokat jelentenek az MDR baktériumok megsemmisitésére. Az olyan
fagmutansok, mint a PAPSZ1/M3 és PAPSZ1/M4 alkalmasak lehetnek a gazdaban evolvalodo
fagrezisztencia kialakuldsanak megakadalyozasara/szuppresszidjara és az ilyen mutansok

szelekciojaval novelhetd a fagterapia hatékonysaga.
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13.0. SUPPLEMENTARY

Table S1. List of PAO1 transposon mutants used in the study

Mutant

Defective structure(s)

AoprM

Resistance-Nodulation-Cell Division (RND)-OprM
precursor

AmexY

RND-Multidrug efflux transporter

AgalU

Lipopolysaccharide core region biosynthesis

AopdO

Pyroglutamate porin OpdO

AsppR

Cell surface receptor

AlepA

GTP-binding protein LepA

AopdE

membrane protein OpdE

AgalE

UDP-glucose 4-epimerase

Asppr

Membrane Receptor-SppR

AgalE

UDP-glucose 4-epimerase

AopdO

pyroglutamate porin OpdO

AcupA3

usher CupA3
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Table S2: GO enrichments of the deleted region in the mutants.

GO.ID Term Annotated | topgoFisher
GO:0071453 | Cellular response to oxygen levels 11 0,000000047
GO:0008300 | Isoprenoid catabolic process 14 0,000063
GO:0031408 | Oxylipin biosynthetic process 2 0,0017
GO:0006572 | Tyrosine catabolic process 2 0,0017
GO:0098743 | Cell aggregation 2 0,0017
GO:0006552 | Leucine catabolic process 8 0,0032
GO:0009405 | Pathogenesis 63 0,0037
GO:0019441 | Tryptophan catabolic process to kynurenine 3 0,0049
GO:0046247 | Terpene catabolic process 11 0,0087
GO:0007155 | Cell adhesion 21 0,0093
GO:0007166 | Cell surface receptor signaling pathway 13 0,0142
GO:0042413 | Carnitine catabolic process 6 0,0224
GO:0006559 | L-phenylalanine catabolic process 6 0,0224
GO:0043711 | Pilus organization 28 0,0305
GO:0061077 | Chaperone-mediated protein folding 7 0,0305
GO:0044042 | Glucan metabolic process 5 0,0404
GO:0006011 | Udp-glucose metabolic process 1 0,0409
GO:0032329 | Serine transport 1 0,0409
G0:0009439 | Cyanate metabolic process 1 0,0409
GO:0090503 | Rna phosphodiester bond hydrolysis 1 0,0409
GO:0005992 | Trehalose biosynthetic process 1 0,0409
GO:0071407 | Cellular response to organic cyclic compound 1 0,0409
GO:0015826 | Threonine transport 1 0,0409
GO:0005980 | Glycogen catabolic process 1 0,0409
GO:0005978 | Glycogen biosynthetic process 1 0,0409
GO:0072707 | Cellular response to sodium dodecyl sulfate 1 0,0409
GO:0005975 | Carbohydrate metabolic process 194 0,0412
GO:0055114 | Oxidation-reduction process 493 0,0475
GO:0071555 | Cell wall organization 9 0,0496
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