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Professor Dwayne Roach, Chair 

 
Bacteriophages are viruses of bacteria that are among the leading alternative 

antimicrobials for treatment of the multidrug resistant (MDR) and opportunistic pathogen 

Pseudomonas aeruginosa. Although phage therapy is now generally considered safe, 

access to the treatment remains limited and its efficacy remains unproven. The goal of 

this dissertation is to develop innovative phage processes and intravenous treatment 

regimens to combat MDR P. aeruginosa. In the third chapter, I evaluate how to select 

phages to combat P. aeruginosa and study the interactions between different phage 
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strains during combination treatment. In two-phage cocktail treatment, I found that mixing 

phages with inequal activities diminishes initial treatment potency. Sequential treatment 

with the same phages improved potency but generated unique patterns of resistance. 

This study provides new insight on how to formulate and administer phage combinations 

based on the infectivity of each phage to its bacterial host. In the fourth chapter, I develop 

and optimize the standardized production of phages by introducing cross-flow filtration to 

improve the removal of endotoxin from phage preparations. The simultaneous washing 

and concentration of phage particles was found to improve endotoxin removal across 

multiple Gram-negative species. Leveraging the kinetics of each phage, the accumulation 

of phage-resistant bioburden could then be reduced in an improved purification process. 

In the fifth chapter, I validate the targeting and replication of clinical phages during the 

treatment of patients infected by multidrug resistant P. aeruginosa. Phages suitable for 

therapy were determined by screening across a multi-infection isolate library. The efficacy 

of clinical phage treatments were then validated using a combination of microbiological 

and metagenomic markers of failure or success. In conclusion, this thesis provides 

insights into current barriers for phage therapy. Identifying and characterizing individual 

phage properties will have important implications on how to treat and reduce the mortality 

of MDR P. aeruginosa infections.
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CHAPTER 1 
 

GENERAL INTRODUCTION 

This work describes the development of innovative phage processes and 

therapeutic regimens for infections caused by the opportunistic pathogen Pseudomonas 

aeruginosa. Considered a priority pathogen by the World Health Organization (WHO) [1], 

the Gram-negative, facultative aerobe causes severe disease in humans with consistently 

high rates of multidrug resistance (MDR) that range from 11.5% to 24.7% in the United 

States [2, 3]. The bacterium is strongly associated with mortality and morbidity in 

immunocompromised patients, with 7% prevalence among healthcare-associated 

infections and chronically infecting >40% of persons over age 40 with cystic fibrosis (CF) 

disease [4, 5]. In different circulatory or respiratory organ environments, P. aeruginosa 

overcomes osmotic stress, intraspecies bacterial competition, antibiotic treatment, and 

oxidative stress by undergoing an array of metabolic, phenotypic, and genotypic changes 

to evade host defenses and antimicrobials [6, 7]. For patients with MDR infections, a 

mortality rate of 44.6% is nearly doubled that of 24.8% in non-MDR P. aeruginosa [8]. 

There is an urgent need to develop alternative antimicrobials for MDR infections which 

were associated with 4.95 million deaths in 2019 [9]. 

Bacteriophages (or phages) are viruses of bacteria that have been used 

sporadically to fight bacterial infectious diseases for over a century and are considered a 

top alternative antimicrobial [10]. Phages are the apex predators of the microbial world 

able to dominantly infect, replicate within, and lyse bacterial cells within all biospheres 

[11]. This parasitic cycle of phage replication also ensures, in most environments, that 

small numbers of phages can continually self-replicate so long as host cells are available. 
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By all accounts, phages are nature’s most abundant bacteria killers and thus are attractive 

candidates for mechanistically novel antimicrobial therapy. Furthermore, phages have 

demonstrated synergy with existing antibiotic and host immune responses during 

bacterial infection making them well-suited for combination treatment [12, 13]. Moreover, 

the ability of phages to infect more specifically than chemical antimicrobials make them 

compatible for personalized treatment approaches that do not interfere with beneficial 

commensal bacteria within the body [14]. 

Unfortunately, bacteria can resist phage infection through a variety of innate 

immune systems and genetic mutations including blocking phage binding to cell surface 

receptors, enhancing extracellular defenses, preventing DNA entry, or using restriction 

modification systems to block the lytic cycle [15]. For phage therapy applications, the 

application of ‘phage cocktails’ or combinations of multiple phages against a bacterial 

strain is the most commonly used way to overcome resistance [15]. Phage cocktails have 

the advantage over single phage administration because the combined pressure of 

multiple phages often elicits a stronger adaptive response from bacterial cells. Cocktails 

can increase the fitness cost of acquiring phage resistance [16], decrease the frequency 

of genetic mutations [17], or simply expand the number of phages capable of targeting 

bacteria in an infection setting [18]. Phage strain type, genome size, gene content, 

replication rates, and phage resistance timing can vary widely between strains. Yet even 

subtle differences in these phage parameters appear to be correlated with inconsistent 

cocktail treatment outcomes [19, 20]. Although the traits desired from cocktail application 

are well known, the pharmacokinetics (PK) and pharmacodynamics (PD) of phages in 
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cocktails remain poorly understood and in vivo cocktail efficacy has been sporadic due to 

their empirical design [21, 22]. 

Despite their many positive attributes, phages fell out of favor as antimicrobials in 

the 1940s when easy to use, broad spectrum, shelf-stable antibiotics were introduced for 

infectious disease management [23]. A chief concern of manufacturing phage biologics is 

the presence of endotoxins from bacterial lipopolysaccharides (LPS) leftover from phage 

cultivation. LPS is a highly immunogenic component of the bacterial membrane which 

contaminates phage preparations during the destructive lysis of phage replication. 

Removing the bacterial carnage of their bacterial hosts has traditionally been laborious 

and time-consuming [24, 25]. Unwanted endotoxin contamination can elicit a number of 

inflammatory responses in humans including fever, anaphylactic shock, and even death 

[26]. Phages are in the same molecular weight range (~100kDa) as most endotoxins 

making conventional centrifugation and filtration inadequate for purification [27]. To this 

day, access to phage therapy remains bottlenecked by limited access to purified phage 

therapeutics.  

Compassionate use, otherwise known as expanded access investigational new 

drug (eIND) in the US, treatments have been the primary means of administering phages 

to critically ill patients in the past 20 years. These single case studies and several clinical 

trials have largely focused on demonstrating that phage administration is safe [28-32]. 

However, phage therapy still lacks approval in the United States from the Food and Drug 

Administration (FDA) due to a lack of clinical efficacy [33]. Because phages are often 

combined with standard of care antibiotics, the question of how to validate phage 

treatment has remained open [34]. Several metrics of assessing phage therapy efficacy 
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have been suggested such as assessing whether phages reduced bacterial burden, 

whether phages replicated in vivo, and whether phages were in sufficient numbers to elicit 

bacterial resistance responses or host neutralization responses [34]. These phenomena 

would imply successful targeting of the pathogen, self-replication of phages at site, and/or 

sufficiently high in situ phage concentrations to induce pathogen and host responses. 

However, lack of standardization in microbiological analyses confounds comparison with 

clinical outcomes. 

 

1.1 Goal and specific aims 

 The overarching goal of this dissertation was to develop innovative phage 

processes and intravenous treatment regimens to combat MDR P. aeruginosa. I 

hypothesize that deciphering the nuanced uniqueness of each phage’s infectivity provides 

optimal calibration of therapeutic formulations, purifications, and applications. 

Aim 1 is to interrogate the kinetics of individual phages in cocktails to determine 

biomarkers or regimens that improve formulation efficacy. 

Aim 2 is to develop and improve the cultivation and purification of clinical phages. 

Aim 3 is to survey clinical Pseudomonas targets and validate the activity of phages 

during clinical phage therapy. 

 
The major objectives were: 

(i) To survey potential anti-Pseudomonas phages and formulate therapeutic phage 

cocktails. 

(ii) To study phage cocktails against P. aeruginosa and determine the kinetics of 

their interactions in microtiter plates and hollow fiber infection model. 
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(iii) To develop and scale-up phage purification for clinical and immune studies 

utilizing cross-flow filtration technology. 

(iv) To improve removal of bacterial endotoxins by using individual growth kinetics 

to limit the growth of phage resistant cells during lysate production and simplify 

phage production. 

(v) To screen a library of phages against clinical P. aeruginosa isolates and 

determine phage suitability. 

(vi) To validate phage targeting during failed and successful therapies and 

determine whether phage replication in situ corresponded to changes in infectious 

load burden and genotype. 
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CHAPTER 2 
 

BACKGROUND 

2.1.1 The pathogen, Pseudomonas aeruginosa 

The versatility of Pseudomonas aeruginosa has allowed it to maintain its spot in 

the World Health Organization’s (WHO) list of priority pathogens since the list’s inception 

in 2017 [1]. Originally described in 1882 by the French pharmacist Carle Gessard, the 

pathogen was first identified infecting bandage wounds and has since continued to be a 

major cause of death in humans [3]. P. aeruginosa is a Gram-negative opportunistic 

pathogen that can be isolated from most natural and human environments. The 

nosocomial pathogen is particularly dangerous for persons who are immunosuppressed. 

As a facultative aerobe, P. aeruginosa is equipped with five terminal oxidases that allow 

it to readily grow in soil, water, and host-associated environments [35]. As such, 

respiratory, wound, and systemic infections by P. aeruginosa are readily adapted into 

chronic infections at organ sites [36]. Paradoxically, this makes P. aeruginosa both a 

highly malleable pathogen to study in vitro but a nigh impossible opponent to eradicate in 

the clinic. Several laboratory strains of P. aeruginosa have become well-established in 

research including the PAO1 [37], PAK [38], and PA14 strains [39]. These references and 

the abundance of available clinical strains have made comparative genomic tools against 

the bacterium highly accessible, allowing researchers to improve strain identification, 

perform phylogenetic analyses, and standardize antimicrobial target design [40, 41].  

P. aeruginosa has an array of virulence factors and defenses to resist host 

defenses and antimicrobial treatments [36]. The bacterium’s structure protects and 
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contributes to its ability to cause disease. The lipopolysaccharide (LPS) structure of P. 

aeruginosa contains three domains, the lipid A, core oligosaccharide, and O-antigen [42]. 

This protective layer for the bacterium itself is considered an endotoxin to the human host 

and elicits pro-inflammatory responses, causes tissue damage, and allows bacterial 

attachment to cells [26]. The O-antigen of P. aeruginosa in particular is a potent agonist 

against human tissue but attempts to design vaccines against it has largely been 

ineffective due to the many serotypes [43]. Modification of the O-antigen also plays a role 

in the bacterium’s transition to a chronic state, whereby the bacterium increases secretion 

of exopolysaccharides such as alginate, Psl, and Pel polysaccharides which allows it to 

form complex biofilms [44]. Complex quorum sensing pathways and stress regulators 

enhance the pathogen’s evasion of host immunity [45, 46]. Within the body, P. aeruginosa 

can therefore acutely penetrate and transition into chronic infection in almost any organ.  

P. aeruginosa also boasts innate resistance to multiple classes of antibiotics, 

making it often appear in the clinical as a multidrug resistant (MDR) bacterium. Molecular 

mechanisms such as biofilm formation [47], LPS modification [48], and possession of four 

multidrug efflux pumps [49] contribute to its arsenal of defenses against antibiotics. 

Horizontal gene transfer between P. aeruginosa and spontaneous mutations in the clinical 

setting also facilitate acquisition of antibiotic resistance genes [50]. Consequently, rates 

of P. aeruginosa multidrug resistance range from 11.5% to 24.7% in the US [2].  

 

2.1.2 P. aeruginosa in human disease 

P. aeruginosa is an indicator of mortality and morbidity in circulatory and respiratory 

infections and can chronically infect the heart and lung [8]. Heart disease is a significant 
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concern in the United States wherein 1 in 4 Americans will develop heart failure in their 

lifetime [51]. Treatment of advanced heart failure can include the use of left ventricular 

assist devices (LVADs) that help heart circulation while patients are awaiting transplant 

or serve as a permanent alternative for those compatible [52]. As with most major 

surgeries, a complication of LVAD usage is the risk of device-related infections which can 

occur in as many as one-third of LVAD recipients [53]. Although originating the device, 

infections by P. aeruginosa can extend to the driveline and even circulate the bloodstream 

[53]. Currently, long-term antibiotic usage is the primary way to suppress the infection but, 

once infected, LVAD infections are generally not curable without removal of the device 

[54]. In treatment of LVAD infections, typically debridement of the site of infection with oral 

or intravenous antibiotics is recommended [53]. Device replacement is a last resort only 

if the infection cannot be controlled and has spread to the bloodstream [53]. 

Cystic fibrosis is the result of mutations in the CF Transmembrane Conductance 

Regulator (CFTR) gene that encodes an ion channel expressed on the epithelial cell 

surfaces of many organs. In the lung, where the most severe symptoms occur, CFTR 

defects cause increased mucus viscosity and compromise mucociliary clearance, leading 

to small airways plugging, irreversible structural and functional damage, and eventually 

hallmark chronic bacterial infection [55]. In the upper airways, the morphology of CF 

disease causes structural defects such as thicker airway walls that help the sinuses form 

a habitat for bacterial colonization [56]. In the lower respiratory tract, thick mucus 

production prevents clearance of the lung cilia and changes the airway environment to 

allow microbes and pathogens absent in healthy lungs to colonize the lungs [57]. 
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Cystic fibrosis sputum is composed of abnormally thick mucus, with a 5-10 fold 

higher mucin to water ratio [58] which enables trapping of bacteria such as P. aeruginosa. 

As CF disease pathology progresses with age, lung anatomy and sputum microstructure 

are altered by excessive mucin and bacterial extracellular DNA content. This creates a 

microaerobic or anaerobic environment in the lung that not only facilitates growth of 

resilient P. aeruginosa, but also hastens the decline of lung function [59]. This abnormal 

oxygen environment further alters even immune responses of the host to P. aeruginosa 

infection [60], allows the chronic infection to persist, and at times develop into acute 

pneumonia. P. aeruginosa therefore flourishes in the CF lung environment and generates 

a diverse multivariant infection as CF patients age [61]. Chronic infection by P. aeruginosa 

is highly associated with morbidity and mortality in CF patients [62]. Microevolution of P. 

aeruginosa in the lung environment allows colonization of a MDR mixed community 

consisting of typical nonmucoid P. aeruginosa bacterial cells and mucoid P. aeruginosa 

[63]. Mucoid growth is defined by overproduction of exopolysaccharide alginate, a 

mutation often associated with O-antigen modification [64]. Co-isolation of the two 

bacterial variants is associated with increased resistance to antibiotics, host antimicrobial 

response, and heightened decline in CF lung function [65].  

 The primary strategy to treat P. aeruginosa infection in CF is to delay infection for 

as long as possible. Once infected, chronic management of P. aeruginosa involves 

lifelong antibiotic usage, either through nebulization, oral, or even intravenous 

administration during hospitalization [66, 67]. CF patients will also experience acute 

pulmonary exacerbation events, the onset of severe lung function decline necessitates 

hospitalization and medical intervention [68]. To treat P. aeruginosa exacerbations, the 



10 

standard of care is to administer combination antibiotics to reduce the risk of selecting for 

resistant bacteria [69]. Antibiotics are also accompanied by other strategies to clear the 

CF airways including bronchodilators, recombinant DNase treatment to reduce the 

viscosity of sputum, and for those whose gene mutation are compatible, the use of CFTR 

modulator therapies to improve CFTR channel function [70-72]. These treatments in 

combination can help up to 75.4% of people recover up to 90% of their baseline lung 

function [73]. However, increased MDR strain frequencies necessitate new antimicrobials 

for the management of P. aeruginosa in CF disease. 

 

2.2.1 Phage therapy 

Bacteriophages (phages for short) are viruses that infect, replicate within, and lyse 

bacteria. They were independently discovered in the early 20th century by Felix d’Herelle 

and Frederick Twort. Both scientists were able to observe phage plaques on agar plates, 

but d’Herelle was the first to name and identify his as the bacteriophage [74]. Phages are 

the most abundant form of “life” with incredibly large biodiversity. With an estimated 1031 

phages in the biosphere, they are the ultimate bacteria killing organisms on the planet. 

Their vast diversity and abundance means that these predators are readily isolated from 

all animals, plants, bodies of water, soils, and sewage [75]. 

The most abundant phages associated with the human body and human 

application are Caudoviricetes double-stranded DNA (dsDNA) phages [76]. These 

phages are typically composed of an icosahedral, proteinaceous capsid that protects the 

phage genome. Caudoviricetes, also commonly referred to as tailed phages, can have 

three different morphologies: podovirus which have a nonenveloped icosahedral head 
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and very short noncontractile tail, myovirus which have a nonenveloped icosahedral head 

and long contractile tail, and siphovirus which have a nonenveloped icosahedral head 

and long noncontractile tail [77]. These phage structures were originally used to 

taxonomically summarize the diversity of phages within groups but have since been 

demoted to describe only the structure of the viruses. 

Like all other viruses, phages must hijack the cellular machinery of a host cell to 

replicate. Phages can undergo one of two lifecycles: the lytic cycle or lysogenic cycle. 

Lysogenic, or temperate, phages integrate into the bacterial chromosome and typically 

give bacteria a fitness advantage. In contrast, the process of lytic replication can be 

divided into the phage properties of adsorption rate (binding), eclipse period (completion 

of new phage virions), latent period (host lysis), and burst size (number of phage progeny) 

[11, 78]. Lytic phage infection results in the production of new phage particles and 

bacterial lysis [11]. At each step of lytic replication, phages are equipped for highly 

specialized bacterial killing. Phages under consideration for most human applications are 

those that are considered strictly lytic. This is most commonly determined by genome 

annotation of the phage and determining that an integrase gene is absent [79]. The 

presence of this gene generally disqualifies the phage as a therapeutic candidate. While 

most phage genomes are relatively small, typically ranging from 10-100kbp [80], other 

genes that are avoided are bacterial virulence factors such as antibiotic resistance genes 

and toxins [79].  

The diversity of phage binding receptors and structures underscores the numerous 

mechanisms that phages use to overcome bacterial evolution [81]. Phages can bind to 

regions of the cell wall (e.g., lipopolysaccharide (LPS), lipoteichoic acids (LTA)) or 
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bacterial appendages (e.g., pili, flagella) [81]. Most phages can only infect a limited 

number of strains within a species due to binding receptor specificity [82, 83]. Once 

irreversibly bound, phages have variable replication rates. Some phages appear to 

produce fewer progeny quicker (short latent period, small burst) while others produce 

numerous virions at a slower rate (long latent period, large burst) [82]. As a potential 

alternative antimicrobial agent for use in human therapeutics, agriculture, or food 

production, phages are generally recognized as safe, as they cannot infect mammalian 

cells, and can rapidly translocate throughout the body to target the site of infection [84, 

85]. This parasitic and enzymatic bacterium killing is different from the antibacterial mode 

of action by all other drugs, making phages potentially effective against MDR bacteria. 

 

2.2.2 Dynamic P. aeruginosa and phage interactions 

Phages specific to P. aeruginosa infection were first described in the late 1950s, 

close to four decades after the initial discovery of phages [86, 87]. Like the majority of 

phage-bacteria interactions in other species, anti-Pseudomonas phages infect their host 

and either perform lysis or become lysogenic and integrate with the host genome. P. 

aeruginosa boasts an array of defense systems to resist phage infection including genetic 

or phenotypic modification of cell surface receptors and intracellular defense systems 

[88]. One study found that clinical P. aeruginosa isolates carry at least 71% of known 

defense systems, making the species attractive for studying bacterial immunity against 

phages [89]. In comparison, the type strain PAO1 was not found to harbor CRISPR 

defense systems and only has a type II restriction modification system [89]. 
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 P. aeruginosa can evolve resistance to phages by modifying the structures to which 

phages bind, such as their LPS and pili [90]. This can occur at a per cell basis whereby 

phenotypic resistance can transiently prevent the adsorption of phages onto cells [91]. 

Resistance can be more permanent through single nucleotide polymorphisms (SNPs) in 

cell surface genes. Mutations generally carry a fitness cost to the bacterium, but SNPs 

can render entire populations of bacteria immune to all phages utilizing that receptor [92]. 

This ability to become “cross-resistant” to phages conveys a strong advantage to bacteria 

in evading phage predators using conserved LPS structures for binding [92]. In response 

to certain phage infections, P. aeruginosa can also employ a large chromosomal deletion 

of a gene region to acquire resistance [92, 93]. Large deletions have been associated 

with higher cellular stress and appear to occur in response to LPS phage pressures [92].  

 Other phage resistance mechanisms rely on intrinsic defense systems. These 

include superinfection exclusion systems, restriction-modification systems that cleave 

phage DNA, clustered regularly interspaced short palindromic repeats (CRISPRs), and 

abortive infection systems [15]. These systems have been shown to activate largely 

secondary to surface modifications for P. aeruginosa [94]. A generalized explanation for 

this phenomenon is that surface modifications carry a fixed cost, independent of phage 

type exposure while inducible defenses become costly when elicited [95]. Thus, surface 

modifications are more readily accessible and activated when phage exposure occurs. 

 

2.2.3 Phage cocktail formulation to overcome bacterial defenses 

One of the methods by which the emergence of resistance may possibly be 

prevented, or at least delayed, is the use of combination therapy. The advantage is that 
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the chance of bacterial offspring being resistant to a cocktail of unique phage types is 

exceedingly small and, provided that the resistance mechanisms are independent, it is 

the product of chance single mutations [96]. This feature was recognized many years ago 

and is one of the reasons that infections with mycobacteria are treated using multiple 

classes of antibiotics [17]. The same principles apply for antiretroviral therapy [97]. 

Current rationales for the design of combination phage therapy regimen by host range 

date back to the 1920s and 1930s [23], and serendipitously, was concurrent with the initial 

characterizations of filterable bacterial eaters (bacteriophages). The development of 

these regimens in the absence of any knowledge of phage type or infection mechanism 

was a remarkable achievement. Comparative studies indicate that emergence of 

resistance is less common when combination phage therapy is used [18, 83]. This is 

particularly true for bacteria known to develop resistance relatively quickly, such as P. 

aeruginosa [98, 99]. Although our knowledge of the genetic drivers of phage resistance 

has increased dramatically over the past 20 years, this information has been difficult to 

adapt to clinical practice [100]. As such, even commercial combination regimens often fail 

to cure many patients [101, 102].  

Administering combination phage therapy has been suggested in two formats, 

either simultaneously administering two or more phages in combination or sequentially 

administering the phages one after another. The emergence of phage resistance signals 

the end of the therapeutic usefulness of phages. Unlike antibiotic resistance, which 

requires higher concentrations of the drug over time to achieve a therapeutic effect, phage 

resistance is an ‘all-or-nothing’ phenomenon [90]. Once genetic resistance blocks 

adsorption to the bacterium, the phage strain is no longer effective against the evolved 
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host. Sequential treatment has been suggested as a method to prolong the effectiveness 

of phage combinations. However, in vitro sequential resistance appears to allow a greater 

number of mutations to occur in comparison to simultaneous cocktails. Hall et al. found 

that individual phage strains could vary in effectiveness and convey cross-resistance, but 

that a cocktail of 4 phages was the most effective short-term treatment [103]. 

Furthermore, bacterial phage resistance to the multi-phage treatment resulted in greater 

fitness cost in the form of reduced basal growth rate in phage-resistant mutants [103]. 

Betts et al. similarly found that increasing the diversity of phages caused bacteria to favor 

more general resistance mechanisms but could not prevent eventual host resistance [16]. 

Expanding on Hall et al., Wright et al. found that the timing and order of phage exposure 

could determine the strength and fitness cost of bacterial resistance during sequential 

phage treatment [104]. 

Other cocktail studies have focused on whether large cocktail sizes can prevent 

resistance growth. Yang et al. found that resistance to a five-phage cocktail inhibited 

growth for up to 5 days before the bacterial density increased to OD600 >0.5 [105]. Pinto 

et al. observed in a range of 2-5 phage cocktails that the best result was a formulation of 

all 5 phages, but that the number of strains did not necessarily correlate to improved 

cocktail activity due to competition and cross-resistance [106]. Finally, Markowitz et al. 

most recently found that 2 and 3-phage cocktails encouraged more bacterial mutation 

heterogeneity than single-phage treated bacteria [98]. 

Combined, these studies appear to validate that combination phage activity is 

preferred to delay phage resistance for as long as possible. However, the mechanisms 

behind phage-phage interactions in each case were not well elucidated compared to the 
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outcomes of mutational resistance and fitness costs. Phage selection in these studies 

has also varied considerably and it remains unclear which anti-Pseudomonas phage 

types are best suited for cocktail outside of receptor comparisons. Moreover, only two of 

these studies compared the effect of simultaneous and sequential phage treatments [103, 

104]. 

 

2.3 Antimicrobial development against P. aeruginosa 

A common in vitro technique to study the kinetics of antimicrobial agents is the 

time-kill assay (TKA). In principle, the time-kill assay is used to examine the rate at which 

different concentrations of an antimicrobial can kill a bacterial isolate [107]. Time-kill 

assays performed in 96-well microtiter plates are particularly versatile because they can 

capture independent stochastic events with multiple biological and technical replicates in 

a single experiment. The well-mixed environment of the well also ensures that the kinetics 

of phage-bacteria interactions begin nearly immediately upon the addition of the virus. 

Time-kill strategies are also easily standardized for fixed bacterial inoculums, allowing 

analysis between untreated controls and the antimicrobial agent as well as across 

multiple experiments [108]. Automated plate reader readings also allow averaging within 

wells and across plate samples. In this way, time-kill kinetics allow evaluation of whether 

the antimicrobial agent produces a concentration-dependent killing effect or a time-

dependent killing effect [108]. As a result, time-kill kinetics have been used extensively to 

study the relationship between P. aeruginosa and its phages [103-106]. The majority of 

these experiments have focused on the study of anti-Pseudomonas phage combinations 
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and their ability to suppress bacterial growth and subsequent resistance mutation. 

However, in vitro results often fall short and translate poorly to in vivo systems. 

The clinical pharmacokinetics and pharmacodynamics (PK/PD) of P. aeruginosa 

and phages remains one of the most difficult aspects of study for understanding phage 

efficacy [109]. The hollow fiber infection model (HFIM) can provide a dynamic, in vitro 

method to explore antimicrobial development in a pseudo-human circulatory system [110, 

111]. The system can be set up to perform a co-culture system, as in time-kill kinetics, but 

also include an element of continuous flow circulation and filtration whereby phages can 

dynamically flow in and out of a central cartridge (Figure 2.1). This creates a two 

compartment model whereby phages can freely interact with bacterial cells but also 

selectively be filtered out akin to human circulation and kidney filtration [111].  

 

Figure 2.1 Schematic of phage-bacteria interactions in HFIM cartridge. The HFIM cartridge houses 
P. aeruginosa cells which are too large to pass through the 0.1μm pore size of the hollow fiber 
membranes. Bacteria is retained in the extracapillary space while phages <0.1μm can freely pass 
through the membranes along with circulatory media exchange within the cartridge. 

 
The central cartridge of the system can then be sampled to quantify bacterial and 

phage samples in real-time. In practice, this system has been used more extensively in 
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the past decade to explore the PK/PD of P. aeruginosa and combination antibiotics such 

as ceftolozane-tazobactam [112], fosfomycin and meropenem [113], piperacillin [114], 

and meropenem and amikacin [115]. The model has also been used to explore the 

interactions between the antibiotic ciprofloxacin and phages in a more recent study and 

found that simultaneous phage and antibiotic administration could improve performance 

compared to either agent alone [116]. This would suggest that study of P. aeruginosa and 

individual or combination phages is compatible with this system. Other models of 

antimicrobial development include synthetic or natural drug screens and in silico or AI-

driven drug discovery platforms [117]. Several downstream processes in these pipelines 

such as compound screening and hit validation would also be compatible with phage 

development but often fall short due to the self-replicating nature of phages. 

2.4 Non-good manufacturing practice of phages for IND use 

In the US, the FDA mandates that commercial drugs are produced under good 

manufacturing practices (GMP), a system that ensures that pharmaceutical products are 

made consistently and meet quality standards [118]. Because phages are currently under 

consideration as an investigational new drug only a limited number of phages are being 

produced under GMP regulations [119]. In order to proceed with compassionate phage 

use, non-GMP phage products are currently being used based on several ad hoc 

laboratory methods [120, 121]. However, to be used in US eIND treatment these products 

must at minimum meet United States Pharmacopeia (USP) testing standards [109]. This 

would include at minimum testing for product sterility (USP 71) and endotoxin (USP 85) 

quantification [109]. 
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Purification of phages is largely bottlenecked by the difficulty of removing 

endotoxins from produced phage lysates [122, 123]. Because phages obligately require 

bacterial cells to replicate, the consequence of successful replication is the destruction of 

bacterial cells which remain in solution with freshly produced phage particles. Phages 

with select structures or infectivity parameters may be more difficult to separate from 

bacterial debris or generate a larger upstream bacterial burden. Gross bacterial impurities 

could trigger potentially life-threatening inflammation and septic shock in humans [124]. 

Endotoxins are of primary concern and the FDA limits human intravenous drugs to 

<5 endotoxin units (EU)/kg/h [122]. However, endotoxin removal without sacrificing phage 

concentration remains difficult at-scale for compassionate use. For example, phages 

prepared under prescription as “magistral preparations” for human treatment in Belgium 

[125] and for expanded access eINDs [126] were reported to yield only ~107 plaque-

forming units (PFU)/mL at >10 EU/mL. 

Current phage preparation methods are often time consuming, expensive, involve 

harmful chemicals, or are difficult to scale-up for generating larger batches of phage [127-

129]. Low-cost methods like polyethylene glycol are popular but result in high-salinity and 

high-endotoxin preparations [25, 128]. Chromatographic methods are varied and more 

recently employed, but are costly and difficult to scale-up due to instrument limitations 

[130]. Organic solvents are increasingly used to reduce endotoxins in lysates [127, 131, 

132], but can be toxic to users, inhibit chromogenic-based endotoxin quantification 

methods, and decrease phage stability in storage [132]. Sample recovery using organic 

solvents is also inconsistent, sometimes being as low as 15% [129]. Standardized 
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methods to remove endotoxin with considerations for accessibility to clinical users and 

small research groups are necessary. 

 

2.5 Current state of phage therapy (published review) 

This section is a reprint of a published review entitled: Phage Therapy in the 

Resistance Era: Where Do We Stand and Where Are We Going? Printed in Clinical 

Therapeutics, September 2020. Written by Tiffany Luong, Ann-Charlott Salabarria, and 

Dwayne R Roach. This review summarizes the past two decades (2005-2020) of phage 

clinical trials and patient cases and outlines the fundamentals behind phage treatment 

strategies under development. The remaining barriers to phage therapy development and 

the role of phages with standard of care antibiotics is discussed after review of these 

cases. 

Introduction  

The ability to control infectious diseases marked a revolution in human health, 

shifting the global burden of disease from infectious diseases to noncommunicable 

diseases now being the leading cause of death globally [133]. The 20th century brought 

an appreciation of bacteriophages (often known simply as phages) and their relationship 

to infectious diseases, which resulted in the implementation of “phage therapy” to 

decrease the incidence of several infectious diseases. From the first successful 

administration of phages in 1921 at Hôpital des Enfants-Malades (Paris) treating children 

suffering from shiga dysentery to its widespread use in humans around the world, the 

effectiveness of phage therapy was highly controversial [23]. In 1945, a new era began 

with the golden age of antibiotics, and phage products were taken off the market. 
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However, shortly thereafter, penicillin resistance became a substantial clinical problem. 

In response, a steady stream of new classes of antibiotics and modifications to old-

classes, were developed and deployed [134].  

However, the antibiotic pipeline has been dry for decades [134]. Today, multi-drug 

resistant (MDR) bacteria are becoming commonplace, making available antibiotics much 

less effective [135]. In 2017, the World Health Organization (WHO) released a global 

priority pathogens list of antibiotic-resistant bacteria (Table 2.1) [1].  Based on diverse 

criteria such as mortality, prevalence of resistance, treatability and current pipeline, the 

situation is critical for the majority of difficult-to-treat community-acquired, healthcare-

associated and nosocomial infections caused by ESKAPEE (Enterococcus faecium, 

Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, 

Pseudomonas aeruginosa, Enterobacter spp. and Escherichia coli) pathogens. We 

included Mycobacterium tuberculosis in the critical category as an additional priority 

global health threat. The list is an excellent guide for the prioritization of research and 

development aimed at discovering new antibacterial therapies, which are critically 

needed [136, 137]. 
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Table 2.1 World Health Organization priority pathogens. 

 

 

The inevitable demise of all available antibiotics has reignited the development of 

phage therapy. Phages are naturally occurring viruses that infect both Gram‐positive and 

Gram‐negative bacteria. As such, they are generally unaffected by antibiotic resistance 

and (unlike most antibiotics) are able to target bacteria encased in biofilms [82, 138]. A 

substantial volume of preclinical data, as well as a growing body of clinical evidence 

shows the immense therapeutic potential across a wide range of infectious diseases. For 

decades, the Eliava Institute in Georgia and the Ludwik Hirszfeld Institute in Poland have 
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provided phage therapies to hundreds of nationals and internationals. The Eliava Institute 

has routinely provided off-the-shelf fixed-phage products as well as personalized single-

patient phage treatments as extempore medications [33]. The Ludwik Hirszfeld Institute 

provides phage therapy when the standard-of-care (SOC) has failed, under the 

Declaration of Helsinki (compassionate use) [139]. Recently, Belgium implemented single 

patient phage therapy regulation as magistral preparations (i.e. pharmacy compounding), 

with phage products prepared and deployed by the Queen Astrid military hospital [125]. 

France has adopted a similar exceptional single patient authorization dispensed by 

hospital pharmacies with a prescription [140]. In the United States (US), the Food and 

Drug Administration (FDA) has recently approved multiple phage therapy clinical trials, 

as well as several phage therapies as expanded access investigational new drug (eIND) 

for patients with an immediately life-threatening condition or serious disease where SOC 

has failed [141-143].  

In this Review, we summarize the growing body of clinical data on phage therapy 

and discuss how phages transition from “bench to bedside” and beyond. Our aim is to 

highlight the importance of approaching translational and clinical research from various 

angles and develop innovative ways to overcome the many challenges with implementing 

phage therapy. 

The Active Agent 

Phages are bacteria-restricted viruses that exploit all natural environments, 

including the human body [144, 145]. With more than 1031 phages estimated to be in the 

biosphere [146], they are readily isolated from soil, bodies of water, feces and sewage 

[147]. Although, phages come in a variety of structural morphologies and genome types, 
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most discovered are non-enveloped icosahedral head and tail in structure and have 

dsDNA genomes. Viral tails are unique to phages and can be contractile, short non-

contractile, or long non-contractile, which allow for viral classification as myoviruses, 

podoviruses and siphoviruses, respectively [148]. Phage genomes have enormous 

genetic diversity, with as much as 80% of the predicted genes having no known function 

[80]. In addition, phages exhibit substantial gene diversity even with phage strains that 

infect a common bacterial host [149]. Together with their enormous abundance, great 

diversity and relative ease of isolation, phages provide an unlimited source of antibacterial 

agents against all human bacterial pathogens. 

When virulent dsDNA phages infect susceptible host bacteria in vitro, the number 

of phages in the culture supernatant does not increase until after, generally, 30 to 40 min 

at 37°C has passed. This period-of-time is required for a phage particle to inject its 

genome into the host cell, hijack host metabolism, express its viral genes, assemble 

phage particles (10s to 100s), and release progeny into the environment (Figure 2.2). Cell 

lysis is the result of viral endolysins cleaving bonds within the cell wall peptidoglycan, 

which causes the cell wall to destabilize and osmotic rupture to occur under the high 

internal pressure [150]. A successful infection by a virulent phage always leads to cell 

lysis.  
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Figure 2.2 Lytic infection cycle of virulent phages. Step 1: adsorption: attachment of tail fibers onto 
a specific receptor on the bacterial cell wall. Step 2: injection: viral DNA penetrates the host through a 
hollow tube in the tail. Step 3: protein synthesis and host hijacking. Viral genes direct the synthesis of 
viral proteins using the machinery of the host. Steps 4 and 5: viral genome synthesis and assembly. 
Step 6: release: mature viral particle (virion) release occurs via viral peptidoglycan hydrolases 
(endolysins) that mediate host cell lysis, which liberates up to 200 infectious phages. 

By contrast, infection by a temperate phage can lead to lysogeny. That is, 

temperate phages infect bacteria as a symbiotic prophage and replicate along with the 

bacterial chromosome during bacterial cell division. When exposed to environmental cues 

or stressors, the prophage resumes a lytic cycle to create phage particles [151]. Due to 

an inherent capacity of prophages to mediate the transfer of genes between bacteria by 

specialized transduction – an event that may increase bacterial virulence or promote 

antibiotic resistance — generally disqualifies temperate phages for therapeutic purposes. 

However, advances in synthetic biology have provided new opportunities for the use of 

temperate phages as a therapy against bacterial infections by removing so called 
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“lysogeny genes” from their genome [152, 153]. This is beneficial for infections caused by 

bacterial species with little to no virulent phages have been discovered, such as 

Clostridium difficile [154] and Mycobacterium abscessus [153]. 

The “parasitic” and “enzymatic” bacterial killing by phages are different from the 

antibacterial mode of action by all other drugs. This allows them to be effective against 

most MDR bacteria (Figure 2.3). In addition, self-replication in the presence of susceptible 

bacteria provides density-dependent dosing at the site of infection. Reducing the number 

of daily doses through extended-release drugs can reduce the relapse of disease, 

symptomatology associated with drug therapy (i.e. drug-related problems), patient's non-

compliance, and costs [155]. However, the association between number of phage doses 

per day and relapse in infections remains uninvestigated. 
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Figure 2.3 Phages as potential antibiotic adjuvants. (A) There are 4 main mechanisms of antibiotic 
resistance: (1) excretion by activation of efflux pumps, (2) decreased uptake by changes in the outer 
membrane permeability, (3) modifications on the drug target, and (4) enzymatic inactivation of the drug. 
(B) Phages can potentiate the antibiotics by altering the physiologic activities exhibited by phage 
sensitive and resistant bacteria by (1) direct blockade or mutation of drug efflux mechanism, (2) 
enhancement of drug uptake through cell wall mutations (untested), and (3) inhibition of antibiotic 
resistance elements. 

 

A novel aspect of phage therapy is the potential for low-dose phage treatments, 

relying on self-replication to bring up the phage concentration at the site of infection. For 

self-dosing to occur, target host cell densities need to be over a “replication threshold” of 

10e4 colony forming units (CFU) per mL or more [156, 157].  
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Phage infection can only take place after the viral tail fibers bind irreversibly to 

specific receptors on the bacterial cell wall, including lipopolysaccharide (LPS or 

endotoxin), teichoic-acid, pili, outer membrane proteins, efflux pumps, and 

polysaccharide. This stringent compatibility causes phages to be specific against bacterial 

targets and prevent tropism for mammalian cells. Nevertheless, phages can rapidly 

translocate throughout the body, even penetrating compartments previously considered 

sterile [84, 85]. However, despite the increasing number of clinical applications, there is 

a very limited understanding of the interactions between phages and human cells. 

 

Clinical Data 

It is well recognized that all recipients of phage therapy have so far been treated 

empirically, with incomplete information on, for example, the phages, adequate route of 

administration, dosing, duration and antibiotic compatibility. Figure 2.4 and in the 

subsections below briefly summarizes select phage therapy clinical trials and single 

patient reports between 2005-2020 grouped by route of administration. Further case data 

are summarized in Supplemental File 1. With limited clinical trial data, lessons learned 

from personalized case studies under eIND have advanced medicinal phage technologies 

and highlighted potential risks and challenges, which we review in subsequent sections. 
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Figure 2.4 Summary of the phage therapy clinical trials and compassionate use case reports 
from 2005 to 2020. Case reports are categorized by the site of infection and target pathogen. The color 
coding represents the primary route of phage administration in each case report. 
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Oral route 

A randomized, double-blind and placebo-controlled phase I study, oral ingestion 

3x daily for 2 consecutive days of a single phage targeting Escherichia coli at a ‘low’ dose 

of 9.0×10e5 and ‘high’ dose of 9.0×10e7 plaque forming units (PFU) per dose caused no 

adverse effects in healthy adults [28]. In another safety study, oral ingestion did not cause 

serious adverse effects after oral ingestion of a 10-phage mix (cocktail) targeting E. coli 

at 1.5×10e7 to 1.5×10e8 PFU/dose in both adults and children. However, increased 

aspartate aminotransferase levels were observed in children, and some adults reported 

transient abdominal pain, dyspepsia, and toothache [29].  In a double-blind placebo-

controlled crossover trial, healthy adult daily dietary supplementation with a 4-phage 

cocktail targeting E. coli at 10e6 PFU/dose had no serious side effects after 28 days [158]. 

Although recipients had reductions in fecal E. coli counts, there was no global disruption 

of the gut microbiota community, and both short-chain fatty acids and lipid metabolism 

were largely unaltered, thereby suggesting that phages can alter targeted microbiome 

species without inducing dysbiosis. 

In a randomized controlled therapy trial, oral phage treatment targeting diarrheal 

E. coli in children did not improve acute diarrhea symptoms any more than oral 

rehydration therapy [159]. Children received either 1.4×10e9 PFU/dose of a Russian 

commercial 11-phage mix [29] or 3.6×10e8 PFU/dose of a 10-phage cocktail, 3 times 

daily for 4 consecutive days. No adverse events were attributable to oral application. Less 

than half of the recipients had E. coli in their stool and it accounted for less than 5% of 

total fecal bacteria [159]. In contrast, the Eliava Institute showed that both oral and intra-

rectal phage treatments could cure a MDR Klebsiella pneumoniae gut infection [160].  
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Intraoperative route 

Phages applied intraoperatively have cured a series of implant-associated MDR 

and recalcitrant infections. A 1-phage treatment at 1×10e8 PFU in combination with 

ceftazidime applied directly to an aortic fistula cleared a chronic aortic graft MDR 

Pseudomonas aeruginosa infection in a 76 year-old [161]. Similarly, a chronic aortic graft 

Staphylococcus aureus infection was cured after a 59 year-old patient received 2×10e10 

PFU/dose of a single phage applied via drainage every 12 h for 2 days [162]. A 2-1-1 

phage mix targeting P. aeruginosa, S. aureus, and Enterococcus faecium, respectively, 

cleared an aortic graft multispecies infection in a 52 year-old patient after 2 local phage 

treatments of 2.5×10e9 PFU administration a day apart. Unfortunately, relapse of a P. 

aeruginosa infection occurred after 17 days [162]. 

Left ventricular assist devices (LVADs) are becoming a more frequent life-support 

intervention, but there has been mixed success of treating LVAD infections with phages. 

A 62 year-old with fulminant pleural empyema caused by S. aureus infection after LVAD 

implantation was cured after 1-phage local treatments of 2×10e10 PFU applied via 

drainage every 12 h for 7 days [162]. In contrast, a 51 year-old could not be cured of 

chronic S. aureus LVAD infection after 2 weeks of daily local treatments with a 4-phage 

mix at 1.0×10e10 PFU applied via drainage. The cause of treatment failure was unknown, 

but there were no signs of developed phage resistance or phage-neutralizing antibodies 

after 2 weeks [162].  

Phages have also treated prosthetic joint infections (PJI). An 80 year-old with type 

2 diabetes was cured of a methicillin sensitive S. aureus (MSSA) prosthetic hip infection 

after debridement and a single local administration of a 6-phage mix at 6×10e10 PFU in 
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20 mL of PBS [163]. Treatment also consisted of daptomycin, amoxicillin and clindamycin 

to suppress Enterococcus faecalis and Staphylococcus lugdunensis (also isolated from 

the joint) and oral amoxicillin/clindamycin for 6 months. The patient’s PJI remained 

infection free for 18 months [163]. Similarly, an 80 year-old with a P. aeruginosa PJI was 

cleared with a 100 mL intraoperative treatment of a 3-phage cocktail at 1×10e8 PFU 

followed by administration of 5×10e8 PFU/dose every 8 h via drainage for 5 days [164]. 

Another case showed that after removal of sacroiliac joint cement and tissue 

debridement, 4 local administrations of a 4-phage mix of approx. 2.0×10e10 PFU, colistin, 

and a compress soaked with approx. 4.0×10e10 PFU, combined with off-label IV 

ceftolozane/tazobactam, cleared a chronic MDR P. aeruginosa PJI [165]. Phage 

intervention allowed for surgical reconstruction after 2 weeks.  

A patient with severe P. aeruginosa osteomyelitis that received intraoperative 

phage therapy exhibited no severe adverse events and their wound infection resolved 

without relapse [166]. After thorough debridement and irrigation, between 10 to 40 mL of 

a 10e7 PFU/mL mix of S. aureus and P. aeruginosa phages rinsed the bone/soft tissue 

defects. After a contact time of 10 min, a gentamicin and phage soaked collagen sponge 

was applied to the infected bone before closure. Postoperative administration of phage 

occurred for 7 to 10 days, 3 times per day, with 3 months of concomitant antibiotics [166].  

Under eIND, a 68 year-old diabetic was cured of a disseminated MDR 

Acinetobacter baumannii infection from necrotizing pancreatitis with combined phage and 

antibiotic therapies [143]. Treatment consisted of a 4-phage 10e9 PFU/dose given 

intraoperatively via drainage catheters every 6-12 h. After 36 h, a second 4-phage mix at 

10e9 PFU/dose was IV administered at increasing frequency to dosing every 2 h. Phage-
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resistance developed after 10 days, which necessitated switching IV treatment to a third 

2-phage mix, which was maintained for the remaining 2 weeks of therapy [143].  

Intravenous route 

Phage therapy under eIND salvaged a joint prosthesis in a 72 year-old obese adult 

with a chronic methicillin-resistant S. aureus (MRSA) infection [167]. During debridement 

surgery and placement of a static vancomycin spacer, two intra-articular doses of a single 

phage at 5.4×10e9 PFU in 10 mL of saline. Daily 2.7×10e9 PFU in 50 mL of saline IV 

infusions continued. However, the patient developed transaminitis after 3 days, prompting 

phage treatment termination. Aminotransferase and alanine aminotransferase levels 

returned to normal with continuation of daptomycin alone. Nonetheless, combined 

interventions cleared the chronic joint infection, which allowed for distal femoral cemented 

prosthesis implantation [167]. In another case, a 62 year-old with a potentially limb-

threatening chronic K. pneumoniae prosthetic knee infection was treated with IV phage 

therapy after several failed surgical interventions and prolonged antibiotic therapy [168].  

The patient received 40 daily 30 minute infusions of a single phage at 6.3×10e10 PFU in 

50 mL of normal saline. Over the course of phage therapy, the patient experienced 

improvement in erythema, swelling, pain, range of motion, and function of the knee. The 

patient reported minor and intermittent pruritus of the lower extremity about 2 weeks into 

the course of therapy but experienced no apparent adverse events from the infusions 

[168].  

A 77 year-old developed a post-operative MDR A. baumannii infection after a 

craniectomy [169]. After surgical debridement, parenteral administration of 8.5×10e7 PFU 

in Lactated Ringer’s solution every 2 hours through a central catheter line, for a total of 
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98 doses, cleared A. baumannii from the site of infection. Two hours following the first 

dose, the patient exhibited a hypotensive response, but the remaining doses showed no 

adverse effects. After finishing phage treatment the patient continued to suffer from fevers 

and leukocytosis,  and died 9 days later [169]. LaVergne et al suggested that surgical 

drain phage administration might have led to a better outcome [169]. 

A 15 year-old patient with cystic fibrosis (CF) that developed a M. abscessus 

airway infection post lung transplant was cured after 32 weeks of treatment with 3-phage 

at 3×10e9 PFU/dose given every 12 h under eIND [153]. Unconventionally, treatment 

consisted of temperate phages with modified genomes to remove their ability to undertake 

lysogeny, instead of traditionally virulent phages [153]. Similarly, a 26 year-old CF patient 

that received a 4-phage mix at 4×10e9 PFU/dose every 6 h for 8 weeks IV, in combination 

with antibiotics, was cured of a MDR P. aeruginosa lung infection [142]. In another case, 

a 57 year-old was treated for a MDR P. aeruginosa airway infection that developed 

following lung transplant was cleared after a 4-week IV course of a 4-phage mix at 4×10e9 

PFU/dose given every 12 h concomitantly with inhaled colistin [141]. In contrast, 10-

weeks of IV phage and antibiotic therapies could not eradicate a Burkholderia dolosa 

airway infection that developed post-lung transplant [141].  

A 67 year-old with a history of P. aeruginosa urinary tract infections (UTI) was 

cleared with a 6-phage mix at 2×10e7 PFU instilled directly into the bladder every 12 h 

for 10 days, in combination with colistin and meropenem. The patient remained free of 

UTI for 12 months [170]. In a single arm study, antibiotics combined with a 3-phage 

cocktail at 3×10e9 PFU in saline per min over 10–30 min 2x daily for 14 days showed 
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clinical improvement in 8 of the 13 recipients with S. aureus infective endocarditis and 

bacteremia [171]. 

Topical route 

In a double blind, phase I study, no adverse events occurred after weekly venous 

leg ulcer topical washes with phages targeting E. coli, P. aeruginosa, and S. aureus [172]. 

However, wound healing following 12 weeks of weekly 3.2×10e10 PFU in 50 mL of saline 

was not significantly different from saline only washing. The lack of clinical improvement 

was likely due to the lack of sensitivity of the infecting bacterial isolates to the treatment 

phages; prior phage sensitivity testing was not done [172]. Similarly, a multi-center, 

double-blind, randomized phase I/II study failed to find burn wound clinical improvement 

after a 12-phage topical treatment of P. aeruginosa infections when compared to silver 

sulfadiazine cream [102]. The study had several deficiencies, including elevated 

endotoxin levels and instability of phages in administered products. The inability to adjust 

treatment parameters of the clinical trial caused treatment to instead consist of phage 

counts less than 10e3 PFU per dose [102]. Phages rely entirely on chance encounters 

with their bacterial hosts and providing high phage doses increases the likelihood of 

bacterial encounters for both lysis and self-dosing via phage replication.  

In a double‐blind, phase I/II trial, topical phage treatment of chronic otitis media 

caused by P. aeruginosa was overall ineffective [173]. For all recipients, phages briefly 

reduced bacterial counts within the ear canal. Ear swabs also showed an abundance of 

phages, which implies phages replicated at the site of infection. However, infections 

relapsed in 9 of 12 recipients [173]. A rebound in bacterial counts during treatment is 

consistent with the emergence of phage resistance, but it was not tested. In another study, 
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intranasal irrigations with a 3-phage mix was shown to reduce S. aureus in the interim but 

only cleared infections in 2 of 9 recipients [30]. Patients did exhibit adverse effects, 

including rhinalgia after two treatments of 3×10e8 PFU, oropharyngeal pain after 22 

treatments of 3×10e8 PFU, and metabolic acidosis after 28 treatments of 3×10e9 PFU 

[30]. 

In contrast, a 16 year-old with a rare congenital skin disorder called Netherton 

syndrome showed a significant reduction in atopic eczema after both daily topical and 

oral administrations of an “undefined” mix of Streptococcus, Staphylococcus, Proteus, 

Escherichia, Pseudomonas, and Enterococcus phages [174, 175]. The daily treatment 

regime consisted of 20 min application of sterile gauze soaked with the phage mix, 

followed by phages mixed into ointment cream. The patient also ingested 20 mL of the 

same phage mix [175]. Continuous daily treatments occurred for 2 weeks, with 2 week 

pauses, and after 3 months a second 2-phage cocktail was introduced to address the 

emergence of phage-resistant S. aureus isolates. Patient quality of life improved with 

decreased skin irritation and increased joint mobility [175].    

Inhalation route 

A K. pneumoniae lung infection during drug-induced immunosuppression after 

heart transplantation was successfully cleared in a 40 year-old after inhalation of a 2-

phage cocktail at 2×10e8 PFU/dose and daily nasogastric ingestion of 1.8×10e9 

PFU/dose for 4 days, under the Declaration of Helsinki. After phage therapy, K. 

pneumoniae was undetectable in bronchial lavages, but remained in the patient’s stool 

[162].  
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Intrarectal route 

 Three cases of E. faecalis chronic prostatitis were successfully treated by twice 

daily intrarectal (IR) phage treatments. Phages at 108-109 PFU/dose given for 

approximately 1 month. At the end of treatment all three patients’ prostates were restored 

to normal function and physiology [176]. Similarly, a 60 year-old patient who received a 

kidney transplant suffered from 12 severe episodes of UTI due to K. pneumoniae in the 

15 months following transplantation. Phage therapy was initiated after the patient’s tenth 

UTI and continued throughout two more hospitalizations. IR phage administration had no 

adverse effects on the patient despite their hospitalization and in the 4 years following 

phage treatment the patient has not been hospitalized due to UTI [177]. 

 

Phage Selection  

Not all phages are candidates for therapeutic purposes. As mentioned, virulent 

phages (obliquely lytic cycles) are preferred because cell lysis is indeterminate and there 

is a reduced risk of viral mediate horizontal gene transfer via transduction [178]. Genome 

sequencing and bioinformatic workflows, [179-183]permit identification of undesirable 

gene features to rapidly “rule out” unsuitable phage strains based on homologies to 

known genes on existing databases., as shown in [179-183], For example, carrying 

lysogeny-associated repressors and integrases, bacterial virulence, toxin, and/or 

antibiotic-resistance genes would disqualify a phage for human therapy [79, 184]. 

Although, it may be possible to knock out genes with undesirable traits when, for example, 

virulent phages are difficult to isolate [153, 185]. Continued efforts to improve the quality 
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and accuracy of archived phage genomic information will contribute to increasing the 

safety of phage therapy. 

In general, a good phage candidate for therapy is one that infects a wide range of 

bacterial strains. There is evidence that myoviruses exhibit broader host range [186]. For 

example, a single phage lysed 17 of 28 S. aureus clinical isolates [187]. In contrast, 

narrow host range phages may present new therapeutic opportunities. For instance, 

targeting a prevalent and specific strain of pathogenic bacteria could avoid adverse 

effects associated with host microbiome dysbiosis [182].  

Another feature important in phage selection is their natural ability to disrupt 

structured communities of bacterial cells that attach to surfaces and enmesh in biofilm 

[138]. Many infectious diseases in humans are the result of, or exacerbated by, biofilms. 

Self-made exopolysaccharide (EPS) matrix provides an essential scaffold for biofilm 

development, promoting bacterial adhesion to surfaces, cohesion, as well as hindering 

diffusion. Although, it is often assumed that biofilms confer resistance to phages, most 

phages readily infect bacteria within biofilms [138]. Indeed, phages have co-evolved with 

bacterial biofilms, and thus, their infection of encased bacteria is expected. For instance, 

some phage tail fibers and tail-spikes even carry depolymerases that degrade 

exopolysaccharides to unmask cell receptors on planktonic cells and disrupt the 

exopolysaccharide matrix of biofilms [188-191]. In vitro, phages have reduced both single-

species [82, 192, 193] and dual-species [194-196] biofilms. In an artificial CF sputum, 

phages could reduce P. aeruginosa biofilm by 3-logs, indicating that phages readily 

penetrate and lyse bacteria encapsulated in biofilms [192]. As phages lyse distal bacteria, 

interior cells awaken and become more metabolically active due to increased oxygenation 
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and nutrient exposure, thus becoming more sensitive to phage attack. Certain phages 

however poorly  penetrate the biofilm matrix [138], and others can promote a mucoid 

phenotype of host bacteria that enhances biofilm formation [197]. Although biofilm 

infections are common and cause clinically significant and potentially fatal infections, 

much work remains in the quest for effective anti-biofilm phages in clinical settings.  

The extended storage of phages is another important consideration. Phages keep 

short-term in cold storage at 4 °C when purified in buffered solution, concentrated, and 

shielded from light [127, 198, 199]. Even then, phage counts generally trickle down over 

months. Cryopreservation can minimize the loss of phages, but phage particles are 

inactivated with freezing and thawing cycles [127]. Long-term storage is also feasible with 

phage lyophilization (freeze-drying) using stabilizing additives [200]. While lyophilization 

is not compatible for most clinical applications, it may be suitable for inhaled phage 

therapies [201, 202]. Although many phages can be stored in these conditions, specific 

storage conditions for each phage strain requires evaluation. 

 

Formulation  

In clinical practice, phages are typically administered as a mix (cocktail) of viral 

strains [102, 142, 143, 153]. Well‐planned phage combinations have several benefits over 

using a single phage strain. These include: 1) broadening target bacterial strain 

spectrums; 2) targeting multiple bacterial species at once; 3) increasing dose potency by 

multiple phage strains attacking the same bacterial cell; and 4) limiting resistance by 

forcing the target bacterium to evolve resistance to multiple phages simultaneously, in 

order to survive [203-207]. The drawback is that individual phages generally requires a 
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reduction in concentration when mixed into a single dose. There is also potential that 

phages will interfere with one another, for example, compete for the same bacterial cell 

receptor and drive cross-resistance [208] [208]. 

Conversely, a single phage strain can precisely target a specific bacterial strain 

[161, 167]. The drawback of using a single phage strain is that it requires careful definition 

of the etiological bacterium before therapy. Thus, this approach is primarily for proof of 

concept/efficacy/safety in vitro and animal studies.  

 

Product pipelines 

There are generally three pipelines for phage drug products: off-the-shelf, 

pharmacy compounding, and on-demand de novo. Off-the-shelf, fixed phage products 

are designed either to target not yet identified pathogens (e.g. multiple phage strains 

targeting multiple bacterial species) or identified pathogens (e.g. multiple phages 

targeting a single bacterial species). They are manufactured under Current Good 

Manufacturing Practice (cGMP) production and final products undergo phased clinical 

safety and efficacy testing [33]. Fixed products enhance safety, quality, and uniformity. 

However, the clinical usefulness of fixed phage products is unclear because of, for 

example, high strain variability of target bacterial pathogens, rapidity of phage resistance, 

encountering multi-species infections, and varied phage storage stability. 

Compounding by a licensed pharmacist with a physician’s prescription can create 

phage medications that are tailored to the individual needs of a single patient [125]. This 

may be required, when the patient’s infection isolates are not sensitive to phages in the 
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fixed product, dosage is unavailable, or the fixed phage product is not well tolerated (see 

“Drug-related problems” below). Compounding also allows the insertion of phages into 

topical creams, transdermal gels, or other dosage forms.  

To implement phage compounding, large and diverse collections of purified 

phages (phage banks) are a prerequisite [125, 209]. Indeed, bacterial susceptibility and 

phage strain diversity have been the driving force in library construction.  For instance, 

the Queen Astrid military hospital has an extensive phage collection. Yet only 15 of 260 

patient isolates were sensitive to phages in the collection [210]. Likewise, in a bank with 

more than 10,000 mycobacteria phages, only 6 phages lysed M. abscessus isolated from 

a CF patient [153]. Adaptive Phage Therapeutics diverse and well-characterized 

PhageBankTM collection also did not contain a phage strain suitable against a patient’s K. 

pneumoniae isolate [168]. Thus, proper phage selection criteria and library size have yet 

to be identified. A potential improvement may be to ensure a diverse collection of phages 

that use different bacterial receptors [209].  

On-demand, de novo personalized phage products have so far provided better 

overall efficacy [142, 143, 153, 168]. This pipeline allows phages to be isolated 

specifically against bacterial isolates directly from the patient [143, 168]. Thus, phage 

products can be rapidly and continually modified to respond to, for example, phage 

resistance [143, 211, 212]. The problem remains that on-demand phage products can 

take weeks to months to manufacture [213].  
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Pharmacokinetics/pharmacodynamics 

The pharmacokinetics (PK) and pharmacodynamics (PD) of phages in vivo are 

complicated and largely unknown [214, 215]. Phage PK are unique due to their relatively 

large size; approximately 100 times larger than antibiotics and 10 times larger than 

antibodies. In addition, phages consist of several different proteins, which can increase 

their rate of clearance by the mononuclear phagocyte system (MPS) and neutralization 

by anti-phage antibodies [216, 217]. Phage efficacy in entering animal or human bodies 

strongly depends on the route of administration. Oral administration effectively delivers 

phages to the gastrointestinal tract, and efficiency of gut transit is dose dependent. Fecal 

phage counts peaked at 3.0×10e4 PFU/g after oral consumption 1.5×10e7 PFU in mineral 

water 3x daily [28]. Whereas patients orally treated with phages for acute cholera at a 

dose of 10e13 PFU, together with phage propagation at sites of infection, resulted in feces 

concentrations of more than 10e11 PFU/g [218]. This suggests that phage passage 

through the stomach can be efficient. Absorption of phages into the blood, however, was 

inefficient, reaching only 10e2 PFU/mL [218]. Phages can easily penetrate most organs, 

though they readily accumulate in the spleen and liver [219-221]. 

For phages to be effective, they must reach the site of infection in sufficient 

numbers and infect as many target bacteria as possible, without causing unwanted side 

effects. Conversely, removal of phages from the site of infection is an important factor in 

terminating action. Phages delivered systemically can penetrate the lumen of murine 

lungs [222]. Phages in the plasma and tissues (spleen, kidney, liver, and lung) of rats 

following a single 1 mL intravenous bolus of 10e10 PFU/mL exhibited a half-life of 2.3 h 

and 9 h, respectively [223]. Continuous infusion of 0.1 mL/h for 24 h of the same phage 
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cocktail and titer resulted, however, in plasma progressively increased to reach a plateau 

of 10e7 PFU/mL after 6 h, which is comparable with the concentration achieved after 

bolus injection [223]. In humans, after a dose of 8.5×10e7 PFU in 4 mL of Lactated 

Ringer’s solution, administered through a peripherally inserted central catheter, phage 

levels were detectable after 5 min in blood samples but were undetectable after 50 min 

[169]. 

Studies examining the PD of phages, defining synergy, additivity, indifference, 

antagonism, and host immune system interaction are scarce. The monotherapy versus 

cocktail versus phage-antibiotic combination therapy debates have not yet considered the 

potential additional value of the patient immune system. It is still unclear if the initial phage 

dose or phage replication most influences outcomes, as well as what is a sufficient level 

of target bacteria to allow phage replication to overtake bacterial replication [208]. Thus, 

the effectiveness of phage therapy likely increases as the infection worsens, inflating the 

likelihood that phages will encounter a bacterial host. Inefficient outcomes however, may 

arise from the tendency for phages to bind to bacterial debris [224]. 

With the uniqueness of phage therapy, studying PK/PD is challenging. Most proof-

of-principle demonstrations of phage therapeutic applications use very high titers of 

phage to achieve efficacy, which is unlikely to be achieved in humans. But, given the low 

toxicity of phages, phage therapy should be successful provided that phages reach the 

site of infection in sufficient numbers and are able to replicate within target bacteria [208].  
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Drug-related problems 

Drug-related problems (DRP) actually or potentially interfere with desired health 

outcomes, including adverse reactions and emerged resistance. They are relatively 

common in hospitalized patients and can result in morbidity and mortality, as well as 

increased costs. The range of adverse reactions during phage therapy varies widely. A 2 

year-old experienced anaphylaxis after IV administered phages [225] and a 15 year-old 

CF patient became flushed after initial IV phage treatments [153]. Topical application of 

S. aureus phages has caused mild adverse reactions such rhinalgia, oropharyngeal pain, 

and metabolic acidosis [30]. Multiple patients experienced hypoxemia and hypothermia 

during topical Pseudomonas phage treatment of burn wounds [102].  Oral administration 

of E. coli phages has caused transient abdominal pain, dyspepsia and toothache in adults 

[29].  

We speculate that adverse reactions can arise due to bacterial lysis by the phages, 

and/or direct phage-mammalian host immune system interactions and/or residual 

bacterial toxins in phage products [213, 226]. Phage-induced rapid release of bacterial 

cell wall components may have immediate adverse effects for the patient. Animal studies 

have shown that phage-induced endotoxin release is significantly lower in lysis-deficient 

phages compared to lytic phages, which leads to decreased proinflammatory cytokines 

(e.g., TNFα and IL-6) [227, 228]. However, the amount of endotoxin released during 

antibiotic action is also clinically important. For instance, some classes of β-lactam 

antibiotics lead to markedly increased levels of free endotoxins, while treatment with 

carbapenems and aminoglycosides produces relatively low amounts of endotoxins. 
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Dufour et al. found that phage-mediated bacterial lysis released endotoxins were similar 

to β-lactam antibiotics in vitro [229]. 

Direct interactions between phages and the host immune system can induce 

signaling cascades that can result in elevated cytokines, increased immune cell 

infiltration, increased phagocytosis and adaptive immunity activation (T-cell response and 

antibody production by B-cells). Phages have been shown to stimulate anti-viral 

interferons (IFN) through activation of Toll-like receptor 9 (TLR9), which play crucial roles 

in the innate immune system by recognizing microbial DNA as a pathogen-associated 

molecular pattern (PAMP) [230]. Treating mice with phages led to immune cell expansion 

in the gut and increased IFN-γ production, which worsened murine colitis [230]. Human 

lung epithelial cells increased IL-6 and TNFα production in response to exposure to 

certain Pseudomonas phages [231]. Similarly, certain staphylococcal and pseudomonal 

phages induce proinflammatory cytokines like IL-6 and IL-1ß, in murine dendritic cells 

[231], while other staphylococcal phages did not elicit human dendritic cell cytokine 

expression [232].Together, data suggests immune responses are phage strain 

dependent. 

Moreover, some phages can bind to cell surface polysialic acids as a receptor for 

cell entry [233], while other phages will internalize through epithelia cell pinocytosis [234]. 

However, the physiological and immunological consequences of harboring internalized 

phage particles is unclear.    

Certain structural proteins of phages can elicit weak humoral responses after 

prolonged exposure, which can lead to the antibody neutralization of phage particles [235, 

236]. Anti-phage antibodies have been recovered from patients that received phage 
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therapy [217] as well as those that have not; presumably due to natural contact with 

phages during infections with associated bacteria [237]. A phage safety trial in humans 

showed no anti-phage IgG, IgM, or IgA antibodies detected in the blood of recipients after 

oral ingestion of phages for two consecutive days [28]. In animal models, however, 

continuous oral consumption of phages can induce weak anti-phage antibodies (IgG after 

36 days and IgA after 79 days) [235]. A different phage type, induced IgG and IgM 

antibodies after prolonged murine oral ingestion [238], and Staphylococcal phages 

induced IgM, IgG, and IgA antibodies in blood [236]. Notably, phage numbers in murine 

models are significantly higher in comparison to human therapeutic doses. Although 

phages appear to induce only weak antibody responses, anti-phage antibody responses 

may lead to the activation of the complement system [239]. Human blood from recipients 

of phage therapy was found to contain anti-phage IgG, IgM, and IgA antibodies in vitro. 

However, there was no correlation between the induction of phage-neutralizing antibodies 

and the outcome of phage therapy [240]. Anti-phage antibodies, while likely not harmful 

for the patients, could limit the effectiveness of phages given therapeutically. To date, this 

problem has not been reported.  

Identifying immunological interactions with phages that contribute to the 

development of adverse reactions may aid in the prevention of problems related to phage 

therapy. 
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Table 2.2 Adverse events reported in 12 of 59 phage therapy cases.* 

Primary 
Route of 

Administration 

Clinical 
Trial 

Infection 
Site Target Clinical 

Improvement Adverse Events References 

Oral Yes gut Escherichia coli N/A 

Stomach pain, 
nausea, increased 
peristalsis, and/or 
sore throat. 

Bruttin et 
al., 2005 

Oral Yes gut E. coli N/A 

Adult: transient 
abdominal pain, 
dyspepsia, and 
toothache 
Children: ear pain 
and loose stool 

McCallin et 
al., 2013 

IO No pelvis 

Pseudomonas 
aeruginosa and 
Staphylococcus 

epidermis 

Y Local redness and 
pain 

Onsea et 
al., 2019 

IO Yes urethra 

E. coli, 
Proteus 
mirabilis, 

P. aeruginosa, 
Staphylococcus 

aureus, and 
Streptococcus 

species 

6 of 9 Fever and chills Ujmajuridze 
et al., 2018 

IV No lungs Mycobacterium 
abscessus Y 

Sweatiness and 
flushing without 
fever 

Dedrick et 
al., 2019 

IV No skin 
(scalp) 

Acinetobacter 
baumannii N Brief hypotension LaVergne et 

al., 2018 

IV No joint K. pneumoniae Y 

Intermittent pruritus 
but experienced no 
apparent adverse 
events from the 
infusions 

Cano et al., 
2020 

IV No blood P. aeruginosa N Anaphylaxis Duplessis 
et al., 2018 

Topical Yes leg 
E. coli, 

P. aeruginosa, 
S. aureus 

N 
Increased pain at 
target ulcer and 
wound area size 

Rhoads et 
al., 2009 

Topical Yes skin P. aeruginosa N Hypothermia Jault et al., 
2019 

Topical Yes ear P. aeruginosa N 

Headache/dizziness, 
abdominal pain, ear 
pain, thirst, 
insomnia, 
pharyngolaryngeal 
pain, rash 

Wright et 
al., 2009 

Topical Yes nose S. aureus 2 of 9 

Diarrhea, epistaxis, 
upper respiratory 
tract infection, 
rhinalgia, 
oropharyngeal pain, 
metabolic acidosis 

Ooi et al., 
2019 

IO (intraoperative), IV (intravenous), Y/N (yes/no), N/A (not applicable) 
*All case data are in the Supplemental File 1. 
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Phage Resistance 

Another complication of phage therapy is that bacteria can thwart phage attack 

through an arsenal of anti-viral mechanisms, targeting almost every step of the phage 

replication cycle [15]. These include spontaneous chromosomal mutations, the ability to 

block the entry of phage genetic material (e.g., superinfection exclusion), DNA restriction-

modification enzymes, abortive infection, and CRISPR-Cas adaptive immunity. A major 

mechanism driving phage resistance is spontaneous chromosomal mutations governed 

by Darwinian dynamics. While treating an infection, a small number of mutations will 

spontaneously arise (rate of ca. 10−8), followed by phage-resistant sub-population 

regrowth [241-243]. Animal studies have shown bacteria can rapidly shrug off phage 

attack leading to uncontrolled proliferation of phage-resistant mutants and treatment 

failure [12, 244, 245]. However, target bacterial populations are likely to experience large, 

cyclic swings (predator-prey dynamics) in population size before resistance dominates 

[243, 246]. 

Among 12 phage therapy clinical studies, 7 cases confirmed the emergence of 

phage resistance during treatment [247]. For example, A. baumannii isolates from blood 

cultures exhibited resistance to all 8 phages after just 1 week of therapy [143]. Similarly, 

resistance developed during topical treatment but after nearly continuous dosing for 3 

months [175]. Most studies have not adequately tested for the emergence of phage 

resistance, likely due to successful outcomes. However, cases continue to show that 

resistance emerges during phage therapy [141], which might attribute to treatment 

failures not reported.  
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Despite the near certainty that phage resistance will arise, multiple scenarios occur 

with which phage resistance does not impede a positive therapeutic outcome, for clinical 

examples see [143, 247]. First, the patient immune system, given an adequate response, 

can eradicate emerged resistant bacterial mutants [12].  If resistance to phage treatment 

dose arise, switching to new phages with different binding sites or order of exposure can 

be therapeutic strategies to improve efficacy [104]. The maintenance of bacterial anti-viral 

defense systems comes with a cost, such as DNA restriction-modification and CRISPR-

Cas enzymes [248, 249]. Evolution of resistance can lead to attenuation of bacterial 

virulence [188, 250, 251] or promote collateral sensitivity to antibiotics [252, 253]. Lastly, 

phages also harbor their own defenses to counteract bacteria immunity, such as anti-

restriction and anti-CRISPR enzymes [254, 255] as well as counter-adapt to re-infect 

resistant bacteria [246, 256].  

 

Phage adjuvants and vice versa 

One approach that has received little exploration is the use of phage adjuvants, 

also referred to as “phage potentiators” and “resistance breakers”. These are active 

compounds with little or no effect on bacterial growth in isolation and, when co-

administered with phages, act to enhance phage activity or block phage resistance. The 

combination of synergistic antimicrobials are also adjuvants. Chemical antibiotics can act 

as phage adjuvants by boosting phage particle production. For instance, a subinhibitory 

concentration of cephalosporin increased an E. coli cell's production of the phage 

particles by 7-fold [257]. Phage infected Burkholderia cenocepacia cells produced higher 

phage counts in the presence of subinhibitory concentrations of meropenem, 
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ciprofloxacin, and tetracycline [258]. Antibiotics that act by inhibiting cell division (β-

lactam, quinolones, nalidixic acid) or cause an elongated morphology (ciprofloxacin, 

meropenem) can permit higher production of phage particles [257, 258]. Likewise, 

subinhibitory concentration of tetracycline causes cell clustering, which may promote 

increased phage infections by minimizing lateral travel between adjoined cells, thereby 

enhancing contact with phage receptors on uninfected cells.  [258]. Importantly, elevated 

phage production was unaltered when bacterial cells became antibiotic resistant [258]. 

Moreover, combining phages with sub-inhibitory concentrations of ciprofloxacin or 

meropenem can inhibit regrowth of phage-resistant mutants in a murine endocarditis 

model and thus improve the phage therapy outcome [223]. 

Bacterial biofilms represent a major obstacle in the fight against bacterial 

infections, as they are inherently refractory to various antibiotics. A potential adjuvant to 

phage therapy include DNases that can degrade extracellular DNA, which plays important 

roles in both the aggregation of bacteria and in the interaction of the resulting biofilm with 

polymorphonuclear leukocytes during an inflammatory response [259]. Sugar alcohols 

such as xylitol, sorbitol and erythritol can also be phage adjuvants [260]. They inhibit 

bacterial growth by diffusing into the biofilm and accumulate as a toxic, non-metabolizable 

sugar alcohol phosphate [260]. Together, this suggests that phage adjuvants may be a 

way to improve the efficacy of bacterial killing during treatment. 

Conversely, phages in combination with antibiotics offer an orthogonal approach 

to newer antibiotic discovery [261, 262]. For example, some phages infect Gram-negative 

bacteria by binding to TolC or its homologues, a common component of a wide variety of 

multidrug efflux pumps [252, 263, 264]. Phage infection of MDR bacteria can lead to 
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phage resistance (e.g. tolC mutants), which can induce a collaterally sensitive response 

to antibiotics [252]. Similarly, the phage OMKO1 infects P. aeruginosa by binding to the 

efflux pump MexAB/MexXY [253]. Mutations in the gene encoding of the outer membrane 

porin M, which is part of the efflux pump complex, impaired phage infection, but restored 

the sensitivity to ciprofloxacin [253]. E. faecalis is a human intestinal pathobiont with 

intrinsic and acquired resistance to many antibiotics, including vancomycin. Despite 

gaining phage resistance, mutant strains exhibited a loss of resistance to cell wall-

targeting antibiotics in vitro [265]. Identifying evolutionary trade-offs is an emerging 

strategy for combating antibiotic resistance. For instance, prescribing sequences of 

synergistic antimicrobials wherein the evolution of resistance to the first induces 

susceptibility to the second [266, 267].  

Treating biofilms with phage has shown promise in a handful of experimental and 

case studies. The unique action that phages exert on bacteria offers the potential for the 

two agents to act synergistically; their total efficacy is much greater than each individual 

action. Most antibiotics alone were ineffective at disrupting S. aureus biofilms low 

concentrations in vitro. However, the addition of phages led to substantial improvements 

in efficacy [268]. Using phage with rifampin also proved effective at reducing the 

outgrowth of resistant strains during the course of treatment in vitro [268]. Likewise, the 

addition of E. coli phages decreased in the minimum biofilm eradication concentration of 

cefotaxime [269]. Thus, combining phage therapy with traditional antibiotics could help 

better manage antibiotic-resistant bacterial biofilms. In some cases, even though no 

synergism in antimicrobial activity is observed, the combined use of phages and 
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antibiotics significantly reduces or even prevents the development of antibiotic- and 

phage-resistant bacteria [268, 270]. 

However, there may be antagonism whereby the molecular action of phages 

somehow interferes with the action of antibiotics [258, 271]. Quinolones can be 

synergistic with phages against P. aeruginosa in one study while antagonistic in another 

[253, 271]. High antibiotic concentrations can also cause a reduction in phage 

propagation [268]. This is particularly evident when using antibiotics that target cell protein 

synthesis [272].  

From a clinical standpoint, phage-antibiotic combination therapy can improve or 

prolong the lifespan of the available antibiotic arsenal, and the growing pressure to 

develop phage therapy can be somewhat alleviated. The principal disadvantage of their 

use is that more complex studies are required to establish effective co-dosing regimens 

since compatible pharmacokinetic and pharmacodynamic properties between the 

antibiotic and phages are required. Unfortunately, in most cases, the mechanism 

underlying potential phage-antibiotic interactions is unknown. In addition, although in vitro 

assessments of synergy justify combination therapy, these studies are rarely further 

pursued within animal models. 

 

Conclusions 

Antibiotic resistant bacteria threaten the extraordinary health benefits achieved 

with antibiotics. As we face the current antibiotic crisis, phage therapy has the potential 

to alleviate the ever-growing problem of infectious diseases, either as an alternative to 
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antibiotics, or in combination with antibiotic therapies. While clinical successes suggest 

the safety and, in some cases, efficacy of phage therapy, the clinical functionality still 

requires careful definition. The lack of well-controlled clinical trial data and complex 

regulatory frameworks have driven most recent human data generation on a single patient 

compassionate use basis. Most include the concomitant use of antibiotics, which makes 

it difficult to draw solid conclusions as to the effectiveness of phages alone. However, 

compassionate use human data supports exploiting the combination of phages and 

antibiotics and is a promising avenue for near-term clinical development. 

Recent improvements in phage genomics, purification and formulation have 

greatly contributed to improving the efficacy and reliability of phage therapy. Current 

knowledge gaps exist on the appropriate routes of administration, phage selection, 

frequency of administration, dosage, phage resistance, and PK/PD of phage. In addition, 

phages require thorough investigation into the immunological response they may elicit. 

Advancement of other technologies supporting phage therapy will have to follow suit and 

evolve. This includes (i) rapid and accurate phage assessment methods and criteria; (ii) 

standardization of phage manufacturing; (iii) phage banking; (iv) phage product stability 

during storage and transport; and (v) new quantitative methods that allow for precise 

monitoring of pharmacological parameters of phages.  

Some may decide, of course, that the transition to phage therapy cannot be done, 

perhaps due to the lack of necessary capabilities or financial resources, or because the 

belief that chemical antibiotics are superior and can defeat the resistance problem. The 

redoubling efforts to enhance ineffective antibiotics has in many cases succeeded in 

improving their performance [273]. However, this may only be postponing the day of 
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reckoning for a post-antibiotic era. Thus, development of alternative antimicrobial 

therapies is critical. Although more translational research is needed before the clinical 

implementation of phage therapy is feasible, phages may be pivotal in safeguarding the 

overall health of humans in the near future.  
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CHAPTER 3 
 

KINETICS OF PHAGE COCKTAILS 

INTRODUCTION 

Phages are vicious predators and are a major determinant in shaping bacterial 

lives and communities. Despite the abnormally high predator-prey conversion factor 

however, stable coexistence of phages and bacteria occur in the environment and it would 

seem, even within the human body [274]. Other attributes include enhanced biofilm 

degradation properties and their potential application for refined species targeting which 

lowers impact on beneficial microbes in host microbiomes [275]. Whenever phages are 

foreseen for clinical application, they generally undergo a careful pre-selection after 

intensive application-oriented biological investigation. These include genome and 

infection characteristics, spectrum of activity, effectiveness against biofilms, ability to 

overcome anti-phage systems, and storage stability [100]. Therapeutic phages should 

also have high clearance rates of target strains and maintain their killing ability during 

treatment for as long a period as possible. Nevertheless, while it is easy to find potential 

therapeutic phage strains, it is still arduous to down select those truly worthy of clinical 

development. 

While phage therapies have proven highly effective in lab-scale models, successes 

have been mixed in the healthcare setting [21, 276, 277]. Two commonly identified 

knowledge gaps with regard to clinical therapy are how to effectively provide a broad-

spectrum therapeutic product and how to effectively limit phage resistance [18, 204]. In 

practice, treatment consisting of multiple phages strains known as phage ‘cocktail’ 
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therapy could address both of these. For the first, multiple phage species together can 

infect a greater number of hosts strains or host species depending on the phage types. 

For the second, phage types binding to different receptors on the same susceptible hosts 

can better limit resistance [204]. In the last two decades, cocktails between two to twelve 

phages were given in 44/57 cases [277]. However, because cocktail formulations have 

largely been chosen empirically, based on availability or host-range, there is limited 

information about the lysis activities of phages within so-called ‘successful’ cocktails. In 

order to leverage complex cocktails as therapeutics it is important to understand the lysis 

activities, or kinetics, of combination phage killing. Many of these determinants will be 

case-specific, but there may also be general phage-bacteria and phage-phage principles 

that can be incorporated into the rational selection of viruses that comprise cocktails.  

Attempts have been made to quantify the selection pressures of phages in cocktail 

[83, 96, 104, 278]. However, the mechanistic information about how phages in cocktails 

interact to promote combinatorial effects and anticipated resistance evolution patterns, 

remain elusive, in part because these interactions depend on each phage species, the 

bacterial species, and spatial patterns of microbial distribution. Whether the bacteriolytic 

activity, or potency, of individual phage strains combined can function independently, 

synergistically, or antagonistically remains underexplored. Because phages obligately 

hijack bacterial cells for replication, at the exclusion of other phage particles, I hypothesize 

that competition for available bacterial cells likely constrains initial phage replication and 

activities in cocktail. 

Here, the kinetics of P. aeruginosa and its phages in two in vitro models are 

described. Although the current diversity of 32 anti-Pseudomonas phage genera initially 
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suggests many potential patterns of phage activity, only six genera of phages are 

frequently selected for therapy, suggesting that phage cocktail kinetics may not be as 

complex as previously believed. Two phage strains were selected from these genera, 

LPS-binding Pbunavirus E215 and type IV pilus-binding Phikmvvirus LUZ19. In microwell 

time-kill assays, although phage resistance mutation against a two-phage cocktail is 

inevitable, the duration of resistant bacterial suppression can be extended through a 

combination of phage selection and phage dose. That is, that two phages with high lytic 

activities appear to be more effective in combination than phages with inequal activities. 

Although sequential phage administration was thought to reduce phage 

competition, only one of the regimens recapitulated cocktail activity suggesting 

directionality of receptor mutations. Alternating treatment order produced a novel lysis 

pattern that appeared superior to cocktail administration for select host strains. In 

comparison with the hollow fiber infection model (HFIM), competition between phages 

constrained cocktail phage potencies, that is, that phages were slower to infect and 

reduce bacterial population numbers in cocktail compared to their respective single phage 

activity. Although cocktail performance still suppresses bacterial resistance for far longer, 

this initial competition affects the frequency at which exponential resistance growth can 

occur. These results suggest that phage kinetics can be predicted by study of phage 

replication kinetics and that combining phages from the perspective of phage-phage 

competition can inform the design of multi-phage combinations for clinical consideration. 
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MATERIALS & METHODS 

Survey of phage types 

Survey of known phages was conducted by filtering the INPHARED [279] database 

(accessed April 2024) for dsDNA phages classified under the host ‘Pseudomonas 

aeruginosa’. The collection of therapeutic bacteriophages was compiled by searching 

NCBI for P. aeruginosa clinical case reports between 2005 and June 2024. A list of the 

phages identified and their associated reports are listed in Table 3.1.  

 
Strains & culturing 

P. aeruginosa PAO1 (NC_002516.2) and PAK (LR657304.1) were grown under 

normal atmospheric conditions at 37°C in Luria broth (LB) Lennox with shaking (180 rpm). 

Bacteriophages E215, LUZ19, and PYO2 are Caudoviricetes originally isolated on P. 

aeruginosa strain PAO1 and previously described [82, 280]. Phages were propagated on 

PAO1 as previously described [281]. Briefly, purified phages were added to mid-log 

growing PAO1 at the multiplicity of infection (MOI) 0.1 and cultured overnight at 37°C with 

shaking. Lysates were centrifuged at 8000 ×g to remove bacterial debris and collected 

supernatant containing phages was 0.22 µm dead end filter sterilized and stored at 4°C. 

Phage quantification was performed by serial dilution followed by spot titering. 

 
Spot+ titration 

Bacterial cultures and phage stocks were quantified by double aliquot 48-spot 

serial titration. Briefly, bacteria culture lawned over agar was air-dried. In a 96-well 

microplate, two identical stock samples were taken and each serially diluted at least 8 

times before spotting 4 µL in triplicate on the dried bacterial lawn. Titrations were 
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incubated at 37ºC until colony forming units (CFU) or plaque forming units (PFU) were 

visible. 

 
Time-kill assays 

P. aeruginosa inoculum was prepared freshly for each experiment by growing a 

single CFU overnight (18-24 h) in LB broth. The overnight culture was then diluted into 

fresh medium the morning of each plate experiment (1:10) to obtain bacteria in the early 

logarithmic phase of growth. Microtiter plate wells were filled with 170 μL of fresh LB, 

inoculated with ∼2×106 CFU, and dosed with phosphate buffered saline (PBS, control) or 

phages, before being sealed with a BreathEasy™ membrane (Diversified Biotech). A 

microplate reader (Clariostar; BMG) incubated the microplates at 37°C under shaking 

conditions (120 rpm), while measuring OD600 at 6 min intervals between shaking steps. 

After 8 h, microtiter plates were aseptically unsealed, and a second phage dose (or 

control) was added to wells and a fresh membrane was applied before incubation and 

OD600 monitoring continued. 

In order to observe and compare phage lysis trends, the growth of PAO1 was 

standardized for the plate reader. The goal was to calculate a minimum starting density 

for which P. aeruginosa would be above the plate reader limit of detection, at optical 

density reading 600nm (OD600) 0.18. A standard curve was created to compare plated 

bacterial counts against OD readings on the ClarioStar plate reader and fit a semi-log line 

(based on bacterial exponential growth [282]) to create a formula for estimating the 

CFU/mL density of the plate reader (Figure S3.1). Thereafter, a density of ~2 × 106 CFU 

was added per well for each experiment and verified by plating on solid agar and 
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estimation > OD600 0.18 in plate reader. The theoretical limit of detection (LOD) limit was 

OD600 0.18, corresponding to 7.84 × 105 CFU/mL. 

Next, a pipeline for the normalization and analysis of time-kill outcomes was 

developed (Appendix, RMarkdown). In order to compare the outcomes of replicate 

experiments, raw data for each plate experiment was corrected using its internal blank 

control. Plates were then normalized to the same starting density to allow comparison 

across different plate experiments. Each treatment condition could then be subset for 

comparison across concentrations and combinations. 

The normalized experimental data derived from time-kill assays were analyzed 

using GraphPad Prism 5.03 (GraphPad Inc., San Diego, CA, USA). Normalized optical 

density values were plotted against time for each phage singly or in combination. The 

timing of resistance was calculated as the point which OD600 exceeded 0.3. The 

percentage of turbid wells was similarly calculated as the number of wells with OD600 > 

0.3 at T28. 

 

Hollow fiber infection model setup 

PAO1 was studied over 7 days using polyvinylidene fibers (C2025, FiberCell, New 

Market, MD) with 0.1 μm pore size. The system half-life was fixed to 2 h based on 

assessment of limited available literature concerning in vivo PK [109, 283, 284]. The total 

system volume of distribution was 125 mL with a clearance rate of 0.7 mL/min. For bolus 

strategies with a target Cmax = 7 log10 (PFU/mL), a stock concentration of 11.6 log10 

PFU/mL was used. For continuous infusion strategies with a target Css,avg = 2 log10 

PFU/mL, a stock concentration of 6.58 log10 (PFU/mL) was used. Serial samples were 
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collected for enumeration of bacteria and phages during treatment. Bacteria were 

quantified from samples obtained from the extracapillary space of the HFIM cartridge. 

Bacteria were quantified by serially diluting samples and plating 50 μL on Mueller Hinton 

Agar (MHA) then incubating for 24 h prior to automated enumeration (Protos, Synbiosis). 

By comparison, phages were quantified in both the central reservoir and the extracapillary 

space of the HFIM cartridge to fully account for full disposition of phage in the system. 

Individual phage strains were distinguished through quantification on PAO1-resistant 

mutant lawns. 

Phages were quantified by double aliquot 48-spot serial titration, as previously 

described. Briefly, phage-resistant PAO1 mutant cultured at OD600 0.2 was lawned and 

dried over agar medium before spotting two identical 8-well columns of tenfold serial 

diluted phage 4 μL samples. Agar plates were incubated overnight at 37°C before plaque 

enumeration. Data were graphed using R (version 4.3.0) with no observable counts (i.e., 

0 PFU) plotted as 0 log10 PFU/mL for visualization purposes. 

 

True counts of bacteria and phages from hollow fiber infection model 

Serial samples were collected for enumeration of bacteria and phages during 

treatment. Centrifugation at 8000xg for 5 min separated the bacterial pellet from the 

phage supernatant. Bacteria were quantified from samples obtained from the extracellular 

space of the HFIM cartridge. Bacteria were quantified by serially diluting samples and 

plating 50 µL on MHA then incubating for 24 h prior to automatic enumeration (Protos, 

Synbiosis). By comparison, phages were quantified in both the central reservoir and the 

extracapillary space of the HFIM cartridge to fully account for full disposition of phage in 
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the system. Individual phage strains were distinguished through quantification on in vitro 

evolved phage resistant PAO1 mutant lawns. Phages were quantified using the Spot+ titer 

method as described above. 

 
DNA extraction, genome sequencing, and bioinformatics 

Microtiter wells from 28 h time kill assays were individually streaked out and 

individual CFUs were subcultured and archived with 25% glycerol at -80°C. Genomic DNA 

was extracted by Macherey-Nagel NucleoSpin™ Microbial DNA kit (MN). Sequencing 

libraries were prepared by the Microbial Genome Sequencing Center (MiGS) using the 

Illumina Nextera Kit and then sequenced on the Illumina NextSeq 550 platform (Illumina, 

San Diego, CA, United States) with paired-end 300 nucleotide reads. Raw reads were 

trimmed by fastp v0.20.1 [285] and de novo assembled using SPAdes v3.15.1 [286]. 

Reference guided scaffolding was conducted using RAGTAG v2.1.0 using the PAO1 

NCBI reference genome (NC_002516.2). Annotation of specific function of open reading 

frames (ORFs) was conducted using Rapid Annotations of Subsystems Technology 

(RAST) v2.0 [287]. Identification of tRNAs was conducted using [288] and ARAGORN 

v1.2.41 [289]. Mutational analyses relative to control P. aeruginosa PAO1 (grown under 

microplate conditions for 28h) was conducted using the BRESEQ v0.35.5 pipeline [290]. 

 
Metagenome DNA Extraction 

Metagenomic DNA was extracted using phenol-chloroform extraction method. In 

brief, samples were treated with detergent sodium dodecyl sulfate (SDS) and protease 

and bulk bacterial debris/viral capsids were removed with centrifugation. The supernatant 

was transferred to a Phase Lock Gel (QuantaBio) and phenol-chloroform extracted. The 
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supernatant was removed, and the remaining phenol was removed after mixing in a 

second Phase Lock Gel with chloroform extraction. DNA was then treated with sodium 

acetate and precipitated using ice cold absolute ethanol. After precipitation, DNA was 

washed with 70% ethanol, the DNA pellet was spun down, ethanol was evaporated, and 

the DNA was resuspended in tris-EDTA buffer. MiGS prepared a library for Illumina 

NextSeq 550 paired-end sequencing using the Nextera DNA Flex sample preparation kit 

(Illumina, San Diego, CA, USA). The paired-end reads were processed with fastp (version 

0.23.2) [285] with default settings. Reads were then taxonomically classified using 

Kraken2 [291] (v2.1.2) with default settings. Relative abundance was determined as a 

ratio of taxon reads/total classified reads. 

 
Efficiency of plating experiments 

Microtiter wells from time kill assays were individually streaked out and single 

CFUs were resuspended in 5mL LB and tested for phage resistance. Resistant isolates 

were used as the bacterial lawn culture and pot+ titration was performed as described 

above for comparison of E215 and LUZ19 activities on PAO1 and E215- or LUZ19-phage 

resistant lawns. 

 
Statistics 

All data are shown as means ± standard errors of the means (SEMs). Area under 

the curve (AUC) calculations were taken from time 0 h to 8 h to quantify the decline of 

sensitive biomass and from 8 h to 28 h to quantify the growth of phage resistant biomass. 

AUC calculations and statistical analyses were performed using GraphPad PRISM v9. A 

student’s two-way t-test or two-way analysis of variance (ANOVA) with Tukey's multiple-
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comparison test was used to determine differences between two or multiple groups, 

respectively. A p-value <0.05 was considered significant. 

 

RESULTS 

3.1: Only a limited number of phage genera are therapeutic candidates 

With over 830 characterized anti-Pseudomonas Caudoviricetes (tailed dsDNA 

phages) I sought to subgroup tailed phages by their properties that provide unique 

therapeutic potentials. A survey of the phage types used in investigational new drug (IND) 

patient cases over the last two decades revealed that of the 32 tailed phage genera that 

infect clinical P. aeruginosa, only Pbunavirus, Pakpunavirus, Phikmvvirus, Litunavirus, 

Bruynoghevirus, and Phikzvirus have been the main groups of phages used in eIND 

cases (Table 3.1). As expected, phages in these genera are virulent with strictly lytic 

lifecycles. Moreover, phages within each genus are grouped by high intergenomic 

similarities, virion morphology, and genetic content [292]. Comparison of between genera 

uniqueness therefore suggests that their phages should have different therapeutic 

properties.  

For instance, the aforementioned genera are delineated by two types of viral tail 

structures, differently sized genomes, diverse genetic content, and replication kinetics 

(Appendix, Tables S3.1-S3.6). These same characteristics have formed the basis of 

phage selection in recent clinical trials and case series [100, 293] which suggests that 

phages from multiple genera are typically selected for therapy. Moreover, a case series 

reporting treatment of a whopping 49 P. aeruginosa infections selected treatment from 

only 9 phages singly or in cocktail [21]. Of the phages, 4 used were from the Pbunavirus, 
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3 from Litunavirus, 1 from Pakpunavirus, and 1 from the Phikmvvirus genus [21]. In total, 

63% of the cocktails surveyed combined phages from these genera (Table 3.1). A caveat 

of this however is that this number is expected to be an underestimation because several 

surveyed cases do not include detailed phage taxonomic information. 
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Table 3.1 Phage selection for P. aeruginosa treatments from 2009-2024. 

Case Number Author Year Treatment Genus Phage 

1 Wright et al. 2009 Biophage-PA Cocktail 

nd BC-BP-01 

nd BC-BP-02 

nd BC-BP-03 

nd BC-BP-04 

nd BC-BP-05 

nd BC-BP-06 

2 Khawaldeh et al. 2011 PYOPhage Cocktail1 
Bruynoghevirus TL 

Litunavirus PEV2 

3 Kvachadze et al. 2011 PYOPhage Cocktail1 
Bruynoghevirus TL 

Litunavirus PEV2 

4 Rose et al. 2014 BFC1 Cocktail 
Pbunavirus 14-1 

Phikmvvirus  PNM 

5 Jennes et al. 2017 BFC1 Cocktail 
Pbunavirus 14-1 

Phikmvvirus  PNM 

6 Aslam et al. 2018 

AB-PAO1 m1 Cocktail (+Pa193, 
Pa204, Pa222, Pa223) nd Pa176 

AB-PAO1 Cocktail 

Pbunavirus Pa193 

Pbunavirus Pa204 

Bruynoghevirus Pa222 

Bruynoghevirus Pa223 

PA Navy Phage Cocktail 1 

nd Paφ1 

nd PaSKWφ17 

nd PaSKWφ22 

PA Navy Phage Cocktail 2 
nd PaATFφ1 

nd PaATFφ3 

7 Chan et al. 2018 Single Phikzvirus OMKO1 

8 Duplessis et al. 2018 Cocktail 
2 unspecified phages nd nd 

9 Ferry et al. 2018 

Single nd PP1450 

Single nd PP1777 

Single Bruynoghevirus PP1792 

Single nd PP1797 

10 Ujmajuridze et al. 2018 PYOPhage Cocktail1 
Bruynoghevirus TL 

Litunavirus PEV2 

11 Jault et al. 2019 PP1131 Cocktail 
12 unspecified phages nd nd 

12 Law et al. 2019 AB-PAO1 Cocktail 

Pbunavirus Pa193 

Pbunavirus Pa204 

Bruynoghevirus Pa222 

Bruynoghevirus Pa223 
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Table 3.1 Phage selection for P. aeruginosa treatments from 2009-2024. (continued) 

Case Number Author Year Treatment Genus Phage 

13 Maddocks et al. 2019 AB-PAO1 Cocktail 

Pbunavirus Pa193 

Pbunavirus Pa204 

Bruynoghevirus Pa222 

Bruynoghevirus Pa223 

14  Onsea et al. 2019 BFC1 Cocktail (+ S. aureus 
phage ISP) 

Pbunavirus 14-1 

Phikmvvirus  PNM 

15 Rubalskii et al. 2020 Cocktail 
Pbunavirus PA5 

Pakpunavirus PA10 

16 Tkhilaishvili et al. 2020 PYOPhage Cocktail1 
Bruynoghevirus TL 

Litunavirus PEV2 

17 Ferry et al. 2021 Cocktail 

Pbunavirus PP1450 

Pbunavirus PP1777 

Bruynoghevirus PP1792 

18 Tkhilaishvili et al. 2021 Cocktail (with PNM and 14-
1) 

Pakpunavirus PT07 

Pbunavirus 14-1 

Phikmvvirus  PNM 

19 Ferry et al. 2022 Cocktail 

Litunavirus vB_PaeP_4029 

Litunavirus vB_PaeP_4032 

Litunavirus vB_PaeP_4034 

20 Nieuwenhuyse et al. 2022 BFC1 Cocktail 
Pbunavirus 14-1 

Phikmvvirus  PNM 

21 Tamma et al. 2022 WRAIR-PAM_CF1 Cocktail 

Pbunavirus PaWRA01Phi11 

Pbunavirus PaWRA01Phi39 

Bruynoghevirus PAWRA02Phi83 

Bruynoghevirus PAWRA02Phi87 

22 Cesta et al. 2023 Single Bruynoghevirus Pa53 

23 Green et al. 2023 Cocktail 
Pbunavirus 6959 

Pbunavirus 6917 

24 Köhler et al. 2023 Single Pakpunavirus vFB297 

25 Onallah et al. 2023 Single Pbunavirus PASA16 

26 Aslam et al. 2024 

Cocktails 
PAK_P1+E217 

PAK_P1+PAK_P5 

Pakpunavirus PAK_P1 

Pbunavirus E217 

Nankokuvirus PAK_P5 

GD1 Cocktail 

nd PaBAP5ɸ3 

nd PaMTAE8ɸ1 

nd PaMTAE8ɸ3 
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Table 3.1 Phage selection for P. aeruginosa treatments from 2009-2024. (continued) 

Case Number Author Year Treatment Genus Phage 

27 Pirnay et al. 2024 

BFC1 (2 PA phages) 
BFC2 (2 PA phages) 

IntestiPhage (23 phages) 
PYOPhage Cocktail1 

Cocktail (Custom) 

Pbunavirus 4P 

Pbunavirus 14-1 

Phikmvvirus PNM 

Pakpunavirus PT07 

Litunavirus 4029 

Litunavirus 4032 

Litunavirus 4034 

Pbunavirus Phage C 

Pbunavirus DP1 
1 The commercial product "PYOPhage" is expected to be different across batches but metagenomic 
analysis suggests presence of at least these two phage strains (Villarroel et al., 2017).  

 
A well-designed phage cocktail should accomplish three major goals: 1) broaden 

the host range, 2) increase bacteriolytic potency by having multiple phage strains attack 

the bacterial population, and 3) extend treatment longevity by forcing the target bacterium 

to evolve resistances to multiple phage strains simultaneously [103, 104, 294]. 

Mechanistic information about how phages in cocktails interact to promote 

synergistic/antagonistic effects and anticipated resistance evolution patterns remain 

elusive, in part because these interactions depend on each phage species, the effect of 

two phages on one host, and spatial patterns of microbial distribution. Deep phage 

characterization and generalized selection parameters are needed to improve the 

selection of phages for therapeutic formulation. 

Given the prominence of these phage genera, I designed for the study an anti-

Pseudomonas cocktail by selecting Pbunavirus E215 whose related phages were 

included in 56% of single or cocktail treatments developed for eIND (Table 3.1). E215 

infects host cells by binding to bacterial lipopolysaccharide (LPS) and has been shown to 

have antibiofilm activity and broad host range on a panel of clinical isolates [82]. It has 
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been suggested that pairing phages binding to different cell surface receptors provides 

an ideal cocktail to increase the cost of resistance while limiting the strength of evolved 

resistances [16, 104]. Therefore, to pair with E215 in cocktail I added Phikmvvirus LUZ19 

which binds to host cell type IV pilus. LUZ19 was previously characterized and found to 

complete its infection cycle in under 25 min with potentially accelerated transcription due 

to its encoded RNA polymerase [295]. Both phages were found to be free of integrase or 

lysogeny associated genes and considered obligately lytic [82, 295]. 

 

3.2: Single time-kills allow resistant escape independent of phage concentration 

To determine baseline activity patterns of each individual phage strain, time-kill 

curves were used to measure the kinetics of bacterial decline, suppression, and 

exponential resistance regrowth in the presence of phages. PAO1 was exposed to 

phages at multiplicities of infection (MOI) where virions outnumber host cells 10:1 (MOI 

10), equal ratio (MOI 1), and where cells outnumber virions (MOIs 0.1 and 0.01). Both 

E215 and LUZ19 could produce similar lysis kinetic by suppressing all bacterial 

population growth for approximately 10 hours longer than no treatment (Figure 3.1A). 

Thereafter, canonical resistance regrowth to near carrying capacity was observed. In 

total, once exponential growth began 98% (417/423) of the single phage time-kills 

reached carrying capacity OD600 0.7-1.0 (Figure 3.1B).  
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Figure 3.1 Single phage time-kill kinetics. (A) Averaged time-kill kinetics of E215 (red) and LUZ19 
(blue) at MOIs 10-0.01. Phage treatment was given at T0. Error bars represent standard error of the 
mean (SEM). (B) Percentage of wells grown turbid, above OD600 0.3 after 28 h phage treatments. 

 
Because bacterial regrowth in phage lysates were most likely due to evolution of 

mutational resistance resistant colonies were isolated, short-read sequenced, mapped to 

the untreated reference genome, and the accumulated single nucleotide polymorphisms 

(SNPs) were analyzed to identify putative phage-induced bacterial modifications. 

Consistent with host cells modifying their cell surface to block phage binding there were 

abundant phage receptor mutations. Host cells became resistant to LUZ19 by modifying 

its type IV pili (T4P) or resistance to E215 by modifying their lipopolysaccharide (LPS) 

gene wzy (Appendix, Table S3.7). However, known surface LPS modifications accounted 

for only 40% of E215 resistant mutants. Therefore, non-receptor gene modifications may 
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also be promoting resistance to E215, such as transporter genes OppB and PotB, 

transcriptional regulators or tRNAs in the AcrR family, or others in an array of unidentified 

genes (Appendix, Table S3.7). 

 

3.3: Inequal phage activities increases frequency of cocktail resistance escape 

It has been suggested that pairing phages binding to different cell surface 

receptors provides an ideal cocktail to increase the cost of resistance while limiting the 

strength of evolved resistances [104]. Cocktail of E215 and LUZ19, which was composed 

by mixing equal phage ratios, suppressed bacterial growth for longer in liquid time-kill 

culture compared to each phage individually (Figure 3.2A). The phage cocktail prevented 

bacterial growth for 28 hours in 75% of the 118 cultures (Figure 3.2B). While individual 

phages could prevent bacterial growth for ~12 hours the cocktail was suppressive for over 

24 hours, more than doubling the effective duration of phage treatment (Figure 3.2A). 

Phage resistant cocktail mutants also appeared to plateau at a lower carrying capacity 

than mutants of the individual phages, suggesting increased fitness cost from two phage 

resistance (Figure 3.2A). Nonetheless, resistant mutants still arose ~22h after addition 

with timing independent of dose (Figure 3.2C). It appeared that the cocktail mutants were 

most likely resistant to both phages through surface modifications against each phage 

receptor gene [241]. Indeed, in streak-purified cocktail resistant mutants the frequency of 

a pilus mutation being accompanied by an LPS mutation was 100% (Appendix, Table 

S3.8). 
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Figure 3.2 Cocktail E215+LUZ19 time-kill kinetics. (A) Individual time-kill replicates for MOI 1-0.01 
E215+LUZ19 cocktail treatment are shown. Cocktails were composed of equal phage densities to 
achieve the total MOI, e.g. MOI 0.5 E215/MOI 0.5 LUZ19 for MOI 1 cocktail. Cocktail phage treatment 
was given at T0. Error bars represent standard error of mean. (B) Percentage of wells grown above 
OD600 0.3 after 28 h cocktail treatment. (C) Timing of bacterial growth that surpassed >OD600 0.3 during 
cocktail treatment. 

 
Although the combination of E215+LUZ19 complemented to delay the onset of 

resistance, the frequency of resistance in culture appeared to be dose-dependent. 

Cocktail E215+LUZ19 was most effective at MOI 1 (MOI 0.5/phage) where as few as 8% 

(4/50) of cultures escaped phages to become turbid (Figure 3.2B). Tenfold reductions in 

phage concentration were subsequently associated with increased bacterial escape as 

often as 44% (15/34) (Figure 3.2B). The dose-dependent pattern of resistance frequency 

suggests that cocktail failure may be a consequence of insufficient treatment inoculum as 

seen during resistance development in antibiotics [296] and/or a consequence of 

insufficient activity by one or both phages [104].  
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Figure 3.3 Comparison of E215 and LUZ19 lysis potencies. (A) Early time-kill kinetics (T0-T3) of 
single phage treatments. Error bars represent SEM. (B) Area under the curve (AUC) comparison as a 
proxy to determine bacterial reduction by phages E215 and LUZ19 from T0-T3. Treatments at MOI 10 
E215 and MOI 0.01 LUZ19 were selected to normalize lysis comparison. Error bars represent SEM. (C) 
Representative image of LUZ19 and E215 clearance of PAO1 after 18 h incubation of 4µL phage spots. 
Phage concentrations were standardized to 108 PFU/mL for each stock. Red arrows indicate resistant 
CFUs.  

 
Therefore, next the initial time-kill kinetics of each phage were compared to 

determine whether the activity, or potencies, of the phages were similar. During the first 3 

h of treatment, in order for E215 to achieve similar lysis kinetics it had to be added at 

1000× the concentration of LUZ19 (Figure 3.3A). Moreover, MOI 10 E215 lysis activity 

reduced bacterial growth but could not decrease the load to the limit of detection (OD600 

0.17), which LUZ19 was capable of at all concentrations (Figure 3.1A). Nonetheless, 

during initial infection both phages were able to maintain a lower bacterial burden than 

the untreated control (Figure 3.3B), albeit following different infection patterns whereby 

E215 appeared to infect and prevent bacterial growth more quickly with slower lysis and 

LUZ19 infecting more slowly but lysing more rapidly (Figure 3.3A). This appears to 
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correspond to the individual replication kinetics of each phage. Accordingly, E215 binds 

to or adsorbs to host cells more rapidly than LUZ19 (Appendix, Tables S3.1 and S3.3; 

1.40 × 10-9 vs 1.20 × 10-7 mL-1 min-1). Moreover, LUZ19 had an infection latent period 13 

min shorter than that by E215 (Appendix, Tables S3.1 and S3.3; 17 min vs. 30 min), 

although longer E215 latent period translated to a burst of 250 phage progeny, compared 

to LUZ19 burst of 122 (Appendix, Tables S3.1 and S3.3). 

Together, this would suggest that analysis of phage replication characteristics can 

predict initial time-kill patterns in in vitro co-culture. Comparison between LUZ19 and 

E215 also suggests that latent period, more so than burst size, predicts how rapidly 

bacterial burden is reduced when host infection is maximized (MOI >1), that is that a 

shorter latent period allows reduction of bacterial cells more efficiently than a large burst 

size. This suggests that LUZ19 activity is much more potent than E215, hence lowered 

concentrations of LUZ19 compounded by the deficiency in E215 potency could allow 

more frequent cocktail resistance at low cocktail MOIs. 

On the other hand, increased bacterial resistance was also correlated with higher 

phage potency. On solid agar both E215 and LUZ19 formed clear plaques on PAO1 lawns 

(Figure 3.3C). However, LUZ19 allowed nearly twice (193%) as many highly pronounced 

resistant colony-forming units (CFU) to emerge per μL of phage spotted (108 PFU/mL) 

compared to E215 (Figure 3.3C). This suggests an alternative scenario wherein the high 

potency of LUZ19 pressures an increased rate of bacterial escape in cocktail. Moreover, 

among the various LUZ19 resistant mutants sequenced SNPs occurred at 13 genes 

distributed across the PAO1 genome and spanning all four of the sub-complexes [297] 

that make up the type IV pilus assembly system (Appendix, Tables S3.7-S3.9). In contrast 
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only a single LPS associated gene wzy was consistently mutated in 30/52 E215 resistant 

mutants sequenced (Appendix, Tables S3.7-S3.9). Resistance rate analysis states that 

the overall mutability of resistance is the sum of independent mutability values from the 

number of possible resistance producing genes [298]. This would mean that the sum 

resistance rate against LUZ19 is higher than the resistance rate against E215. Because 

individual phage activities and resistance rates are inequal in cocktails, this suggests that 

uneven competitiveness may be reducing the overall cocktail efficacy. That is, either E215 

is not competitive enough and fails to reduce bacterial burden or that LUZ19 is too 

competitive and drives more rapid, higher rates of resistance. 

 

3.4: Substitution with higher potency phages decreases cocktail escape 

frequencies 

A cocktail composed of an LPS binding phage and pili binding phage has been by 

far the most rigorously studied among the potential anti-Pseudomonas combination 

treatments [299]. However, there has been little direct pairwise phage comparison in 

cocktail. Because cocktail efficacy of E215+LUZ19 appeared to be dampened only in the 

absence of high LUZ19 starting inoculum, E215 was substituted for an alternate LPS 

binding phage to see if efficacy could be improved in cocktail. The list of other prevalent 

anti-Pseudomonas phage genera was used to identify an alternate LPS phage (Appendix, 

Table S3.5). Litunavirus PYO2 was isolated alongside E215 and found to likewise bind to 

P. aeruginosa LPS [82]. Following single phage time-kills, PYO2 resistant isolates were 

found to harbor SNPs in the same wzy gene as E215 in 60% (3/5) of sequenced mutants 

(Appendix, Tables S3.7). Despite binding to the same receptor, cross resistance between 
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PYO2 and E215 was directional. That is, E215 was unable to plaque on a PYO2 resistant 

wzy mutant, while PYO2 could still plaque on the E215 resistant wzy mutant but at a lower 

efficiency (Figure 3.4). This implies each phage binds to different O-antigen molecules. 

In contrast, there was no cross-resistance between LUZ19 and either PYO2 or E215. 

 

Figure 3.4 Cross resistance analysis of PAO1 phages. Phage stocks were diluted to 108 PFU/mL 
and titered on bacterial lawns of wild-type and phage resistant mutants. 

 
The PYO2+LUZ19 combination was much more effective at preventing bacterial 

escape than E215+LUZ19 (Figure 3.5A). Out of the 118 cocktail treatments, only a single 

well at the lowest concentration allowed bacterial escape before the 28-hour time point 

(Figure 3.5A). As expected, this exponentially growing mutant harbored both pil and wzy 

mutations in its genome (Appendix, Tables S3.8). This demonstrates that an effective 

treatment was possible using an LPS+pili phage cocktail. 
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Figure 3.5 Cocktail LUZ19+PYO2 time-kill kinetics. (A) Individual time-kill replicates for MOI 1-0.01 
LUZ19+PYO2 cocktail treatment are shown. Cocktail phage treatment was given at T0. Error bars 
represent standard error of mean. (B) Comparison of LUZ19 and PYO2 lysis potencies from T0-T3. 
Error bars represent SEM. (C) AUC comparison of initial bacterial reductions by MOI 1 LUZ19 and MOI 
10 PYO2. Error bars represent SEM. 

 
Although this suggests that PYO2 is the more potent phage compared to E215, it 

is unclear whether its morphology, genome, and/or lytic cycle confers its advantage. The 

two phages also have different morphologies, with PYO2 having a podovirus, short 

noncontractile tail structure while E215 is a myovirus with a long contractile tail structure. 

The genomes of the two phages appeared similar in size and gene number but PYO2 
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encodes its own RNA polymerase (Appendix, Table S3.5). Compared with E215, PYO2 

was also found to replicate 1.15x faster but produces ~20% fewer phages per lytic cycle 

(Appendix, Table S3.1 and S3.5). It would appear that the longer latent period of E215 is 

compensated by its larger burst size but, again, the correlation between lytic cycle and 

potency remains unclear (Appendix, Table S3.1 and S3.5). Comparison of initial single 

phage activities confirmed however that the initial potency of PYO2 was still 10x lower 

than LUZ19 (Figure 3.5B). This, in turn, emphasizes that PYO2 is approximately 100x 

more potent than E215 singly administered. Combined, this suggests that their difference 

in initial phage activities may account for their divergent cocktail efficacies when mixed 

with LUZ19 (Figure 3.2A vs 3.5A). 

In contrast to assumptions of phage synergism in cocktail, the potency of LUZ19 

alone was greater than that of PYO2+LUZ19 together (Figure 3.6A). This would suggest 

that cocktail potency is driven by the most potent phage in cocktail. Moreover, because 

the kinetics of cocktail treatment are slower in the presence of PYO2 it appears that the 

presence of a second, less potent phage strain hampers treatment efficacy. Because 

there is no collateral resistance between either LPS and pili binding phages, this would 

suggest that the reduced potency is a limitation of susceptible bacterial cells. That is, if 

cells LUZ19 could have otherwise monopolized were occupied by PYO2 binding, fewer 

cells would be available for LUZ19 replication.  

Indeed, when the number of available host cells was increased 100x by decreasing 

phage numbers, the reduction of cocktail potency relative to single phages was reversed 

(Figure 3.6B). There was also a modest improvement in cocktail wherein lysis kinetics 

mirrored the patterns of PYO2 followed by LUZ19 lytic activities (Figure 3.6B). That 
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cocktail kinetics now hybridize the activities of both phages instead of an ‘average’ of the 

two curves suggests improved co-existence of both phage strains compared to the MOI 

1 cocktail (Figure 3.6 A vs B). On the other hand, potency over time remained constrained 

by the availability of LUZ19 phages and did not appear further improved (Figure 3.5A). 

Together, this suggests that when two phages are combined in cocktail, the activity of the 

individual phages are reflected in their kinetics even when the receptor basis of the 

combination remains the same, i.e., LPS-binding phage and pili-binding phage. 
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Figure 3.6 Comparison of LUZ19+PYO2 cocktail and single phage potencies. Comparison of 
individual phages and cocktail activity and bacterial reduction (AUC) when (A) bacterial numbers are 
equal to phage (MOI 1) and (B) higher than phages (MOI 0.01). Error bars represent SEM. *p<0.05 

 

3.5: Asymmetric phage concentrations in cocktail dampens cocktail potency but 

not efficacy 

To further decipher whether lower PYO2 potency and/or high LUZ19 potency 

contribute to bacterial escape, different compensatory cocktail doses were compared. 
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When the dose of PYO2 was increased 10x and 100x relative to LUZ19 the reduction of 

sensitive cells from T0-T3 was reduced 3.3% and 4% compared to MOI 1 LUZ19 

treatment, respectively (Figure 3.7A). Increasing LUZ19 concentration to MOI 100 also 

slightly dampened potency by increasing AUC by 1% (Figure 3.7A). This would suggest 

that phage potencies are adversely affected by high phage doses > MOI 100. Treatment 

of LUZ19 together with filtered PYO2 lysate did not evoke similar decreases in lysis 

potency, further suggesting that the direct effects of two phages versus a limited number 

of bacterial hosts was the cause of slowed initial bacterial lysis (Figure 3.7A). This 

suggests that initial phage efficacy cannot be compensated for or improved by addition 

of higher phage starting inoculums. 

 



82 

 

Figure 3.7 Asymmetric cocktail potency versus single phage potency. (A) Comparative potency 
from T0-T3 of asymmetric cocktail concentrations combining LUZ19 and PYO2. Cocktails were 
composed of phages to create total MOIs of 2, 11, or 101. A filtered PYO2 lysate fraction (<100kDa) free 
of phages was used for comparison (light blue). Error bars represent SEM. *p<0.05 (B) Time-kill kinetics 
of asymmetric cocktails. No exponential growth was observed in any of the cocktail treatment wells, 
n=35. 

 
Despite the slight decrease in potencies however, no cocktail escape mutants were 

observed (Figure 3.7B). This would further suggest, as seen with previous escape 

frequency, that cocktails combining LUZ19 and PYO2 with total MOI 1 or higher appear 

sufficient to prevent bacterial growth for 28 h (Figure 3.5A vs 3.7B). This would be in line 

with the high predator-prey conversion rate of phages whereby additional phage starting 

inoculum would be expected to have diminishing returns in light of the rapid host cell 

turnover rate [300]. Combined, although increased concentrations of phages slightly 
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dampened initial phage lysis activities, these results suggest that a MOI equal to, but not 

in large excess of, bacterial density best optimize cocktail performance when both phages 

are potent. Although comparison of these activities in E215 cocktail has yet to be 

explored, this suggests that phage selection should play a larger role relative to dose for 

increasing cocktail efficacy during treatment design. 

 

3.6: Reducing phage competition through sequential addition worsens individual 

phage activities 

Lytic phages and bacteria create a unique predator-prey dynamic wherein the 

death of a bacterial cell is typically accompanied by the release of hundreds of new 

phages [11]. Because this strategy constrains phage co-existence in nature [300], it would 

follow that competition between phages can similarly be a problem during phage cocktail 

design. Because the cocktail of PYO2+LUZ19 outperformed that of E215+LUZ19, this 

suggests that the increased initial potency of PYO2 enabled it to better compete with 

LUZ19 in co-culture. Thus, I next hypothesized that our original E215 and LUZ19 cocktail 

could be improved by limiting the competitive pressure exerted by LUZ19 onto E215. Two 

sequential treatment regimens were devised to give E215 a competitive advantage: 1) 

either by allowing E215 to monopolize cells by having 8 hours of uncontested replication 

or 2) by allowing E215 to prey upon a subpopulation of LUZ19-resistant cells (Figure 

3.8A). We selected an 8-hour time-point to capture a period of time when bacterial cells 

resistant to the first phage in sequence could begin approaching the limit of detection 

~6.5×103 CFU (LUZ19) or before they could outcompete sensitive cells ~2.8×106 CFU 

(E215) and grow unencumbered (Figure 3.8B). 
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Figure 3.8 Sequential treatment schematic and time-kill results. (A) Schematic depicting the 
resistance outcomes of single and cocktail phage treatments. The design of sequential treatment using 
single phages (MOI 1) at T0 and T8 is below. (B) Titer of bacterial colony forming units sampled from 
LUZ19 treated microtiter wells. Error bars represent SEM. Sequential treatment time-kill kinetics of (C) 
E215 (T0) followed by LUZ19 (T8) and (D) LUZ19 (T0) followed by E215 (T8). Error bars represent SEM 
for no phage control and individual replicates shown for phage treated wells. 

 
In the first scenario, the treatment initiated with E215 followed by LUZ19 appeared 

to worsen the activity of the more potent phage (Figure 3.8C). Although the second phage 

was added when bacterial cells were at what appeared to be a sufficiently high density 

(OD600 >0.2) for phage reduction, no decrease in density was apparent until T18, 

approximately 10 hours after addition (Figure 3.8C). Furthermore, bacterial cultures 
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appeared to steadily increase in density from T8-T18 despite the abundance of both 

phage strains (Figure 3.8C). This suggests that the activity of LUZ19 was dampened as 

compared to cocktail, even though plenty of wzy mutants were expected to be present 

and indeed were confirmed after 28 h treatment (Appendix, Table S3.9). Although the 

density of the wells stayed close to ~OD600 0.3, 100% of these wells were turbid in 

comparison to cocktail. We had previously verified that there was no collateral resistance 

between E215-resistant mutants and LUZ19 binding by calculating the efficacy of plating 

(EOP) between phage sensitive and phage resistant variants of the phages (Figure 3.4). 

This would suggest that a new phenomenon caused the delay in LUZ19 activity 

nonspecific to wzy mutation. 

In the second scenario, administering the sequential treatment in reverse with 

LUZ19 then E215, we observed that the kinetics of treatment more closely resembled 

that of cocktail (Figure 3.8D). In sequential treatment however, the frequency of turbid 

wells increased 6.5x (52% vs 8%) compared to cocktail treatment at the same 

concentration (Figure 3.8D vs Figure 3.2A). Again, phage activity appeared worsened 

despite E215 having a plethora of pil mutants for replication (Appendix, Table S3.9). 

Although we set out to improve cocktail efficacy by reducing competition between the two 

phages, the activities of both sequences appeared to worsen the activity of the second 

phage added. However, there was strong dependence by bacterial resistance dynamics 

based on the sequence of phage addition. Moreover, although the addition of E215 to 

LUZ19 did not perform as expected the lack of exponentially growing resistance mutants 

was intriguing.  
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3.7: Sequential phage treatment performance is strain-dependent 

If reduced phage potencies were correlated to lower lytic activity in cocktail, we 

reasoned that testing the phages on non-isolation host strains would show similar lysis 

dynamics or infer host-related differences that could be used to compare an ‘optimized’ 

cocktail against other susceptible strains. For comparison, another well-characterized P. 

aeruginosa strain PAK [38] was selected and challenged with single, cocktail, and 

sequential phage treatments, focusing now on MOI 1 concentration. Plating on PAK 

bacterial lawns found that E215 and LUZ19 had EOPs of 56.2% and 100% respectively. 

This would suggest reduced potency of phage E215 on the new host. In contrast to this 

expectation, only LUZ19 kinetics were divergent from its activity on PAO1 (Figure 3.9A). 

Despite its efficacy being halved, E215 kinetics nonetheless showed a similar, consistent 

low level of bacterial control near the limit of detection followed by growth of resistant 

mutants at ~16 h, two hours longer than on PAO1 host. Approximately 17.6% (3/17) of 

LUZ19 treated wells remained clear for 28h (Figure 3.9A). This conversely suggests that 

activity of both phages in liquid co-culture is improved relative to PAO1 kinetics despite 

lowered E215 EOP on solid agar. 
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Figure 3.9 Time-kill kinetics of PAO1-phages on non-host PAK strain. Single phage time-kill kinetics 
of MOI 1 (A) E215 and (B) LUZ19 on PAK. Combination phage performance as cocktail, sequential 
E215 (T0) to LUZ19 (T8) treatment, and sequential LUZ19 (T0) to E215 (T8) treatment. 

 
When cultured in cocktail however, the majority of E215+LUZ19 treatments 76.5% 

(13/17) allowed resistance escape, unlike only 8% in PAO1 (Figure 3.9B vs 3.2A). With 

this decrease in cocktail efficacy, sequential treatments were expected to worsen as well. 

Treatment patterns of LUZ19 followed by E215 appeared no different compared to 

cocktail (Figure 3.9C). On the other hand, reversed treatment of E215 followed by LUZ19 

improved kinetics compared to cocktail both in suppression timing and frequency of 

resistant escape (Figure 3.9D). There was a similar delay in phage activity of the second 

phage added as on PAO1, where bacterial growth appeared to briefly grow exponentially 

before being reduced to the limit of detection (Figure 3.9D vs 3.8C). All but one well then 

remained clear for 28h (Figure 3.9D). Reduction to the limit of detection implies either that 
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the phages were more potent against the PAK strain or that the fitness cost of resistance 

against the phages was higher compared to PAO1.  

Regardless, the combination of E215 and LUZ19 appears to potently reduce P. 

aeruginosa growth in the absence of competition for host cells despite seemingly reduced 

potency on alternate strains. This suggests not only a broad applicability of the cocktail, 

but that co-administration method and order may play roles depending on specific isolate 

susceptibility and/or fitness. Further screening on patient isolates and non-host strains 

will be necessary to determine these effects. 

3.8: HFIM recapitulates cocktail competition patterns 

Although phage competition limits the initial potency of phages in well-mixed in 

vitro culture, a more dynamic environment would be required to decipher the more 

complex phage kinetics that occur in vivo. The Hollow Fiber Infection Model (HFIM) is the 

gold standard for quantifying small molecule antimicrobial pharmacokinetics (PK) and 

pharmacodynamics (PD) and resistance [301, 302]. The HFIM was adapted for this study 

based on several key features of the model: 1) continuous fluid-flow exchange of phage 

and media, 2) heterogenous distribution of bacteria and phages, 3) quantification of 

bacterial growth dynamics, and 4) protracted experimental length and timepoint sampling. 

The HFIM consists of a media-filled cartridge with multiple fine fibers porous to phage, 

but not to bacteria (Figure 2.1). Consequently, this allows phages to be injected in the 

HFIM after bacteria has been established in the extracapillary space (ECS) of the 

cartridge. In contrast to well-mixed micro-well cultures, infusion of phages through 

selective fibers allows phages to diffuse into an area rich with bacteria without disruption 

of the ECS.  
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Similar to its performance in the time-kill assay, single treatment of phage LUZ19 

was effective at rapidly reducing sensitive bacterial burden within the HFIM (Figure 

3.10A). Bacterial counts increased by 1.5-log during the first 6 h of treatment (compared 

to 2-log increase untreated) before being reduced from 107 to 103 CFU/mL by 8 h. 

Sampling at 12 h revealed that bacterial counts rebounded to 109 CFU/mL, suggesting 

that bacteria within the HFIM acquired resistance to LUZ19. Phage counts corresponded 

to the changes in bacterial density, with titers increased by 4-logs after only 2 h following 

treatment, up to 109 PFU/mL, and continued to increase until it plateaued around 12 h at 

1011 PFU/mL. This is consistent with the large decrease in bacterial count at 6 h and 

subsequent bacterial regrowth at 12 h, where it appears phage no longer replicated 

efficiently within the HFIM. Both phage and bacterial counts reached a plateau of around 

1010 to 1011 CFU or PFU/mL after 36 h with final phage titers surpassing bacterial counts. 

The central reservoir, through which fresh phages and media are exchanged and waste 

is filtered out, consistently contained 105 to 107 PFU/mL of LUZ19 suggesting efficient 

phage replication occurred to exceed the expected steady state concentration (Css) 

infusion of 105 PFU/mL (Figure 3.10A). 
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Figure 3.10 HFIM time-kill kinetics. Phage and PAO1 kinetics in HFIM central cartridge for (A) LUZ19 
treatment at MOI 0.1, continuous infusion of 105 PFU/mL, (B) E215 treatment at MOI 0.1, continuous 
infusion of 105 PFU/mL, and (C) cocktail E215 and LUZ19 treatment at MOI 0.1, continuous infusion of 
105 PFU/mL. 
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Single E215 treatment was similarly effective in HFIM and allowed bacterial counts 

to increase by 2-logs (from 105 to 107 CFU/mL) 2 h after phage treatment before effectively 

reducing cells to 103 CFU/mL (Figure 3.10B). Again, sampling at 12 h showed that 

bacterial counts rebounded to 108 CFU/mL and peaked at 1010 CFU/mL after 24 h. As to 

be expected, phage titers did not immediately increase at the first 2 h timepoint (given its 

longer latent period compared to LUZ19), but dramatically increased to 108 PFU/mL at 

the 4 h timepoint. Phage titer increased to a peak of 1011 PFU/mL 30 h after phage 

treatment. Although the titer remained high for a further 22 h (up to the 52 h timepoint) 

the counts decreased by 3-logs at 54 h, decreasing lower than bacterial counts. 

In contrast to LUZ19, the central reservoir contained fluctuating counts of E215. 

E215 was only briefly detected in the central reservoir after 6 h, despite phage counts 

increasing in the cartridge, before shortly dropping below the limit of detection. At 12 h 

phage counts rebounded to 106 PFU/mL and stayed at Css of 105 PFU/mL shortly 

thereafter. Thus, although E215 was able to replicate within the cartridge, it did not appear 

to replicate as efficiently or in excess of the Css as LUZ19 did (Figure 3.10B vs 3.10A). 

Altogether, single phage treatment in the HFIM was comparable to our observations from 

time-kill curves. The effect of phage replication on bacterial counts was evident six hours 

after treatment when they sharply declined while phage titers increased. Unlike microwell 

time-kill curves where resistance to LUZ19 occurred sooner, bacterial resistance to each 

phage strain seemed to emerge at similar amplitudes between 8-12 h for both phage 

strains. In the HFIM, LUZ19 seemed to stay at stable high counts compared to E215 

whose titer dropped several logs at 54 h. 



92 

Next, bacterial colonies were plated to assess the performance of cocktail 

treatment within the HFIM (Figure 3.10C). Bacterial counts from combination treatment 

increased 2-logs to 107 CFU/mL from 0-4 h, similar to single phage treatment, before 

dropping 103 CFU/mL at 8 h. Unexpectedly, instead of stronger or prolonged suppression 

of bacterial growth, bacterial counts rebounded to 107 CFU/mL after only 12 h of phage 

treatment, and up to 109 CFU/mL before a second drop in bacterial titer occurred at 30 h. 

However, a second surge in bacterial growth occurred between 48-52 h where bacterial 

counts increased to 1010 CFU/mL. Surprisingly a third decline in bacterial count occurred 

at 54 h before the bacterial population plateaued and remained at 109 CFU/mL, only 1-

log lower than single phage treatments. 

To examine the dynamics of the individual phage strains, phage-resistant strains 

to each cocktail phage (sub-cultured from single HFIM experiments) were used to 

determine the titers of the mixed supernatant from the cartridge. Between 0-8 h, LUZ19 

phage titers increased to 1010 PFU/mL before plateauing until 30 h. Phage titers 

decreased between 30-48 h from 1010 PFU/mL to 107 PFU/mL before increasing from 48-

52 h back to 109 PFU/mL. On the other hand, phage E215 did not appear to replicate 

efficiently for the first 12 h following addition. One day (24 h) after combination phage 

treatment was initiated, E215 counts increased to 109 PFU/mL and further to 1012 PFU/mL 

after 26 h. Strangely, E215 titers declined from 26-48 h before increasing back to 1012 

PFU/mL at 52 h and plateauing afterwards. Within the central reservoir, LUZ19 titers 

reached and maintained Css 105 PFU/mL from 2-24 h before increasing and plateauing 

at 107 PFU/mL, suggesting similar replication efficiency as seen in single LUZ19 

treatment. In contrast, although E215 titers still fluctuated for the first 8 h, phage titers 
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approached 105 PFU/mL by 12 h and increased 2-logs at 24 h. Shortly after, E215 titers 

were maintained at a much higher titer than during single treatment and stayed at 108 

PFU/mL, exceeding that of even LUZ19 (Figure 3.10C).  

Based on the phage and bacterial counts, the HFIM suggests that 1) double-phage 

resistance occurs even in a continuous flow system, 2) double-phage resistance appears 

stepwise, and 3) resistance likely occurs first to the pili binding phage (LUZ19) before the 

LPS binding phage (E215). Correlating the bacterial counts to the changes in phage titer, 

this suggests that the first reduction in bacterial count largely to the activity of phage 

LUZ19 and the second bacterial reduction to phage E215. Although both phages should 

be capable of replication at the initiation of dual-phage combination treatment, LUZ19 

replicated much more efficiently than E215. This suggests that LUZ19 dominates the early 

bacteriolytic dynamics within the HFIM despite there being an equal number of each 

phage strain present. That E215 only begins replicating after LUZ19 titers plateau 

suggests that E215 is predominantly replicating on the LUZ19-resistant bacterial 

population present at 12 h and no longer competing with LUZ19 over phage-sensitive 

ancestral bacteria. This appears consistent with our observations in microwell time-kill 

assays wherein cocktail potencies seem to preferentially favor LUZ19 (Figure 3.6B). This 

also resembles dynamics in microwell sequential potencies where application of LUZ19 

followed by E215 more closely resembles cocktail dynamics, and whereby resistance to 

type IV pili appears more fixed than wzy (Figure 3.8D, Appendix, Table S3.9).  

It is unclear whether this is due to a difference in phage potency, the fitness cost 

of phage resistance, or to ease with which pil genes can be mutated compared to wzy 

(12 genes vs. 1 gene, Appendix, Table S3.7). Finally, although this was not previously 
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observed in the time-kill curves, the third smaller reduction in bacterial counts could 

hypothetically be due to co-evolution between PAO1 and LUZ19 since phage counts 

increased by 2-logs following bacterial reduction (Figure 3.10C). After 48 h, there were 

no apparent changes in phage or bacterial titers in either the cartridge or central reservoir, 

suggesting that bacteria are largely phage-resistant either to single or both phages 

(Figure 3.10C). 

 

3.9: HFIM metagenome captures true microbial abundances 

Although a large number of samples and isolates could be harvested from HFIM 

timepoints, it was difficult to ascertain whether bacterial cells remained phage sensitive 

or resistant during intermediate timepoints (before 8 h regrowth) using experimental 

methods. Developing a method to extract and quantify bacterial and phage abundances 

bioinformatically could potentially in one step quantify abundances of both sample types. 

For sample extraction, the traditional phenol-chloroform method was used based on its 

relative ease, speed, and compatibility with both bacterial and viral samples [303]. 

Three samples were analyzed after DNA extraction and short-read Illumina 

sequencing which showed only a ±2% difference between taxonomically classified reads 

and plated counts of either PAO1, E215, and LUZ19 (Figure 3.11A vs 3.11B). It appeared 

that viral abundances were only slightly underestimated by the bioinformatic analyses 

which captured largely bacterial reads (>90% reads mapped) (Figure 3.11B). Although 

we have yet to find bioinformatic markers to delineate between phage sensitive and 

insensitive bacterial variants, this method appears to bridge the gap between high sample 
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count HFIM analysis and capturing subtle changes in bacterial populations, and perhaps 

even of phage co-evolution, for PK/PD analysis. 

 

Figure 3.11 Metagenome analyses successfully recapitulates plated counts of bacterial and viral 
abundances. (A) Bioinformatic classification and comparison of bacteria (Pseudomonas, black) and 
phage (Pbunavirus E215, blue and Phikmvvirus LUZ19, yellow) abundances from samples extracted at 
120h. DNA reads captured the (B) in vitro abundances of the samples counted from the HFIM cartridge 
at 120h. True counts below 2 x 106 PFU/mL were not classified by Kraken2 as containing >1% of total 
reads. 

 

DISCUSSION 

In this study, we evaluated the interactions between two phages on a single 

bacterial host and the efficacy of phage combinations in the context of short-term phage 

proliferation and long-term treatment sustainability. Understanding the competition 

kinetics and dynamics between phage strains will allow us to identify biomarkers for 

improving phage therapy cocktail design. Our work strives to understand the gladiatorial 

stage of phage competition: whereby phages must compete not only for the finite 
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resource of host cells, but also be restricted in their ability to bind to select host strains 

and types.  

With over 100 years of experimental phage therapy, we were surprised to find that 

only a small subset of anti-Pseudomonas phages has been used therapeutically. 

Nonetheless, the six genera we identified appear to be promising therapeutic candidates, 

or failing that, could be used as exclusion references to screen for novel phage types. 

Although only two representative phage strains Pbunavirus E215 and Phikmvvirus LUZ19 

were extensively studied, we found that individual phage activities or potencies were 

secondary to receptor mixing in cocktail, but that individual phage characteristics such as 

shorter latent periods could be leveraged to improve already efficient cocktails. For 

instance, the ability to substitute E215 with Litunavirus PYO2 suggests that phage cocktail 

formulations should be focused on harnessing the individual early lytic activities of phages 

to improve long-term resistance prevention. 

Despite their seeming simplicity, time-kill kinetics were highly manipulable for 

concise comparison of phage bacterial killing and for comparison of single versus 

combination phage activities at early time points. Although the initial potency of the 

cocktail can be manipulated to enhance lysis kinetics, we found that activity between two 

phages did not seem to exceed the maximum potency of the ‘strongest’ phage. Moreover, 

contrary to the often perceived ‘synergism’ of phages in cocktail, we found instead that 

phage competition for susceptible hosts limited the potency of two-phage cocktails at 

administration. When hosts became abundant, this drawback of phage potency was lost 

but the frequency of mutational escape was found to increase. This would suggest that 
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both high phage potencies and abundance are necessary at phage administration to 

optimize phage activities in cocktail.  

When we attempted to reduce competition between phage species, we found that 

sequential treatments worsened phage activity for the secondary phage in each scenario 

tested irrespective of receptor. Together, this suggests that cocktail phage formulation 

requires not only the selection of phages with unique receptors but also of phages with 

similar lytic activities on host to maximize both potency and efficacy. Comparison of these 

dynamics on an alternative strain PAK however suggests that sequential dynamics may 

be beneficial in the right context, although the mechanism of this interaction remains 

unknown. 

Combined, examination of bacterial and phage counts in the HFIM suggests that 

combination phage therapy at MOI 1 had short-lived and limited success. While 

microwells time-kills remained clear for upwards of 20 h, bacterial resistance was 

detectable as early as 12 h (to a single phage) in HFIM and to both phages at 48 h. We 

estimated that bacteria populations in the HFIM were well over 107 CFU/mL after a mere 

12 h. Thus, it is clear that combinatory treatment appeared more successful during 

microwell time-kills than in the HFIM. We hypothesize that this is due to a difference in 

the spatial distribution of phage and bacterial subpopulations in each of these different 

culture scenarios. Future work will require microbial or metagenomic analysis of HFIM 

populations contrasted to microwell populations to decipher the differences in phage 

activities, resistance emergence, competition between bacterial populations, and 

competition between phage strains in context of continuous flow circulation (e.g., in 

human blood). Although we were able to assess the relative potency of two different LPS 
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phages in this work, another complement to this work would be to examine an alternate 

pili-binding phage, whether more or less potent than LUZ19, to assess its relative 

contribution in cocktail. 
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CHAPTER 4 
 

CLINICAL PHAGE CULTIVATION AND PURIFICATION 

INTRODUCTION 

Production and purification of clinically safe phages is bottlenecking access to 

phage therapy. Phages must be produced in a culture-dependent manner. When bacterial 

cells are lysed by phages, their cell membranes rupture and endotoxins are released into 

the solution. Endotoxins in solution range from molecular weights of 10 to 1,000 

kilodaltons (kDa) [304]. However, since phages are in the same molecular weight range 

as endotoxins, centrifugation and filtration cannot be used to adequately separate the 

endotoxins from the target phages. A harmonized standard for recommended maximum 

endotoxin exposure is 5.0 EU per kg of body weight (interpreted as within 1 hour) for most 

drugs based on an average patient weight of 70 kg [122]. 

The bottleneck for producing phages for human administration therefore is 

separating phage particles from bacterial cell debris. Gross bacterial impurities could 

trigger potentially life-threatening inflammation and septic shock in humans [124]. 

Endotoxins are of primary concern and the FDA limits human intravenous drugs to 

<5 EU·kg−1 h−1 [122]. However, endotoxin removal without sacrificing phage 

concentration remains difficult at-scale for compassionate use. For example, phages 

prepared under prescription as “magistral preparations” for human treatment in Belgium 

[125] and for expanded access eINDs by Chan et al [126] were reported to yield ~107 

PFU·ml-1 at >10 EU·ml-1. Standardized and streamlined methods of high-quality phage 
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preparations are necessary to improve studies of phage safety and increase access for 

compassionate use and phased clinical trials.  

Here, we hypothesize that phage purification can be improved by introducing 

cross-flow filtration (CFF) to phage production. Following traditional overnight cultivation 

and sterile filtration, phage lysates can be concentrated, and phages will be ‘washed’ with 

PBS using a 100kDa CFF membrane. During CFF, any material smaller than the cross-

flow membrane pore of 100 kDa passes through the membrane, while larger suspended 

phage particles are retained. Therefore, this process both filters spent media solutes (e.g., 

yeast, tryptone, salts) out of the phage solution, while simultaneously reducing the liquid 

volume of the preparation by ~100-fold, improving downstream handling of the 

preparation. A membrane pore size of 100 kDa provides an equivalent to a spherical 

particle with a 3 nm diameter and is therefore sufficient to retain all known phages [305].  

Moreover, we further hypothesize that reducing the initial bioburden of phage 

resistant cells during phage amplification can allow us to simplify phage purification and 

reduce the time needed for clinical phage preparations. Processing of the phage lysate 

prior to resistant bacterial growth by harvesting the lysate or reducing growth 

temperatures will limit the number of resistant bacterial cells present in the final phage 

lysate. Combined with the concentration of phages ~100-fold, this suggests that further 

time-consuming downstream purification can be eliminated, e.g., cesium chloride density 

ultracentrifugation and/or organic solvent extraction. Optimization of conventional 

chromatographic endotoxin removal kits are therefore sufficient for residual endotoxin 

removal. Clinical phage purification can therefore take as few as 48 hours to complete 

and with the use of only conventional microbiological equipment. 
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MATERIALS AND METHODS 

Phage stability assay 

PAK_P1 (GCA_000891855.1) phages were produced according to the method 

described in detail in Chapter 4.1.1. Purified phages were produced for final storage in 

phosphate buffered saline (PBS). The final stock solution of the phages was 0.2 µm 

sterile-filtered into a 50-mL plastic conical. Further sterile dilutions into glass or plastic 

Eppendorf tubes were performed in a biosafety cabinet using Gibco Dulbecco’s PBS 

(dPBS) without calcium or magnesium (14190144) to produce 1mL diluted stocks. At 

indicated timepoints, 2 µL of phages were removed and quantified on lawns of P. 

aeruginosa PAK (LR657304) by double aliquot 48-spot serial titration. Briefly, bacteria 

culture lawned over agar was air-dried. In a 96-well microplate, two identical stock 

samples were taken and each serially diluted at least 8 times before spotting 4 µL in 

triplicate on the dried bacterial lawn. Titrations were incubated at 37ºC until colony forming 

units (CFU) or plaque forming units (PFU) were visible.  

 

RESULTS 

4.1.1: Cross-flow filtration improves the concentration and purification of phages 

(published protocol) 

This section is a reprint of a published protocol entitled: Standardized 

Bacteriophage Purification for Personalized Phage Therapy. Printed in Nature Protocols, 

September 2020. Written by Tiffany Luong, Ann-Charlott Salabarria, Robert A Edwards, 

and Dwayne R Roach. This protocol details a 14 to 21 day procedure to produce phages 

using a combination of modified classical techniques, cross-flow filtration (CFF) 
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processes, and no organic solvents to produce phages against Gram-negative 

pathogens. The protocol described aims to standardize how phages are produced in 

order to bridge the need for clinically-safe phages where phages produced under good 

manufacturing practices (GMP) are not yet available for emergency IND cases. 

 

Abstract 

The world is on the cusp of a post-antibiotic era but researchers and medical 

doctors have found a way forward – by looking back at how infections were treated before 

the advent of antibiotics, namely using phage therapy. Although bacteriophages (phages) 

continue to lack drug approval in Western medicine, an increasing number of patients are 

being treated on an expanded access emergency investigational new drug (eIND) basis. 

In order to streamline the production of high-quality and clinically safe phage 

preparations, we developed a systematic procedure for medicinal phage isolation, liter-

scale cultivation, concentration and purification. The 14-21 day procedure described in 

this Protocol utilizes a combination of modified classical techniques, modern membrane 

filtration processes, and no organic solvents, to yield on average 23 mL of 1011 PFU·mL-

1 for Pseudomonas, Klebsiella and Serratia phages tested. Thus, a single production run 

can produce up to 64,000 treatment doses at 109 PFU, a commonly prescribed IV dose, 

which would be sufficient for most expanded access phage therapy and potentially for 

clinical phase I/II applications. The protocol focuses on removing endotoxins early by 

conducting multiple low-speed centrifugations, microfiltration and cross-flow ultrafiltration, 

which reduced endotoxins 106-fold in phage preparations. Implementation of a 

standardized phage cultivation and purification across research laboratories participating 
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in phage production for expanded access phage therapy may be pivotal to re-introduce 

phage therapy to Western medicine.  

Introduction 

Academic and military research institutions are being called to immediate action to 

produce bacteriophages —viruses that kill bacteria— for the treatment of antibiotic 

resistant infections prior to drug approval [153, 306-308]. Sometimes called 

compassionate use, expanded access provides a patient with an immediately life-

threatening condition or serious disease rapid access to an investigational new drug (IND) 

when no satisfactory alternative therapy options are available [309]. While demand for 

bacteriophages (phages for short) is increasing in several fields including human and 

veterinary drugs, biological products, food supply, and cosmetics [262, 308, 310], only a 

limited number of phage products are produced under the regulations covering good 

manufacturing practices (GMP) [119, 120]. However, an argument can be made that an 

effective, consistent, and controllable process for phage production, which also meets 

safety and efficacy demands for human and animal clinical use, has yet to be achieved 

[121, 311]. That is, medicinal phage products have generally been of low purity and titer 

[306, 308, 312-314].  

Deaths from antibiotic drug resistant bacteria are at historic highs according to the 

Center for Disease Control (CDC) and World Health Organization (WHO) [315, 316]. In 

the United States more than 2.8 million multi-drug resistant (MDR) infections occur each 

year, and more than 35,000 people die as a result [315]. As the usefulness of antibiotics 

is waning, there is an urgent need to develop new ways to treat infections or MDR will be 

the leading cause of human death worldwide by 2050 [316]. Now, researchers and 
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medical doctors have found a way forward – by looking back at how infections were 

treated before the advent of antibiotics [153, 306]. Phage therapy started with its first 

clinical application in 1919 [317] and has seen continuous improvement to this day. 

Although phages continue to lack drug approval in Western medicine, an increasing 

number of patients have been treated on an emergency IND (eIND) basis under U.S. 

Food and Drug Administration (FDA) or the European Medicines Agency approval [153, 

306-308, 314]. With IND clinical approvals taking an average of eight years from entry 

into clinical trials, patients experiencing antibiotic failure and their family members are 

themselves advocating for expanded access phage therapy. Thus, as the antibiotic 

resistance crisis continues to rise globally, expanded access phage therapy is bridging 

the gap between current antibiotic failures and future clinical trials. 

As a type of virus, phages can only reproduce within a bacterial cell [318, 319]. 

Therefore, a major hurdle to creating medicinal phages is the separation of phages from 

bacterial cell debris like endotoxin (i.e. lipopolysaccharide or LPS), peptidoglycan, 

exotoxins, flagella, nucleic acids and other compounds. If not adequately removed, these 

gross impurities could trigger potentially life-threatening inflammation, sepsis and septic 

shock in humans [27, 124, 320]. To date, the major safety concern with phage products 

for human use has been endotoxin content [306, 311, 314]. Adequately removing 

endotoxins from phage products for human eIND phage therapy has been problematic, 

often requiring significant product dilution, which concurrently reduces the active agent of 

phages [306-308].In addition, GMP pharmaceutical phage products have reported 

endotoxin quantity that would not be actionable for low dose or topical applications and 

could be indicative of adverse effects if administered in certain routes of administration, 
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like intravenously (IV); a common route of phage administration recommended by the 

Center for Innovative Phage Applications and Therapeutics (IPATH) [153, 306, 308]. 

Moreover, phage production methods have largely disregarded other unknown gross 

impurities that may risk human health. Indeed, phage preparations can be safe in animal 

models [12, 82, 321, 322]. However, experimental phage therapy studies generally 

cultivate phages with laboratory-adapted reference bacterial strains. For expanded 

access eIND use, large quantities of a pathogen — often a clinical MDR bacterial isolate 

— are required to produce a high number of phages.  

Several ad-hoc laboratory approaches are currently employed for phage 

cultivation and purification for human use, which have been largely developed for small 

experimental studies [24, 127, 128, 153, 226, 306-308, 314, 318, 323-326]. However, 

several pitfalls have materialized, including low phage recovery, high gross impurities, 

inadequate endotoxin removal, and addition of toxic chemicals (see, Comparison with 

other practiced protocols). Large-scale GMP pharmaceutical production of large phage 

libraries will likely be needed to meet the demands for personalized phage therapy. 

However, this approach is currently not time and cost-effective, thus creating an unmet 

need for systematic small batch phage production to excel current efforts for expanded 

access phage therapy. 

In this protocol, we outline a systematic, comprehensive, and practicable 

procedure for phage isolation, selection, liter-scale cultivation, concentration and 

purification (for schematic see Figure 4.1). Our protocol utilizes aspects to demonstrate 

product identity, purity, and quality while protecting scientific data integrity for batch 

therapeutics. This production process utilizes typical microbiology laboratory equipment 
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and no organic solvents. The method yields sufficient phages for most expanded access 

eIND and potentially for clinical phase I/II applications. We show phage preparations 

obtained using this protocol have high phage purity measured by Limulus amoebocyte 

lysate (LAL) chromogenic assays, protein analysis, and cell viability analyses (see 

Anticipated Results). In our hands, all executed runs of the procedure were successful, 

vouching reproducibility of this Protocol. 

 

 

Figure 4.1 Overview of bacteriophage cultivation and purification. The procedure starts with 
sourcing and isolating phages with a target bacterial strain. After multiple rounds of agar plaque isolation, 
a single plaque is small-scale cultivated overnight. Next, the newly isolated phage genome is 
sequenced, annotated and screened for lysogenic and harmful genes. Phages deemed potentially safe 
for human use are then liter-scale cultivated. After overnight culturing, phage lysate is sterilized by 
pressure-driven double dead-end filtration and cross-flow ultrafiltration (see Figure 4.2 for filtration 
scheme). Cross-flow ultrafiltration also diafiltrates to remove growth medium and concentrates phage 
particles in buffer. As an option, CsCl density gradient ultracentrifugation and dialysis can be used to 
further confirm phage stock homogeneity. LPS-affinity chromatography is used to remove residual 
endotoxins. Lastly, the final phage preparation purity and safety is tested by quantifying endotoxin level, 
protein abundance and cell viability after phage sample exposure. 
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Application of purified phage preparations 

In recent years, the demand for small quantities of phages for expanded access 

eIND and clinical phase I/II trials has been growing. Small aliquots of phages are useful 

for animal experiments and pilot studies in which high-titer and high-purity are required. 

For this purpose, we developed a liter-scale phage production process. The production 

method is a scaled-up version of previously described preparation processes [12, 82] and 

is able to deliver high-titer phages (109-1012 plaque forming units [PFU]) with low 

endotoxin (4.3-24.1 units) per milliliter (Table 4.1). We are currently in the process of using 

final patient formulations in expanded access eIND phage therapy. Our production 

method has three major advantages: 1) It does not require specialized production 

equipment, like a bioreactor or chromatography system, 2) By using a cross flow filtration 

(CFF) method to concentrate phages (Steps 93-105) and exchange growth medium, no 

organic solvents are required, 3) Filtration materials are disposable, avoiding any cleaning 

validation, which saves additional time and costs. Therefore, this protocol provides a 

standard-of-production for medicinal phages, allowing expanded access phage therapy, 

to reach more of those in need, starting by increasing the global production of safe 

personalized phage products. 
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Table 4.1 Bacteriophage purities from completed protocol. 

 

 
Recently, phages have been shown to play important roles in health through 

unexpected host immune interactions [12, 230, 320, 327]. However, immunological 

response studies have used varying degrees of purified phages, ranging from sterile 

filtered lysates to low endotoxin preparations in saline buffer [12, 328, 329]. Although, 

there is no evidence of direct toxicity induced by phage particles, study of mammalian 

cell-phage interaction requires phage preparations to be free of bacterial cells, toxins and 

other compounds to avoid skewing host responses. Due to the high-titer and purity of 

phage production, it is suitable for cell culture and animal studies.  

We have used this Protocol for the production of four Pseudomonas phages 

PAK_P1, PAK_P5, E217 and PYO2, two Klebsiella phages JG265 and JG266, and a 

Serratia phage SM219 (Table 4.1 and Appendix, Table S4.1). Although the selection 

criteria of therapeutic phages is still under investigation [12, 120, 262], and not covered 
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here, the presented production method can be generally used for other Gram-negative 

phage and final formulation designs. 

 

Comparison with other practiced protocols 

This phage production protocol offers several distinct advantages over currently 

practiced methods conducted at laboratory scales. Table 4.1 shows that a six-liter 

production run can produce between 6.0 ×1010-6.4 ×1013 phage virions in total, providing 

between 58 to 64,0000 doses at 109 PFU; a commonly prescribed intravenous treatment 

dose [126, 153, 306]. In addition, endotoxin measured by LAL chromogenic analysis 

ranged between 0.0003-0.03 EU (endotoxin units) per 109 PFU dose (Table 4.1). In 

comparison, phages prepared under prescription as “magistral preparations” for human 

treatment in Belgium [125] and for expanded access eINDs by Chan et al [126] were 

reported to yield ~107 PFU·ml-1 at >10 EU·ml-1. Because our phage preparations are of 

higher titer and purity than those reported as being administered to patients for expanded 

access phage therapy, implementation of our protocol would conceivably allow for 

administration of higher phage titer per treatment dose and maintain a FDA human 

intravenous limit of <5 EU·kg−1 h−1 [330]. 

In contrast to the polyethylene glycol (PEG) precipitation method conducted in the 

majority of competing protocols (for example [120, 128]), the CFF method employed here 

(Steps 93-105) is a pressure-driven scalable membrane filtration process that markedly 

decreases labor and improves purification reproducibility (Figure 4.2). PEG precipitation 

methods can produce comparably high phage yields [153, 320]. However, high yields are 

phage strain dependent [128, 226, 326] and PEG precipitation does not effectively 
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remove endotoxin [320]. Therefore, PEG precipitated phages typically require substantial 

dilution or implementation of other endotoxin removal techniques. 

 

Figure 4.2 Schematic of phage lysate dead-end filtration (Step 91) and cross-flow filtration (Steps 
93–104) removal of impurities. Phage lysates are sterilized by inline 0.8-, 0.45-, 0.45-, and 0.22-µm 
membrane filtration to remove whole bacterial cells and cellular debris. Then, CFF is used to remove 
growth medium and microsolutes <100 kDa (e.g., endotoxins, peptidoglycans, exotoxins, flagella and 
nucleic acids), while concentrating the phages in phosphate buffer. 

 
CFF is able to reliably fractionate phages from gross bacterial impurities (e.g. <40 

EU·ml-1) and diafilter and concentrate phage particles 4-100 fold (Figure 4.3). Importantly, 

this all occurs in a cost-effective, programmed and semi-automated single-step (Figure 

4.1). CFF was shown to be highly effective at concentrating phages [128]. The use of a 

CFF molecular weight cut-off (MWCO) of 100 kDa in combination with several sterile 

washes appear to be important for the significant removal of endotoxin from phage lysates 

because CFF using MWCO <30 kDa has been shown to concentrate endotoxin along 

with phages [128]. In addition, CFF with MWCO of 100 kDa would potentially remove 

exotoxins, which all have been found to be smaller than 100 kDa [331]. Together, the 

inclusion of CFF is a cost-efficient way to concentrate and purify phages. It is also scalable 
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with no barrier to running several apparatuses with additional hardware (not described in 

this protocol). 

 

Figure 4.3  Process stepwise phage titer and endotoxin concentration throughout processing. 
PFUs per mL (right y axis; closed circles) and endotoxin units (EUs) normalized to 109 PFUs (left x axis, 
open circles) after phage lysate sterilization (Lysate, Step 92), CFF (Step 105), density gradient 
ultracentrifugation and dialysis (CsCl Step 120) and LPS-affinity chromatography (Chrom, Step 134). 
(A–D) P. aeruginosa phages PAK_P1, PAK_P5, PYO2 and E217. (E,F) K. oxytoca phages JG265 and 
JG266. (G) S. marcescens phage SM219. See Step 20B and Steps 121–134 for phage titration and 
endotoxin quantification procedures, respectively. 

 
The downstream cesium chloride (CsCl) density gradient ultracentrifugation (Steps 

106-111), dialysis (Steps 112-120), and affinity chromatography (Steps 123-134) 

processes may not be required to meet FDA drug product endotoxin safety limits [330]. 

Without including these steps, our approach yields ~30 mL of between 2.7 ×1011 to 1.1 

×1014 phage virions in total per six-liter batch post CFF (Appendix, Table S4.1). This 

provides an estimated 270-110,000 doses at 109 PFU with <0.22 EU; the allowable 

endotoxin exposure for a 70 kg person would be 350 EU h-1. Omission of lengthy and 
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costly density gradient ultracentrifugation, dialysis, and affinity chromatography steps 

would reduce phage preparation time to approximately five days. However, if time 

permits, CsCl density gradient ultracentrifugation, dialysis, and affinity chromatography 

offer further separation of potential gross impurities and provide a strategy to avoid 

unwanted phage contaminants [121, 226]. Density gradient ultracentrifugation can offer 

visual confirmation that preparations are homogeneous containing a single phage strain 

because unwanted contaminating phages appear as a second band due to their differing 

density (Figure 4.1). 

Our protocol avoids the use of chloroform, denaturing solvents and detergents. 

Competing protocols often recommend using chloroform to disrupt the bacterial cell wall 

to release internal phage particles in lysates or as standard procedure to remove PEG 

after precipitating phages [332]. There are risks with adding chloroform in the purification 

process such as denaturing certain phages [318, 324]. Long-term exposure to chloroform 

by inhalation in humans has resulted in hepatitis, jaundice, and central nervous system 

effects and it has been shown to be carcinogenic in animals after oral exposure, resulting 

in kidney and liver tumors [333]. In our experience, chloroform also increases the amount 

of bacterial cell debris by lysing phage resistant cells —which harbor no phage particles— 

that can emerge with extended bacterial culturing. Organic solvents and detergents can 

be an effective method to reduce endotoxins in phage lysates [127, 131, 226]. However, 

they can be toxic to users, inhibit chromogenic-based endotoxin quantification methods 

and decrease phage stability in storage [226]. 

Lastly, we use Oxford Nanopore MinION sequencing over other sequencing 

technologies due to several added benefits. The MinION offers rapid generation of 
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sequence information, with the reads being generated and available for study within 

minutes after initiation of the run. Importantly, the latest generation of the MinION 

sequencer (cat. no. SQK-RAD004), in our recent experience with phage genomics, allows 

a few reads to cover the whole genome. Furthermore, the assembly of the sequences 

generated are nearly identical to the Illumina assembled sequences, in our case by only 

a single base. Finally, the Oxford Nanopore sequencing is significantly cheaper than other 

sequencing technologies, with a Flongle generating over 1 GB of sequence data, more 

than sufficient to accurately assemble a phage genome.  

Limitations of this Protocol 

We have used the production method described in this protocol for the cultivation 

and purification of phages that infect Gram-negative bacteria including Pseudomonas 

aeruginosa, Klebsiella oxytoca and Serratia marcescens grown aerobically at 37 °C. 

Pathogenic strains of Pseudomonas aeruginosa and Klebsiella, along with Gram-

negative Escherichia coli and Acinetobacter, according to the CDC, are becoming 

increasingly resistant to most available antibiotics [315]. Therefore, the case studies 

presented here are relevant for current expanded access eIND phage therapy global 

needs. Notwithstanding the individual culture conditions for each bacterium-phage pair, 

there should be minor optimization needed to use this protocol for the production of a 

variety of phages. For instance, larger volumes of low-titer phage lysates can be 

processed with CFF to obtain a sufficiently high titer sample for downstream procedures. 

Nonetheless, further validation of this protocol with other phages such as those that infect 

Gram-positives or anaerobes is needed. 
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Another drawback, as with most purification techniques, is the loss of phages with 

an increased number of manipulation techniques. For instance, we found phage yield 

decreases significantly after LPS-affinity chromatography, which appear to be phage 

strain dependent. For example, Pseudomonas phage PAK_P1 and PAK_P5 use LPS as 

its bacterial cell wall binding site. We found PAK_P1 and PAK_P5 titers each decreased 

from 5.19 ×1011 to 5.78 ×1010 and 2.30 ×1012 to 4.00 ×1011 PFU·mL-1, respectively 

(Appendix, Table S4.1). In contrast, the titers pre- and post-affinity chromatography 

remained stable for the other phages tested. We propose that the losses for some phage 

strains are dependent on how strongly phages associate with the remaining LPS in 

samples prior to affinity chromatography. 

There might be a health risk of using CsCl. Our protocol includes phages retrieved 

in 1500 mg·mL-1 CsCl, followed by 1:1000 dialysis against phosphate buffer saline (PBS) 

and high-titer aliquots diluted in sterile saline to the required therapeutic phage dose. This 

suggests that treatments would contain trace amounts of cesium (<80 ng·mL-1). Although, 

radioactive cesium can cause seizure, syncope, hypokalemia, and chronic diarrhea [334], 

non-radioactive cesium is readily found in the human body, mostly derived from 

consumption of plant and animal products [335]. 

The scalability of the presented phage production process is unclear. The 

principles of our protocol are compatible with other existing bioprocess methods used in 

the manufacture of biotherapeutics. For example, cultivation of phages in bioreactors 

would offer scalability over the use of shake-flasks [336], while still being compatible with 

presented downstream filtration steps that are easily scalable with larger filters. 
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Centrifugation steps however can have scalability limitations and affinity chromatography 

is not ideal for high throughput processes. 

 

EXPERIMENTAL DESIGN 

The Protocol outlines a combination of classical and modern viral cultivation and 

purification techniques, which are experimentally validated for Gram-negative phages 

(See ‘Anticipated Results’ below). The protocol design is modular and adaptable, allowing 

each laboratory to decide how to best implement the necessary controls, by using 

scientifically sound design, and testing procedures to achieve higher quality through 

continual improvement. Implementing this formal system will ensure the identity, titer, 

quality, and purity of human and animal phage products and prevent instances of 

contamination, mix-ups, deviations, and errors. 

 
Plaque assay phage isolation 

Plaque assays are routinely used to discover new phage strains from a wide range 

of sources such as sewage, bodies of water, liquefied soil, and bodily fluids. We use a 

modified agarose overlay technique, described previously [318], where a filtered 

natural sample is serially diluted and poured over a lawn of exponentially growing 

compatible bacteria (Steps 1-12). As the bacterial lawn grows, small zones of lysis 

become visible. Each PFU is derived from an initial infection with a single virion followed 

by phage-induced lysis of neighboring cells [318]. PFUs displaying different morphologies 

are selected to inoculate small-scale liquid cultivation on the compatible bacteria. A critical 

factor in the isolation of highly functional phages is the preparation of a pure solution of 
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identical phages. Therefore, the PFU selection process is repeated several times until all 

plaques exhibit a similar morphology, suggesting a single phage strain has been isolated.  

 
Phage titration 

Agar Petri plating techniques are routinely used to quantify phage particle numbers 

in preparations. One option is to use the agarose overlay technique as previously 

described [318], which consists of mixing serially diluted phage samples with susceptible 

bacteria in molten agar and pouring over solid agar in a Petri plate (Step 20 Option A). A 

more rapid option is to perform several tenfold serial dilutions of a phage stock in a 

microplate and spot these dilutions on a bacterial seeded agar Petri plate (Step 20 Option 

B; Figure 4.1). Conventional plaque titering can also be substituted or supplemented by 

the use of real-time quantitative PCR (qPCR) if primers for the phage strain are available 

[337, 338]. 

 
Annotation and bioinformatic analysis of phage genomes 

The primary goals of genome sequencing and analysis (Steps 57-83) are different 

when the phages are required for human therapeutic applications than when they are 

used for research purposes. For phages that will be used for expanded access phage 

therapy, the primary goal of sequencing and annotation is to ensure that no harm is likely 

to be introduced by the phage preparation, and the primary concern is the transfer of 

genetic material between bacteria by transduction. Prophages directly influence the 

microbes where they reside: they often express genes that are beneficial to the bacteria 

(called lysogenic conversion factors) [339]. There are three elements that are the primary 

concern for transfer: 1) toxins, 2) antibiotic resistance genes, and 3) virulence factors. 
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The toxins associated with cholera [340], diphtheria [341], scarlet fever [342], shigella 

[343-345], and botulinum [346] are all encoded by phages integrated into their host 

bacterial genome [347, 348]. Were one of those toxins to be transferred by a phage used 

for expanded access phage therapy, the expression of the toxin may lead to increased 

morbidity and mortality [345]. Similarly, the introduction of antibiotic resistance genes 

either already on the phage genomes [349] or transferred between bacterial hosts by 

specialized or generalized transduction [350] may render traditional antibiotic therapies 

ineffective. Although the precise role of phages in the spread of antibiotic resistance 

genes between bacteria is somewhat controversial [351], it has been demonstrated 

previously [352, 353]. Moreover, the relative ease of antibiotic resistance gene(s) 

identification warrants analysis. In addition to antibiotic resistance genes and toxins, 

phages are also implicated in the horizontal transfer of virulence genes [354]. 

Computational analysis of toxins, antibiotic resistance, and bacterial virulence 

factors present their own challenges. Novel toxins and mechanisms of virulence are 

continually being discovered [355]. This limits understanding of the mechanisms of 

disease and our ability to predict the detrimental effect of horizontal gene transfer. The 

identification of genes that provide direct antibiotic resistance mechanisms is 

straightforward, however the identification of resistant alleles of housekeeping genes is 

more complex. For example, it is trivial to identify a β-lactamase encoding gene, but 

associating specific point mutations with resistance is more computationally challenging 

without thousands of genomes [356]. Multiple databases can be used to identify toxins, 

antibiotic resistance alleles, and virulence factors. For example, Abricate 

(https://github.com/tseemann/abricate)  uses ensemble methods to compare sequences 
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to the most up-to-date databases including the Comprehensive Antibiotic Resistance 

Database (CARD) [357], ResFinder [358], NCBI’s AMRFinder [359], Antibiotic Resistance 

Gene-ANNOTation (ARG-ANNOT) [360], the virulence factor database [361], and 

PlasmidFinder [362]. 

In expanded access phage therapy, care must be taken to avoid temperate phages 

that are able to lysogenize their bacterial host. While there are genetic approaches to 

inactivate the lysogenic lifecycle [153], it is preferable to begin with phages that are unable 

to lysogenize their host. Phage genome sequencing allows rapid confirmation of whether 

a phage is likely to be temperate or virulent. Whole-genome sequencing may also provide 

clues to other biological contaminants in the preparation, depending on the abundance of 

the contaminants relative to the phage. However, in each of these considerations, phage 

genome sequencing will only identify known features. Computational identification of a 

toxin, antibiotic resistance gene, or virulence factor should not infer that these elements 

are not present, rather than known elements are not present. 

The Oxford Nanopore MinION sequencer is the most convenient “long-read” 

sequencer currently on the market, and sequencing phages with this device often results 

in a single read representing the entire phage [363]. After sequence assembly, the 

genomes are explored for antibiotic resistance genes and virulence factors (e.g. with the 

aforementioned Abricate) and by annotating with PATRIC [364].  PHACTS is used to 

determine whether the phages are likely to be virulent or temperate [179]. Phages without 

genes of concern and that are predicted to be virulent (i.e. strictly lytic lifecycle) are 

selected for downstream liter-scale cultivation. 
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Finally, the approach described in this protocol is appropriate for the rapid analysis 

of phage genomes for expanded access therapy. As we focus on those characteristics of 

the phage however, further techniques should be applied to the phage and its genome 

for full characterization [180, 365, 366]. 

 
Liter-scaled shake flask cultivation 

Test tube and smaller shake flask cultivation in complex medium on a rotary shaker 

are convenient for initial phage cultivation for bacterial susceptibility testing and DNA 

isolation. Large shake batch cultures in complex medium on a rotary shaker are required 

for downstream process sterilization of cultivated phages (Figure 4.1). Phage enrichment 

by shaking flask cultivation can be scaled to produce six liters per batch, limited here by 

centrifuge rotor capacity. Seeding cultures with a multiplicity of infection (MOI) of 0.1 can 

produce phage lysates with about 109 to 1010 PFU·mL-1. Although, mid-log stage of 

bacterial growth is the most amenable to infection by most phages [367], basic 

parameters for bacteria-phage interaction should be optimized. For example, selected 

complex medium and temperature for the bacterium are factors that influence the 

infectivity of phages and burst size.   

 
Membrane applications in phage production 

We use two flow configurations for membrane processes, namely dead-end 

microfiltration (Steps 91-92) and cross-flow ultrafiltration (Steps 93-105; illustrated 

in Figure 4.2). Dead-end microfiltration is used to retain both bacterial cells and 

particulates that are collected on the membrane surface forming a filtration cake. This 

layer then makes additional filtration effects, improving the separation efficiency. Dead-
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end filtration is usually a batch-type process, with extensive membrane fouling being its 

main disadvantage. 

We employ several methods to minimize membrane fouling while filtering phage 

lysates. First, we avoid the use of chloroform to sterilize lysates to help reduce bacterial 

debris that would otherwise be derived from the final lysis of phage-resistant bacterial 

cells, which typically develop with prolonged culturing. Moreover, in our experience, 

chloroform lysis does not significantly improve phage yield and it can harm certain phages 

[324]. Second, we subject phage lysates to two rounds of centrifugation with a sterile 

bottle change in between. Third, we use a pleated cartridge filter design, which provides 

a higher surface area. Lastly, two pleated cartridge filters are used for two-step membrane 

pore sizing. 

Next, we use the VivaflowTM CFF cassette as an efficient way to ultrafilter lysates 

with a high concentration of phages (Steps 93-105). CFF works by introducing dead-end 

filtered lysate under pressure across the membrane surface, instead of directly onto 

the micro-filter. During filtration, any material smaller than the cross-flow membrane pore 

of 100 kDa passes through the membrane, while larger suspended phage particles 

remain in the retentate stream. A membrane pore size of 100 kDa provides an equivalent 

to a spherical particle with a 3 nm diameter and is therefore sufficient to retain all known 

phages [305]. We employ diafiltration with freshly autoclaved buffer to increase the purity 

and improve the separation of phages from bacterial debris and the complex growth 

medium. Simultaneously, permeate is withdrawn at the same rate that the buffer is added, 

to flush out microsolutes from the phage solution. For instance, CFF with a 100 kDa 

membrane pore size can remove both endotoxins, which are approximately 10 kDa in 
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size, and all known exotoxins, which are typically smaller than 30 kDa [331]. Thus, CFF 

is used to “wash” the phage particles while concentrating up to 2 L by a factor of 30. 

 
Upscaling the purification process using density gradient ultracentrifugation 

Density gradient ultracentrifugation developed by Brakke [368] is a common 

technique used to isolate and purify a wide range of phages purely on the basis of their 

density [24, 226]. We perform a self-forming density gradient isopycnic ultracentrifugal 

separation technique making use of differences in density between gross impurities and 

viruses of a CFF phage preparation (Steps 106-111; Figure 4.2). In self-forming gradients, 

the phage solution is layered on top of the gradient medium, centrifuged, and as the solute 

molecules sediment to form the gradient identical phages band at their isopycnic points. 

Following ultracentrifugation, virus bands may be visualized as a result of their light 

scattering. We employ this technique for accomplishing both removal of other unwanted 

phage strains and gross impurities. That is, different phages will be separated by their 

different densities during ultracentrifugation [121]. In addition, large endotoxin aggregates 

will remain near the top of the gradient, while microsolutes will pass to the bottom of the 

gradient. 

We then use dialysis to facilitate the removal of small, unwanted CsCl from phage 

particles in solution by selective and passive diffusion through a semi-permeable 

membrane (Steps 112-120; Figure 4.2). Phage particles that are larger than the 100 kDa 

membrane-pores are retained, but small molecules and buffer salts pass freely through 

the membrane, reducing the concentration of those molecules in the phage preparation. 

Dialysis also accomplishes both removal of bacterial small molecules (e.g. 2.5 to 
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7000 kDa LPS molecules) and storage buffer exchange for phage products but dilutes 

the phage preparation. 

 
Chromatographic removal of endotoxins                  

Endotoxin removal is critical when producing therapeutic phages in bacterial 

systems. We further remove this hydrophobic molecule through commercial purification 

affinity chromatography (Steps 121-134), which is likely the most reliable and widely 

applied method used to remove endotoxin. We then use the Limulus amoebocyte lysate 

(LAL) assay (Steps 135-143) because of its sensitivity, reproducibility, and simplicity for 

endotoxin detection; which uses the blood coagulation system of the horseshoe crab, and 

clots upon exposure to endotoxin [369]. 

 
Phage preparation protein analysis 

Bacterial protein contamination is an immunogenic component of phage 

preparations. We use semi-quantitative sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) and Coomassie staining to visualize potential bacterial 

protein contamination in the final phage preparations (Steps 144-156; Figure 4.4A). For 

example, the presence of protein smears across a variety of sizes indicates high bacterial 

protein contaminants as seen in the Klebsiella phage JG265 lysate in Figure 4.4. Phage 

structural proteins will dominate clean preparations. 
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Figure 4.4  Purity and safety analyses of final phage preparations. (A) SDS–PAGE analysis of 
protein content in final phage samples (Step 133) at 109 PFUs compared to an exemplified sterilized 
phage lysate (produced by Steps 84–92) and Precision Plus Protein ladder (Bio-Rad). (B-G) Human 
HeLa cell line (B,D,F) and HEK293 cell line (C,E,G) viability after 24 h of co-incubation with final 
preparations of P. aeruginosa phages (B,C), K. oxytoca phages (D,E) and S. marcescens phages (F,G) 
at cell:phages ratios of 1:100 and 1:1,000 quantified by the CellTiter-Glo assay (Steps 157–167). 
Viability was normalized to untreated cells. Pseudomonas and Serratia sterilized phage lysates were 
significantly lower than corresponding final phage preparations (P < 0.006), whereas there was no 
significant difference in cell viability between Klebsiella sterilized lysate and phage treated. One-way 
ANOVA; error bars represent s.e.m.; n = 3–6. 

 
Phage preparation effects on human cell viability 

Phages cannot infect human cells. However, phages can indirectly influence 

mammalian cell activities [230, 327, 370]. In addition, bacterial contaminants in phage 

preparations may elicit cell inflammatory responses [329, 371]. Cell-based assays are 

often used for screening medicinal products to determine if the test molecules have 

effects on cell proliferation or show direct cytotoxic effects that eventually lead to cell 

death [372]. In this protocol, we describe a method to test the effects of phage 

preparations on human cells that is based on a multi-well format where adenosine 

triphosphate (ATP) production is recorded using a plate reader (Steps 157-167). ATP has 
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been widely accepted as a valid marker of viable cells [372]. When cells lose membrane 

integrity, they lose the ability to synthesize ATP and endogenous ATPases rapidly deplete 

any remaining ATP from the cytoplasm. The measurement of ATP using luciferase is the 

most commonly applied method for estimating the number of viable cells in high 

throughput screening applications. The ATP assay has a high sensitivity and is less prone 

to artifacts. The ATP detection reagent contains a cell lysing detergent, ATPase inhibitors 

to stabilize released ATP, luciferin as a substrate, and luciferase to catalyze the reaction 

that generates luminescence [372].  

MATERIALS 

Biological materials 

Strains 

● PAK_P1 Phage (GenBank accession no. KC862297.1 | RRID:NCBITaxon_743813) 

● PAK_P5 Phage (GenBank accession no. KC862301.1 | RRID:NCBITaxon_ 1327964) 

● PYO2 Phage (GenBank accession no. MF490236 | RRID:NCBITaxon_ 2034342) 

● E217_A65 Phage (GenBank accession no. MF490240 | RRID:NCBITaxon_ 2034346) 

● SM219 Phage (this study, available from the corresponding author upon request)  

● JG265 Phage (this study, available from the corresponding author upon request) 

● JG266 Phage (this study, available from the corresponding author upon request) 

● P. aeruginosa strain PAO1 (ATCC no. 47085 | RRID:NCBITaxon_ 208964) 

● P. aeruginosa strain PAK [373] (RRID: NCBITaxon_ 1009714) 

● S. marcescens strain (this study, available from the corresponding author upon 

request) 

● K. oxytoca strain (this study, available from the corresponding author upon request) 
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Cell lines 

CAUTION: The cell lines used in your research should be regularly checked to ensure 

they are authentic and not infected with mycoplasma. 

● HeLa Cells (ATCC no. CRM-CCL-2 | RRID:CVCL_0030) 

● HEK293 Cells (ATCC no. CRL-157 | RRID:CVCL_0045) 

 
Reagents 

● Tryptone (Fisher, cat. no. BP1421-2) 

● Yeast Extract (Fisher, cat. no. BP1422-2) 

● Sodium chloride (NaCl; Fisher, cat. no. 7647-14-5) 

● Agar (CulGenes, cat. no. C6002) 

● Phosphate buffer saline (BioPioneer, cat. no. MB1001) 

● Tris base (Fisher, cat. no. 77-86-1) 

● Glycine (Millipore Sigma, cat. no. G4392) 

● SDS (sodium dodecyl sulfate; Fisher, cat. no.BP166-500) 

● Ethanol, Absolute (Millipore Sigma, cat. no. E7023-500ml) 

● Nanobind CBB Big DNA Kit (Circulomics, cat. no. NB-900-001-01) 

● DNase I (Life Technologies, cat. no. 90083) 

● RNase A (Life Technologies, cat. no. EN0531) 

● PEG-8000 (Fisher Scientific, cat. no. BP233-100) 

● Magnesium Sulfate Heptahydrate (MgSO4; Fisher Scientific cat. no. M63-500) 

● Acetic acid (Fisher Scientific, cat. no. A38S 500) 
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Equipment 

● Biosafety cabinet (ESCO, cat. no. AC2-4S9-NS) 

● Microtiter plate reader (BMG, model: Clariostar, cat no. 0430-100) 

● Vortex mixer (VWR, cat. no. 12620-838) 

● Spectrophotometer (Denovix, model. no. DS-11 FX+) 

● High-speed Centrifuge (Beckman Coulter, model: Avanti JXN-26 IVD, cat. no. 

B38623) 

● Fixed-angle centrifuge rotor for 1 L (Beckman Coulter, model: JLA-8.1000, cat. no. 

969328) 

● Ultracentrifuge (Beckmann Coulter, Optima-L-90K, cat. no. 365672) 

● SW41 rotor (Beckman Coulter, cat. no. 331336) 

● Microcentrifuge (Sartorius, cat. no. A-14C) 

● Mini-PROTEANTM Tetra Vertical Electrophoresis System (Bio-Rad, cat. no. 

1658028FC) 

● Gel imager ChemiDoc™ XRS+ System (Bio-Rad, cat. no. 1708265) 

● Thermal cycler (Eppendorf, cat. no. 6311000010) 

● Bunsen burner (VWR, model no. 89038-530) 

● Pipette (1000, 200, 20, and 10 µl; Sartorius, cat. no. UX-24505-33, -34,-35,-36, 

respectively) 

● Multichannel pipette (8x 10 µl; Sartorius, cat. no. UX-24505-44) 

● Electronic pipette controller (Argos, model: OmegaZen, cat. No. 25300-96)  

● 10 L water bath (Cole Parmer, cat no. WE-14576-08) 

● Peristaltic pump (Cole Parmer, model: Masterflex, cat. no. EW-07522-20) 
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● Pump head (Cole Parmer, cat. No. EW-77253-00) 

● Tubing (Thermo Scientific, cat. no. 8060-3015; Cole-Parmer, cat. no. ZX-06422-01) 

● Microbiological incubator/shaker (Eppendorf, model: S44i, cat. no. S44I200005) 

● Cell incubator (Eppendorf, model: C170i, cat. no. 6731010015) 

● Incubator (VWR, model: 5420, cat. no. 97005-252) 

● Thermomixer (Eppendorf, cat. no. 2231000574) 

● Stir plate (Heathrow, cat. no. HP8885794) 

● Hemocytometer (Hauser Scientific, cat no. 3110V) 

● Water Purification System (Millipore, cat. no. ZRXQ010T0) 

● Magnetic Tube Rack (ThermoFisher, model: DynaMag-2, cat. no. 12321D)  

● DNA sequencer (Oxford Nanopore, model: MinION, cat. no. SQK-RAD004) 

● Linux or Apple Macintosh computer 

Consumables  

CRITICAL: Autoclave glassware and tubing to degrade phage particles before use. 

● 10 cm Petri plate (Fisher Scientific, cat. no. 08-757-100D) 

● 1.7 mL microcentrifuge tubes (Sorenson, cat. no. 11500) 

● 2.0 mL microcentrifuge tubes (Sorenson, cat. no. 12030) 

● Glass test tubes (VWR, cat. no. 10545-922) 

● Glass 250 mL Erlenmeyer flasks with GL45 screw-cap (Kimble-Chase, cat. no. 26720-

250) 

● Glass 2 L Erlenmeyer flasks with GL-45 screw-cap (Kimble-Chase, cat. no 26720-

2000) 

● GL45 0.22 µm PTFE membrane vented cap (Corning cat. no. 1395-45LTMC) 
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● Pipette tips (10 – 1000 µL; Sartorius, cat. no. 37001-162, 53503-294, 83007-372) 

● Pasteur pipette (VWR, cat. no. 16001-182) 

● 1 L centrifuge bottles (Beckman Coulter, cat. no.  A98812) 

● 0.8/0.45 µm and 0.45/0.22 µm capsule filters (Sartorius, model: Sartopore 2, cat. no. 

5441306G5, 5441307H5) 

● 100kDa Cross-flow ultrafiltration cassette (Sartorius, model: Vivaflow 50R, cat. no. 

VF20P4) 

● 100,000 MWCO PES spin tubes (Sartorius, model: Vivaspin 500, cat. no. VS0141) 

● Ultraclear Tubes (14x89mm) (Beckman Coulter, cat. no. 344059) 

● Luer-Lok syringe (5 ml; BD, cat. no. 309628) 

● 0.45 and 0.22 µm syringe filters (Sartorius, cat. no.16537, 16541) 

● 0.22 µm GL45 filter caps (Sartorius, cat. no. 16541-k) 

● 26 G needle (BD, cat. no. 305111) 

● 15 and 50 mL conical centrifuge tubes (VWR, cat. no. 430790 and 430828) 

● 2 L glass beaker (VWR, cat. no. 10754-760) 

● Dialysis membrane tubing, 100 kDa MWCO (Spectra/Por, cat. no. 131408) 

● 96-well clear microplate (Corning, cat no. 35177) 

● 96-well white microplate (Greiner bio-one, cat no. 655088) 

● PCR eight-tube strips and caps (Sarstedt, cat. no. 772.991.1002) 

● T75 culture flask (Corning, cat. no. 430639) 

● MinION flow cell (Oxford Nanopore, cat. no. R9.4.1) 

● Kimtech wipes (Fisher Scientific, cat. no. 06-666) 

● Gloves (Xceed cat no. XC-310-S, M, L) 



129 

Software 

● MinKNOW MinION Release 19.12.5 https://community.nanoporetech.com/downloads 

(registration required)  

● canu v2.0 https://github.com/marbl/canu 

● abricate v1.0 https://github.com/tseemann/abricate  

● PHACTS website https://edwards.sdsu.edu/PHACTS/  

● PATRIC website https://patricbrc.org 

 
Reagent set-up 

CRITICAL: Prepare all solutions with sterile double distilled water (ddH2O) and store at 

room temperature (RT; 20 to 25 °C) for up to 3 months, unless otherwise indicated. 

Liquid Growth Medium Mix 10 g tryptone, 5 g yeast extract, and 5 g NaCl in 1 L of 

ultrapure ddH2O. Autoclave. 

Solid Growth Medium Add 14 g of agar to growth medium and autoclave. Then, cool to 

55 °C in a water bath for 30 min to 1 h. Sterilely pour solid growth medium into sterile 

Petri plates. Thickness should be approximately 5-10 mm thick. Let cool at room 

temperature and store at 4 °C for up to 2 weeks. 

Molten soft-agar Mix 7 g of agar to growth medium and autoclave. Then, cool to 55 °C 

in a water bath to prevent agar solidification before plating. Make fresh. 

Tris-sodium chloride (TN) buffer Mix 10 mM Tris (pH 7.0) and 150mM NaCl. Adjust to 

pH 7.0. Autoclave and store at 4 °C for up to 3 months. 

Tris-EDTA (TE) Buffer Mix 10mM Tris (pH 7.0) and 1 mM EDTA (pH 8.0). Adjust to pH 

7.5. 
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10x SDS-PAGE Running Buffer Mix 30.0g of Tris base, 144.0g of glycine, and 10.0g of 

sodium dodecyl sulfate (SDS) in 1 L of ddH2O. Make fresh. 

Cesium Chloride (CsCl) Solutions Mix 41.2 g (d=1.6), 34.13g (d=1.5) or 20.49g (d=1.3) 

in 50 mL of TN buffer. Sterile filter. 

Nuclease solution Mix 20 mg·mL-1 DNase I and 20 mg·mL-1 RNase A. Store at -20 °C 

for up to 30 months. 

Precipitant solution (30% w/v PEG-8000 and 3 M NaCl). In a sterile bottle add 110 mL 

ddH2O and 35 g NaCl, dissolve completely. Add 60 g PEG-8000, cap bottle and shake. 

Incubate bottle in a 50 – 60 ºC water bath for about 2 h, shaking occasionally (at this 

point, it is normal for the solution to be turbid and separated into two phases). Remove 

and let cool to RT, shaking occasionally. The solution should be clear or slightly turbid. 

Dilute to 200 mL with ddH2O. 

Resuspension buffer (5 mM MgSO4) Add 0.0123 g of MgSO4 heptahydrate per 10 mL 

ddH2O. 

Sourcing of Phages We outline sourcing phages without enrichment cultures by plating 

environmental samples directly onto an isolation host and sample from formed plaques 

(i.e. zones of lysis). For rarer phage sourcing, an enrichment step may be required. For 

details see [374]. 

CRITICAL. Solid source material like soil or feces should be suspended in buffer or liquid 

growth medium to generate an aqueous sample that can be plated directly on an isolation 

host. 
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PROCEDURE 

Phage plaque isolation TIMING 3-5 d, depending on repetitions needed to obtain a 

single plaque morphology for each isolated phage. 

CAUTION. Phage isolation (Steps 1-12) should be completed in a Class II Biosafety 

cabinet. 

1| To isolate phage strains de novo, centrifuge aqueous environmental viral sample 

at 8,000 ×g for 30 min at 4 °C to remove bulk debris. CRITICAL STEP. Volume of aqueous 

viral sample will be dependent on separation of liquid from solid debris after 

centrifugation. 

2| Decant the supernatant into a clean tube without disturbing debris pellet. 

3| 0.2 µm syringe filter the environmental viral sample. 

4| In a sterile test tube, mix 100 µL of bacterial host at OD600 0.2 and 100 µL of the 

filtered viral sample. 

5| Add 3 mL of molten soft-agar, mix gently, and pour over solidified agar Petri plate. 

CRITICAL STEP. If the bacterial lawn is clear after incubation, dilute the environmental 

sample to obtain single plaques. 

6| Incubate under appropriate temperature and atmospheric growth conditions for 12-

18 h or until plaques form on a confluent lawn of bacteria.  

7| Using a Pasteur pipette, select one PFU and re-suspend in 100 µL of PBS in a 

microcentrifuge tube. 

8| Prepare serial dilutions (e.g. tenfold) in PBS. 

9| In sterile test tubes, mix 10 µL of the 10-5, 10-6 or 10-7 dilutions with 500 µL of 

bacteria grown to OD600 0.2. 
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10| Add 3 mL of molten soft-agar to each, mix gently, and pour over solidified agar 

Petri plate. 

11| Incubate under appropriate temperature and atmospheric growth conditions for 12-

18 h or until plaques are visible on a confluent lawn of bacteria. 

12| Repeat Steps 7 through 11. CRITICAL STEP. Repeat Step 12 three times, or until 

all PFUs exhibit the same observed plaque morphology. 

 
Small-scale cultivation TIMING 15-21 h 

13| Using a Pasteur pipette, select one PFU and re-suspend in 100 µL of PBS in a 

microcentrifuge tube. 

14| Warm 50 mL of growth medium in a sterile 250 mL GL45 screw-top flask with a 

GL45 0.22 µm PTFE membrane vented cap.  

15| Add 500 µL of bacteria grown to OD600 0.2 and incubate at appropriate temperature 

and atmospheric growth conditions for 20 min. 

16| Add 50 µL phage obtained in Step 13 and incubate under appropriate bacterial 

growth conditions for 12-18 h. 

17| To remove bulk bacterial debris, transfer lysates to 50 mL conical centrifuge tubes 

and centrifuge at 6,000 ×g for 30 min at 4 °C. 

18| Filter sterilize the supernatant with a 0.2 µm syringe filter into a sterile 50 mL 

conical tube. CRITICAL STEP. Do not disturb the pellet during decanting. 

19| Titer the sample as described in Step 20.  

PAUSE POINT. Store phage lysate at 4 °C for up to 12 months. 
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Phage titration 

20| For routine phage titering, we describe two techniques (see Experimental Design 

– Phage titration): Follow ‘Option A’ for agar overlay titering and ‘Option B’ for spot plaque 

titering. Alternatively, phages can be quantified via their genome copy number by qPCR 

(For details see [337, 338]).  

OPTION A| Agar overlay titering TIMING 20 h 

i. Add 100 μL of phage sample into a microcentrifuge tube containing 900 μL of PBS, 

mix well.  

ii. Pipette 100 μL from Step i dilution into a 2nd a microcentrifuge tube containing 900 

μL of PBS, mix well.  

iii. Repeat step ii for the remaining microcentrifuge tubes to create a dilution series of 

10-1 to 10-8. 

iv. In sterile test tubes, mix 100 µL of each serial dilution with 100 µL of bacteria grown 

to OD600 0.2. 

v. Add 3 mL of molten soft-agar, mix gently, and pour the mixture over a solidified agar 

Petri plate. 

vi. Incubate under appropriate temperature and atmospheric growth conditions for 12-

18 h or until plaques form on a confluent lawn of bacteria. 

vii. Determine phage stock concentration as PFU·mL-1. 

OPTION B| Spot plaque titering TIMING 19 h 

i. Dry a growth agar Petri plate for 30 min in a biosafety cabinet. 

ii. To seed a lawn of bacteria, pour 3 mL of bacteria grown to OD600 0.2 onto the dry 

growth agar Petri plate and quickly remove excess culture. 
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iii. Dry the Petri plate in a biosafety cabinet for 15 min. 

iv. While drying, add 90 µL of PBS to 8 wells row-by-row in a 96-well microtiter plate. 

v. Add 10 μL of phage sample to the first well, mix well. 

vi. Pipette 10 μL from the 1st well into the 2nd well, mix well. 

vii. Repeat step vi for the remaining wells to create a dilution series (10-1 to 10-8). 

viii. Using an 8-channel pipette, spot 4 µL from each well onto a dried seeded lawn of 

bacteria prepared in (i-iii). CRITICAL STEP. Completely dry spots before moving the 

plate to incubator.  

ix. Incubate plate at appropriate temperature and atmospheric growth conditions for 12-

18 h or until plaques form on a confluent lawn of bacteria. 

x. Determine phage stock concentration as PFU·mL-1. 

 
DNA extraction TIMING 2 h 

CRITICAL Steps 21-56 describe how to extract genomic DNA from small scale phage 

lysates following a modified version of a previously published protocol [375]. There are 

many DNA extraction kits, including the Promega Wizard, Qiagen PowerViral Kit, and 

Norgen Biotek. This protocol uses the Ciculomics Nanobind Tissue Big DNA Kit to 

generate long DNA fragments suitable for the Oxford Nanopore MinION sequencer. 

21| Place the lysate from Step 18 into a clean 50 mL centrifuge tube. Add 0.5 μL of 

nuclease solution per mL of lysate (10 μg·mL-1 DNase & RNase final). Incubate the 

lysates at 37 ºC for 30 min, or at RT for 2 h. 

22| Add ½ volume of the precipitant solution compared to the lysate (10% (wt/vol) PEG-

8000, 1 M NaCl final concentration). Mix gently by inversion. Incubate on ice for at 
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least 60 min; precipitation works best when incubated at 4 ºC overnight. Most 

phages are stable in this state for several days.  

23| Centrifuge the precipitated phage lysate at 10,000 ×g, 4 ºC, 10 min. 

24| Carefully remove the supernatant by either aspiration or carefully pouring into a 

separate tube and retain the transparent or slightly opaque pellet in the original 

tube. 

25| Gently, resuspend the pellet in 0.5 mL of 5 mM MgSO4 and briefly (5-10 s) centrifuge 

at 10,000 x g at RT to pellet any remaining insoluble particles. 

26| Transfer the supernatant to a sterile microcentrifuge tube for the remaining steps. 

27| Before proceeding, dilute the supplied CW1 and CW2 buffers with 96%-100% 

ethanol, as described by the manufacturer. 

28| Add 20 μL of proteinase K solution. 

29| Add 20 μL of the supplied CLE3 buffer. 

30| Pulse vortex 10 times for 1 s each. 

31| Incubate in the ThermoMixer at 56 ºC and 900 rpm for 30 min. 

32| Add 200 μL of the supplied BL3 buffer. 

33| Pulse vortex 10 times for 1 s each. 

34| Incubate microcentrifuge tube in the ThermoMixer at 56 ºC and 900 rpm for 30 min. 

35| Add the Nanobind disks to the lysate.  

36| Add 300 μL of isopropanol. 

37| Mix microcentrifuge tube by inversion 5 times. 

38| Mix on a rotator at 10 rpm for 10 min. 

39| Place microcentrifuge tube in the Magnetic Tube Rack. 
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40| Carefully remove the supernatant taking care not to disturb the Nanobind disks. 

41| Add 700 μL of the supplied CW1 buffer. 

42| Mix microcentrifuge tube by vigorous inversion 4 times. 

43| Place microcentrifuge tube in the Magnetic Tube Rack 

44| Carefully remove the supernatant taking care not to disturb the Nanobind disks. 

45| Add 500 μL of the supplied CW2 buffer. 

46| Repeat Steps 42-45. 

47| Mix by vigorous inversion 4 times. 

48| Place microcentrifuge tube in the Magnetic Tube Rack. 

49| Carefully remove the supernatant taking care not to disturb the Nanobind disks. 

50| Spin the microcentrifuge tube for 5 s. 

51| Remove any remaining liquid without disturbing the Nanobind disks. 

52| Repeat Steps 50-51. 

53| Add 100 μL of the supplied elution buffer (EB) and incubate at RT for 10 min. 

54| Transfer the DNA eluate to a new, sterile, microcentrifuge tube. 

55| Spin the microcentrifuge tube containing the Nanobind disks for 5 s. Remove 

additional eluate and pipette into the same microcentrifuge tube in Step 54. 

56| Leave at RT for ~1 h to let the DNA re-dissolve. 

PAUSE POINT. Phage DNA can be stored at 4 °C for <2 weeks and -20 °C <6 months. 

 
Sequencing library preparation TIMING 10 min 

CRITICAL: Steps 57-62 use Oxford Nanopore MinION for rapid DNA sequencing of 

phage genomes. Thaw all components on ice, and store on ice until needed. Centrifuge 

all components briefly before use. 
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57| In a 0.2 mL PCR tube, mix 7.5 μL of phage DNA (>400 ng) preparation from Step 

56 and 2.5 μL of fragmentation mix (solution FRA). 

58| Mix by gently tapping the tube, and then centrifuge briefly to bring all the contents 

to the bottom of the tube. 

59| Incubate the tube at 30 °C for 1 min and then at 80 °C for 1 min.  

60| Add 1 μL of rapid adapter (solution RAP) 

61| Mix by gently tapping the tube, and then centrifuge briefly to bring all the contents 

to the bottom of the tube. 

62| Incubate the tube at RT for 5 min. 

PAUSE POINT. The sequencing library can be stored briefly on ice until loaded into the 

DNA sequencer. 

 
DNA sequencing TIMING 1-48 h, depending on desired reads coverage, with first 

reads recovered in an hour. More reads will increase confidence. 

63| Open MinKNOW software on the computer 

64| Plugin the MinION device and insert a flow cell (Figure 4.1) 

65| Enter the sample ID and flow cell ID on the computer 

66| Run the Platform QC script and confirm active pores available 

67| Open the cover of the flow cell, and drawback a few microliters of fluid to remove 

bubbles, taking care not to remove the buffer from the pores. 

68| To prepare the flow cell priming mix, add 30 µL of Flush Tether (FLT) directly to the 

tube of mixed flush buffer (FLB), and mix by pipetting up and down. Centrifuge briefly. 

69| Load 800 µL of the priming mix into the flow cell via the priming port. Be careful to 

avoid introducing air bubbles into the flow cell. Incubate at RT for 5 min. 
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70| Mix the sequencing reaction in a new tube: 

34 µL Sequencing Buffer (SQB) 

25.5 µL Loading Beads (LB) 

4.5 µL Nuclease-free water  

11 µL DNA library from Step 62 

71| Mix by pipetting and centrifuge briefly 

72| Access the SpotON sample port by lifting the cover. 

73| Load 200 µL of the priming mix into the flow cell via the priming port used in Step 

69. Be careful to avoid introducing air bubbles into the flow cell. 

74| Carefully add the 75 µL of sequencing reaction from Step 71, in a dropwise fashion. 

Be careful to ensure that each drop enters the flow cell.  

75| Carefully replace the SpotON sample port cover ensuring the port is filled by the 

bung, close the priming port cover and close the MinION lid.  

76| On the MinKNOW software, click Start Run. 

77| Upon completion of the sequencing, flow cells can be washed and retained for 

further use. DNA sequences will be available almost immediately and will continue to 

accumulate while there are active pores. 

 
Bioinformatics analysis TIMING 12 h 

78| Upload the fastq files from MinKNOW to a Linux server 

79| Assemble the long reads with canu [376] by running the following code:  

a. canu -p phage -d assembly genomeSize=40k -nanopore-raw phage.fastq 

The primary options are -p for the name, -d for the location to write the output, and the 

fastq output from MinKNOW. 
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80| Compare the phage genomes to antimicrobial and virulence gene databases using 

Abricate (https://github.com/tseemann/abricate) by running the following code: 

a. for DB in argannot card megares ncbi plasmidfinder resfinder vfdb; do abricate --

threads 10 --db $DB assembly/ done > abricate.out 

81| Upload the genome to PHACTS to predict whether it is virulent or temperate virus 

[179]. 

82| Upload the genome to PATRIC (https://patricbrc.org/) to annotate other genes in 

the genome. 

83| Select phages for large-scale production based on the lack of predicted antibiotic 

and virulence genes, and the likelihood that the isolated phage is virulent (i.e. strictly lytic 

lifecycle). 

 
Liter-scale shake flask cultivation TIMING 18-24 h 

CRITICAL: Large phage production batches are limited by maximum centrifuge rotor 

capacity. Steps 84-90 describe how to process 1 L cultures; thus 6 flask cultures are 

performed in parallel.   

84| In a sterile 2 L GL45 screw-top flask with a GL45 0.22 µm PTFE membrane vented 

cap, warm 1 L of complex growth medium (Figure 4.1). 

85| Add 5 mL of bacteria grown to OD600 0.2 and incubate appropriate temperature 

and atmospheric growth conditions for 20 min. 

86| Add phage from Step 18 at a Multiplicity of Infection (MOI) of 0.1 and incubate 

under appropriate bacterial growth conditions for 12-18 h. 

87| To remove bulk bacterial debris, transfer lysates to 1 L centrifuge bottles and 

centrifuge at 8,000 ×g for 45 min at 4 °C (Figure 4.1). 
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88| Decant the supernatants into fresh, sterile 1 L centrifuge bottles without disturbing 

the bacterial pellet. 

89| Centrifuge again at 8,000 ×g for 45 min at 4 °C. 

90| Decant supernatant into sterile 1 L glass bottle. 

 
Dead-end filtration TIMING 1 h 

91| Assemble 0.8/0.45 µm and 0.45/0.2 µm capsule filters inline as shown in Figure 

4.1. Use the peristaltic pump to filter sterilized supernatant into sterile glass bottles. 

CRITICAL STEP. Capsule filters can process up to 2 L before clogging but can be cleaned 

and reused following manufacturer’s protocol. 

92| Titer the sample as described in Step 20. CRITICAL: The phage lysate titer should 

be >109 PFU·mL-1. 

PAUSE POINT. Phage preparation can be stored at 4 °C for <6 months. 

 
Ultrafiltration, diafiltration, and concentration TIMING 8 h (2 h per 1.5 L) 

93| Assemble the peristaltic pump and CFF cassette as shown in Figure 4.1. 

94| Circulate 500 mL of sterile ddH2O through the cassette and discard. 

95| Place the intake and retentate hoses into the 0.2 µm sterile phage supernatant 

solution from Step 92. 

96| Place the filtrate hose into a sink or waste container. 

97| Recirculate (up to 1.5 L per batch) supernatant until ~200 mL remains. 

98| Add 400 mL of sterile ddH2O.  

99| Recirculate supernatant until ~200 mL remains. 

100| Add 400 mL of sterile TN buffer.  
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101| Recirculate supernatant until ~200 mL remains. 

102| Repeat steps 100 and 101, until supernatant becomes clear and colorless. 

103| Pause pump, place intake and retentate hoses in a sterile 50 mL conical tube and 

recirculate while continuously adding remaining supernatant until 40 mL of concentrate 

remains (1st fraction). 

104| Pause pump, place intake hose with retentate hose into a sterile 50 mL conical 

tube with 30 mL of TN buffer. Circulate briefly and remove intake hose. Collect 30 mL of 

concentrate (2nd fraction). CRITICAL STEP. Subsequent fractions can be collected if 

lower concentration phage stocks are desired. 

105| Titer the sample as described in Step 20. The phage concentrate should be ≥10-

fold higher in titer than that in Step 92. 

PAUSE POINT. Phage preparation can be stored at 4 °C for <2 weeks. 

 
Density gradient ultrapurification TIMING 6 h 

CRITICAL: Density gradient ultracentrifugation (Steps 106-111) and dialysis (Steps 112-

120) may not be required to meet regulatory endotoxin safety limits of phage products 

[330]. Optionally, proceed to Step 135 for endotoxin quantification. 

106| In an open top ultraclear (14×89 mm) round bottom tube, prepare a CsCl step 

density gradient by layering 2 mL of d=1.6, 3 mL of d=1.5, and 3 mL of d=1.3, from the 

bottom up. CRITICAL STEP. Avoid disturbing the previous density layer during 

preparation. 

107| Fill the remaining tube volume with phage concentrate (~4 mL) from Step 104. 

108| Place tubes inside buckets and balance on a SW41 rotor. CRITICAL STEP. Cool 

rotor to 4 °C and centrifuge with all buckets, even if unused. 
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109| Ultracentrifuge at 28,000 ×g for 4 h at 4 °C.  

110| Carefully extract tubes from buckets using tweezers. 

111| With a concentrated light source, extract the visible band containing the phage 

particles by puncturing the thin-walled ultraclear tube with a 26G needle and syringe 

(Figure 4.1). 

 
CsCl concentrate dialysis TIMING 1 d 

112| Chill up to 3 L of sterile ddH2O (4 °C) in a large beaker placed on a stir plate. 

113| Place a magnetic stir bar in the beaker. 

114| Clamp one end of the 100k MWCO dialysis tubing and add the CsCl phage 

concentrate from Step 111. 

115| Clamp the other end and secure the clamped dialysis tubing to a float.  

116| Dialyze CsCl phage concentrate in pre-chilled sterile ddH2O, stir 30 min at 4 °C. 

117| Exchange ddH2O with up to 3 L of pre-chilled sterile storage buffer (e.g. PBS) and 

dialyze for 1 h. 

118| Repeat step 117 but prolong dialysis to 24 h. 

119| Recover phage concentrate. 

120| Titer the sample as described in Step 20. The phage titer should be between 109–

1012 PFU·mL-1.  

PAUSE POINT. Phage preparation can be stored at 4 °C for <2 weeks. 

 
LPS-affinity chromatography TIMING 2 h 

CRITICAL: Steps 121-134 are specific to the Pierce™ High Capacity Endotoxin Removal 

Spin Column.  



143 

121| Equilibrate and regenerate the spin column as per the manufacturer’s instructions. 

122| Place the spin column into a collection tube and centrifuge at 500 ×g for 1 min at 

RT to discard the regeneration solution. 

123| Remove the cap and insert the bottom plug. Add 8 mL of 2M NaCl, replace the cap 

and invert the column several times. 

124| Loosen the cap and remove the bottom plug. Place the column in a collection tube 

and centrifuge at 500 ×g for 1 min at RT to discard the solution. 

125| Remove the cap and insert the bottom plug. Add 8 mL of supplied endotoxin-free 

H2O. Replace the cap and invert the column several times. 

126| Loosen the cap and remove the bottom plug. Place the column in a collection tube 

and centrifuge at 500 ×g for 1 min at RT to discard the water. 

127| Remove the cap and insert the bottom plug. Add 8 mL of endotoxin-free PBS, 

replace the cap and invert the column several times. 

128| Loosen the cap and remove the bottom plug. Place the column in a collection tube 

and centrifuge at 500 ×g for 1 min at RT to discard the PBS. 

129| Repeat steps 127 and 128 two additional times. 

130| Remove the cap and insert the bottom plug. Add 10 mL dialyzed phage 

concentrate from Step 119 to the resin, replace the cap and invert the column several 

times. 

131| Incubate the column with gentle end-over-end mixing at 4°C for 45 min. 

132| Loosen the cap and remove the bottom plug. Place column in a sterile collection 

tube and centrifuge at 500 ×g for 1 min at RT to collect the sample. 

133| Repeat steps 121-132 until all phage concentrate is processed. 
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134| Titer the sample as described in Step 20. The phage titer should be between 109–

1012 PFU·mL-1. 

PAUSE POINT. Phage preparation can be stored at 4 °C for <6 months. 

 
Phage preparation endotoxin quantification TIMING 2 h 

CRITICAL: Steps 135-143 are specific to the Pierce™ LAL Chromogenic Endotoxin 

Quantitation Kit.   

135| Equilibrate solutions to room temperature, as per the manufacturer 

recommendation. 

136| Prepare LPS standards provided in the kit using “High Standards” option. 

137| Add prepared standards, the blank, and samples from Step 133 to a 96 well 

microtiter plate. CRITICAL STEP. Appropriately dilute phage samples to be within the 

linear range of the high standard. 

138| Warm plate to 37 °C and add 50 µL of LAL to each well. Tap plate lightly 10 times 

to mix. 

139| Reconstitute the chromogenic substrate solution and warm it at 37 °C, 5 min before 

use. CRITICAL STEP. Work quickly to prevent inactivation of solutions after 

reconstitution. 

140| Add 100 µL of the chromogenic solution to each well. 

141| At 6 min, add 50 µL of 25% (vol/vol) acetic acid to stop the reaction. 

142| Immediately, measure OD405nm in a microplate reader. 

143| Extrapolate the endotoxin level from the standard curve. Refer to Appendix, Table 

S4.1 for anticipated endotoxin concentration. 
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Phage preparation protein analysis TIMING 4 h 

144| Determine the absorbance of phage preparations from Step 133 at 280 nm to 

measure protein level. This will vary between phage strains but should be between 1-

3mg·mL-1. 

145| Dilute phages to 15 µg in 20 µL of 1x Laemmli sample buffer. 

146| Incubate samples at 90 °C for 5 min. 

147| Centrifuge samples at 13,000 rpm for 60 sec at RT. 

148| Prepare a 10% (wt/vol) acrylamide gel for SDS-PAGE electrophoresis. 

149| Mount the gel into the tank, remove combs, and completely fill the inner chamber 

of the tank and ¾ of the outer chamber with 1x SDS-PAGE running buffer. 

150| Pipette 3 µL of the standard and 20 µL of sample into the subsequent wells. 

151| Run electrophoresis at 100V for ~60 min. 

152| Wash the gel with ddH2O 3 times for 15 min each. 

153| Incubate the gel with 50 mL Coomassie blue staining solution at RT for 1 h. 

154| Decant solution and add 50mL ddH2O. Incubate at RT for 30 min on a rocker.  

155| Decant and repeat Step 154 three times.  

156| Image the gel using a gel dock station or conventional camera. 

 
Phage preparation effects on human cell viability TIMING 3 d 

CRITICAL: In Steps 157-167, we describe how to use the CellTiter-Glo® luminescent cell 

viability assay (Promega) to determine the number of viable cells in culture after phage 

preparation exposure based on quantitation of the ATP present, an indicator of cell 

proliferation and cytotoxicity.   
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157| In a 96-well tissue culture plate, seed wells with 100 µL of media containing 

~20,000 of HeLa or HEK293 cells. CRITICAL STEP. Use a clear bottom white walled 

microplate to minimize well luminescence cross talk. 

158| Incubate at 37 °C, 5% CO2, for 24 h. 

159| The next day, check for a confluent monolayer of cell culture. 

160| From Step 133, dilute phage stock to 108 PFU·mL-1 and 109 PFU·mL-1. 

161| Add 10 µL of 108 PFU·mL-1 stock for an approximate concentration of 1 cell: 100 

phages, 10 µL of the 109 PFU·mL-1 stock for a concentration of 1:1000 phages. 

162| For positive control add 10 µL 1% (wt/vol) SDS and for negative control add 10 µL 

PBS.  

CRITICAL STEP. Ensure that two wells are filled with medium only. 

163| Incubate at 37 °C, 5% CO2, for 24 h. 

164| Equilibrate the 96-well plate to room temperature for 30 min before adding 100 µL 

CellTiter-GloTM to all wells. 

165| Mix plate on an orbital shaker for 2 min to induce cell lysis. 

166| Incubate at 22 °C for 10 min. 

167|  Measure luminescence on a microplate reader (see ‘Anticipated results’ below for 

example data). 

 

TROUBLESHOOTING 

Troubleshooting advice can be found in Table 4.2. 
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Table 4.2 Troubleshooting advice for purification protocol. 

 

 
TIMING:  

The timing information is an estimate for phages for aerobic Gram-negative bacteria. 

Steps 1-12, phage plaque isolation: 3-5 d, depending on repetitions needed to obtain a 

single plaque morphology. 

Steps 13-19, small-scale cultivation: 15-21 h 

Step 20 Option A, phage titration using agar overlay titering: 20 h 

Step 20 Option B, phage titration using spot plaque titering: 19 h 

Steps 21-56, DNA extraction: 2 h 

Steps 57-62, sequencing library preparation: 10 min 

Steps 63-77, DNA sequencing: 1-48 h, depending on desired reads coverage. 

Steps 78-83, bioinformatics analysis: 12 h 
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Steps 84-90, large-scale cultivation: 24-30 h 

Steps 91-92, dead-end filtration: 1h 

Steps 93-105, ultrafiltration, diafiltration, and concentration: 8 h (2 h per 1.5 L) 

Steps 106-111, density gradient ultrapurification: 4 h 

Steps 112-120, CsCl concentrate dialysis: 24 h 

Steps 121-134, LPS-affinity chromatography: 2 h 

Steps 135-143, phage preparation endotoxin quantification: 2 h 

Steps 144-156, phage preparation protein analysis: 4 h 

Steps 157-167, phage preparation effects on human cell viability: 3 d 

 

ANTICIPATED RESULTS 

Process optimization at liter-scale production 

This protocol for purifying phages employs a combination of modified classical 

techniques, modern membrane filtration processes, and omission of certain common 

practices (for overview see Figure 4.1). A typical six-liter shake-flask cultivation yields 

between 16-30 mL of final product, providing up to 64,000 treatment doses at 109 PFU —

a commonly prescribed IV dose 1—, depending on the phage-bacteria pair (Table 4.1 and 

Appendix, Table S4.1). Because final phage products contain very low endotoxin levels, 

theoretically would be possible that treatments of up to 1012 PFU could be prescribed to 

humans, and be within regulatory limits of 5 EU·kg−1 h−1 [330]. In comparison, Belgium is 

the only western country that routinely produces phages in a laboratory under 

prescription, as a “magistral” preparation (i.e. drug compounding) [125]. To the best of our 

knowledge, magistral phage products are generally purified by high-speed lysate 
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centrifugation and subsequent affinity chromatography endotoxin removal [125]. In 

practice, this approach yields ~107 PFU·ml-1 and 12.5 EU·ml-1 [126]. A recent extended 

access phage therapy reported PEG/NaCl, density gradient ultracentrifugation and 

dialysis purification of Mycobacterium phages yielded a comparably high 1011 PFU·ml-1 

and undetectable endotoxin [153]. Mycobacteria, however, do not produce LPS. PEG-

CsCl-dialysis can effectively reduce LPS to <0.05 EU·ml-1 experimentally, it does so by 

adding organic solvents and generally at the expense of phage yield [320]. 

In Figure 4.3, we show that a relatively high phage titer is maintained during 

downstream processes, while endotoxin is being reduced to a safe level for human 

intravenous use. In addition, we show that high titer and low endotoxin phage preparation 

is independent of phage strain and viral structure. For example, myophages PAK_P1 and 

PAK_P5 were isolated from French wastewater with the P. aeruginosa strain PAK [377], 

while myophage E217 and podophage PYO2 were isolated from Italian wastewater with 

the P. aeruginosa strain PAO1 [82]. Final production runs produced titers of 6 ×1010, 4 

×1011, 2 ×1011 and 4 ×1012 PFU·mL-1, respectively (Table 4.1). High-titer final stocks are 

dependent on the initial phage cultivation performance. Six-liter lysates of Pseudomonas 

phages produced titers of 1010 PFU·mL-1 that could be concentrated up to 1012 PFU·mL-

1, whereas lysates of K. oxytoca and S. marcescens phages produced lower titers of 109 

PFU·mL-1 that could be concentrated to 1010 PFU·mL-1 (Figure 4.3 and Appendix, Table 

S4.1). Because CFF was found to be the main phage concentrating technique, a larger 

volume of lysate from phages that do not produce high titers would be required to achieve 

higher final product concentrations. 
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Other practiced phage cultivation and purification approaches, such as 

polyethylene glycol precipitation, centrifugal ultrafiltration, organic solvent extraction, 

enzymatic inactivation, and anion-exchange chromatography were previously shown to 

produce equally high phage concentrations, but can retain high amounts of endotoxins 

[24, 121, 127, 128, 131, 226, 318, 323-326]. Our protocol focuses on early removal of 

endotoxins by conducting multiple low-speed centrifugation steps, microfiltration and 

cross-flow ultrafiltration with phage particle washing steps, which reduce the majority of 

LPS in phage samples (Figure 4.3). By contrast, we found subsequent CsCl density 

gradient ultracentrifugation increases, in some preparations, LPS quantity by up to 30% 

(Appendix, Table S4.1). Our results conflict with the recent study by Van Belleghem et al. 

that compared several endotoxin removal methods and concluded that CsCl density 

gradient ultracentrifugation was the most effective at removing endotoxin [226]. The study 

also showed effective endotoxin removal came at the expense of a phage yield reduction. 

In this study, we observe that the phage titer generally increases after CsCl density 

gradient ultracentrifugation and dialysis, except for phage JG266 (Figure 4.3). 

Our results suggest that CFF with a MWCO 100 kDa pore size, in combination with 

several buffer washes, produces a phage product with endotoxin quantities within FDA 

regulatory limits for human intravenous use. Importantly, most exotoxins are smaller than 

100 kDa [331]. The semi-automated CFF used in our approach is able to concentrate 

phages between 10- to 100-fold, while removing endotoxin by >4000-fold and rich 

bacterial growth medium in a single-step (Figure 4.3). CFF is an effective phage 

concentration technique [127, 128]. However, using lower MWCO pore sizes appears to 

trap endotoxins along with the phage particles [128]. The recent “Phage On Tap” 
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purification protocol showed that centrifugal ultrafiltration was more rapid technique to 

concentrate phage particles, but also trapped endotoxins [127]. Nevertheless, we show 

that endotoxins in phage samples can be further reduced by commercially available LPS-

affinity chromatography (Figure 4.3 and Appendix, Table S4.1). 

 

Phage product safety testing 

Throughout the phage cultivation and purification process we maintain phage 

strain homogeneity by monitoring for changes in plaque morphology while phage titering. 

After each processing step, phage stocks should maintain a distinct single plaque 

phenotype. Homogeneity is further confirmed by obtaining a distinct single band after 

density gradient as would be expected with a sample containing phage particles with the 

same density and shape [368].  

As mentioned above, at a therapeutic dose of 109 PFU, endotoxin in phage lysates 

are reduced at least a 106-fold for all seven phages tested, without the use of organic 

solvents (Figure 4.3 and Table 4.1). Simultaneously, <100 kDa microsolute permeate is 

withdrawn from phage preparations during CFF, suggesting that small molecules, such 

as exotoxins that are typically smaller than 30 kDa [331], are also removed from final 

phage products. However, none of our phages or bacterial strains contained a known 

exotoxin to validate this claim.  

Figure 4.4A shows that our example phage preparations are free of gross bacterial 

proteins with SDS-PAGE staining not showing significant protein smearing. This becomes 

especially clear when comparing the 0.2 µm filtered lysate of Klebsiella phage JG265 with 

its purified preparation (Figure 4.4A). The lysate displays many bands, while the purified 
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phage preparation displays a few distinct bands unique for each denatured phage, 

indicating differences in their structural proteins. PAK_P1 and PAK_P5 share a major 

protein band at ~50kDa, and E217, PYO2, JG265 and JG266 at 75 kDa. Between phage 

strains, other proteins are not conserved with a variety of bands ranging from 20 to 

150kDa. To identify these specific phage proteins further mass spectrometry analysis 

would need to be conducted [378]. 

Because SDS-PAGE is not sufficient to guarantee absence of harmful toxins, we 

further conducted cell viability testing [379]. In vitro models to test for phage preparation 

effects on human cells and exclude potentially harmful products is an important 

consideration, but there is no standard model of phage pharmaceutical standard 

available. As a rapid test for eIND request, quantitation of intracellular adenosine 

triphosphate can be used as a measurement of the metabolic activity of human cells. With 

two human cell lines, HeLa and HEK293, we show that cell viability is not significantly 

different from untreated cell controls after exposure to each of the phage strains purified 

after cultivation with Pseudomonas, Klebsiella or Serratia (Figure 4.4B-G). By contrast, 

centrifuged phage lysate causes a significant decrease in cell metabolic activity. 

Therefore, our results suggest that downstream purification of phage lysates can produce 

a product free of harmful bacterial toxins and other components. 

Together, these results suggest that our protocol for phage purification is reliable 

and reproducible, helping to ensure the safety and efficacy of phage products for human 

use. 
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4.1.2: Improved rapid preparation and sterile handling of clinical phages 

(published protocol) 

This section is a reprint of a published protocol entitled: Rapid Bench to Bedside 

Therapeutic Bacteriophage Production. Printed in Methods in Molecular Biology, 

December 2023. Written by Tiffany Luong, Andrew D Sue, and Dwayne R Roach. This 

protocol is an updated version of the process described in Chapter 4.1.1. The main 

improvements to the work include enhancing the clarity of the procedures, leveraging the 

resistance kinetics of each phage of interest to decrease the upstream burden of bacterial 

cells during cultivation, and improvements in CFF concentration to 1) improve the removal 

of endotoxins and 2) reduce the steps and time necessary for purification. Additional steps 

to ensure the safety and sterility of the phage preparation are also included to gear this 

protocol for increased accessibility and clinical application compared to the original 

protocol. 

 

Abstract 

It has been over 100 years since bacteriophages (phages) were used as a human 

therapeutic. Since then, phage production has dramatically evolved. Current phage 

preparations have fewer adverse effects due to their low bacterial toxin content. As a 

result, therapeutic phages have become a predominant class of new antimicrobials and 

are being widely used for compassionate treatment of multidrug-resistant (MDR) 

infections. We describe herein a protocol for the production and ultrapurification of 

phages. By this technique, it is possible for a lab experienced with the process to produce 

>109 plaque forming units (PFU) per mL of Gram-negative phages that meet FDA 
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endotoxins limits for intravenous infusions in as little as 48 hours. We provide illustrations 

of the process and tips on how to safely remove bacterial toxins from phage lysates. 

Although dependent on the phage strain, the approach described herein to rapidly 

generate and purify phages is extremely useful for a variety of applications. 

1. Introduction 

Bacteriophage, also known as phage, is a virus that attacks and destroys bacteria. 

Phages are found anywhere and everywhere bacteria can be found: water, air, soil, and 

in the body. Their activities control the levels of all bacteria in nature. In 1919, Félix 

d’Hérelle, a French-Canadian microbiologist, who at the time was at the Pasteur Institute 

in Paris, used phages to treat dysentery bacillus. d’Hérelle’s work set the basis for phage 

therapy. Currently, only the Eliava Institute in Tbilisi, Georgia, has maintained a 

mainstream use of phage therapy since its discovery. For the past several years, the 

practice of using phages for patients has been under redevelopment and modernization 

[277, 380, 381]. Antibiotic resistance has become a leading public health threat, and the 

discovery of new classes of antibiotics has stagnated [9]. Phages are not affected by 

antibiotic resistance mechanisms in general [277, 380], and virions themselves are 

generally considered safe for human and animal use [28, 29, 159]. 

 Virulent phages exclusively use the lytic cycle for replication in bacterial host cells 

[11]. A phage seeks a host and, when found, binds to the cell surface and injects its DNA 

genome inside the host. In a matter of seconds, the host cell is hijacked for intensive 

virion replication that results in the bacterium bursting open, releasing newly produced 

phages to repeat the process. In this manner, the phage lysate can expand to >1010 

plaque forming units per milliliter (PFU/mL) of growth medium under optimal host 
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conditions. Many phage strains are easy to produce with standard microbiology 

equipment.  

 However, the production bottleneck arises during phage purification. Phage 

replication accumulates a high amount of toxins in lysates, such as endotoxins, exotoxins, 

soluble bacterial proteins, peptidoglycans, nucleic acids, and induced prophages [382, 

383]. Their presence in the bloodstream may cause septic reactions with a variety of 

symptoms such as fever, hypotension, nausea, shivering, and in extreme cases, fatal 

shock. Endotoxins are lipopolysaccharide (LPS) molecules associated with the outer 

membranes of Gram-negative bacteria and make up the most common toxins that must 

be removed from pharmaceutical phage products. When these bacterial cells are lysed 

by phages, their cell membranes rupture and endotoxins are released into the solution. 

Endotoxins in solution range from molecular weights of 10,000 to 1,000,000 [304]. 

However, since phages are in the same molecular weight range as endotoxins, filtration 

cannot be used to adequately separate the endotoxins from the target phages. A 

harmonized standard for recommended maximum endotoxin exposure is 5.0 endotoxin 

units (EU) per kg of body weight (interpreted as within 1 hour) for most drugs based on 

an average patient weight of 70 kg [122]. Troubleshooting endotoxin-contaminated phage 

suspension may become necessary during phage production. Moreover, cold-stored 

phage suspensions may see the number of viable phages decrease over time, while the 

titer of endotoxins detected may not [314]. 

 Double polyethylene glycol (PEG) precipitation is a traditional approach for 

purifying phages [25, 128]. As phage particles are made up mostly of coat proteins around 

their genetic material, solutions containing PEG and high salt force phage particles to 
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aggregate into clusters. This low-cost method needs minimal equipment, and the 

precipitation is performed by general centrifugation. PEG precipitation, however, faces 

several disadvantages. The precipitation method requires the addition of large amounts 

of PEG and NaCl, some of which remain as a residue in the phage pellet and are difficult 

to eliminate. Certain other contaminants, such as LPS and exotoxins, are generally co-

precipitated with phages [129, 130]. For these reasons, depending on the purpose, PEG-

precipitated phages usually require further methods of purification, such as density 

gradient ultracentrifugation (DGU), to remove co-precipitated impurities [25, 128]. DGU is 

a highly versatile method that has been widely used for the concentration and purification 

of phages [128, 281, 306]. This approach allows the separation of phages and 

contaminants based on buoyant density differences independent of size and shape. In 

this method, the sample is passed through a steep density gradient that contains a very 

high concentration of CsCl and ultracentrifugation. Multiple bands may be visible after 

ultracentrifugation; top band(s) corresponds to debris, LPS, and unassembled phages 

(e.g., genome-free capsids). While the lower band contains the target phage that can be 

collected by puncturing specialized tubes [281, 384]. Drawbacks associated with CsCl 

DGU are that some phages cannot withstand long periods of ultracentrifugation at more 

than 100,000×g force, and osmotic shock or interaction with CsCl and/or extensive 

dialysis may lead to loss of phage infectivity [332]. Last, not all laboratories can access 

the required equipment for this method. 

 Diverse chromatography-based methods enable the separation and purification of 

phages. The target phage can be purified based on its interaction types as well as its 

characteristics, such as shape, size and total charge, hydrophobicity, and binding 
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capacity. Accordingly, the separation functionality is broadly categorized into 1) size, 2) 

charge, 3) hydrophobicity, and 4) affinity, etc. Size exclusion chromatography (SEC) 

separates molecules based on their size by filtration through a gel. Given the large size 

of phages relative to most bacterial components as well as other small compounds such 

as LPS, exotoxins, ions, and salts, SEC can be applied as a complementary step for 

phage purification [130]. The main advantages of SEC are the low costs of resins and 

simplicity in operation as samples are eluted isocratically, so there is no need to use 

different buffers during the separation. However, this technique lacks selectivity, suffers 

from low productivity, and scaling up is restricted because the column can get saturated 

with host cell debris, consequently preventing the separation of large phages from 

endotoxins. Another nonspecific technique is ion exchange chromatography (IEC), which 

is one of the most efficient methods for separating charged particles. Phages are 

separated according to the strength of their overall ionic interaction with a solid phase 

material [128, 129, 132]. There are two types of IEC: anion- and cation-exchange 

chromatography (AEC and CEC, respectively). A disadvantage of this method is the risk 

of eluting contaminant proteins and endotoxins with similar electrostatic interactions as 

the target phage. Phages have a pH-dependent negative surface charge in most 

solutions, as do LPS [385]. The other drawback is the need to connect the 

chromatography column to a costly FPLC or HPLC instrument. By contrast, affinity 

chromatography, also called affinity purification, makes use of specific binding 

interactions between molecules [128, 129, 132, 281]. This method uses synthetic ligands 

for specific elution and involves the impregnation of poly(ε-lysine) into cellulose beads, 

which provide high endotoxin selectivity [386]. A combination of electrostatic, 
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hydrophobic, and hydrogen bond interactions are present in the affinity chromatography. 

The current drawbacks of affinity chromatography are low yield and high salt 

concentration requirement for substance elution. 

 More recent methods have been applied to phage purification. Extraction with 

organic compounds can efficiently remove endotoxins from phage samples, such as 1-

octanol [131, 387]. The removal of octanol is achieved by multiple centrifugation steps 

and use of a vacuum to remove the residual organic solvent [129, 132, 387]. The main 

drawback is inconsistency in sample phage recovery [129, 131, 387], sometimes being 

as low as 15% [129]. 

 With several options at each step of the production process, this protocol selects 

appropriate methods for the production and purification of phages using different criteria, 

including cost, equipment, ease, time, yield, and purity of the product. The steps intrinsic 

to our process to rapidly generate highly pure small-batch phage stocks that meet 

regulatory guidelines for intravenous (IV) administration are timed process execution to 

match phage-bacteria kinetics and modifications that have been used to optimize 

ultrafiltration (UF) and diafiltration (DF) by both us [281] and others [128, 129, 384]. Our 

process first minimizes the quantity of bacterial toxins that accumulate during phage 

replication by using several techniques to limit bacterial overgrowth and reduce bacterial 

debris in sterile lysates. Next, we use a semi-permeable membrane with active force 

applied to drive UF and DF to get target phages ready for the next processing step by 

enabling sample cleanup, purification, concentration, buffer exchange, and 

desalinization. Last, we use affinity chromatography resin to selectively capture the 

conserved region of the inner core of LPS molecules and thereby remove all kinds of 
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endotoxins from Gram-negative bacteria. We also include our aseptic/sterile fill-finish 

methods which are ideal for small-batch biomedical applications. Together, this 

streamlined process efficiently produces many phages in as little as 48 hours and 

economically. 

2. Materials 

2.1 Equipment 

1. Biological safety cabinet (BSC) 

2. Microbiological incubators: static and refrigerated incubator shaker (see Note 1) 

3. Single and multichannel pipettes: various volumes 

4. Serological pipette controller 

5. Spectrophotometer  

6. High-speed centrifuge with fixed angle rotors (e.g., Beckman Coulter J-Lite JLA-

8.1000 fixed angle rotor) 

7. Thermocycler 

8. Electrophoresis chamber and gel imager 

9. Double-pan balance scale 

10. Peristaltic pump and size 16 pump head (see Note 2) 

11. Tube rotator 

12. Multimodal microplate reader 

 

2.2 Bacteriophage and Bacterial Host Strains 

We recommend before phage production that both phage and host bacterial 

genomes have been sequenced and annotated. Both phage and host bacteria genomes 
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require screening for virulence factors, antibiotic resistance and toxin genes, and 

prophages [348, 366, 388]. Prophages integrated into the host genome may not only 

harbor additional virulence factors, but also introduce an added risk of horizontal gene 

transfer (transduction) or may interfere with the infectivity of the target phage [347, 348]. 

If any undesirable elements are identified in either the phage or host genome, we 

recommend using alternative strains. 

1. Bacteriophage stock (recommend sequenced and 0.2 µm filtered) 

2. Bacterial strain used to propagate bacteriophage strain (recommend sequenced) 

 
2.3 Reagents 

Reagents should be prepared using sterile Milli-Q water, autoclaved (45 min at 

121°C), and stored at room temperature unless otherwise indicated.  

1. Bacterial broth and solid (agar) media 

2. Phosphate buffered saline (PBS) (10X): weigh 17.8 g of Na2HPO4, 2.4 g of KH2PO4, 

80 g of NaCl, 2 g of KCl, and dissolve in 800 mL of sterile water. Add water to 1L. 

Dilute 10:1 in sterile water to make a 1X working solution (10 mM Na2HPO4, 1.8 mM 

KH2PO4, 137 mM NaCl, 2.7 mM KCI) 

3. PCR primers (10 µM concentration) 

4. Tris-acetate-EDTA (TAE) buffer (10X): weigh 48.5 g Tris and dissolve in 800 mL of 

sterile water. Add 11.4 mL glacial acetic acid and 20 mL 0.5 M EDTA (pH 8.0). Add 

water to 1 L. Dilute 10:1 in sterile water to make 1X working solution (40 mM Tris, 

20 mM acetic acid, 1 mM EDTA) 

5. 2% agarose gel: 0.8 g agarose, 40 mL 1X TAE 

6. 0.5 N NaOH 
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7. Endotoxin-free water 

8. 95% Ethanol and 0.2 N NaOH solution 

9. 2 M NaCl 

10. 10 mM sodium phosphate buffer (PBS): Dilute 10X PBS 10:1 in endotoxin-free water 

and filter sterilize  

11. DNase I  

12. RNase A  

13. 100% Ethanol 

 
2.4 Consumables 

When appropriate (i.e., if plastics are not sterilely packaged), non-sterile glassware 

and plastics should be autoclave-sterilized prior to use.  

1. Disposable inoculating loops: 1 µL 

2. Disposable plastic cuvettes 

3. Test tubes and caps 

4. Petri plates: 100 x 15 mm 

5. Pipette tips: various volumes 

6. Serological pipets: various volumes 

7. Polypropylene conical centrifuge tubes: 15 mL and 50 mL 

8. DNase/RNase-free strip PCR tubes and caps 

9. Microcentrifuge tubes: 1.5 and 1.7 mL  

10. Graduated glass media bottles: various volumes 

11. Glass Erlenmeyer flasks with GL45 screw cap: 250 mL and 2 L 
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12. GL45 screw cap with 0.22 µm polytetrafluoroethylene (PTFE) hydrophobic 

membrane (Corning) 

13. Polycarbonate centrifuge bottles with cap assemblies (recommend 1 L) 

14. Luer Lock tip syringes: 10 mL and 50 mL  

15. Syringe filters: 0.2 µm  

16. Syringe needles: 23G x 1-1/2” 

17. Rx-Vent™ Filtered Venting Needles  

18. 0.8 | 0.45 µm polyethersulfone (PES) double layer dead-end filter capsule  

19. 0.2 | 0.1 µm PES double layer dead-end filter capsule  

20. Vivaflow® 200 Crossflow Cassettes: 100 KDa MWCO PES membrane  

21. ¼” flexible rubber tubing and clamps 

22. Depyrogenated glass vials (pre-assembled with stopper and aluminum crimp seal) 

23. 96-well microplates: clear U-bottom and black flat-bottom 

 
2.5 Recommended Kits 

1. Endotoxin Removal: EndoTrap® HD (Lionex) or Pierce™ High-Capacity Endotoxin 

Removal Resin assay (Thermo Scientific) 

2. Endotoxin Quantification: ENDONEXT™ EndoZyme® II – Recombinant Factor C 

(rFC) Endotoxin Detection assay (BioVendor) or Pierce™ Chromogenic Endotoxin 

Quant assay (Thermo Scientific) 
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3. Methods 

All procedures must be performed aseptically/sterilely in a biological safety 

cabinet. 

3.1 Pre-Processing 

3.1.1 Bacterial host standard curve 

1. Streak bacteria on an agar plate from a glycerol stock using a sterile loop. Incubate 

overnight at the temperature that is optimal for bacterial growth. 

2. Pick a colony forming unit (CFU) and culture it in the appropriate nutrient-rich broth, 

overnight at the optimal temperature for growth. 

3. In a BSC, air dry 5 agar plates for 1 h. 

4. Subculture 50 µL in 5 mL of fresh liquid broth in a sterile test tube. Incubate until an 

OD600 0.8 is reached. Place the test tube on ice. 

5. Aliquot culture into a sterile cuvette and measure absorbance using a 

spectrophotometer. Dilute the culture to OD600 0.8 with sterile bacterial broth in a 

sterile cuvette. Continue dilutions in twofold increments to obtain cuvettes with OD600 

0.8, 0.4, 0.2, 0.1, and 0.05. 

6. Prepare two identical 8-well columns of PBS diluent in a 96-well microtiter 

microplate. Add 198 µL of PBS to the top 2 wells and 90 µL in the remaining 14 wells. 

7. Sample 2 µL from the OD600 0.8 bacterial culture and add to the first microwell 

containing 198 µL of PBS and mix by repetitive pipetting (repeatedly dispensing and 

withdrawing solution from the microwell). Sample 2 µL of bacterial culture again and 

add to the second microwell containing 198 µL. 
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8. Use a multichannel pipette to serially dilute in tenfold increments by aliquoting 10 µL 

from the first row of wells to the second and mix by repetitive pipetting. Change 

pipette tips and repeat for the remaining six wells. 

9. Withdraw 4 µL from the first column of 8 microwells using a multichannel pipette. 

Spot 8 × 4 µL aliquots to the leftmost edge of the agar plate. Repeat 8 × 4 µL 

sampling from the first column and spot on the agar plate next to the first column of 

spots. Repeat 8 × 4 µL sampling from the first column a third time, spotting on the 

agar plate next to the second column of spots (Figure 4.5A). 

10. Repeat 4 µL spotting in triplicate, withdrawing from the second column of 8 

microwells. Dry spots completely before closing the Petri plate lid and moving the 

plate (see Note 3). 

11. Repeat dilution and titration steps 6-10 for the remaining diluted cuvettes. 

12. Incubate all agar plates at the appropriate bacterial growth conditions until colonies 

are countable (Figure 4.5B).  

13. Calculate bacterial CFU/mL by averaging the number of CFUs visible in all 6 spots 

from both dilution series. Selected spots should contain between 10-40 countable 

CFUs. Divide the average CFUs by 4 (volume spotted), times the dilution factor 

(column position), and times by 1000 (convert µL to mL). 

14. Plot the CFU/mL (y-axis) against OD600 reading (x-axis). Generate a trendline and 

check that the R2 of the line is >0.9. The equation of the trendline will allow you to 

approximate the host OD600 value necessary to achieve the desired concentration 

CFU/mL. 
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Figure 4.5 Illustration of bacteria titration or Spot+ phage titration. (A) Example setup using a 
multichannel pipette and 96-well plate for serial dilutions. (B) Desired 48-spot plating for bacterial 
quantification. Counting should proceed from the row containing ten or more distinct CFUs. (C) Desired 
48-spot plating for Spot+ phage titration. Counting should proceed from the row containing ten or more 
distinct PFUs. 

 
3.1.2 Spot+ phage titration 

Traditionally, phages are quantified using the top agar overlay method [11]. We 

recommend a double aliquot 48-spot serial titration per sample of interest. This 

quantification method is quick and easily performed with general laboratory equipment. 

The Spot+ method increases sample coverage, depth, and technical repetition to improve 

accuracy over a typical spot titration method.   

1. In a BSC, air-dry agar plates for 1 h. Dry one plate for each sample to be titered.  

2. Pour 2 mL of bacterial culture at OD600 0.2 onto a dried agar plate to seed. Gently 

swirl to spread the liquid evenly over the entire surface. Tilt the Petri plate and 

immediately collect excess liquid for disposal. Repeat seeding for each dried agar 

plate needed. 

3. Air dry seeded plates for 30 min. 
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4. Prepare two identical 8-well columns of PBS diluent in a 96-well microtiter 

microplate. Add 198 µL of PBS to the top 2 wells and 90 µL in the remaining 14 wells. 

5. Sample 2 µL from the phage preparation and add to the first microwell containing 

198 µL of PBS and mix by repetitive pipetting (repeatedly dispensing and 

withdrawing solution from the microwell). Sample 2 µL of phage again and add to 

the second microwell containing 198 µL. 

6. Use a multichannel pipette to serially dilute in tenfold increments by aliquoting 10 µL 

from the first row of wells to the second and mix by repetitive pipetting. Change tips 

and repeat for the remaining six wells. 

7. Withdraw 4 µL from the first column of 8 microwells using a multichannel pipette. 

Spot the 8 aliquots in the leftmost area of the seeded agar plate. Repeat 8 × 4 µL 

sampling from the first microwell column and spot onto the agar plate next to the first 

column of spots. Repeat 8 × 4 µL sampling from the first microwell column a third 

time, spotting on the agar plate next to the second column of spots (Figure 4.5A-

5.5B). 

8. Repeat step 7 and perform 4 µL spotting in triplicate, withdrawing from the second 

column of 8 microwells.  

9. Dry spots completely before closing Petri plate lid and moving. Incubate at the 

appropriate bacterial growth conditions until plaques are countable (Figure 4.5B).  

10. Calculate phage PFU/mL by averaging the number of PFUs visible in all 6 spots from 

both dilution series. Selected rows should contain 10-40 PFUs. Divide the average 

PFUs by 4 (volume spotted), times the dilution factor (column position), and times 

by 1000 (convert µL to mL). 
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3.1.3 Pilot phage amplification 

1. Pick a fresh CFU from the host strain plate and grow to ~108 CFU in 5 mL of broth 

medium. 

2. Add phages at ~107 PFU to achieve a multiplicity of infection (MOI) of 0.1. 

3. Incubate the culture for 10-12 h, then harvest or cool to 10°C for the remainder of 

the time (see Note 4). 

4. Determine the window for cooling the phage preparation by titering and checking the 

OD600 of the lysate the following day. (see Note 5). 

5. Harvest the phage lysate in a sterile 15 mL conical and centrifuge for 10 min at 

8000×g. 

6. Decant the supernatant into a sterile syringe with an attached filter unit. Filter into a 

fresh 15 mL conical. 

7. Aliquot 100 µL of the filtered lysate into a PCR tube.  

8. Store at 4°C. 

 
3.1.4 Lysate prophage detection 

Even if a putative prophage is detected bioinformatically, it may not necessarily be 

liberated during lysate production. Use the pilot phage lysate as a PCR template for 

verification. 

1. Identify prophages from a fully assembled host strain genome using PHASTER or 

other software of choice. (see Note 6). 

2. Obtain the FASTA file for the putative prophage(s) from the tool of choice. 

3. Design primers for the prophage(s) using NCBI Primer-BLAST or other tools of 

choice. 
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4. Make a master mix for each potential prophage or phage strain tested. (see Note 7) 

5. Vortex briefly to mix. Centrifuge briefly to settle. 

6. Distribute 22.5 µL of master mix into freshly labeled PCR tubes. 

7. Add 2.5 µL of the pilot phage lysate as template into PCR tubes. 

8. Set the PCR temperatures according to the polymerase/kit chemistry. Use an 

annealing temperature specific for the phage primers designed in step 3. 

9. While the PCR reaction is running, prepare a 2% agarose gel and add DNA gel stain. 

10. Load the PCR reaction after the gel has set for 20 min. Run gel electrophoresis using 

an appropriately sized DNA ladder and samples. 

11. Analyze and image gel using a gel documentation system. (see Note 8). 

 
3.2 Batch Phage Amplification 

Phage production typically begins with long culture incubations (e.g., overnight/18-

24 h) followed by lysate centrifugation and 0.2 µm filter sterilization. As mentioned, 

bacterial toxins accumulate during phage amplification, and a large quantity of free 

endotoxin results from violent cell lysis. It is also common for target bacterial cells to 

evolve resistance to phage infection during these long incubations. These evolved 

mutants thrive in optimal culture conditions and overgrow in the lysate. We recommend 

switching to cold growth incubation, 1-2 h prior to the visible outgrowth of phage-resistant 

bacteria. Time-kill kinetics assays help understand interactions that exist between host 

bacteria and phages, including time to resistance. For example, we recommend when 

using Pseudomonas aeruginosa phages to reduce the incubation temperature after ten 

hours to suppress the outgrowth of evolved phage resistant mutant cells while maintaining 

phage production. Similarly, we recommend for Staphylococcus aureus phages to reduce 
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the incubation temperature after 22 hours to achieve the same suppression. This 

temperature drop prevents resistant bacterial growth, which causes a clearer lysate while 

maintaining long incubation times for higher phage yields. The addition of two 

centrifugation steps significantly enhances the removal of intact bacterial cells and 

bacterial debris, including large endotoxin aggregates. Figure 4.6 shows a flow diagram 

briefly describing this process. 
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Figure 4.6 Illustrated schematic of phage production and purification process. (A) Phage 
amplification. Bacteria should be added to the sterile growth medium and grown for one generation with 
a vented screw cap to allow gas exchange (left). Phages should be added to achieve a MOI of 0.1 
(right). (B) First centrifugation. Centrifuge produced phage lysates at 8000 × g for 30 min at 4 °C. (C) 
Second centrifugation. Avoid the bacterial pellet and carefully decant the supernatant into new centrifuge 
bottles. Re-balance bottles and repeat centrifugation at 8000 × g for 30 min at 4 °C. (D) Dead-end 
filtration sterilization. Sterilize the lysate by connecting in tandem a 0.8 | 0.45 μm capsule filter to a 0.45 
| 0.2 μm filter capsule. (E) Diafiltration. Remove storage buffer from the CFF cassette, flush with water, 
and set up the CFF cassette as pictured. The intake and retentate lines should recirculate from the bottle 
containing lysate. Flow all phage lysate through the CFF. Concentrate to 50% volume and dilute with 
cold ultrapure water. (F) Washing. Exchange spent lysate for cold ultrapure storage buffer. Stepwise 
concentrate and dilute phage with storage buffer. (G) Concentrating. When the phage concentrate 
appears visibly clear, purge the CFF and collect phage particles in three or more fractions. (H) Endotoxin 
removal. Sterilely prepare reagents for endotoxin removal. Perform endotoxin removal per 
manufacturer’s instructions with suggested modifications to prevent phage loss. (I) Removal of nucleic 
acids. Remove free DNA/RNA by 1 h enzyme treatment. 
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1. Pick a CFU isolated using the streak plate method on solid growth medium and 

culture in the appropriate nutrient-rich broth medium overnight to bulk up a pure 

culture. (see Note 9).  

2. Subculture 50 µL in fresh liquid broth to get the bacterial population growing 

exponentially (i.e., OD600 0.1-0.8).   

3. Add 1 L of broth medium to each of the 3 sterile autoclaved glass Erlenmeyer flasks 

with GL45 screw cap and pre-warm to bacterial growth temperature. 

4. Add exponentially growing bacteria at an optical density that corresponds to a count 

of ~1010 CFU per flask and exchange the flask’s cap for an autoclaved GL45 vented 

screw cap with 0.22 µm PTFE hydrophobic membrane. Incubate the flasks for one 

generation at growth temperature with gentle agitation (Figure 4.6A). 

5. After bacteria have acclimated and grown for one generation, add phages at ~109 

PFU to achieve a multiplicity of infection (MOI) of 0.1 (Figure 4.6A). 

6. Incubate the flasks for 10-12 h, then cool to 10°C for the remainder of the time until 

18 h. (see Note 4). 

7. Harvest amplified phages by decanting lysates into sterile centrifuge bottles (e.g., 1 

L bottles) and balance the three bottles against one another using a double pan 

balance scale (Figure 4.6B). 

8. Centrifuge at 8000 × g for 30 min at 4°C. 

9. Decant supernatant containing phage particles without disturbing the solid pellet into 

new sterile centrifuge bottles (Figure 4.6C). Repeat centrifugation at 8000 × g for 30 

min at 4°C (see Note 10). 



172 

10. Collect phage particles without disturbing the tiny pellet into sterile glass storage 

bottles.  

 
3.3 Phage Purification 

3.3.1 Dead-end filtration sterilization 

1. In a BSC, connect a 0.8 | 0.45 µm heterogeneous PES double layer filter capsule to 

a 0.2 | 0.1 µm heterogeneous PES double layer filter capsule with autoclaved ¼” 

flexible tubing and clamps as shown in Figure 4.6D. 

2. Prepare a disposable 10 mL serological pipette by removing the cotton or filter from 

its end. Feed the tubing through the peristaltic pump head, insert the serological 

pipette into the end of the tubing, and place it into sterile water. 

3. Precondition the filter membrane by pumping 500 mL of sterile water through the 

capsule filters. Discard the flow through. 

4. Switch the serological pipette and tubing to the bottle containing phage lysate and 

pump it into sterile glass bottles (see Note 11). 

5. Store all filtered lysates at 4°C. This is a potential pause step; depending on the 

phage strain, the lysate can be stored at 4°C for up to several months without 

significant loss in titer. 

 
3.3.2 Ultrafiltration and diafiltration  

This process uses crossflow filtration (CFF) for combined UF and DF of up to 5 L 

batch volumes. UF and DF are commonly used for the development and manufacturing 

of biological therapeutics, such as proteins and antibodies, as well as therapies that rely 

on viral nanoparticle delivery [389, 390]. The Vivaflow 200 CFF cassette uses a 
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polyethersulfone membrane (PES), which is popular for phage applications given its 

hydrophilic properties and low protein binding. The semi-permeable membrane retains 

larger target phages while allowing smaller molecules to filter out. A 100 kDa MWCO is 

adequate to retain most phages. DF enables medium to buffer exchange by adding new 

cold buffer to the phage retentate. By returning the sample to the original volume, UF/DF 

can be repeated until the sample reaches a targeted level of clarity with the new buffer. 

The Vivaflow’s unique switchback channels parallel to the filtration membrane improves 

phage dissociation from endotoxins and require less pressure to drive filtration. The 

cassette design is easy to set up, gentle on phage particles, and its transparency allows 

for monitoring flow. 

1. In a BSC, connect the CFF cassette with autoclaved 6.4 mm OD tubing as shown in 

Figure 4.6E. Connect the filtrate line to the port on top of the cassette, the retentate 

line to the upper side port, and the intake line to the lower side port.  

2. Feed the intake line through the peristaltic pump head, insert a disposable 10 mL 

serological pipette into the end of the tubing, and place the pipette into a bottle with 

sterilized chilled (4°C) ultrapure water. Keep the cassette in an open circuit by 

placing both the retentate and filtrate lines in a waste container. 

3. Pump 500 mL of autoclaved cold ultrapure water through the cassette to remove 

storage EtOH and to condition the membrane with pure water. 

4. Transition the cassette into a continuous circuit. Insert the intake and retentate lines 

into the glass bottle containing sterilized cold phage lysate, as shown in Figure 4.6E. 

Only the filtrate line should remain in the waste container. 
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5. Recirculate the phage lysate through the cassette until 50% volume remains in the 

bottle and add cold ultrapure water to double volume (see Note 12). 

6. Concentrate to 50% again and repeat the ultrapure water dilution by doubling the 

volume (see Note 13). 

7. Concentrate to 50% again and dilute with cold sterile PBS to double the volume 

(Figure 4.6F).   

8. Concentrate to 30% and dilute with cold sterile PBS to double the volume. 

9. Concentrate to 20% and dilute with cold sterile PBS to double the volume. 

10. Concentrate to 10% and dilute with cold sterile PBS to double the volume, repeat 

until the lysate is visibly clear (see Note 14). 

11. To collect phage particles, set up and label 3 sterile conical centrifuge tubes as “1st, 

2nd, 3rd Fractions”. Add 30 mL of sterile cold PBS to tubes 2 and 3.  

12. Concentrate to 30 mL and pause the peristaltic pump. Pour the 30 mL of phage 

solution into the empty conical tube and carefully insert the intake and retentate lines 

into the conical. Restart pumping until ~5 mL remains in the conical tube. Pause the 

pump. See Figure 4.6G. 

13. Collect the 1st fraction by draining the cassette, this will allow you to collect the 

remaining ~30 mL of dead volume of the cassette and tubing. Remove the intake 

line from the conical and restart the pump to completely flush the cassette into the 

50 mL conical. Pause the pump (see Note 15). 

14. Immediately insert the intake and retentate lines into the 2nd conical tube containing 

30 mL sterile cold PBS and start the pump to recirculate buffer to recover the phage 

remaining in the cassette. When the volume reaches ~5 mL, pause the pump, 
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remove the intake line, and restart the pump to completely flush the cassette again. 

Pause the pump after all the liquid is collected. 

15. Repeat the recirculation and draining from step 14 using the 3rd conical tube 

containing sterile cold PBS. Pause the pump after all liquid is collected. Immediately 

refill the cassette with buffer for short-term storage until cleaning using 

manufacturer’s instructions (see Note 16). 

16. Store fractions at 4°C (see Note 17). 

 
3.3.3 Chromatographic removal of endotoxin 

Although all prior processing steps reduce and remove endotoxins from phage 

samples, CFF fractions generally contain endotoxins above regulatory limits for 

intravenous applications. For example, up to 105-106 EU/mL. Therefore, chromatographic 

endotoxin removal may be required depending on phage concentration and intended 

application. For instance, a 1011 PFU/mL phage sample with an endotoxin level of 104 

EU/mL would not need additional endotoxin removal steps if dilution in pyrogen-free 

saline was done to achieve a therapeutic dose of 109 PFU/mL. The commercially 

available Pierce High-Capacity Endotoxin Removal Resin and EndoTrap HD assays have 

a binding capacity of 2×106 and 5×106 EU/mL, respectively. Below is described the 

specific use of a 1 mL Pierce Chromogenic Endotoxin Removal Spin Column with a 

sample capacity of 10 mL with modifications to the manufacturer’s instructions. Samples 

should be prepared using endotoxin-free water, and the column should only be uncapped 

in a BSC. 

1. Prepare the 1 mL column according to the manufacturer’s instructions. Each time 

you spin out a solution, loosen the column cap and remove the column’s bottom 



176 

plug. When adding a solution to the resin slurry, secure the column cap and replace 

the bottom plug (see Note 18). 

2. Prepare buffers for use according to the manufacturer’s instructions. Kit modification: 

Spike the endotoxin-free equilibration buffer with sterile-filtered NaCl solution to 

achieve a final solution of 10 mM PBS 0.4 M NaCl. 

3. Following the removal of the ethanol storage solution, NaOH regeneration buffer, 

salting with NaCl buffer, and equilibration with water and sodium phosphate buffer, 

the column is ready for sample addition. Kit modification: Increase the phage 

concentrate’s NaCl concentration to 0.4 M NaCl by spiking in sterile NaCl solution 

(Figure 4.6H) (see Note 19). 

4. Mix end-over-end at 4°C for 1 h. 

5. Collect the sample in a sterile conical tube (see Note 20). 

6. Once endotoxin column removal is completed, filter (0.2 µm syringe filter) the final 

phage preparation into a sterile conical tube (see Note 21). 

7. Store at 4°C and maintain sterility for qualification/quantification. 

 
3.3.4 Free nucleic acids digestion 

Phage products can contain residual DNA from host cell substrates. It is, therefore, 

possible that such residual DNA could encode or harbor harmful molecules or elicit an 

innate immune response in the patient. It is not clear what health risk the DNA can pose 

to the product recipients, but often manufacturing can be designed to minimize the risk 

by reducing the levels of DNA. The World Health Organization and U.S. Food and Drug 

Administration guidelines recommend that 10 ng/dose and 200 base pairs be the limits of 

content and size of residual DNA in the final product dose [391]. Enzymatic digestion of 



177 

phage samples removes free DNA and RNA while intact virions are unharmed and 

protected by their protein capsid. 

1. Pre-heat a heat block to 37°C. 

2. Dilute DNase I stock to a concentration of 100 U/mL. Place on ice. 

3. Dilute RNase A stock to a concentration of 100 U/mL. Place on ice. 

4. Determine how many mLs of phage preparation were produced. If you are not using 

the entire stock, sterilely aliquot the fraction that will be treated.  

5. Add 2.5 µL DNase I and 2.5 µL RNase A per 100 µL of phage preparation being 

treated. 

6. Treat phage preparation for 1 h at 37°C, with the lid heating off (Figure 4.6I). 

7. Store the phage preparation at 4°C. 

 
3.4 Final Preparation Validation 

3.4.1 Sterilization and titration 

1. Prepare a fresh exponentially growing culture of host bacteria. 

2. Air-dry an agar plate for 1 h in a BSC. 

3. Pre-wet a 0.22 µm PES syringe filter using sterile phage storage buffer (i.e., PBS).  

4. Decant the nucleic acid-free phage preparation into the syringe. Filter sterilize into a 

fresh sterile 15 mL conical tube (Figure 4.7A).  

5. Aliquot 100 µL of the phage preparation into a microcentrifuge tube. 

6. Store 0.22 µm filtered phage preparation at 4°C and protect from UV for longer-term 

storage. 

7. Perform spot titration using the phage aliquot as outlined in subheading 3.1.2. 
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Figure 4.7 Illustrated schematic of phage sterilization, validation, and fill-finish. (A) Syringe 
sterilization. Syringe filter the final phage preparation before obtaining a final phage titer, validation, 
and/or long-term storage. (B) Endotoxin quantification. Perform endotoxin quantification using a kit with 
an appropriate detection range. (C) Vial filling. UV sterilize all supplies and vials before use. Filter 
sterilize the diluted phage preparation before sterile distribution into vials. 

 
3.4.2 Endotoxin quantification 

We recommend choosing either the EndoZyme recombinant factor C or Pierce 

chromogenic LAL-based assays. Traditional endotoxin quantification uses the Limulus 

amebocyte lysate (LAL) test, which contains specialized blue blood cells from the wild 

Atlantic horseshoe crab, Limulus polyphemus, as a component because they react to the 

presence of endotoxins in a way that can be measured and quantified. The EndoZyme 

assay is a sustainable test, using a recombinant version of the first enzyme in the LAL 

clotting cascade. The EndoZyme assay also has a larger detection range from 0.005 to 

50 EU/mL. 

1. Select an assay and prepare the assay reagent mixture and set the microplate 

reader to the settings as per the manufacturer’s instructions. 

2. Dilute the phage sample in endotoxin-free water to achieve a dilution series of 10-4, 

10-6, and 10-8 PFU/mL to ensure at least one measurement is within the linear 

dynamic range of the assay. 
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3. Add reagents and run the microplate reader protocol as per the manufacturer’s 

instructions (Figure 4.7B). 

 
3.5 Sterile fill-finish 

The term “sterile fill-finish” is used for drug products that are sterile injectables 

(e.g., liquids filled in vials or syringes). Because there is no process to sterilize the phage 

product in its final container, it is critical that containers be filled and sealed in an extremely 

controlled environment [392]. Ensuring sterility is not a trivial task, and failure can have 

catastrophic—even life-threatening—consequences for a patient. The success of aseptic 

processing and sterile fill-finish operations relies on mitigating contamination from each 

of these sources: (i) personnel, (ii) drug product components and containers, (iii) 

cleanroom facilities, and (iv) equipment and processes. 

1. Clean a BSC with HEPA filtration using 70% EtOH and UV sterilize for 20 min. 

2. Place all containers and consumables in the cabinet and UV treat for 20 min (see 

Note 22).   

3. Dilute the phage stock with the desired sterile and endotoxin-free chilled solution in 

a sterile 50 mL conical tube. Gently vortex (see Note 23).  

4. Pre-wet a 0.22 µM PES syringe filter with phage diluent (i.e., PBS), and filter sterilize 

the diluted phage preparation into a fresh sterile 50 mL conical tube.  

5. Insert a filtered sterile vented needle into the vial’s rubber stopper (see Note 24). 

6. Draw 4.5 mL in a 5 mL Luer-Lock tip syringe with a 23G x 1-1/2” needle. Pierce the 

rubber stopper and aliquot 1 mL into the vial (Figure 4.7C). 

7. Carefully remove both the syringe needle and the vented needle (see Note 25). 

8. Repeat until all vials are filled. 
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9. When finished, protect vials from UV light and store at 4°C. 

 

4. Notes 

1. If your incubator is not equipped with refrigeration, phage production will need to be 

manually paused during pilot production (see Subheading 3.1.3). 

2. A pump with a convex-roller head design is gentler on phages compared to a flip-

type head design. 

3. A 115 mm Petri plate will support a 48-spot grid of 6 columns of 8 spots each (see 

Figure 4.5A). We recommended using this layout to titer CFU/PFU in two sets of 

triplicate spots. 

4. Modern microbiological shaking incubators can be refrigerated and programmed to 

support temperature cycles. Alternatively, cultures can be moved to 4-14°C 

environment. We find that harvesting phage production after 10 hours achieves titers 

upwards of 108 PFU/mL while minimizing bacterial overgrowth during additional 

incubation. This timing may change depending on the growth rate of the host 

bacteria, so perform pilot phage production (see Subheading 3.1.3).  

5. Once bacterial density reaches OD600 0.1-0.2, it should be immediately harvested or 

transferred for cooling. Additional bacterial growth will result in difficulty during dead-

end filtration. 

6. At the time of this writing, PHASTER is accessible using a web browser and accepts 

FASTA files or GenBank accession numbers [393]. Alternate tools include PhiSpy 

and Prophage Hunter [394, 395].  
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7. A standard PCR protocol (such as [396]) should be used. Individual reagent volumes 

will depend on the polymerase/PCR kit being used. Each reaction will require 22.5 

µL of the master mix. 

8. Bacterial strains can also be cured of prophages using mitomycin C induction or UV 

light treatment [397]. However, prophage curing can cause changes in phage 

susceptibility/bacterial fitness. We recommend repeating pilot phage lysate 

production if prophage curing is performed. 

9. Culture in liquid broth medium gives bacteria easy access to the available nutrients 

compared to static bacterial growth on solid medium, also known as an agar culture. 

Agitation to keep the bacteria dispersed through the medium during incubation can 

aid this access further. Liquid media will also dilute out waste products as they are 

formed, distributing them through the culture. Consequently, a greater mass of 

bacteria may be obtained for an equivalent volume of liquid as opposed to solid 

media. 

10. When pouring to a new container, the pellet may not be easily observed. 

Nonetheless, carefully handle the centrifuge bottles to avoid disturbing the pellet. 

The supernatant may appear clear; however, it is critical to perform a second spin to 

enhance the removal of gross bacterial debris and prevent clogging of capsule 

filtration units.  

11. By centrifuging lysates twice, 3 L can generally be filtered with the capsule filters 

without the need for cleaning in between. If the 0.2 | 0.1 µm filter becomes clogged, 

follow the manufacturer’s instructions to clean the filter (e.g., using 0.5 M NaOH), 

rinse with sterile water, and resume filtration. 
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12. If phage lysates are in multiple storage bottles, continue to add all phage lysate to 

the CFF before switching to the ultrapure water dilution step. 

13. The CFF will wash proteins and salts through the membrane while leaving phage 

particles in the retentate and exchange spent growth media for the desired storage 

buffer. This buffer exchange will occur simultaneously with concentration, where 

liters of lysate are concentrated up to 100-fold. 

14. Repeat this step until the phage solution has visible clarity, denoting the remaining 

broth and small particles have been washed away (i.e., diafiltration). 

15. This will briefly dry the CFF membrane and proceed through fraction collection 

quickly to ensure the membrane does not stay dry for long.  

16. Phage may be collected with further repeats. However, as you collect fractions, 

phage concentration decreases. 

17. Typically, CFF concentrates phage lysates by 1-2 orders of magnitude and 

concentrates endotoxin to ~104-105 EU/mL of buffer. We recommend proceeding 

with endotoxin removal using Fraction 2, which has lower endotoxin content than 

Fraction 1, while the phage concentration typically stays within the same order of 

magnitude. If time permits, titer the phage concentrate before proceeding. 

18. For improved endotoxin removal, we recommend column regeneration using 0.2N 

NaOH overnight (16-18 h) incubation at room temperature. Regenerate the column 

during phage overnight production if you plan to remove endotoxin immediately after 

CFF concentration. 

19. When using the Pierce endotoxin removal resin, an insufficient salt concentration 

significantly decreases final phage sample recovery. Spiking the equilibration buffer 
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and phage concentration to ~0.4 M NaCl, as recommended in the manufacturer’s 

troubleshooting guide, has significantly improved the recovery of P. aeruginosa 

phage particles. 

20. If desired, the column can be immediately regenerated, and the endotoxin removal 

process can be repeated. A second removal step may further reduce endotoxin 

concentration by up to twofold. However, we do not recommend going beyond two 

column passages as the final phage recovery is reduced in each passage. 

21. Pre-wet the syringe membrane with endotoxin-free buffer to prevent loss of phages 

during final sterile filtration. 

22. UV does not penetrate into materials, particularly plastics, very well. Although UV 

can disinfect an empty BSC, it will only disinfect the outer surface of any material in 

a BSC. 

23. Filtration typically causes a loss in phage concentration. Calculate and add at least 

10% more phage stock to compensate for diluted phage losses. 

24. For sterile glass vials, it is necessary to vent the gas from the vial and allow the 

solution in. 

25.  At minimum, replace the needles each time a new syringe is used. 

4.2: Purified phages are shelf-stable at high concentrations 

When purified phage preparations are created, one concern is the loss of phage 

particles over time in the absence of bacterial hosts [398]. We found that PAK_P1 phages 

produced using the method described in Chapter 4.1.1 remained stable in IV safe, dPBS 

storage buffer for more than 1 year when stored undiluted in either glass or plastic 

containers (Figure 4.8). However, higher phage dilutions experienced a similar pattern of 
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decline as soon as one-week after dilution when reduced below 109 PFU/mL. This would 

suggest that phages have improved shelf-stability when stored at higher concentrations, 

regardless of glass or plastic container material. 

 

Figure 4.8 Stability of PAK_P1 phages over one year. Phages were purified using the protocol 
described in Chapter 5.1 (purple) and stored at 4˚C, away from light or transferred into a glass vial (dark 
blue). Dilutions were prepared in glass vials in dPBS at 10-1 dilution (red), in glass vial in dPBS at 10-2 
dilution (orange), in glass vial in PBS at 10-2 dilution (dashed, orange), and in glass vial in dPBS at 10-3 
dilution (light blue). 

 

DISCUSSION 

Improved phage purification protocols have the potential to improve not only 

access to clinical phage therapeutics but also to help improve study of phage immunology. 

Because phage host interactions can be confounded by residual endotoxins, 

microsolutes, or other components of phage lysates the production of pure phage 

preparations can also be used for immunological studies. How phages have the potential 

to interact with the human host during administration of trillions of phages directly into the 

body is a critical gap in our knowledge and application of phage therapeutics [76]. 
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The method and improvement thereof described in this chapter have been used 

safely for human application described in Chapter 4, as well as in studies and trials 

elsewhere [399-401]. There remains room for future improvement however, in the initial 

production of phages. The kinetics of phage strains suggests that there are diminishing 

returns when phage resistance emerges in vitro, therefore strain-optimized timing during 

phage production is a further optimization to the production process that can reduce the 

bioburden of the initial phage lysate. This would also prevent induction of bacterial SOS 

response, including DNA repair, elongation of bacterial cells, cell surface alteration, 

increased mutation rates, induction of latent bacteriophages (prophages), secretion of 

exotoxins, and inhibition of cell division [402]. These processes could be unfavorable 

stressors to phage production. Additionally, because we have observed that phage 

activity can vary between bacterial hosts, optimizing production hosts by elimination of 

prophages or other virulence factors could be an additional step to limiting immunogenic 

byproducts. Finally, although the FDA currently limits phage preparations based on 

sterility and endotoxin quantification, other material may remain immunogenic to human 

cells. Produced phage lysates can contain a high level of free DNA (fDNA) and RNA from 

lysed bacterial cells. Although we recommend DNase and RNase treatments in our 

modified protocol, additional screening to quantify residual fDNA could be considered for 

batch quality assurance. 
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CHAPTER 5 
 

VALIDATION OF PHAGE THERAPY EFFICACY 

INTRODUCTION 

Currently phage therapy is not an FDA-approved treatment in the United States 

and needs to undergo phased clinical trials, largely for efficacy, to enter mainstream 

medicine. Traditional drug development often fails at this point due to inadequate pre-

clinical target validation techniques [403]. For clinical phage use, it is therefore essential 

to profile phage-target interactions to maximize therapeutic action while minimizing 

undesirable effects. Target validation is also crucial to ensure, particularly in the complex 

infection environment, that phages were capable of reaching the site of infection, 

replicated using microbial target(s), and reduced bacterial load.  

P. aeruginosa is an opportunistic bacterium with high incidences of multi-drug 

resistance. As a result, P. aeruginosa infections can be difficult to treat and can often 

develop into life-threatening acute or debilitating chronic infections in people with 

weakened immune systems, such as persons with cystic fibrosis [61, 404]. Although 

phages are often sought to target a variety of acute and chronic P. aeruginosa infections, 

it remains unclear whether phages actively replicate once they reach the site of infection 

[34]. Moreover, the suitability of P. aeruginosa host targets remains an open question 

because phages obligately require susceptible host cells to remain lytically active. Clinical 

P. aeruginosa strains thrive in different host environments and can vary widely despite 

the ease of their transmissibility in sensitive populations [405, 406]. In principle then, a 
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desirable P. aeruginosa target is therefore one that phages can broadly access, such as 

LPS, which is conserved across infection types [407]. 

Although phages can be isolated for nearly any bacterial target, it remains difficult 

to equally target multivariant infections using narrow-spectrum phages. The notion of 

antimicrobial ‘synergism’ using phages as adjuvants to antibiotics is therefore attractive 

due to targeting of a bacterium with multiple mechanisms of action [408, 409]. However, 

this would also suggest that phages need to compete with antibiotic killing for replication 

hosts. Here, we hypothesize that phages can target and replicate most effectively in 

clinical settings in the absence of antibiotic competition. That is, when treatment phages 

and standard of care antibiotics do not overlap in host range to provide phages with high 

initial bacterial densities for in vivo replication. We evaluated the ability of phages to infect 

chronic and acute P. aeruginosa isolates and found high compatibility between select anti-

Pseudomonas phages and MDR isolates. We also perform retrospective analyses of two 

P. aeruginosa emergency investigational new drug (eIND) cases to decipher whether 

phages were effective against their intended targets and replicated within the human host. 

Finally, we screened phages against a library of clinical isolates to identify the breadth of 

infection types for phage targeting.  

 

MATERIALS & METHODS 

 
Clinical strain time-kill assays under atmospheric conditions 

A hypoxic incubator chamber (Coy Laboratory Products, Grass Lake, MI, United 

States) was used to grow overnight cultures of each clinical strain and to precondition LB 

media at 2% O2/5% CO2. The overnight culture was then diluted into fresh medium the 
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morning of each plate experiment (1:10) to obtain bacteria in the early logarithmic phase 

of growth. Microtiter plate wells were filled with 170 μL of fresh LB, inoculated with ∼2×106 

CFU, and dosed with phosphate buffered saline (PBS, control) or phages, before being 

sealed with a BreathEasy™ membrane (Diversified Biotech). A microplate reader 

(Clariostar; BMG) incubated the microplates at 37°C under shaking conditions (120 rpm) 

while measuring OD600 at 6 min intervals between shaking steps. To mimic the in vivo 

growth conditions of those isolates (1.1-2.0% O2 in the human heart), the time-kill protocol 

as previously described was modified for hypoxic (2% O2/5% CO2) time-kill kinetics. The 

experimental data derived from time-kill assays were analyzed using GraphPad Prism 

5.03 (GraphPad Inc., San Diego, CA, USA). Data were normalized in R Studio by blank 

correction and normalization to the same starting optical density (see Appendix, R 

Markdown). 

 
Clinical host range analysis 

Clinical isolate identities were verified through Matrix-Assisted Laser 

Desorption/Ionization Time-of-Flight (MALDI-TOF) or PCR and confirmed as P. 

aeruginosa. Each clinical isolates was grown from fresh CFUs inoculated into fresh LB 

medium and grown for 18-48 h, until an optical density of OD600 0.2 was reached. Bacterial 

culture was lawned over a pre-dried agar plate and air-dried. Plaques were measured 

after phages were spotted on bacterial lawns and incubated for 18h at 37°C. Phage 

strains tested had the following accession numbers: PAK_P1 (NC_015294), PYO2 

(MF490236), LUZ19 (NC_010326), E215 (NC_042080.1), and PaCe (ON376263). 
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RESULTS 

5.1.1: Phage suitability against chronic P. aeruginosa lung infiltrate (published) 

This section is a reprint of a published protocol entitled: Draft Genome Sequence 

of the Multidrug-Resistant Pseudomonas aeruginosa Strain PA291, Isolated from Cystic 

Fibrosis Sputum. Printed in Microbiology Resource Announcements, September 2021. 

Written by Tiffany Luong, Ashley Schumann, Douglas Conrad, and Dwayne Roach. This 

publication describes the processes required to characterize, test antimicrobial 

susceptibilities of, and annotate the genome for a novel clinical isolate. Although this 

patient was not treated for their infection, the processes and tools described in this 

publication were adapted for work in Chapter 5.2.2. 

 

ABSTRACT 

Here we report the genome sequence of PA291, a non-mucoid, multidrug-resistant 

strain of Pseudomonas aeruginosa isolated from cystic fibrosis sputum. Short reads were 

de novo assembled into 190 contigs and scaffold assembled to a length of 6.26 Mbp. 

PhiSpy predicts that PA291 is free of prophages. Given its characteristics, PA291 may be 

a suitable candidate for phage therapy. 

 

RESULTS 

Pseudomonas aeruginosa causes difficult-to-treat and often multidrug resistant 

(MDR) infections, which severely impacts individuals with Cystic Fibrosis (CF) [410, 411]. 

CF patients are often required to take daily antibiotics, which promotes the development 

of chronic MDR infections [412]. Under investigation is phage therapy to combat MDR 
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infections [82, 277], which in part requires both phenotypic and genomic characterization 

of the patient’s infectious isolate(s). 

In this study, a bacterial colony from CF sputum (under UC San Diego institutional-

review board approved protocol #160078) was cultured overnight on blood agar at 37°C 

and matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) mass 

spectrometry identified that it belonged to the species P. aeruginosa. The strain was 

named PA291 and found to have a non-mucoid phenotype and a broth microdilution 

assay (performed by UCSD Clinical Molecular Microbiology Laboratory following 

FDA/CLSI guidelines) revealed strong antibiotic resistance to ceftazidime (minimum 

inhibitory concentration (MIC) > 16 mcg/mL) and intermediate resistance to aztreonam 

(MIC 4 mcg/mL), gentamicin (MIC 8 mcg/mL), and meropenem (MIC 4mcg/mL). 

Moreover, PA291 was lysed by phages PAK_P1, E215, and E217, which are currently 

under investigation to treat P. aeruginosa infections [12, 82, 281].  

PA291 DNA extraction and purification was performed after overnight growth in LB 

Lennox broth at 37°C using the phenol-chloroform method [413]. DNA was sent to the 

Microbial Genome Sequencing Center (Pittsburg, PA), which prepared indexed paired 

end library with the Illumina Nextera DNA Flex Library Prep Kit and sequenced using the 

NextSeq 550 sequencer. A total of 4,939,438 reads were obtained with a mean length of 

134 bases. QC of FASTQ files was conducted with fastp v0.21.0 [285] and short reads 

were de novo assembled using SPAdes v3.14.1 [414] into 190 contigs. Contigs were 

assembled together using the scaffolder MeDuSa v1.6 [415] using reference genomes: 

PAO1 (AE004091.2), W16407 (CP008869.2), VA-134 (CP013245.1), DVT779 

(CP050330.1), SE5357 (CP054844.1), H47921 (CP008861.1), SE5443 (CP046405.1), 
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PAO1161 (CP032126.1), PABL048 (CP039293.1), and PAC6 (CP053705.1). Quality and 

metrics were analyzed using QUAST v5.02 [416]. All software was performed using 

default settings. PA291 was found to have a length of 6.26 Mbp over 3 contigs and a N50 

of 6.16 Mbp. Its GC content is 66.55%. RAST (Rapid Annotation using Subsystems 

Technology) [417] predicted that PA291 encodes 6114 genes including motility genes 

(PulE/Tfp, PilB) and alginate biosynthesis genes (Alg, KinB) [418]. In addition, RAST, RGI 

v5.1.1, and CARD v3.1.1 [419] identified 47 antibiotic resistant genes, including efflux 

pumps (MATE family, Opr), polymyxin resistance (ArnC), and fosfomycin resistance 

(FosA). PhiSpy v4.2.6 [420] did not predict PA291 carried complete viral genomes 

(prophages). 

In summary, we report the near-complete genome of a non-mucoid MDR P. 

aeruginosa strain isolated from CF sputum. PA291’s size is consistent with other P. 

aeruginosa strain genomes size of between 5.5 to 7 Mbp [421]. This strain carries several 

antibiotic resistant, motility, and alginate biosynthesis genes commonly associated with 

strains isolated from chronic CF infections [422]. Extensive antibiotic usage has negative 

health impacts and further promotes drug resistance. Given PA291 MDR and lack of 

prophages, phage therapy may be a suitable alternative treatment. 

 

Data Availability 

Data for P. aeruginosa PA291 can be found in the NCBI database under BioProject 

accession number PRJNA727612 and BioSample accession number SAMN19026471. 

Raw reads can be found in the Sequence Read Archive (SRA) under accession number 

SRR14436913. The RAST annotation of the genome is available on Zenodo 
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(https://zenodo.org/record/5114517#.YPXHVehKguV). The genome sequence of P. 

aeruginosa PA291 was deposited in GenBank under accession number 

JAGYWJ000000000, where PGAP annotation is also available.  

5.1.2: Target validation of phages against P. aeruginosa clinical collection 

One obstacle in employing phages clinically is the specificity to which phages bind 

their bacterial hosts. Unlike antibiotics which are shelf-stable and target a broad host-

range, phages must be matched one to one with clinical isolates and often produced only 

after a match is confirmed [83]. To that end, major efforts have been made globally to 

establish ‘phage libraries’ to improve availability of phages for emergency cases [423]. 

Here, we found in a collection of 83 isolates from 16 patients that a collection of only five 

phage types were able to target 96.4% (80/83) of strains (Table 5.1). 

For each clinical isolate, we grew a single, isolated CFU to exponential density 

(OD600 ~0.2) and lawned bacteria on solid agar. After allowing the lawn to dry, spots of 

109 PFU/mL and 107 PFU/mL phage stocks were spotted on top. Susceptibility was 

scored based on whether no plaques appeared (insensitive), plaquing occurred only at 

the highest density (weakly susceptible), or phages cleared at both densities (strongly 

susceptible). The phages screened were among the six highly represented phage genera 

described in Chapter 3.1. This included LPS-binding phages Pakpunavirus PAK_P1 

(NC_015294), Litunavirus PYO2 (MF490236), Pbunavirus E215 (NC_042080.1), 

Bruynoghevirus PaCe (ON376263), and type IV pili-binding Phikmvvirus LUZ19 

(NC_010326). Unfortunately, our collection did not extend to the final genus in the list, 

that of Phikzvirus which groups anti-Pseudomonas jumbo viruses.  
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Table 5.1 Host range of 83 clinical P. aeruginosa isolates from 16 patients. 

         Phage strain susceptibility2 

Reference   Site  MDR?1  Mucoid?1  PAK_P1 PYO2 E215 PaCe LUZ19 
PAK   NA                  

PAO1   NA                  

              
Patient Isolate #             
1 1  blood                  

2 1  bone                  

2 2  bone                  

3 1  lung                  

3 2  lung                  

4 1  blood                  

5 1  lung                  

5 2  lung                  

6 1  lung                  

7 1  blood                  

8 1  lung                  

9 1  bone                  

10 1  lung                  

10 2  lung                  

10 3  lung                  

10 4  lung                  

10 5  lung                  

10 6  lung                  

10 7  lung                  

10 8  lung                  

10 9  lung                  

10 10  lung                  

10 11  lung                  

10 12  lung                  

10 13  lung                  

10 14  lung                  

10 15  lung                  

10 16  lung                  

10 17  lung                  

10 18  lung                  

10 19  lung                  

10 20  lung                  

10 21  lung                  

10 22  lung                  
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Table 5.1 Host range of 83 clinical P. aeruginosa isolates from 16 patients. (continued) 

         Phage strain susceptibility2 
Patient Isolate #  Site  MDR?1  Mucoid?1  PAK_P1 PYO2 E215 PaCe LUZ19 
10 23  lung                  
10 24  lung                  
10 25  lung                  
10 26  lung                  
10 27  lung                  
10 28  lung                  
10 29  lung                  
10 30  lung                  
10 31  lung                  
10 32  lung                  
10 33  lung                  
10 34  lung                  
10 35  lung                  
10 36  lung                  
10 37  lung                  
10 38  lung                  
10 39  lung                  
10 40  lung                  
10 41  lung                  
10 42  lung                  
10 43  lung                  
10 44  lung                  
10 45  lung                  
10 46  lung                  
10 47  lung                  
11 1  blood                  
11 2  blood                  
12 1  lung                  
12 2  lung                  
12 3  lung                  
12 4  lung                  
13 1  heart                  
13 2  heart                  
13 3  heart                  
13 4  heart                  
13 5  heart                  
13 6  heart                  
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Table 5.1 Host range of 83 clinical P. aeruginosa isolates from 16 patients. (continued) 

         Phage strain susceptibility2 

Patient Isolate #  Site  MDR?1  Mucoid?1  PAK_P1 PYO2 E215 PaCe LUZ19 
13 6  heart                  
13 7  heart                  
13 8  heart                  
13 9  heart                  
14 1  lung                  
14 2  lung                  
14 3  lung                  
15 1  blood                  
15 2  blood                  
15 3  blood                  
15 4  blood                  
15 5  blood                  
16 1  lung                  

 
1 Grey boxes indicate a positive result for multidrug resistance (MDR) or mucoid phenotype. 
2 Phage susceptibility is indicated for insensitivity in orange, weak susceptibility in light blue, and strong 
susceptibility in dark blue. 
 
 

We first studied susceptibility patterns from the perspective of infection type. The 

majority of the isolates in the collection came from lung infections 73.4% (61/83), 12% 

(10/83) from blood, 10.8% (9/83) from heart, and 3.6% (3/83) from bone (Table 5.1). 

Therefore, the types of infection ranged from systemic to localized infections, but infection 

type did not appear correlated to susceptibility to a particular phage strain. Isolates from 

all 16 patients were susceptible to at least 1 phage in the collection, with 81.9% (68/83) 

of strains susceptible to at least 2 phages (Table 5.1). 

Across the collection, we noted two consistent phenotypes which were that strains 

plated on solid agar displayed nonmucoid or mucoid colonies. These variants are 

frequently co-cultured in the lungs of chronically infected patients, with antimicrobial 

resistant advantages conveyed by the mixed variant infection [65]. In our collection 

mucoid variants were present in both lung (19/20) and heart infections (1/20) (Table 5.1). 
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We found that the phage collection was less effective across the mucoid isolates, with 

only phages PYO2 and E215 able to infect 30% and 75% of strains, respectively. This 

appears consistent with PYO2 and E215’s ability to target biofilms, as previously 

described by in [82].  

Because only two phages appeared poised to target mucoid isolates, we next 

surveyed whether phage binding receptors were related to host range. Indeed, we found 

that LPS-binding PAK_P1, PYO2, and E215 infected 67%, 63%, and 72% of strains, 

respectively (Table 5.1). Both PYO2 and E215, with their broadest host ranges, bind to 

the O-antigen region, located on the outermost region of LPS. This would suggest that 

these clinical isolates, despite several being from chronic infections or having mucoid 

phenotypes, conserve their O-antigen structure for immune evasion [424]. The 

prevalence of PYO2 and E215 in other therapeutic cases therefore seems apt given their 

ability to bind to what appears to be a conserved LPS molecule.  

On the other hand, although PaCe like PAK_P1 also binds to the LPS core, its host 

range was only 31%. This would suggest variation in the binding region of these two 

phages, unlike PYO2 and E215 which we previously observed caused the same 

resistance mutation. PAK_P1, a phage which we have employed clinically twice now, 

appeared to demonstrate the most consistent strong plaque clearance across 59% of the 

library. Finally, phage LUZ19 had the poorest host range, infecting only a quarter of the 

isolates in the collection (20/83) (Table 5.1). This would be consistent with the loss of or 

change in piliation during bacterial transition into chronic infections [297]. Together, these 

results validate microbial targeting of these five therapeutically relevant phage genera 

against clinical strains.  
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5.2.1: Phage validation after failed P. aeruginosa LVAD infection treatment 

Ventricular assist devices are increasingly being employed for heart disease 

patients awaiting organ transplant or to provide support while cardiac recovery occurs 

[425]. However, device-related infection occurs in 18-59% of cases and is associated with 

increased morbidity and mortality [425]. An 82-year-old male with a left ventricular assist 

device (LVAD) placed two years prior was diagnosed with recurrent P. aeruginosa 

bacteremia, driveline infection, and admitted to hospital [399]. Despite an intraoperative 

(IO) dose of phages at the infection site and a combined 86 days of intravenous (IV) 

phage treatment, the intervention ultimately failed and the patient passed away [399]. 

During the course of treatment, the patient was first given a cocktail combining 

Pakpunavirus PAK_P1 and Pbunavirus E217. After a lack of plaque clearance was 

observed for phage E217, the cocktail was substituted using a combination of PAK_P1 

and Nankokuvirus PAK_P5. Here we retrospectively continue our analysis of phage 

activity on patient isolates to determine whether a lack of sufficient phage activity was a 

plausible reason for therapeutic failure. 

Under atmospheric conditions emulating the heart environment (2% O2), we 

retroactively tested patient isolates PAD1, PAD3, and PAD4 which were obtained before 

phage therapy (Figure 5.1A). In liquid co-culture single phages PAK_P1 and PAK_P5 

were both effective against pre-treatment isolates, suppressing bacterial growth for 

upwards of 10 h. On the other hand, phage E217 activity was no different from untreated 

control. This would suggest that although E217 produced plaques solid agar, its activity 

in liquid culture was insufficient to prevent bacterial growth. However, when combined in 

cocktail with PAK_P1, lack of E217 activity did not appear to interfere with overall 
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suppression of the bacterial growth and activities were at least equal to PAK_P1 activity 

alone (Figure 5.1A). On the other hand, compared to expected cocktail performance, the 

combination of PAK_P1 and PAK_P5 did not improve suppression of bacterial growth in 

comparison to single phage activities (Figure 5.1A). This would suggest that combined 

phage pressures were insufficient to kill sensitive bacterial cells or alter resistance 

trajectory of the clinical isolates. Alternatively, because the phage receptor for PAK_P5 is 

unknown, this could imply that phages were cross-resistant, and therefore activity was no 

better together than separately. 

  

Figure 5.1 Time-kill kinetics of LVAD patient isolates. (A) Phage-naïve isolates. PAD1 was isolated 
from driveline 52 days prior, PAD3 from driveline 22 days prior, and PAD4 from blood 2 days prior.  

 
When post-treatment isolates PAD7 and PAD9 obtained 56 and 92 days after 

initiating phage treatment respectively, were tested we saw similar trends (Figure 5.1B). 
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Isolates obtained post-treatment remained insensitive to phage E217, confirming that the 

phage was not effective for any of the variants present in the patient’s infection. Moreover, 

we observed that phages even appeared to antagonize one another when combined in 

cocktail against PAD7. Both the PAK_P1+E217 and PAK_P1+PAK_P5 cocktails 

appeared to perform worse in the presence of both phages compared to single PAK_P1 

activity (Figure 5.1B). This would suggest that competition or another form of 

incompatibility between phage strains limited PAK_P1 lytic activity against PAD7. PAD9 

appeared to be less sensitive to both PAK_P1 and PAK_P5 with the phages suppressing 

growth for only half as long ~4 h compared to pre-treatment isolates. This would suggest 

that although phages did not appear very effective on individual isolates, their combined 

pressure in vivo may have eventually evolutionarily selected for a less phage sensitive 

variant to emerge/become dominant at the infection site (Figure 5.1B).   

Together this would suggest that phages would have had a challenging time 

managing the multivariant nature of the patient’s infection. Only one of the three pre-

treatment variants PAD4 was potently suppressed by phages in vitro for >12 h. Moreover, 

the lack of phage activity observed during cocktail treatment would suggest that phage-

phage competition may have contributed to poor in vivo results as well. The lack of phage 

E217 activity throughout treatment would suggest that phage plaquing was insufficient to 

select phages against a multivariant infection. No change in E217 activity was detected 

post-treatment, but reduced PAK_P1 and PAK_P5 activities on PAD9 would suggest that 

those phages may have had enough in vivo replication or lysis activity to select for this 

clinical variant. It remains unclear why phage therapy failed in this patient, but limited 
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phage activity on target host, phage competition, and/or developed phage insensitivity 

appear to have been contributing factors. 

 

5.2.2: Phage validation after successful treatment of an acute P. aeruginosa 

exacerbation in cystic fibrosis (in preparation) 

This section is a reprint of work being prepared for submission entitled: Deep dive 

into second line anti-pseudomonal phage therapy to reduce the severity of resistant 

pulmonary exacerbations in cystic fibrosis. Written by Tiffany Luong, Lukeman Kharrat, 

Kevin Champagne-Jorgensen, Wai Hoe Chin, Jennifer Melendez, David Pride, Douglas 

Conrad, and Dwayne Roach. This paper describes phage therapy given intravenously to 

an adult male with CF to treat an acute pulmonary exacerbation caused by P. aeruginosa. 

The results herein compare the clinical and microbiological outcomes of phage-antibiotic 

treatment to analyze phage efficacy and replication during patient recovery. This work is 

also in part the culmination of work performed in Chapters 3 and 4 of this dissertation to 

aid in the selection and purification of phages for therapy. 

 

ABSTRACT 

For many people with cystic fibrosis (pwCF) the treatments of recurrent pulmonary 

infections, frequently antimicrobial resistant (AMR), remain for the foreseeable future a 

core component of cystic fibrosis care. Bacteriophages (phages) are a quickly advancing 

therapeutic for human health worldwide and could offer more effective ways of addressing 

antibiotic resistance and fight infections prophylactically and therapeutically. But phage 

variability, narrow range, mutational resistance, and immunogenicity challenge efficacy. 
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Here we show that anti-pseudomonal phage cocktail therapy can complement standard 

antibiotic in reducing the severity of acute pulmonary exacerbation by nonredundantly 

reducing multiple infection subpopulations simultaneously. Symptom improvement and 

substantial recovery of lung function were associated with sufficient intravenous delivery 

of phages and a strong self-dosing effect that nearly eradicated the relative abundance 

of the narrow-targeted infection subpopulation. Nonetheless, phage cocktail efficacy was 

restricted almost immediately by unwanted in vivo immune responses and over time by 

the development of mutational resistance. Phage effects persisted after interventions end 

with treatment phages joining the pwCF lung microbiome. 

 

INTRODUCTION 

Pseudomonas aeruginosa is the most prevalent and significant pulmonary 

pathogen in people with the genetic disease cystic fibrosis (pwCF) [426]. Once chronic 

infection is established, the highly antibiotic-refractory bacterium is nearly impossible to 

eradicate and is associated with increased mortality and morbidity (including a more rapid 

decline in lung function and more hospitalizations) [426, 427]. A crucial obstacle in 

antimicrobial therapy is the ability of P. aeruginosa to rapidly adapt to the ever-changing 

physiology within the CF airways [65, 428] as well as current antibiotics becoming less 

effective due to rise in antimicrobial resistance (AMR). In the past decade, no new 

antibiotics have been developed and there have only been minor improvements in anti-

pseudomonal antibiotic treatments [429]. Due to these highly adaptive resistance 

mechanisms and intraspecies competition between strains, P. aeruginosa is capable of 

persisting in the CF airways irrespective of intensive antibiotic regimens [65, 428]. There 
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are new therapeutic options that enhance or restore the basic defect of CF, the 

transmembrane conductance regulator (CFTR)-modulating protein. Modulators can 

improve the flow of water and chloride into and out of lung epithelial cells.  However, 

modulator therapies are effective only in some pwCF, depending on their age and specific 

mutations [430]. As such, the treatment of pulmonary infections remains a core 

component of cystic fibrosis and new antibacterial therapies are in continuous demand 

[426, 430].  

Bacteriophages, also known as phages, are obligatory parasites of bacteria and 

phage predation is a principal force controlling bacteria numbers in all habitats on Earth. 

There has long been interest in using phages as antimicrobial therapeutics, with more 

than 6,300 patients having received phage therapy around the globe since 1922 [10]. 

However, in the U.S. and most other countries, phage therapy has not gained regulatory 

approval by health authorities. Modern clinical trials have been limited, and many were 

primarily concerned with the safety of phages [10, 277]. Randomized clinical trials have 

tested the effectiveness of phage therapy compared to standard of care and so far, have 

demonstrated varying efficacy of phage as medicinal products [10, 31]. Most recently, a 

study cohort of 100 phage treatments has reinforced the safety of personalized phage 

therapeutics while also suggesting that clinical improvement can be achieved in as many 

as 77.2% of patients [21]. Despite this high overall success rate P. aeruginosa respiratory 

infections remained difficult to treat, with higher instances of resistance arising and 35% 

of patients showing no clinical improvement [21]. 

An established treatment approach is combining two or more phages, mainly 

aimed at decreasing the risk of phage resistance, but also to treat polymicrobial infections, 
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and to promote viral or antibiotic synergism [18]. Phage therapy is deemed generally safe 

with few reported adverse events [32]. Phages also appear compatible with most common 

routes of antimicrobial administration including intravenously. Beyond that, many 

questions remain. These include selection of patients, adequate dosing and delivery, 

formulation, pharmacokinetics and pharmacodynamics, and interactions with antibiotics 

[431-433]. Further analyses of factors associated with success and failure are necessary 

to improve understanding of the role of bacterial resistance and neutralizing antibody 

responses during phage therapy. Lastly, there are several challenges with the production 

of Gram-negative phages when attempting to meet current regulatory criteria [432]. 

In the present study, we evaluated the efficacy of anti-pseudomonas phage 

therapy in reducing the severity of acute pulmonary exacerbations in cystic fibrosis 

(Figure 5.2A). We hypothesize that reduction of a target strain within a multi-strain 

infection with corresponding phage replication in situ are markers of intravenous phage 

treatment efficacy. These biomarkers can be identified through assessment of 

expectorated sputum metagenomes and direct enumeration of strain specific bacterial 

densities. Furthermore, we used meta-analysis of health metrics to identify the 

effectiveness of phages in tandem with second-line antibiotics to maintain improved lung 

function after a pulmonary exacerbation and colistin-induced acute kidney injury. Our 

work also strives to understand the effect of both preexisting and induced phage 

neutralizing antibody responses. The present findings highlight phages as promising 

candidates for development as intravenous antimicrobials for problematic and multi-

resistant P. aeruginosa CF lung infections. 
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Figure 5.2 Antimicrobial treatments for acute multistrain P. aeruginosa pulmonary exacerbation 
in person with cystic fibrosis (pwCF). (A) Treatment timeline of an acute pulmonary exacerbation 
relative to initiating IV phages. Patient monitoring and interventions occurred at labeled circles. Twice 
daily IV ciprofloxacin and phages were given 8 h apart, with antibiotics and phages delivery separated 
2 h. (B) Chest radiograph taken d-2 indicating ongoing bacterial lung obstruction. (C) Phage strain host 
range on sputa bacterial isolates. Phage sensitivity determined by plaque formation on isolate lawns 
after 24 h incubation. Isolates further defined by colony morphotype. (D) Schematic of phage strain 
receptors on P. aeruginosa lipopolysaccharide. (E) Venn diagram of 29/45 PIA and PYO2 susceptibility 
and host overlap of P. aeruginosa strains isolated from 13 other phage therapy candidate patients. (F) 
Minimum inhibitory concentration (MIC) of patient sputa bacterial isolates. Red numbers are above the 
resistance cut-off, black numbers are below the resistance cut-off, and values not determined (ND) are 
in gray. (G) Schematic of hypothetical ciprofloxacin and phage co-treatment effect on multistrain P. 
aeruginosa infection. Mucoid cells are depicted with an alginate layer (light yellow) and nonmucoid cells 
without. Ciprofloxacin is represented as a pill. Phages P1A (blue) and PYO2 (brown) are depicted 
corresponding to myovirus and podovirus structures, respectively. 
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METHODS  

Patient and study design 

The patient suffered an acute pulmonary exacerbation and was hospitalized 13 

days prior to the start of the phage therapy. Standard of care antibiotics were given 

consistent with the patient’s prior hospitalizations and contemporary antibiograms. The 

study protocol and subsequent amendments were approved by the Food and Drug 

Administration with local approval established by the Institutional Review Board of UC 

San Diego IRB#802083. Written informed consent was obtained prior to study-specific 

administration and consent was re-obtained when applicable. Treatments were delivered 

inpatient IV twice daily through a peripherally inserted central catheter (PICC) line. After 

discharge, the patient continued self-administration of antibiotics and phages through the 

PICC line, with high adherence to therapy.  

 
Bacterial and bacteriophage strains 

Pseudomonas aeruginosa PAK (NZ_CP020659.1) and PAO1 (NC_002516.2) 

were the laboratory strains used to propagate bacteriophage stocks (being the isolation 

host for phage P1A and PYO2, respectively) and perform in vitro screenings. Additional 

P. aeruginosa clinical strains were isolated from patient sputum using selective cetrimide 

agar. Laboratory strains of P. aeruginosa were grown in Luria broth (LB) Lennox medium 

overnight (16-18 h) at 37˚C with shaking. Patient strains, with a doubling time of 

approximately 1-2 h, were grown in LB Lennox at 37˚C with shaking for 24-36 h to achieve 

exponential growth phase. Bacteriophages P1A (PAK_P1) and PYO2 were previously 

described [82, 434] and purified aliquots of each phage were used to independently 

cultivate stocks for clinical use and in vitro assays. Additional phage strains used for 
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susceptibility screening included DEV, E215, E217, and LUZ19 which were previously 

described [82, 295]. 

 
Phage quantification and efficacy testing 

Phage preparation concentrations were quantified throughout the purification 

process and for in vitro experiments using the spot+ titering method [435]. For each 

sample, we performed tenfold serial dilutions of a phage stock in a microplate and spotted 

dilutions on a bacterial seeded agar Petri plate. For efficacy of plating (EOP) experiments, 

the same assay was used with standardization on phage isolation strains. Phages were 

serially diluted and spotted on a bacterial lawn (OD600 = 0.2) of the patient strain. To 

calculate efficacy, the formula 𝐸𝐸𝐸𝐸𝐸𝐸 = Patient Isolate PFU∙mL
Isolation Host PFU∙mL

 was used. 

 
Phage susceptibility screening 

For each sample, 4µL of phage concentrate (109 PFU/mL) was spotted on a 

bacterial seeded agar Petri plate. Spots were dried for ~15 mins and plates were 

incubated for 24 h at 37°C. The presence or absence of plaques was recorded for each 

bacterial isolate. 

 
Antibiogram 

Full panel bacterial antibiotic susceptibility testing was carried out at UCSD Clinical 

Microbiology laboratory using VITEK® 2 (BioMérieux, Marcy-l'Étoile, France) for most 

antibiotics and the disk diffusion method for ceftalozone-tazobactam. Minimum inhibitory 

concentration (MIC) cutoffs were determined using Clinical and Laboratory Standards 

Institute breakpoints [436]. For in vitro testing of ciprofloxacin sensitivity, representative 

nonmucoid (d0) and mucoid (d0) isolates were grown overnight in LB media at 37°C. 
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Each replicate was grown from an independent CFU, and cultures were pelleted and 

resuspended in sterile Milli-Q water and each well of a 96-well plate was seeded with 2 × 

106 CFU. Ciprofloxacin was 2-fold serially diluted using a microtiter plate from 16µg/mL 

down to 0.03µg/mL and added to corresponding wells. Isolates (n=3) were grown at 37˚C 

for 24 h with shaking in LB. MIC endpoints were determined from wells with no bacterial 

growth for 24 h. Wells with an OD600 < 0.3 were visibly clear at endpoint. 

 
Phage cocktail preparation 

Phages were prepared for clinical use as previously described [281]. In brief, liter-

scale lysates of phages P1A and PYO2 were produced on laboratory strains PAK and 

PAO1, respectively. Amplified phages were sterilized by double centrifugation and 

0.8/0.45/0.22 µm filtration. Phages were then cold cross-flow diafiltered and washed with 

sterile PBS before concentration. Phage concentrates were cesium chloride (CsCl) 

density-gradient ultracentrifuged, and a single band collected by piercing a hole in the 

side of the tube. Final LPS removal was done by affinity chromatography Pierce™ High 

Capacity Endotoxin Removal Spin Columns (Thermo Scientific, Waltham, MA, USA). 

Final preparations of phages P1A and PYO2 were quantified using the spot plaque titering 

method as described above on their respective hosts. Aliquots from each phage 

concentrate stock were diluted in sterile Dulbecco’s phosphate buffered saline (dPBS) 

without Calcium, Magnesium, or Phenol Red (Gibco, Waltham, MA, USA) and mixed to 

create a two-phage cocktail at a final concentration of 2×108 PFU/mL (1×108 PFU/mL per 

strain). This solution was 0.22 µm filtered and sterile fill-finished into glass vials and stored 

protected from UV at 4°C. FOCUS Laboratories (Allentown, PA, USA) determined the 
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phage batch was sterile (USP 85) and contained <1 endotoxin unit (EU) per mL (USP 

71). 

 
Patient health metrics and pulmonary function tests 

The patient was seen at UCSD Medical Hospital for all pulmonary function and 

hematology tests. Clinical microbiology, hematology, and x rays were performed during 

normal care and clinical follow ups of the patient. At each visit height, weight, BMI, and 

spirometry were collected. Spirometry measurements were conducted according to 

American Thoracic Society (ATS) guidelines and normalized using the Hankinson 

equations [437]. Forced expiratory volume in 1 second (FEV1), forced vital capacity 

(FVC), and maximum mid-expiratory flow (MMEF) values were collected. FEV1 and FVC 

tests values were then used to calculate the percentage of predicted (pp) to obtain 

ppFEV1 and ppFVC as previously described [438]. Quantitative computed tomography 

was likewise performed at UCSD Medical Hospital, and an automated CT algorithm was 

used for CT quantification of % emphysema, % air trapping, inspiratory volume, and 

expiratory volume as previously described [439].  

 
Principal component analysis (PCA) and hierarchical cluster analysis 

Data standardization was conducted on the following variables: FEV1, FVC, 

FEV1/FVC, creatinine, and MMEF to achieve zero mean and unit variance, preparing 

them for principal component analysis (PCA). PCA was executed using the 

prcomp function, with centering and scaling, to simplify the dataset into principal 

components that capture the most significant variance and patterns. All functions used 

for PCA and dendrogram generation were sourced from the R stats package (version 
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3.6.2). For visualization, the ggplot2 package (v. 3.4.3) was used to graph the first two 

principal components. PCA components were then hierarchically clustered using the 

hclust function, where a distance matrix derived from PCA scores was analyzed using 

Ward's method (ward.D2), which squares the dissimilarities before cluster updating to 

minimize the within-cluster variance [440] . The distance matrix was then converted into 

a dendrogram using the as.dendrogram function. Clusters were identified by segmenting 

the hierarchical tree into four groups with the cutree function. All statistical analyses were 

performed in accordance with SAS standards [441]. 

 
Sputum metagenomics 

Spontaneously expectorated sputum was collected in a sterile container and briefly 

stored at 4˚C until metagenomic DNA extraction using the freeze-boil method. In brief, 

homogenized sputum was stored in a temperature resistant cryovial and subjected to four 

5 min cycles of freezing and boiling. Once liquified, the sample was spun down to remove 

debris and the supernatant was passed through the NucleoSpin Microbial DNA Isolation 

kit (Machery-Nagel, Düren, Germany). DNA was processed following the manufacturer’s 

protocol for binding and elution. SeqCenter (Pittsburgh, PA, USA) prepared a library for 

Illumina NextSeq 550 paired-end sequencing using the Nextera DNA Flex sample 

preparation kit (Illumina, San Diego, CA, USA). For taxonomic classification we used the 

protocol outlined by Lu et al., [442]. In brief, the paired-end reads were processed with 

fastp (version 0.19.4) [285] with default settings. For removal of contaminating human 

reads, raw reads were masked using an 85% cutoff using BBMap [443] with the human 

reference hg19 (NCBI RefSeq: GCF_000001405.40). Reads were then taxonomically 

classified using Kraken2 [291] (v2.1.3) with default settings. Pavian [444] was used to 
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visualize the results from Kracken2 reports and obtain the number of classified and 

unclassified reads for each taxon. Relative abundance was determined as a ratio of taxon 

reads/total classified reads. 

 
Quantification of total microbial load 

Sputum samples were archived with 50% glycerol and stored at -80˚C until colony 

quantification. Archival sputum glycerol stocks were scraped to obtain 50μL samples 

which were further serially diluted in sterile dPBS. After dilution, 650μL of each dilution 

series was spread onto Luria broth (LB) agar plates and incubated at 37°C for 24 h. Total 

CFU’s were counted and were categorized into nonmucoid and mucoid phenotypes. 

Plating was repeated in triplicate for each sputum sample date (n=3).  

 
Patient isolate growth curves and phage-antibiotic killing in microtiter plate 

Representative phage-naïve (d0) nonmucoid and mucoid isolates were grown 

overnight in LB media at 37°C. Each replicate was grown from an independent CFU (n=3), 

and cultures were pelleted and resuspended in sterile Milli-Q water which were diluted 

with water. In a 96-well microtiter plate, 2x LB was added to each well followed by bacteria 

(2×106 CFU), phage (MOI 1), and ciprofloxacin (2 µg/mL). Sterile water was used to 

replace either bacteria, ciprofloxacin, or phages for growth controls or wells without 

treatment. The plate was incubated in a microplate reader (BMG LABTECH, Ortenberg, 

Germany) at 37°C with orbital shaking for 24 h where optical density readings at 600 nm 

wavelength (OD600) were taken every 6 min. Phage and bacterial densities were 

quantified by the spot+ method as described with phages titers quantified on isolation host 

strains lawns. For ciprofloxacin-phage efficacy assays, fold-change in phage densities 
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was calculated by dividing viral titers at t = 24 h with the initial phage concentration in the 

well at t = 0 h, while fold-change in bacterial densities was determined by dividing bacterial 

concentration between treatment and growth control wells at t = 24 h. 

 
Genome sequencing 

Chromosomal DNA was extracted from overnight culture from a single colony for 

each isolate on Luria Broth (LB) agar at 37°C using the NucleoSpin Microbial DNA 

Isolation kit (Machery-Nagel, Düren, Germany). For phage DNA, phenol-chloroform 

extraction using gel lock tubes was performed from phage stocks purified as described 

above. In brief, 2mL samples were pre-treated with 10mM MgCl2, DNase (40U), and 

RNase (80µg) and incubated at 37°C for 30 min until 20mM EDTA was added to stop 

DNase/RNase activity. Proteolysis of the phage capsid was performed by adding 200µg 

of proteinase K and 0.5% SDS and incubation at 55°C for 30 min. Samples were mixed 

with equal volume phenol:chloroform:isoamylic alcohol and centrifuged using phase lock 

gels (QuantaBio, Beverly, MA, USA). The aqueous phase was removed and the process 

was repeated with fresh phase lock gels. A final separation was performed by mixing with 

equal volume chloroform and the aqueous phase was collected in a fresh conical. The 

final solution was treated with sodium acetate (300mM) and ice-cold absolute ethanol, 

the solution was homogenized and DNA was allowed to precipitate. The DNA pellet was 

collected by centrifugation and washed twice with ice cold 70% ethanol. After one more 

round of centrifugation ethanol was removed and the DNA pellet was resuspended with 

sterile water. SeqCenter (Pittsburg, PA, USA) prepared a library for Illumina NextSeq 550 

paired-end sequencing using the Nextera DNA Flex sample preparation kit (Illumina, San 

Diego, CA, USA). The paired-end reads were processed with fastp (version 0.19.4) [285] 
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with default settings. REALPHY [445] (version 1.13) was used to generate a phylogenetic 

tree using processed short reads mapped against reference PAO1. Phages P1A and 

PYO2 were previously sequenced [82, 434] and accessed from NCBI under accession 

numbers NC_015294.2 and MF490236.1 respectively. 

 
Phage quantification in patient samples 

Samples were collected to measure phage counts as follows: sputum was 

spontaneously expectorated into sterile containers, blood was extracted by during 

hospital and clinical visits a syringe, and urine was collected into sterile containers. 

Sputum was manually homogenized in 1mL of sodium magnesium (SM) buffer, weighed, 

and aliquoted for DNA extraction, microbial counts, phage quantification, and glycerol 

storage. The portion of the sputum sample for phage enumeration was 0.2µm filtered and 

plated onto lawns of PAK and PAO1. No viable phage plaques were found.  

An aliquot of whole blood was diluted 1:100 in SM buffer and plated onto lawns of 

PAK and PAO1. No viable phage plaques were found, save for one sample taken 30 min 

after phage administration. The remainder of the whole blood was allowed to clot in 

untreated (no anti-coagulant) tubes for 30-60 min at room temperature (20°C) to produce 

serum samples. Samples were then stored at -80°C until further processing. Collected 

urine samples were stored on ice or at 4°C for processing. Urine was concentrated 100x 

using Vivaspin 20 Centrifugal Concentrator 100kDa (Sartorius, Göttingen, Germany). 

Concentrated samples were then spotted onto lawns of PAK and PAO1. Again, no viable 

phage plaques were found. 
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Patient antibody responses 

Endotoxin-free phage preparations of P1A and PYO2 were diluted to 1×106 

PFU/mL using dPBS. Collected serum was diluted in sterile dPBS to a final concentration 

of 10% total volume (accounting for the volume of the added phage). Phages were added 

to serum for a final concentration of 1×105 PFU/mL and incubated at room temperature 

for 2 h and 24 h. Using the spot plaque titer assay, phages were serially diluted and plated 

onto their isolation host strains. After overnight incubation (24 h), plaques were counted.  

 
Cell culture preparation 

Lung epithelial cell line A549 was obtained from ATCC (Manassas, VA, USA) and 

cultured in in Dulbecco Modified Eagle Medium (DMEM) supplemented with 10% fetal 

bovine serum (Gibco, Waltham, PA, USA) at 37°C in 5% CO2. A549 cells were seeded at 

9×105 cells/well and grown for 24 h to a density of 1×106 cells/well in a 6-well tissue 

culture plate. The cells were then incubated in serum-free DMEM for 2 or 6 h with 10µg/mL 

of PAK or P1A DNA isolated as described above. Untreated A549 cells were cultured 

under the same medium conditions and incubated with sterile dPBS for 2 h. 

 
RNA-Seq 

After 2 or 6 h, the culture supernatant was removed, and cells were washed in 

triplicate with sterile dPBS. Total RNA was prepared from treated and untreated A549 

cells using the RNeasy Kit (Qiagen, Hilden, Germany). The samples were stored at -

80°C. RNA sequencing was performed by SeqCenter (Pittsburgh, PA, USA). Samples 

were processed using the Illumina Stranded Total RNA Prep kit and were run on the 

Illumina NovaSeq platform. Quality control and adapter trimming was performed with 
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Illumina’s bcl2fastq2 Conversion Software (v. 2.20). Read quantification was performed 

with RSEM [446]. Read counts were normalized using edgeR’s [447] Trimmed Mean of 

M values (TMM) algorithm.  Subsequent values were then converted to counts per million 

(cpm).  Differential expression analysis was performed using edgeR’s exact test 

(exactTest) functionality against treatment groups.  Because there were no replicates in 

each group, dispersion was estimated as .04 as per the edgeR user manual. Genes 

exhibiting an absolute log fold change (logFC) greater than 1 and a p-value < 0.05 are 

identified as differentially expressed. Finally, pathway analysis was performed using 

limma’s [448] “goana” and “kegga” functionality.  The genes that were considered 

Up/Down in this analysis were at FDR < 0.1. 

 
Differential gene expression analysis 

Differentially expressed genes were used to investigate gene expression changes 

across different samples and time points (2h PAK, 2h P1A, 6h PAK, 6h P1A). All 

differentially expressed genes were combined from each sample and time point to 

generate a list of the top 871 differentially expressed genes. Significant genes were 

considered with a p-value < 0.05 and a false discovery rate (FDR) < 0.1. LogFC values 

of genes that did not meet the significance threshold were calculated by subtracting the 

treatment from the control from all quantified genes for each sample to generate a 

heatmap of upregulated and downregulated genes. Data for the heatmap was first 

converted into a matrix in preparation for heatmap generation to visually distinguish 

between upregulated and downregulated genes. The heatmap was created using the 

ComplexHeatmap function from the Bioconductor package (v. 3.18) in R. Genes with a 

logFC greater than 0 were categorized as upregulated, whereas those with a logFC less 
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than 0 were categorized as downregulated. The ggplot2 package (v. 3.4.3) was then used 

to create a bar plot of the significantly upregulated or downregulated gene counts. To 

determine which genes were considered immunologically related, the Immunology 

Database and Analysis Portal (ImmPort) [449] was compared against the list of 

differentially expressed genes for each sample and time point.  

 
Gene ontology and KEGG analysis 

Gene ontology (GO) enrichment analysis was done using differentially expressed 

up and downregulated genes for each sample and time point using the ShinyGO 

enrichment tool (v. 0.80) with an FDR cut-off of 0.1 [450]. The top pathways for each GO 

category—Biological Process (BP), Cellular Component (CC), and Molecular Function 

(MF)—was curated using the Bioconductor (v. 3.18) package rrvgo (v. 1.14.1) in R to 

reduce the redundancy of the GO lists [451]. Significant pathways had an FDR-adjusted 

p-value < 0.05. The results of the top enriched pathways were visualized with a bar plot 

using the ggplot2 package (v. 3.4.3). Additionally, this package was used to produce an 

enrichment plot that highlights the top pathways identified within the Kyoto Encyclopedia 

of Genes and Genomes (KEGG) via the ShinyGO (v. 0.80) enrichment tool using the 

same settings as GO [452]. 

 

RESULTS 

Last resort antibiotic replaced with a combination of antibiotic and phage cocktail 

A 76-year-old male with CF (genotype c.3849+10kBC>T and c.2012delT) and 

multiple co-morbidities experienced an acute pulmonary exacerbation diagnosed from a 

number of symptoms including dyspnea, increased sputum production, weight loss, an 
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infiltrate in his left upper lobe, and decreased lung function (for patient health summary 

see Supplementary Table 1). The patient’s recurrent sputum cultures were positive for P. 

aeruginosa with two colony morphotypes: mucoid and nonmucoid. The multi-strain P. 

aeruginosa infection was consistent with typical adult CF exacerbations [65, 427]. The 

first-line treatment of the airway infiltration included the last resort antibiotic colistin 

adjusted for nephrotoxicity risk (1mg/kg/q12h), antibiotic ceftazidime (25mg/kg/q8h), 

inhaled hypertonic saline, recombinant human DNase, and bronchodilators. The first-line 

treatment however caused serious acute kidney injury after 7 days and had to be stopped. 

After premature stoppage of last resort colistin, persistent airway obstruction remained in 

the patient's chest x-ray and CT scan (Figure 5.2B), thus we pursued phages in the 

second-line therapy. 

Because the patient’s lungs were found to continuously harbor multiple variants of 

P. aeruginosa, we used 5 of the patient’s historical isolates and 2 post-colistin 

contemporary isolates to screen six different phages and guide empirical phage cocktail 

design. We found that all the patient’s nonmucoid isolates tested were sensitive to at least 

three of the phage strains (Figure 5.2C). In contrast, mucoid isolates were largely 

insensitive to the panel of phages and those active phage strains formed hazy plaques 

suggesting they were not that potent. We therefore hypothesized that phages would only 

be effective at managing the nonmucoid population. In addition, genetically and 

morphologically different P1A and PYO2 in cocktail would be the most potent against the 

nonmucoid variants. Combining P1A and PYO2 also limits collateral-resistance as these 

phages bind to different host lipopolysaccharide molecules (Figure 5.2D) and broadened 

host range by ~20% compared to either phage alone (Figure 5.2E and Supplementary 
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Table 2). Because the selected phage strains had poor performance on the mucoid 

variants, a complementary antibiotic would be necessary. Antibiograms indicated that the 

mucoid isolates were susceptible to most antibiotics and the nonmucoid were largely pan-

resistant (Figure 5.2F and Supplementary Table 3). Therefore, we opted that the optimal 

second-line treatment regimen would be a combination of intravenous (IV) phage P1A 

and PYO2 cocktail and ciprofloxacin (400mg/kg/q18h) (For treatment schematic see 

Figure 5.2G). To evaluate the effects of each intervention type and delineate any adverse 

reactions, we staggered treatment starts (Figure 5.2A). Phage and antibiotic were given 

~2 hours apart in an attempt to limit potential antimicrobial antagonism [453]. With no 

adverse reaction to a phage test dose at (2×107 PFU), a regimen of twice daily phages at 

2×108 PFU was initiated. 

 
 Lung function recovery pattern relationship with antibiotic and phage treatments 

The detrimental outcomes associated with acute pulmonary exacerbations 

highlight the need to understand the time course of treatment and level of recovery. 

Therefore, we sought to describe the patient’s symptom recovery, lung function and 

physiology to demonstrate we provided a timely and effective second-line treatment with 

phages. We show that percent predicted forced expiratory volume in 1 s (ppFEV1) and 

forced vital capacity (ppFVC) based on the patient’s age, height, and sex had improved 

the most during colistin treatment before nephrotoxicity (Figure 5.3A). Adding the phage 

cocktail after 3 days of ciprofloxacin provided another 4 and 6% increase in ppFEV1 and 

ppFVC, respectively. Overall improvements in lung function allowed the patient to be 

transitioned to outpatient care after 3 days of phage therapy. An elevated lung function 

appeared stable that first phage treatment week, before gradually receding the second 
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week. Despite co-therapy efficacy appearing to wane, ppFEV1 stabilized 4% below and 

ppFVC at the patient’s previous pulmonary function levels before his exacerbation (Figure 

5.3A and Supplementary Table 1). Because exacerbations and inflammation can restrict 

airflow, we used thoracic quantitative computed tomographic (QCT) to compare air 

trapping before and after co-treatment [439]. After therapy, lung density 

expiratory/inspiratory ratios decreased in each of the patient’s lung lobes, implying less 

air trapping and improvements in lung physiology (Figure 5.3B and Supplementary Table 

4). Overall, regaining more than 90% pulmonary function and improving anatomical and 

physiological CF lung structure after an exacerbation constitutes a successful recovery 

[439, 454]. 
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Figure 5.3 Second-line treatment stabilizes pulmonary function and reduces lung microbial 
abundance. (A) Spirometric measurement of pulmonary function changes during treatment of acute 
exacerbation. Forced expiratory volume in 1 s (FEV1) and forced vital capacity (FVC) are graphed 
relative to patient baseline level using percent predicted (pp) values. (B) Quantitative computed 
tomography predicted percent change in lobar air trapping in the upper lobe (UL) and lower lobe (LL) 
20 days after initiating phage treatment. (C) Principal component analysis (PCA) of patient sample date 
spirometry and creatinine level. Samples during phage treatment highlighted in red. (D) Dendrogram of 
the 4 hierarchical clusters with Ward’s method determined for patient sample date spirometry and 
creatinine level. (E) Spontaneously expectorated sputum metagenome patient and microbial read 
relative abundance. 
 

One of our objectives was to associate the changes in the patient’s health with the 

different antimicrobial treatments to allude to each one’s direct effect and ascertain 

whether the treatment durations were sufficient. We took the complexity of the patient’s 

health data during his path to recovery and applied unsupervised machine learning to 

discover patterns and insights embedded in the health data set (Supplementary Table 1) 

without predefined target outcomes (Figure 5.3C). A principal components analysis (PCA) 

revealed clusters of health metrics that align with two distinct principal components (PC) 
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which we interpreted to reflect different dimensions of pulmonary function. The loadings 

onto PC1 and PC2 explained 90% of the total variance in the health dataset 

(Supplementary Table 5). The majority of sample variance is explained by FEV1 (loading 

= 0.52) and FVC (loading = 0.65) in PC1 and PC2, respectively. This suggests that FVC 

may be associated with phage clinical outcomes. Next, we built a hierarchy of health 

metric variance (Figure 5.3D). Hierarchical clustering analysis revealed that the patient’s 

early pulmonary exacerbation health status (d-13) is distinct from samples taken during 

therapy. Health metrics shortly after the first-line treatment (i.e., antibiotic holiday) 

clustered with those at the patient’s baseline, albeit somewhat distantly. Health metrics 

clustered even more distantly after an additional three days of antibiotic holiday. These 

observations together suggest that the variance captured by PC1 is influenced by the 

efficacy of first-line therapies (Figure 5.3C). Subsequently, the formation of a new cluster 

comprising ciprofloxacin only (d-1) and the first ten days of ciprofloxacin-phage therapy 

(d1-d10) may indicate that the variance associated with PC2 is influenced by the efficacy 

of second-line therapies (Figure 5.3C), consistent with findings in ppFVC (Figure 5.3A). 

This newly formed cluster represents the patient’s highest relative health state by the end 

of second-line treatment (d15) before health sample metrics in PC1 retreated to align with 

the patient’s baseline samples (Figure 5.3D). 

About as far back as a year prior to hospitalization, metagenomes suggesting that 

the patient’s lung sputum carried relatively low microbial load (11-13%) compared to 

during his pulmonary exacerbation (Figure 5.3E and Supplementary Table 6). We found 

that 8 weeks prior to hospitalization, the patient’s sputum microbial abundance had 

already increased 6-fold, which foreshadowed his exacerbation. Lacking metagenomes 
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at admission and early therapy, we were unable to determine microbial abundance or the 

initial effects of treatment on sputum metagenomes. Nonetheless, microbial abundance 

3 days into phage co-treatment was at similarly elevated levels as 8 weeks prior to 

hospitalization (d-69). This seemingly suggests the patient’s lung microbial load had 

declined from his max load during first-line treatment. This microbial reduction continued 

during antibiotic-phage treatment receding a further 50% by day 7 and 97% by day 12 

(Figure 5.3E). Reducing microbial load 74% less than that carried during non-

exacerbation states implies antibiotic-phage co-therapy efficacy, prescription of adequate 

dose and duration, and the presence of adequate tissue concentrations at the target site. 

 
Phages target a specific bacterial morphotype in the lungs 

As expected, the patient’s CF lung metagenome had an extremely low bacterial 

diversity, virtually being only P. aeruginosa (Figure 5.4A). Although relative bacterial 

abundance declined during therapy (Figure 5.3E), P. aeruginosa did not lose its 

dominance (Figure 5.4A). We therefore cultured P. aeruginosa from sputa to quantify each 

colony morphotype’s abundance. We found mucoid colonies were dominant in sputa 

throughout the treatment period and thereafter. This would be consistent with the notion 

that mixed strain infections are dominantly mucoid in chronic CF with pathoadaptations 

to enhance survival of both mucoid and nonmucoid variants [65, 455]. However, mucoid 

counts steadily declined by 1.5 logs during treatment (Figure 5.4B), which correlates with 

reductions in the metagenome relative abundance (Figure 5.3E). Because mucoid 

isolates were non-hosts to the phages (Figure 5.4C), the reduction of mucoid population 

was likely due to the antibiotic alone. On the other hand, phage treatment was 

catastrophic to the nonmucoid population reducing burden by nearly 4-logs within the first 
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3 days; majority of the decline was in the first 24 hours. However, as phage treatment 

went on it became less effective allowing the nonmucoid population to increase by a log 

before plateauing by the end of treatment (d15) and thereafter (Figure 5.4B). Altogether, 

combining antibiotics and phages to nonredundantly target different infection populations 

led to clinical improvement beyond expectations with either agent alone. 

 

 



224 

 

Figure 5.4 P. aeruginosa morphotypes are reduced in the CF lung by nonredundant antimicrobial 
action. (A) Relative abundance of bacterial reads in extracted patient sputum metagenome. (B) Direct 
quantification of colony-forming units (CFU) in patient sputa. Diluted archival sputa directly cultured on 
solid growth media and colonies quantified by morphotype. Error bars are 95% CI. (C) Effect of phage 
cocktail and ciprofloxacin-phage treatments on liquid mucoid culture. Phage-naïve mucoid cells co-
cultured with phages at equal ratio and/or ciprofloxacin (2µg/mL). Bacteria and phages were quantified 
after 24 h by plating on solid growth media and bacterial lawns, respectively. Error bars are SEM; p<0.05. 
(D) Maximum likelihood phylogenetic tree of patient P. aeruginosa isolates rooted by outgroup PAO1. 
Branch insets are arranged by morphotype and colored according to the numbered descendant isolate 
subclade. 
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We next retrospectively surveyed the accumulated isolates of P. aeruginosa to 

determine whether there were changes in the chronic infection landscape post treatment. 

Although we initially thought there were two major strain populations, isolate phylogeny 

uncovered that the patient’s airways harbored three main phylogenetic groups (Figure 

5.4D). Nonmucoid isolates fell into two clades, while the mucoid variants fell into a single 

clade. Nonetheless, maintenance of three main lineages after treatment implies that 

phage therapy did not open a niche for new strain populations, P. aeruginosa or otherwise 

(Figure 5.4A). Historical nonmucoid isolates from ~1 year prior to the exacerbation 

episode and three months post treatment grouped in clade 1, while most nonmucoid 

isolates during treatment grouped together in clade 2. Within clade 2 was also the sole 

historical isolate (d-440) collected 6 weeks before the patient’s last exacerbation episode 

(d-393). 

Together, this suggests that clade 2 variants were the secondary dominant 

population during acute pulmonary exacerbation along with the predominant mucoid 

population (Figure 5.4B). As such, clade 1 variant dominance appears to have a modest 

association with periods of the patient’s stable chronic infection state. On the other hand, 

historical and contemporary antibiotic sensitive mucoid isolates were highly similar, with 

minimal genome mutations occurring after treatment. The simple structural properties of 

the phylogenetic tree, combined with culture findings, highlights the heterogeneous 

populations during the exacerbation and relative stability of the variant lineages despite 

aggressive antimicrobial treatment targeting all three clades. 
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Intravenous phages are delivered to the airways and self-replicate in situ  

IV antimicrobials are held to be the most effective form of drug delivery and as 

such, was considered the preferred phage delivery method. Recently, however, the 

assumption that IV phages are optimal for treatment of pulmonary infections in pwCF has 

been questioned [32]. To establish if IV phages were sufficiently transited to the lungs, we 

first attempted to isolate treatment phage from expectorated sputa. After numerous failed 

attempts to observe phage plaquing (data not shown), we instead used metagenomic 

quantification of phages in patient sputa. Perhaps not surprisingly after years of chronic 

P. aeruginosa infection, the patient’s CF virome consisted of phages in the same genera 

Pakpunavirus and Litunavirus as P1A and PYO2, respectively (Figure 5.5A and 

Supplementary Table 5). Interestingly, both genera along with Pbunavirus dominated total 

viral abundance. Within 3 days of IV phages, Pakpunavirus relative abundance increased 

to 99% of viral reads for at least the next 5 days. By the end of the second treatment 

week, Pakpunavirus relative abundance declined by 50%. Although pulmonary delivery 

of IV drug is complex in CF due to airway mucus plugging and heightened defense 

mechanisms, this indicated sufficient delivery of P1A into the CF airways. In addition, the 

higher relative abundance P1A during early dosing versus a lower relative abundance 

during later doses provides evidence that P1A replicated in situ (Figure 5.5A). Because 

the phages possess the ability to self-replicate in the course of their antibacterial action, 

a reduction in bacterial abundance was the reciprocal effect (Figure 5.3E and 5.4B). 
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Figure 5.5 P1A demonstrated robust in situ replication following intravenous administration. (A) 
Relative abundance of bacterial reads in extracted patient sputum metagenome. (B) Efficiency of plating 
(EOP) of phages on 9 historical (phage-naïve) P. aeruginosa nonmucoid isolates. EOP is the ratio of 
isolate lawn PFU/mL divided by isolation host PFU/mL. Error bars are SEM. (C-D) Time-kill kinetic curve 
of phages co-cultured at equal ratio (MOI 1) with phage-naïve nonmucoid isolates from (C) d-5 (clade 
2) and (D) d-202 (clade 1) in liquid growth media. Error bars (shaded) are SEM. (E) Effect of phage 
cocktail and ciprofloxacin-phage treatments on liquid nonmucoid culture. Phage-naïve nonmucoid cells 
co-cultured with phages at equal ratio (MOI 1) and/or ciprofloxacin (2µg/mL). Bacteria and phages were 
quantified after 24 h by plating on solid growth media and bacterial lawns, respectively. Error bars are 
SEM; p <0.05. (F) Phage strain host range on sputa bacterial isolates. Colonies collected during and 
post second-line treatment were further defined by morphotype. Phage activity was scored by plaque 
clarity on isolate lawns after 24 h incubation. 
 

However, adequate IV delivery and/or in situ replication may be phage strain 

dependent. PYO2 had declined in relative abundance during phage treatment (Figure 

5.5A). Thus, PYO2 delivery may have been blocked or the phage was delivered but 
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replicated poorly. To test the latter, we compared efficiently of plating (EOP) between 

PYO2 and P1A (Figure 5.5B). There was no apparent mean EOP difference on solid 

growth medium. We then compared time kill kinetics between PYO2 and P1A (Figure 

5.5C and 5.5D). On a clade 2 isolate associated with the patient’s exacerbation variants 

(Figure 5.4D), P1A was significantly better at rapidly reducing the bacterial population 

compared to an apparent lack of activity by PYO2 (Figure 5.5C). Although PYO2 was 

then expected to outperform on clade 1 isolates, having been at high relative abundance 

in the virome when this variant was assumed to be in high abundance (Figure 5.5A), we 

observed a similar lack of activity in liquid culture in comparison to P1A (Figure 5.5D). 

This showed that PYO2 was significantly inferior at controlling nonmucoid isolates in liquid 

culture compared to P1A. Moreover, Figure 5.5E shows that MIC ciprofloxacin neither 

inhibited nor enhanced phage activity in the same time kill assay. Together, we cannot 

determine whether PYO2 was sufficiently IV delivered, but it does appear PYO2 was out 

competed by P1A in the CF airways.  

As mentioned, prolonged treatment showed that P1A lost its dominance in sputa 

relative abundance (Figure 5.5A: d12). This timeframe coincided with the isolation of 

phage P1A resistant colonies (Figure 5.5F). It was unclear whether the resistant 

subpopulation had a detrimental effect on Pakpunavirus abundance since the phages 

remained >40% long after IV phage treatment ended (Figure 5.5A: d29). With these 

retrospective insights, P1A was appropriate for the given pulmonary infection with both 

the route of administration and duration of treatment being sufficient. In addition, dose did 

not appear to be a major influence on phage abundance relative to self-replication. The 

same cannot be concluded for PYO2.   
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Mapping the effects of phages on the immune system, including neutralization  

Phages of all types have the likelihood to influence the human immune system 

[76]. Because the mechanisms of these perturbations are poorly understood, we set out 

to understand the development, specificity, and neutralizing potency of the patient’s 

humoral immune response against the treatment phages. Indeed, phage treatment led to 

a sharp increase of sera neutralizing activity against both PYO2 and P1A (Figure 5.6A). 

Several key points regarding the kinetics of neutralization can be made. First, significant 

neutralization of P1A appeared after 15 days of treatment. This is consistent with the time 

needed to develop neutralizing antibodies in detectably large amounts after first exposure 

to phage antigens [456]. Second, a strong neutralization of PYO2 occurred as early as 11 

days after treatment onset (Figure 5.6A). This would have been too early to develop 

humoral immunity against a newly detected viral antigen, suggesting the patient had 

previously been exposed to PYO2-like phages and had developed immunity then. This 

would be consistent with a high relative abundance of Litunavirus phages related to PYO2 

in the patient’s airway virome before therapy (Figure 5.5A). CF is a classic example 

wherein dysfunctional defenses lead to a chronic pulmonary infection [426, 455], which 

also promotes the overabundance of phages that infect these same chronic pathogens. 

Taken together, these findings illustrate that both phage-specific and neutralizing antibody 

responses occur rapidly after initiating phage therapy. 
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Figure 5.6 Significant neutralization and recognition of phage P1A potentially limited phage 
efficacy. (A) Anti-phage neutralization activity of treatment phages in patient sera. Phages (105 PFU/mL) 
were co-cultured with 10% diluted archival sera and plaque formation was quantified after 24 h 
incubation. (B) RNA-seq heatmap of differentially expressed genes (DEGs) in A549 lung epithelial cells 
following DNA stimulation. DEGs were determined as |logFC| > 1. (C) Significantly regulated 
immunological DEGs in A549 cells after DNA stimulation. (D) Gene ontology (GO) enrichment analysis 
for DEGs after 2 h phage DNA exposure. GO terms were grouped as biological processes (BP), cellular 
components (CC), or molecular functions (MF). p-values were adjusted for false discovery rate (FDR) 
<0.1. (E) Kyoto encyclopedia of genes and genomes (KEGG) pathway enrichment after 2 h of P1A 
exposure. p-values were adjusted for FDR <0.1. 
 
 

To further understanding of how P1A could affect the immune system and its 

consequences for treating pulmonary disease, we catalogued the response of lung 

epithelia after exposure to the phages’ DNA. Viral DNA, which is easily exposed during 

infection, is a typical PAMP that is sensed by host cells [76]. Differential expression 

analysis identified 871 differentially expressed genes (DEGs) (p-adjusted < 0.05), 

spanning 179 upregulated DEGs and 352 downregulated DEGs (Figure 5.6B, 
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Supplementary Figure 2, and Supplemental Data File 2). P1A-exposed cells also 

exhibited increased transcription levels of many inflammatory cytokines/chemokines, 

including CXCL1, CXCL2, CXCL3, CXCL5, interleukin-8 (IL-8), IL1RAP, IL-27RA, IL32, 

LIF, and MST1P2. The upregulation of type I interferon (IFN)-stimulated genes (ISGs) 

was also detected, including IFI44, IFIT2, BISPR, and IFN-induced oligoadenylate 

synthetase (OAS) antiviral genes. There was also a marked upregulation of nucleic acid 

sensing genes including DHX58 and notably, several DEGs revealed a change in the 

expression of factors mediating humoral immunity, including IL-11, ICAM1, ILDR2, CCL2, 

CD40, PILRA, PILRB, RAET1G, RAET1E, and EBI3. 

Significantly enriched Gene Ontology (GO) terms (p-adjusted < 0.05) among top 

up-regulated DEGs included antimicrobial humoral response, chemokine-mediated 

signaling pathway, cell-cell adhesion, and signaling receptor binding, while down-

regulated DEGs were involved in tubulin glycine ligase activity and growth factor activity 

(Figure 5.6D and Supplementary Data File 2). Downregulated genes associated with 

microtubules that make up extracellular structures such as cilia, likely reflect host 

epithelial stress. Notable annotations from the Kyoto Encyclopedia of Genes and 

Genomes (KEGG) include viral protein interaction with cytokine-cytokine receptor 

(hsa04061), TNF signaling (hsa04668), and NF-Kappa B signaling (hsa04064) and IL-17 

signaling pathways (hsa04657) (Figure 5.6E and Supplemental Data File 2). The highly 

enriched “viral protein interaction with cytokine-cytokine receptor” pathway suggests viral 

engagement of toll-like receptors [457] and enrichment of both TNF and IL-17 signaling 

indicates initiation of cell defense and repair responses that would include the production 

of chemokines, in particular neutrophil chemoattractant [458]. This is largely consistent in 
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our previous study that found phage mildly stimulated peripheral blood neutrophils to 

secrete the chemoattractant interleukin-8 (IL-8) [459]. Overall, these results obtained in 

epithelial culture suggest a key role of phage DNA in the induction of both the interferon 

and inflammatory pathways that can drive host humoral responses. 

 

DISCUSSION 

Currently, we are facing a growing crisis as resistance to antibiotics continues to 

spread [429]. Thus, it is more important than ever to use alternative antimicrobials as 

effectively and appropriately as possible. We found it is possible, and indeed likely, that 

phage therapy can be used as a first-line treatment with antibiotics to prevent deep-

seated bacterial growth in a complex infection environment. Although herein was an 

assessment of anti-pseudomonal phages given as second-line treatment for a pulmonary 

exacerbation, we show how effective phages were at reducing growth of an existing P. 

aeruginosa population in the harsh CF lungs. We conducted a first-of-its-kind adaptive 

treatment strategy to replace failed colistin with a nonredundant ciprofloxacin–phage 

regimen. The efficacy of the strategy, as compared to standard treatment, was superior 

in that it combined potencies of each antimicrobial singly to broadly manage growth of a 

mixed strain infection. This treatment strategy was also associated with a shorter total 

duration of therapy than would have been possible with standard treatments and with no 

evident safety concerns. In total, expansion of chronic lung pathogens is associated with 

the onset of acute exacerbation where a quarter of pwCF fail to recover to baseline lung 

function despite extensive antibiotic usage [454, 460]. Against extremely poor recovery 

odds, the patient described herein successfully recovered his baseline lung function. 
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As pwCF age, treatment of P. aeruginosa is often complicated by chronic, mixed-

strain infections that have gained several selective advantages to withstand 

antimicrobials [65, 455]. As a result, combinations of antimicrobials have become the 

common approach to treat pulmonary exacerbations [426]. The main strength of this 

study was the pragmatic design that relied on co-operation of antimicrobials with different 

mechanisms of action and target strains to eradicate the patient’s pulmonary infection. In 

addition, we conducted a difference-in-difference analysis with staggered treatment 

initiation to assess the impact of each change on patient outcome. We found that 

antimicrobial co-operation was neither synergistic nor antagonistic, wherein ciprofloxacin 

inhibited the growth of a portion of the population (i.e. mucoid) and the phages then 

eliminated the survivors (nonmucoid). Although IV phage treatment provided a more 

immediate effect with greater potency compared to ciprofloxacin (Figure 5.4B), neither 

antimicrobial alone would have been adequate for patient recovery. Indeed, phages were 

self-dosing (i.e. amplified in situ) during the bacterial-killing process, though with some 

limitations such as dependence on relatively high nonmucoid densities (Figures 5.3E vs 

5.5A) and continued host cell sensitivity (Figure 5.5F). Decline post-treatment 

corresponded to continued high abundance of phage P1A in sputum, implying active 

phage replication in the airways and continued therapeutic effect long after active 

administration. Due to their implications in chronic disease, the persistence of phages in 

the microbiome has recently become the topic of much exploration [461, 462]. Together, 

our findings establish nonredundant functions for phages in the presence of antibiotics 

during infection treatment and argue for multilayered effects on the basis of a division of 

labor. 
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Likewise to several studies [20, 463], we found that traditional phage susceptibility 

testing failed to account for extrinsic determinants of phage activity present in the complex 

infection environment and was therefore a poor predictor of phage treatment outcome. 

Beyond genetically encoded mechanisms of phage resistance, the determinants of 

phages activity during infection remain poorly understood, and treatment failure is 

common [399, 464]. We had planned to implement duplicative phages (i.e. cocktail) in 

such a way that if one phage failed, the alternative phage would continue to provide 

treatment efficacy [465]. However, we essentially provided monophage therapy with P1A 

as PYO2, the second component of the cocktail, failed to achieve a substantial presence 

in the lungs (Figure 5.5A). We found several factors that likely contributed to the 

therapeutic inhibition of PYO2. First, PYO2 exhibited a low potency in inhibiting 

nonmucoid population growth in liquid culture compared to P1A, despite having a similar 

EOP on solid culture medium (Figure 5.5B vs 5.5C). This suggests that even if PYO2 was 

sufficiently delivered to the airways, the phage would replicate poorly and thus be 

outcompeted by P1A (Figure 5.5A). Second, we found a strong PYO2 neutralization 

preceding the time required for the patient to generate a humoral response, which would 

have hampered the phage’s delivery to the airways. The hyperresponsive 

microenvironment of the CF lungs is known to continuously recruit and sequester high 

numbers of immune cells [466]. During chronic bacterial infection pIgR expression and 

IgA production are selectively upregulated in CF lung, sputum, and sera [467]. Although 

primarily targeting P. aeruginosa, excessive inflammation and antibody sequestration in 

the CF lungs suggests that extracellular antigens such as phage capsids inadvertently 

become IgA targets [76, 456]. Together, as observed in other phage treatments of chronic 
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pulmonary infection [468, 469], cross-reactivity with prior phage exposure may have 

limited the effect of PYO2 despite active administration into a host rich environment.  

It is unclear if bacterial debris from high cell lysis compounded as an adjuvant to 

stimulate the immune response against the phage particles. However, activity by other 

bacteriolytic agents such as lysozymes is correlated to localized increases in 

inflammatory cytokine production due to the enhanced release of immunomodulatory 

bacterial products such as peptidoglycan [470]. In this context, elevated levels of bacterial 

products released from violent phage P1A replication may have likewise provoked 

increased localized innate immune activation in the CF airways. Therefore, treatment was 

a double edge sword. Moreover, highly efficient phages also appear to trigger strong 

adaptive immune responses that in time clear the therapeutic agent [20, 463]. We surmise 

that extremely high abundances of P1A from both sufficient delivery and robust viral 

replication provoked an antiviral immune response, leading to the development of a P1A 

neutralization response. This is also in line with anecdotal evidence that direct (i.e., IV) 

phage administration appears to elicit stronger antibody responses in comparison to 

indirect routes such as oral ingestion [76, 235]. In addition to host responses, the lack of 

phage redundancy reduced the activity depth [18] of phages on the nonmucoid 

population, thereby indirectly limiting long-term P1A potency. Although treatment was 

designed to constrain the evolution of bacterial phage resistance through the use of 

multiple phage receptors (Figure 5.2D), resistance to P1A emerged by d11. Fortunately 

as we previously studied [12], sufficient host immune responses appear to have 

prevented a P1A-resistant population from overtaking the CF environment as resistant 

isolates did not allow nonmucoid numbers to increase or form a fourth isolate lineage 
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(Figure 5.4B, 5.4D). Against compounding human and bacterial host factors, P1A 

remained relatively high post-treatment. Indeed, a continual presence maintained a small 

therapeutic effect post treatment and kept the nonmucoid population at bay. 

These retrospective analyses together support the selected phages, antibiotics, 

and provide a modest framework for future treatment design. Combined, immune 

responses to the treatment phages were asymmetrical but suggest that a phage 

abundance threshold determines tolerance or elimination of phages in context of the CF 

microenvironment. When considering future phage candidates, i.e. E215, the risk of 

neutralization therefore appears to primarily depend on their pre-treatment abundances 

in the lung virome. This suggests an understudied role for studying the pre-treatment 

infection CF virome in context of phage selection. We also designed co-treatment for 

improved breadth using antibiotics as opposed to depth. Alginate overproducing mucoid 

isolates are implicated in persistent CF lung biofilm formation and the clogging of CF 

airways [428]. Reduction of the mucoid cell numbers therefore appears consistent with 

observed FEV1 improvements in first-line and early second-line treatment (Figure 5.3A, 

5.3C, 5.4B). On the other hand, pulmonary infection studies have also suggested that 

FVC improvements independent of FEV1 change is related to reductions in airway 

inflammation [471, 472]. Bronchodilators for COPD patients or high-dose ibuprofen (non-

steroidal anti-inflammatory drug) significantly improved or prevented FVC decline with 

decreased inflammatory cytokine markers [471, 472]. Similarly, our meta-analysis of lung 

health suggested that the addition of phages had little bearing on FEV1 change but was 

correlated to improved FVC (Figure 5.3C). Phage targeting of nonmucoid cells, therefore, 
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may have instead reduced the inflammatory milieu of the airways to improve patient FVC 

over their two-week course. 

To conclude, while phages are potent bacterial killers it is unclear whether they are 

effective in concert with standard of care antibiotic, precisely identify and attack certain 

types of bacterial cells, replicate sufficiently in situ to be self-dosing, or have direct effects 

related to immune cell function in a clinical setting. Individualized phage therapy cases 

have substantially improved understanding and implementation over the past several 

decades, but sophisticated interrogation of efficacy in context of the specific infection 

environments is needed. In this study, the designed division of antibiotic and phage 

activity provided a clear framework to study the outcomes of phage treatment. Although 

the patient’s mixed strain infection and specific susceptibilities lent itself to the design, 

future development of phage studies and clinical efficacy trials will require such context 

to unravel the complexity of antibiotics, phages, bacteria, and extrinsic host interactions. 

 

SUPPLEMENTARY INFORMATION 

Supplementary information includes one .pdf file (two figures, five tables) and 

one .xlsx file. 

 
Extended figures, tables and data files: 

Supplemental Data File 2 (LUONG_CH5_CF_SUPPLEMENTARY1.pdf) containing: 

• Supplementary Figure 1 (related to Figure 5.2F) 

• Supplementary Figure 2 (related to Figure 5.6B) 

• Supplementary Table 1 (related to Figures 5.2A, 5.3A, and 5.3C) 

• Supplementary Table 2 (related to Figure 5.2E) 
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• Supplementary Table 3 (related to Figure 5.2F) 

• Supplementary Table 4 (related to Figure 5.3B) 

• Supplementary Table 5 (related to Figure 5.3C) 

• Supplementary Table 6 (related to Figures 5.3E, 5.4A and 5.5A) 

Supplemental Data File 3 (LUONG_CH5_CF_SUPPLEMENTARY2.xlsx) containing: 

• Tab 1 DEG (related to Fig 5.6C) 

• Tab 2 GO (related to Fig 5.6D) 

• Tab 3 KEGG (related to Fig 5.6E) 

 
Code availability 

Data were analyzed using the standard R studio pipeline, or with the stated 

variations. User scripts will be shared upon request. 

 

DISCUSSION 

Many of the techniques and approaches classically applied to studying the 

pharmacokinetics of other small drugs or molecules are incompatible with phages due to 

their size, active replication, and phage-bacterium-host interactions [215]. Indeed, 

attempts to track phage abundance using PCR or qPCR have been largely unsuccessful 

or inconsistent [469, 473]. Microbiological and bioinformatic approaches are therefore 

necessary to steer the course of phage therapy and improve outcomes [34]. Though real-

time analyses may not always be possible, assays that quantitatively assess phage 

replication, changes in bacterial abundance or variation, and clinical biomarkers of phage 

activity are necessary to understand phage pharmacokinetics and treatment outcomes. 
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Failed phage therapy to treat an LVAD infection appeared to have multiple 

components working against phage treatment. Phage activity appeared to be limited by 

the patient’s multivariant infection. Additionally, although two of the phages did have 

activities on the patient’s variants, loss of sensitivity to phages PAK_P1 and PAK_P5 

appears to have limited phage activity in vivo. Moreover, we were surprised to find that 

the two-phage cocktail combining PAK_P1 and PAK_P5 did not have improved activities 

against any of the patient strains, despite both phages having different single phage 

activities. This would suggest that the phages conferred collateral resistance during 

resistance mutation and/or incompatibility between the phages for another reason. 

Although we were unable to confirm the bacterial burden at the start of this patient’s 

infection, limited phage activity combined with the patient’s consistent intake of antibiotics 

would suggest that phages would have replicated poorly in vivo. However, this could not 

be confirmed given the lack of direct sampling for phages in the blood or at the site of 

infection. 

In contrast, our analyses of the outcomes of phage treatment in a CF patient 

implies that phages can replicate and dominate the lung virome given sufficient host cells. 

Because the design of the treatment was non-redundant such that phages could target 

antibiotic resistant variants within the patient’s multivariant infection, we were able to 

quantify from plated sputa the change in bacterial variant abundance as they 

corresponded to clinical phage abundances obtained in sputa metagenome. Together, 

these results suggested that phages were able to target specific populations of the 

patient’s infection independent of antibiotic activity and replicate. Even in the presence of 

ciprofloxacin, a DNA gyrase inhibiting antibiotic that could potentially block phage 
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replication [474], the phages were able to replicate on their target cells. This validation of 

phage targeting and replication is among the first to suggest successful in vivo replication 

of phages following therapy. Alongside other clinical markers of the patient’s recovery, 

this analysis of phage therapy clinical and microbiological outcomes can serve as a guide 

for validation of phage success in future clinical trials.  

Although the goal of these studies was to decipher whether phages sufficiently 

targeted clinical hosts, we also found that pili and LPS phage cocktails were less efficient 

than we previously believed. The limited host range of LUZ19 on our clinical library 

suggests that an alternative to pili binding phages or isolation of broader range pili binding 

phages will be necessary to develop effective phage cocktails. Moreover, although we 

had then employed a cocktail of two different LPS binding phages to treat a second 

patient, the almost immediate neutralization of treatment phage PYO2 also appeared as 

an unexpected hurdle in cocktail formulation. Thus, although large phage libraries do not 

seem necessary to target at least some of the clinical variation present in infection, 

identifying new phage genera to avoid neutralization may be a more pragmatic approach 

to expand phage availability in the future. 
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CHAPTER 6 
 

CONCLUSIONS 

After a century of scrutiny and now several decades of renewed interest, the 

efficacy of phage therapy has yet to be proven and phages still lack formal approval by 

regulatory authorities [10]. Although phage treatment safety has now been better 

established through a series of modern trials [475], therapeutic efficacy remains stalled 

due to insufficient methods to produce clinically safe phages, empirical selection of phage 

cocktail formulae, and uncertainty as to how phages compare to standard of care 

antibiotics [34]. The overarching goal of these studies was to develop innovative phage 

processes to formulate, purify, and validate phage treatment against P. aeruginosa. The 

focus of these studies was on understanding individual phage kinetics in order to leverage 

them to improve phage production and track phage PK and PD in situ. A small group of 

well-characterized dsDNA Caudoviricetes phages E215, PYO2, LUZ19, and PAK_P1 

were studied in this dissertation. Limiting the diversity and deepening understanding of 

select phages allowed comparison of how phage replication characteristics corresponded 

to phage activities in two in vitro models, in purification and stability studies, in targeting 

of clinical isolates, and even within patient metagenomes.  

In early cocktail kinetics, individual phage potencies were limited by competition 

for bacterial cells, but long-term efficacy appeared enhanced when phages with shorter 

latent periods were combined. This would suggest that competition between phages may 

contribute to failed or asymmetric cocktail replication in vivo. This is emphasized by 

competition kinetics in HFIM which suggest that single bolus phage cocktail 

administration or low dose cocktails in vivo would adversely affect survival or persistence 
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of at least one phage strain during treatment. More screening of two-phage combinations 

and administration regimens against clinical P. aeruginosa variants will be necessary to 

correlate how short-term phage potency can influence the long-term suppression of 

resistant isolates. It will be important to investigate the specific effects of these findings 

on clinical strains and settings. Although these results suggest that two phages are 

sufficient for in vitro resistance prevention for upwards of 28 hours, it remains unclear 

whether more phage strains will be necessary in vivo and the effect of phage competition 

between more species. 

The purification of phage biologics was enhanced by implementing patterns 

derived from phage-bacteria kinetics. For instance, because we found that phage 

resistant P. aeruginosa grew exponentially after ~12 hours of co-culture with single phage, 

we implemented a strain-timed cooling or stop cultivation of phages in the improved 

protocol to limit bacterial bioburden. This additional step not only allows shortening of the 

purification process but reduces downstream large endotoxins and bacterial debris. 

Improving ease of purification not only makes clinical phage production more rapid but 

also more accessible in developing countries where interest and advocacy in phage 

applications are increasing [476]. For future process development, refinement to phage 

cultivation should include engineering or selecting production strains with altered 

endotoxin structures that could be readily eliminated. Further improvements to phage 

purification should focus on removing non-endotoxic immunogenic elements such as 

residual DNases or RNases and preventing potential bacterial SOS responses that cause 

confounding factors and/or stressors. Testing of these protocols on other bacterial 
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species, such as Gram-positive bacteria, and slow growing clinical isolates will also be 

necessary for amplifying rare phages with hard-to-culture hosts. 

Finally, validation of in vivo phage PK and PD is a critical gap in designing and 

implementing efficacy trials. During failed phage therapy, conventional EOP plating was 

a poor indicator of phage-bacteria efficacy under mimicked oxygen conditions. In 

retrospect, this could have been determined 50 days prior to the patient’s treatment with 

what was only one effective phage in cocktail. Because standardized regimens do not 

currently exist, future screening of phage biologics will require a combination of sensitivity 

assays to better determine suitability of the biologic against the infection. During 

successful therapy, we attempted to perform unsupervised machine learning (principal 

component analysis) to decipher phage efficacy patterns but had some difficulty in 

determining the types of clinical outcomes pertinent to the analyses and limited sampling 

during treatment. Fortunately, the combined quantification of a phage-specific bacterial 

variant and measuring phage abundances in the lung virome appear to be a highly-

sensitive pair of assays to avoid challenges with plating clinical samples such as blood, 

urine, or sputum which may block phage activity when plated [463, 477]. In the future, 

controlled clinical trials that safely separate phage and antibiotic timelines will be 

necessary to delineate and verify the activities of each antimicrobial. Together, these 

analyses suggest that better guidance of phage selection is required for efficacy trials 

prior to treatment and both microbial and metagenomic outcomes will be needed to 

demonstrate phage PK/PD. 
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APPENDIX 

Supplementary tables, figures, and materials. 
 
 

 

Figure S3.1 Semi-log curve fit of PAO1 growth in plate reader versus plated counts.The formula for 
calculating CFU/mL is Y=10(4.2155+9.3295*X) where x is the OD600 reading above the detection limit of OD600 
0.18. 

 

Table S3.1 Characteristics of Pbunavirus phages. 

 

Genus Pbunavirus 

Genome PA5* PASA16* PA14-1* EPA11* EPA39* V523 V524 DRL-P1 vB_PaeM_SCU
T-S1 JG024 E215 

 Morphotype Myovirus Myovirus Myovirus Myovirus Myovirus Myovirus Myovirus Myovirus Myovirus Myovirus Myovirus 

 
NCBI accession 
number 

NC_0419
02.1 

MT93373
7.1 

NC_011
703 

MT1087
27 

MT1183
03 

 
MW5952

20  

MW595
221 

MN5648
18 MK340760 GU815

091 
MF49024

1.1 

 Genome size (bp) 66182 66127 66235 66800 66708 66301 65447 66243 66046 66275 66789 
 GC% 55.49 55.6 nd 55.7 nd   54.9 55.43 55.62 55.6 
 tRNAs 0 nd nd nd nd   0 0 0 0 
 RNA polymerases 0 nd nd nd nd   0 0 0 0 

 
Open reading 
frames nd 93 nd nd nd   93 93 94 95 

             
Growth             

 
Bacterial isolation 
host PAO1 PA14 PAO1 

PaWRA
01 

PaWRA
01 PAO1 PAO1 

MTCC 
1688 PAO1 PAO1 PAO1 

 Binding receptor nd nd LPS nd nd   nd nd LPS O-
antigen 

 
Adsorption rate 
(mL/min) nd nd nd nd nd   nd nd nd 1.40E-09 

 
Eclipse period 
(min) nd nd nd nd nd   nd nd nd 26 

 Latent period (min) nd nd nd nd nd 55 50 30 40 50 30 
 Burst size (PFU) nd nd nd nd nd 124 134 100 134 180 210 
  Plaque size (mm) nd nd 2 nd nd     2 nd nd 0.5 

*Phages used therapeutically. 
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Table S3.2 Characteristics of Bruynoghevirus phages. 

 
 

Table S3.3 Characteristics of Phikmvvirus phages. 

 

 

Genus Bruynoghevirus 
Genome PA222* PA223* Delta* PACE vB_PseuP-SA22 
 Morphotype Podovirus Podovirus Podovirus Podovirus Podovirus 
 NCBI accession number MK837011.1 MK837012.1 MG432151.1 ON376263 OP793496.1 
 Genome size (bp) 45770 45703 45970 45365 45458 
 GC% nd nd 52.2 52.5 52.5 
 tRNAs nd nd 3 4 3 
 RNA polymerases nd nd nd nd 0 
 Open reading frames nd nd nd 73 58 
       
Growth       

 Bacterial isolation host nd nd PA-4U PAO1Δ PW clinical strain 
 Binding receptor nd nd nd nd nd 
 Adsorption rate (mL/min) nd nd nd nd nd 
 Eclipse period (min) nd nd nd nd nd 
 Latent period (min) nd nd nd nd 30 
 Burst size (PFU) nd nd nd nd 300 
  Plaque size (mm) nd nd 2.5-5.0 nd 1.5±2.5 

*Phages used therapeutically. 

Genus Phikmvvirus 

Genome PNM* PT5 PT2 φKF77 LKA1 LKD16 
vB_PaeP_AS

P23 PAXYB1 φKMV LUZ19a 

 Morphotype Podovirus Podovirus Podovirus Podovirus Podovirus Podovirus Podovirus Podovirus Podovirus Podovirus 

 
NCBI accession 
number 

OP29228
8.1 

NC_0111
05 

NC_0111
07 

NC_0124
18 

NC_00993
6.1 

NC_0099
35 MN602045 KY6188

19 
NC_0050

45 
NC_01032

6.1 
 Genome size (bp) 42721 42954 42961 43152 41593 43200 42735 43337 42519 43548 
 GC% 62.3 62 62 62.8 60.9 62.6 62.15 62.29 62.3 62.3 
 tRNAs nd nd nd nd nd nd 0 0 0 0 
 RNA polymerases nd nd nd nd nd nd 1 1 1 1 

 
Open reading 
frames 51 52 54 53 56 54 54 60 52 54 

            
Growth            

 
Bacterial isolation 
host 

573 
(clincal) 

573 
(clincal) 

573 
(clincal) nd PAO1 PAO1 L64 PAO1 PAO1 PAO1 

 Binding receptor nd nd nd nd nd nd nd nd type IV 
pili type IV pili 

 
Adsorption rate 
(mL/min) nd 7.30E-09 9.20E-09 1.50E-08 3.90E-09 nd nd 3.70E-

09 1.60E-08 1.20E-07 

 Eclipse period (min) nd nd nd nd nd nd nd nd nd nd 
 Latent period (min) nd 21 21 23 41 27 10 30 15 22 
 Burst size (PFU) nd 134 116 129 225 120 140 141 30 122 
  Plaque size (mm) nd 4 4 nd 1 nd nd 0.8 nd 1.3 

*Phages used therapeutically. 
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Table S3.4 Characteristics of Pakpunavirus phages. 

 

 

Table S3.5 Characteristics of Litunavirus phages. 

 

 

 

 

 

 

 

 

Genus Pakpunavirus 
Genome PAK_P1* PAK_P2 PAK_P4 JG004 C2-10_Ab1 PaP1 

 Morphotype Myovirus Myovirus Myovirus Myovirus Myovirus Myovirus 

 
NCBI accession 
number 

NC_015294.
2 

KC86229
8 KC862300 NC_01945

0 
NC_019918.

1 
NC_019913.

1 
 Genome size (bp) 93398 92495 93147 93017 92777 91715 
 GC% 49.5 49.3 49.3 49.26 49.28 49.4 

 tRNAs 13 11 13 + 1 
pseudo 12 12 13 

 RNA polymerases 1 nd nd nd nd nd 
 Open reading frames 181 176 174 108 158 157 
        
Growth        

 Bacterial isolation host PAK PAK PAK WT PAO1 C2-10 PA1 
 Binding receptor LPS nd nd LPS nd LPS 

 
Adsorption rate 
(mL/min) nd nd nd nd nd nd 

 Eclipse period (min) nd nd nd nd nd nd 
 Latent period (min) 14 nd nd 31 nd nd 
 Burst size (PFU) 100 nd nd 13 nd nd 
  Plaque size (mm) nd nd nd nd nd nd 

 

Genus Litunavirus 

Genome YH6 vB_PaeP_CM
S1 LIT1 vB_PaeS_V

L1 
vB_PaeP_PS

28 PYO2 4029* 4032* 4034* 

 Morphotype Podovirus Podovirus Podovirus Podovirus Podovirus Podovirus Podovirus Podovirus Podovirus 

 
NCBI accession 
number 

KM974184
.1 OM937766.1 NC_0136

92 OK665488 OQ134474.1 MF490236
.1 

ON815901
.1 

ON815902
.1 

ON815903
.1 

 Genome size (bp) 73050 72673 74901 73308 72283 72697 72063 72063 72063 
 GC% 54.88 54.9 53.4 54.7 54.75 55 nd nd nd 
 tRNAs 0 0 0 0 0 0 nd nd nd 
 RNA polymerases 1 1 1 1 1 0 nd nd nd 
 Open reading frames 90 92 92 92 94 91 nd nd nd 
           

Growth           

 
Bacterial isolation 
host PA PAO1Δ pilA US449 ATCC27853 PS28 PAO1 PAO1 ATC15442 PAO1 

 Binding receptor nd nd nd   nd nd nd nd 

 
Adsorption rate 
(mL/min) nd nd nd nd nd 1.80E-10 nd nd nd 

 Eclipse period (min) nd nd 20 nd nd 24±2 nd nd nd 
 Latent period (min) 30 nd 25±5 30 15 26±2 nd nd nd 
 Burst size (PFU) 100 nd 100±50 404±10 210 183±20 nd nd nd 
  Plaque size (mm) 1-2 nd 1-2 4 2 0.75 nd nd nd 

*Phages used therapeutically. 
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Table S3.6 Characteristics of Phikzvirus phages. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Genus  Phikzvirus 
Genome  phiKZ OMKO1* SL2 Koomba boorn-mokiny kep-

wari Wadjak 1 
KTN4 φPA3 

 Morphotype Myovirus Myovirus Myovirus Myovirus Myovirus Myovirus 
 NCBI accession 

number 
NC_004629.1 ON631220 NC_042081.1 OP310983.1 KU521356.1 NC_028999.1 

 Genome size (bp) 280334 281755 279696 278796 279593 309208 
 GC% 36.8 nd 36.9 36.91 36.9 48 
 tRNAs 6 nd 5 6 6 5 
 RNA polymerases 1 nd nd nd nd 6 
 Open reading 

frames 
306 nd 355 nd 368 378 

        
Growth         
 Bacterial isolation 

host 
clincal PAO1 MDR-PA2 PAO1 nd nd 

 Binding receptor flagella/efflux 
pump 

outer membrane 
porin/efflux 

nd nd type IV pili nd 

 Adsorption rate 
(mL/min) 

nd nd nd nd nd nd 

 Eclipse period (min) 210 nd nd nd nd nd 
 Latent period (min) nd nd 30 nd 40 50-60 
 Burst size (PFU) 100 nd 22±6 nd 6-8 100 
 Plaque size (mm) nd nd nd nd 1.7 2.5 

*Phages used therapeutically. 
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RMarkdown 

The following is the RMarkdown code used to normalize time-kill kinetic data to blank 

controls and to normalize the starting density reading for comparison across different 

plate experiments. 

library(readxl) 
library(plyr) 
library(tibble) 
library(tidyr) 
library(ggplot2) 
library(ggh4x) 
library(viridis) 
library(csv) 
library(rstudioapi) 
library(growthcurver) 
library(pracma) 
setwd(dirname(getActiveDocumentContext()$path)) 

#input raw data file and organize 

sheet_names <- excel_sheets("20231213_R_Master_TKA_TL.xlsx") 

list_all <- lapply(sheet_names, function(x) {           
  as.data.frame(read_excel("20231213_R_Master_TKA_TL.xlsx", sheet = x)) } ) 
names(list_all) <- sheet_names                          

raw <- rbind.fill(list_all) 
detach(package:plyr) 

data <- raw 
num_info_cols <- 6 
data_long <- pivot_longer(data = data, cols = (num_info_cols+1):ncol(data), n
ames_to = "HOURS", values_to = "OD") 
data_long$DATE <- as.factor(data_long$DATE) 
data_long$PLATE <- as.numeric(data_long$PLATE) 
data_long$INTERRUPTED <- as.factor(data_long$INTERRUPTED) 
data_long$TREATMENT <- as.factor(data_long$TREATMENT) 
data_long$MOI <- as.factor(data_long$MOI) 
data_long$HOURS <-as.numeric(data_long$HOURS) 
data_long$OD<-as.numeric(data_long$OD) 
data_long$HOURS<-as.numeric(data_long$HOURS) 
data_long$OD<-as.numeric(data_long$OD) 

#blank correction 
data_long_blanks <- data_long %>% subset(TREATMENT %in% "BLANK") 
 
data_long_blanks_avg <- data_long_blanks %>% group_by(PLATE, TREATMENT) %>% s
ummarise(blank_avg = mean(OD)) 
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data_long_blanks_avg$correction <- (data_long_blanks_avg$blank_avg - 0.2) 
data_long$blankcorrected_OD <- data_long$OD - data_long_blanks_avg$correction
[match(data_long$PLATE, data_long_blanks_avg$PLATE)] 
 

#Normalize time=0 to the same starting OD600, LOD 0.18 
# Calculate the OD difference between 0.18 and OD for each PLATE and WELL com
bination at HOUR 0.0 
 
od_difference <- data_long %>% 
  filter(HOURS == 0.0) %>% 
  group_by(PLATE, WELL) %>% 
  summarize(od_diff = 0.18 - blankcorrected_OD) 

# Merge the OD difference with the original data 
data_with_od_diff <- merge(data_long, od_difference, by = c("PLATE", "WELL")) 
 
# Normalize OD values for every other timepoint 
normalized_data <- data_with_od_diff %>% 
  mutate(OD_normalized = blankcorrected_OD + od_diff) 
 
# Now 'normalized_data' contains a new column 'OD_normalized' with normalized 
OD values 

# Subset data for analysis 

subsetted_data <- normalized_data[, c("TREATMENT", "INTERRUPTED", "PLATE", "W
ELL", "MOI", "HOURS", "OD_normalized")] 
 
subset_tkadata <- subsetted_data %>% filter(TREATMENT == "CFU", INTERRUPTED =
= "0", MOI == "0") 
 
#process data to output for Prism graphing  
 
subset_tkadata_prism <- pivot_wider( 
  data = subset_tkadata, 
  names_from = c("PLATE", "WELL"), 
  values_from = "OD_normalized", 
  names_glue = "{PLATE}_{WELL}") 
 
subset_tkadata_prism<- apply(subset_tkadata_prism, 2, as.character) 
write.csv(subset_tkadata_prism, "CFU_1_prism.csv") 

#call for resistance timing 
timing <- read.csv("CK_LE_10_prism.csv") 
timing_long <- pivot_longer(data = timing, cols = 5:ncol(timing), names_to = 
"WELLS", values_to = "OD") 
timing_unique <- timing_long %>% group_by(WELLS) %>% filter(OD >= 0.3) %>% sl
ice(1) 
View(timing_unique) 
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Table S3.7 Mutational analysis of single phage resistant mutants from TKA.Five resistant isolates 
were sequenced per phage treatment. 

 

Phage Treatment E215 PYO2 LUZ19
Protein Function Genome Position Annotation Gene Putative gene function

2913857 coding (109/357 nt) PilZ pilus biogenesis protein 1
1970808 S141* (TCG→TAG)  PilF pilus biogenesis protein 1

1203710 T230P (ACC→CCC PilR
fimbriae expression regulatory 
protein 1

1228607 D388A (GAC→GCC) PilB fimbral assembly, ATPase 1

1203506 coding (892/1338 nt) PilR
fimbriae expression regulatory 
protein 1

2694486 coding (136/1317 nt) Wzy
Oligosaccharide repeat unit 
polymerase 2

2694486 coding (136/1317 nt) Wzy
Oligosaccharide repeat unit 
polymerase 1 1

2694975 coding (625/1317 nt) Wzy
Oligosaccharide repeat unit 
polymerase 1

4174863 coding (203

‑

302/312 nt) OppB
Oligopeptide transport system 
permease protein 5 5 5

3686613 S361R (AGC→CGC)

Organosulfonate ABC 
transporter substrate

‑

binding 
protein 1

5063859 L201R (CTG→CGG) 

Permease of the 
drug/metabolite transporter 
(DMT) superfamily 1

844803 intergenic (-339/+118)

MarC family integral 
membrane protein/probable 
sensor/response regulator 
hybrid 4 5 5

2718830 intergenic (+2/

‑

158)
tRNA Glu TTC/Transcriptional 
regulator, AcrR family 4 5 5

5220913 intergenic (+100/+2)
Transcriptional 
regulator/tRNA

‑

Arg

‑

ACG 5 5 5

305077 intergenic (+35/+10)

Transcriptional regulator, AraC 
family/N

‑

acetylglutamate 
kinase (EC 2.7.2.8) 1

4786916 A150G (GCG→GGG) 
Transcriptional regulator, AcrR 
family 1

677087 H116R (CAC→CGC) 
Glycosyl transferase in large 
core OS assembly cluster 1

2107228 E649A (GAG→GCG) 
Phosphoenolpyruvate 
carboxylase 1

3281129 R308G (CGC→GGC) 
Glutathione S transferase, 
omega 

3281131 A307G (GCG→GGG) 
Glutathione S transferase, 
omega 1

3743705 L25R (CTG→CGG) 

Succinate 
dehydrogenase/fumarate 
reductase, flavoprotein subunit 1

4509471 intergenic (

‑

220/

‑

107)

23S rRNA 
(cytidine(2498)

‑

2'

‑

O)

‑

methyltra
nsferase, /Aconitate hydratase 
@ 2

‑

methylisocitrate 
dehydratase 1

4540353 R711M (AGG→ATG) 
DNA polymerase III subunits 
gamma and tau 1

4540357 A710S (GCG→TCG) 
DNA polymerase III subunits 
gamma and tau 1 1

4849887 intergenic (+36/

‑

57)

1 pyrroline 4 hydroxy 2 carboxy
late deaminase, 
2,5

‑

dioxovalerate 
dehydrogenase 1

Type IV Pilus/Fimbral Assembly

O-antigen

Transporter

Regulator

Enzymes
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Table S3.8 Mutational analysis of phage resistant mutants from cocktail TKA.Five resistant 
isolates were sequenced per phage treatment. 

 

E215+PYO2 E215+LUZ19 PYO2+LUZ19
Protein Function Genome Position Annotation Gene Putative gene function

623834 coding (2078 2096/2145 ntPilQ pilus biogenesis protein 1

1203459 coding (910

‑

939/1338 nt) PilR
fimbriae expression regulatory 
protein 2

619280 E127* (GAG→TAG)  PilM pilus biogenesis protein 1

620560
*199R (TGA→AGA)
M1K (ATG→AAG) †

PilN
PilO pilus biogenesis protein 1

623491 E579* (GAA→TAA)  PilQ pilus biogenesis protein 1

1203161 A413P (GCG→CCG)  PilR
fimbriae expression regulatory 
protein 1

1228272 G500S (GGT→AGT)  PilB fimbral assembly, ATPase 1
1228607 D388A (GAC→GCC) PilB fimbral assembly, ATPase 2

619443 coding (542/1065 nt) PilM pilus biogenesis protein 1

2695229 coding (879/1317 nt) Wzy
Oligosaccharide repeat unit 
polymerase 1

2695221 R291C (CGT→TGT)  Wzy
Oligosaccharide repeat unit 
polymerase 1

2694486 coding (136/1317 nt) Wzy
Oligosaccharide repeat unit 
polymerase 3

2694486 coding (136/1317 nt) Wzy
Oligosaccharide repeat unit 
polymerase 5 1

2694975 coding (625/1317 nt) Wzy
Oligosaccharide repeat unit 
polymerase 1

2695254 coding (904/1317 nt) Wzy
Oligosaccharide repeat unit 
polymerase 1

3644812 intergenic (+199/

‑

447)

ABC transporter, permease 
protein (cluster 10, 
nitrate/sulfonate/bicarbonate)/
Coenzyme F420

‑

dependent 
N5,N10

‑

methylene 
tetrahydromethanopterin 
reductase and related 
flavin

‑

dependent 
oxidoreductases 4

4174863 coding (203

‑

302/312 nt) OppB
Oligopeptide transport system 
permease protein 5 5 4

1417186 D32A (GAC→GCC) 
Uncharacterized MFS type 
transporter 1

2304981 intergenic (+49/

‑

464)

SAM dependent 
methyltransferase/ABC 
transporter, ATP

‑

binding 
protein (cluster 1, 
maltose/g3p/polyamine/iron); 
ABC transporter, ATP

‑

binding 
protein (cluster 10, 
nitrate/sulfonate/bicarbonate) 1

4432149 intergenic (

‑

55/+53)

Osmosensitive K+ channel 
histidine kinase 
KdpD/Potassium

‑

transporting 
ATPase C chain (EC 3.6.3.12) 
(TC 3.A.3.7.1) 1

4587167 L215V (CTG→GTG) 
Eukaryotic type low affinity 
urea transporter 1

4587194 A224P (GCC→CCC)
Eukaryotic type low affinity 
urea transporter 1

5947991 intergenic (+377/+65)

4 hydroxybenzoate 
transporter/Nucleoside

‑

bindin
g outer membrane protein 1

844803 intergenic (-339/+118)

MarC family integral 
membrane protein/probable 
sensor/response regulator 
hybrid 4 5 3

1843223 coding (30

‑

129/657 nt)
Transcriptional regulator, 
LuxR family

2718830 intergenic (+2/

‑

158)
tRNA Glu TTC/Transcriptional 
regulator, AcrR family 5 5 4

5220913 intergenic (+100/+2)
Transcriptional 
regulator/tRNA

‑

Arg

‑

ACG 5 5 5

268037 P175T (CCG→ACG)  PhoB (SphR)

Phosphate regulon 
transcriptional regulatory 
protein 3

16749 intergenic (+79/+13)

Quinone oxidoreductase 
)/Threonylcarbamoyl

‑

AMP 
synthase 1 1

16925 A163G (GCG→GGG) 
Threonylcarbamoyl AMP 
synthase 1

3281131 A307G (GCG→GGG) 
Glutathione S transferase, 
omega 1

3902594 C39R (TGC→CGC) 
Putative short chain 
dehydrogenase 2 2

4378449 P136A (CCG→GCG) 
1,2 dihydroxy 3 keto 5 methylt
hiopentene dioxygenase 1

4540357 A710S (GCG→TCG) 
DNA polymerase III subunits 
gamma and tau 1

Phage Treatment

Type IV Pilus/Fimbral Assembly

O-antigen

Transporter

Regulator

Enzymes
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Table S3.9 Mutational analysis of phage resistant mutants from sequential TKA.Five resistant 
isolates were sequenced per phage treatment. 
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Table S4.1 Bacteriophage cultivation and purification titers and endotoxin units after each 
production process. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



255 

REFERENCES 

1. WHO: Global priority list of antibiotic-resistant bacteria to guide research, discovery, 
and development of new antibiotics. In. http://www.who.int/medicines/publications/WHO-
PPL-Short_Summary_25Feb-ET_NM_WHO.pdf?ua=1; 2017. 

2. Sader HS, Castanheira M, Duncan LR, Flamm RK: Antimicrobial susceptibility of 
Enterobacteriaceae and Pseudomonas aeruginosa isolates from United States medical 
centers stratified by infection type: results from the International Network for Optimal 
Resistance Monitoring (INFORM) surveillance program, 2015-2016. Diagnostic 
Microbiology and Infectious Disease 2018, 92(1):69-74. 

3. Diggle SP, Whiteley M: Microbe Profile: Pseudomonas aeruginosa: opportunistic 
pathogen and lab rat. Microbiology (Reading) 2020, 166(1):30-33. 

4. Reynolds D, Kollef M: The Epidemiology and Pathogenesis and Treatment of 
Pseudomonas aeruginosa Infections: An Update. Drugs 2021, 81(18):2117-2131. 

5. Registry CFFP: 2022 Annual Data Report. In. Bethesda, Maryland: Cystic Fibrosis 
Foundation; 2022. 

6. Folkesson A, Jelsbak L, Yang L, Johansen HK, Ciofu O, Høiby N, Molin S: 
Adaptation of Pseudomonas aeruginosa to the cystic fibrosis airway: an evolutionary 
perspective. Nature Reviews Microbiology 2012, 10(12):841-851. 

7. Langendonk RF, Neill DR, Fothergill JL: The building blocks of antimicrobial 
resistance in Pseudomonas aeruginosa: Implications for current resistance-breaking 
therapies. Frontiers in Cellular and Infection Microbiology 2021, 11. 

8. Matos ECO, Andriolo RB, Rodrigues YC, Lima PDL, Carneiro I, Lima KVB: Mortality 
in patients with multidrug-resistant Pseudomonas aeruginosa infections: a meta-analysis. 
Revista da Sociedade Brasileira de Medicina Tropical 2018, 51(4):415-420. 

9. Murray CJL, Ikuta KS, Sharara F, Swetschinski L, Robles Aguilar G, Gray A, Han C, 
Bisignano C, Rao P, Wool E et al: Global burden of bacterial antimicrobial resistance in 
2019: a systematic analysis. The Lancet 2022, 399(10325):629-655. 

10. Diallo K, Dublanchet A: A century of clinical use of phages: a literature review. 
Antibiotics (Basel, Switzerland) 2023, 12(4). 

11. Adams MH: Bacteriophages. New York: Interscience Publishers; 1959. 

12. Roach DR, Leung CY, Henry M, Morello E, Singh D, Di Santo JP, Weitz JS, 
Debarbieux L: Synergy between the host immune system and bacteriophage is essential 
for successful phage therapy against an acute respiratory pathogen. Cell host & microbe 
2017, 22(1):38-47 e34. 



256 

13. Gu Liu C, Green SI, Min L, Clark JR, Salazar KC, Terwilliger AL, Kaplan HB, Trautner 
BW, Ramig RF, Maresso AW: Phage-Antibiotic Synergy Is Driven by a Unique 
Combination of Antibacterial Mechanism of Action and Stoichiometry. mBio 2020, 11(4). 

14. Koskella B, Meaden S: Understanding Bacteriophage Specificity in Natural Microbial 
Communities. Viruses 2013, 5(3):806-823. 

15. Labrie SJ, Samson JE, Moineau S: Bacteriophage resistance mechanisms. Nat Rev 
Microbiol 2010, 8(5):317-327. 

16. Betts A, Gifford DR, MacLean RC, King KC: Parasite diversity drives rapid host 
dynamics and evolution of resistance in a bacteria-phage system. Evolution 2016, 
70(5):969-978. 

17. Kleinman A: The mathematics of random mutation and natural selection for multiple 
simultaneous selection pressures and the evolution of antimicrobial drug resistance. Stat 
Med 2016, 35(29):5391-5400. 

18. Abedon ST, Danis-Wlodarczyk KM, Wozniak DJ: Phage cocktail development for 
bacteriophage therapy: toward improving spectrum of activity breadth and depth. 
Pharmaceuticals 2021, 14(10):1019. 

19. Aslam S, Courtwright AM, Koval C, Lehman SM, Morales S, Furr C-LL, Rosas F, 
Brownstein MJ, Fackler JR, Sisson BM et al: Early clinical experience of bacteriophage 
therapy in 3 lung transplant recipients. American Journal of Transplantation 2019, 
19(9):2631-2639. 

20. Dedrick RM, Smith BE, Cristinziano M, Freeman KG, Jacobs-Sera D, Belessis Y, 
Whitney Brown A, Cohen KA, Davidson RM, van Duin D et al: Phage therapy of 
Mycobacterium infections: compassionate use of phages in 20 patients with drug-
resistant Mycobacterial disease. Clinical Infectious Diseases 2022, 76(1):103-112. 

21. Pirnay J-P, Djebara S, Steurs G, Griselain J, Cochez C, De Soir S, Glonti T, 
Spiessens A, Vanden Berghe E, Green S et al: Personalized bacteriophage therapy 
outcomes for 100 consecutive cases: a multicentre, multinational, retrospective 
observational study. Nature Microbiology 2024, 9(6):1434-1453. 

22. Petrovic Fabijan A, Iredell J, Danis-Wlodarczyk K, Kebriaei R, Abedon ST: 
Translating phage therapy into the clinic: Recent accomplishments but continuing 
challenges. PLoS biology 2023, 21(5):e3002119. 

23. Summers WC: The strange history of phage therapy. Bacteriophage 2012, 2(2):130-
133. 

24. Bachrach U, Friedmann A: Practical procedures for the purification of bacterial 
viruses. Appl Microbiol 1971, 22(4):706-715. 



257 

25. Yamamoto KR, Alberts BM, Benzinger R, Lawhorne L, Treiber G: Rapid 
bacteriophage sedimentation in the presence of polyethylene glycol and its application to 
large-scale virus purification. Virology 1970, 40(3):734-744. 

26. Copeland S, Warren HS, Lowry SF, Calvano SE, Remick D: Acute Inflammatory 
Response to Endotoxin in Mice and Humans. Clinical and Vaccine Immunology 2005, 
12(1):60-67. 

27. Opal SM: Endotoxins and other sepsis triggers. Contributions to nephrology 2010, 
167:14-24. 

28. Bruttin A, Brussow H: Human volunteers receiving Escherichia coli phage T4 orally: 
a safety test of phage therapy. Antimicrob Agents Chemother 2005, 49(7):2874-2878. 

29. McCallin S, Alam Sarker S, Barretto C, Sultana S, Berger B, Huq S, Krause L, 
Bibiloni R, Schmitt B, Reuteler G et al: Safety analysis of a Russian phage cocktail: from 
metagenomic analysis to oral application in healthy human subjects. Virology 2013, 
443(2):187-196. 

30. Ooi ML, Drilling AJ, Morales S, Fong S, Moraitis S, Macias-Valle L, Vreugde S, 
Psaltis AJ, Wormald PJ: Safety and Tolerability of Bacteriophage therapy for chronic 
rhinosinusitis due to Staphylococcus aureus. JAMA otolaryngology-- head & neck surgery 
2019, 145(8):723-729. 

31. Tamma PD, Souli M, Billard M, Campbell J, Conrad D, Ellison DW, Evans B, Evans 
SR, Greenwood-Quaintance KE, Filippov AA et al: Safety and microbiological activity of 
phage therapy in persons with cystic fibrosis colonized with Pseudomonas aeruginosa: 
study protocol for a phase 1b/2, multicenter, randomized, double-blind, placebo-
controlled trial. Trials 2022, 23(1):1057. 

32. Uyttebroek S, Chen B, Onsea J, Ruythooren F, Debaveye Y, Devolder D, Spriet I, 
Depypere M, Wagemans J, Lavigne R: Safety and efficacy of phage therapy in difficult-
to-treat infections: a systematic review. The Lancet Infectious Diseases 2022. 

33. Fauconnier A: Phage therapy regulation: from night to dawn. Viruses 2019, 
11(4):352. 

34. Suh GA, Patel R: Clinical phage microbiology: a narrative summary. Clinical 
microbiology and infection : the official publication of the European Society of Clinical 
Microbiology and Infectious Diseases 2023. 

35. Arai H: Regulation and Function of Versatile Aerobic and Anaerobic Respiratory 
Metabolism in Pseudomonas aeruginosa. Frontiers in Microbiology 2011, 2. 

36. Moradali MF, Ghods S, Rehm BHA: Pseudomonas aeruginosa Lifestyle: A Paradigm 
for Adaptation, Survival, and Persistence. Frontiers in Cellular and Infection Microbiology 
2017, 7. 



258 

37. Holloway B: Genetics of pseudomonas. Bacteriological reviews 1969, 33(3):419-
443. 

38. Takeya K, Amako K: A rod-shaped Pseudomonas phage. Virology 1966, 28(1):163-
165. 

39. Wiehlmann L, Wagner G, Cramer N, Siebert B, Gudowius P, Morales G, Köhler T, 
van Delden C, Weinel C, Slickers P: Population structure of Pseudomonas aeruginosa. 
Proceedings of the national academy of sciences 2007, 104(19):8101-8106. 

40. Poulsen BE, Yang R, Clatworthy AE, White T, Osmulski SJ, Li L, Penaranda C, 
Lander ES, Shoresh N, Hung DT: Defining the core essential genome of 
<i>Pseudomonas aeruginosa</i>. Proceedings of the National Academy of Sciences 
2019, 116(20):10072-10080. 

41. Valot B, Guyeux C, Rolland JY, Mazouzi K, Bertrand X, Hocquet D: What It Takes to 
Be a Pseudomonas aeruginosa? The Core Genome of the Opportunistic Pathogen 
Updated. PLoS One 2015, 10(5):e0126468. 

42. Lam JS, Taylor VL, Islam ST, Hao Y, Kocíncová D: Genetic and Functional Diversity 
of Pseudomonas aeruginosa Lipopolysaccharide. Frontiers in Microbiology 2011, 2. 

43. Goldberg JB, Pler G: Pseudomonas aeruginosa lipopolysaccharides and 
pathogenesis. Trends in microbiology 1996, 4(12):490-494. 

44. Ozer E, Yaniv K, Chetrit E, Boyarski A, Meijler MM, Berkovich R, Kushmaro A, 
Alfonta L: An inside look at a biofilm: Pseudomonas aeruginosa flagella biotracking. Sci 
Adv 2021, 7(24). 

45. Feng L, Xiang Q, Ai Q, Wang Z, Zhang Y, Lu Q: Effects of Quorum Sensing Systems 
on Regulatory T Cells in Catheter-Related Pseudomonas aeruginosa Biofilm Infection Rat 
Models. Mediators of Inflammation 2016, 2016(1):4012912. 

46. Jensen PØ, Bjarnsholt T, Phipps R, Rasmussen TB, Calum H, Christoffersen L, 
Moser C, Williams P, Pressler T, Givskov M et al: Rapid necrotic killing of 
polymorphonuclear leukocytes is caused by quorum-sensing-controlled production of 
rhamnolipid by Pseudomonas aeruginosa. Microbiology (Reading, England) 2007, 
153(5):1329-1338. 

47. Hoiby N, Bjarnsholt T, Givskov M, Molin S, Ciofu O: Antibiotic resistance of bacterial 
biofilms. Int J Antimicrob Agents 2010, 35(4):322-332. 

48. Ghafoor A, Hay ID, Rehm BH: Role of exopolysaccharides in Pseudomonas 
aeruginosa biofilm formation and architecture. Applied and environmental microbiology 
2011, 77(15):5238-5246. 



259 

49. Köhler T, Van Delden C, Curty LK, Hamzehpour MM, Pechere J-C: Overexpression 
of the MexEF-OprN multidrug efflux system affects cell-to-cell signaling in Pseudomonas 
aeruginosa. Journal of bacteriology 2001, 183(18):5213-5222. 

50. Woodford N, Ellington MJ: The emergence of antibiotic resistance by mutation. 
Clinical Microbiology and Infection 2007, 13(1):5-18. 

51. Bozkurt B, Ahmad T, Alexander KM, Baker WL, Bosak K, Breathett K, Fonarow GC, 
Heidenreich P, Ho JE, Hsich E et al: Heart Failure Epidemiology and Outcomes Statistics: 
A Report of the Heart Failure Society of America. J Card Fail 2023, 29(10):1412-1451. 

52. Rogers JG, Pagani FD, Tatooles AJ, Bhat G, Slaughter MS, Birks EJ, Boyce SW, 
Najjar SS, Jeevanandam V, Anderson AS et al: Intrapericardial Left Ventricular Assist 
Device for Advanced Heart Failure. New England Journal of Medicine 2017, 376(5):451-
460. 

53. O'Horo JC, Abu Saleh OM, Stulak JM, Wilhelm MP, Baddour LM, Rizwan Sohail M: 
Left Ventricular Assist Device Infections: A Systematic Review. Asaio j 2018, 64(3):287-
294. 

54. Tran H, Aslam S: Ventricular Assist Devices, ECMO, and Cardiac Support Devices: 
Challenges in the Bridge to Transplant. In: Emerging Transplant Infections: Clinical 
Challenges and Implications. Edited by Morris MI, Kotton CN, Wolfe CR. Cham: Springer 
International Publishing; 2021: 1475-1494. 

55. Khan MA, Ali ZS, Sweezey N, Grasemann H, Palaniyar N: Progression of Cystic 
Fibrosis Lung Disease from Childhood to Adulthood: Neutrophils, Neutrophil Extracellular 
Trap (NET) Formation, and NET Degradation. Genes 2019, 10(3). 

56. Wine JJ, Joo NS: Submucosal glands and airway defense. Proceedings of the 
American Thoracic Society 2004, 1(1):47-53. 

57. López-Causapé C, Rojo-Molinero E, Macia MD, Oliver A: The problems of antibiotic 
resistance in cystic fibrosis and solutions. Expert review of respiratory medicine 2015, 
9(1):73-88. 

58. Boucher RC, Cotton CU, Gatzy J, Knowles MR, Yankaskas JR: Evidence for 
reduced Cl-and increased Na+ permeability in cystic fibrosis human primary cell cultures. 
The Journal of physiology 1988, 405(1):77-103. 

59. Borriello G, Werner E, Roe F, Kim AM, Ehrlich GD, Stewart PS: Oxygen limitation 
contributes to antibiotic tolerance of Pseudomonas aeruginosa in biofilms. Antimicrobial 
agents and chemotherapy 2004, 48(7):2659-2664. 

60. Leeper-Woodford SK, Detmer K: Acute hypoxia increases alveolar macrophage 
tumor necrosis factor activity and alters NF-kappaB expression. Am J Physiol 1999, 
276(6):L909-916. 



260 

61. Aaron SD, Ramotar K, Ferris W, Vandemheen K, Saginur R, Tullis E, Haase D, 
Kottachchi D, Denis MS, Chan F: Adult Cystic Fibrosis Exacerbations and New Strains of 
Pseudomonas aeruginosa. American journal of respiratory and critical care medicine 
2004, 169(7):811-815. 

62. Koch C: Early infection and progression of cystic fibrosis lung disease. Pediatric 
pulmonology 2002, 34(3):232-236. 

63. Li Z, Kosorok MR, Farrell PM, Laxova A, West SE, Green CG, Collins J, Rock MJ, 
Splaingard ML: Longitudinal development of mucoid Pseudomonas aeruginosa infection 
and lung disease progression in children with cystic fibrosis. Jama 2005, 293(5):581-588. 

64. Malhotra S, Hayes D, Jr., Wozniak DJ: Mucoid Pseudomonas aeruginosa and 
regional inflammation in the cystic fibrosis lung. Journal of cystic fibrosis : official journal 
of the European Cystic Fibrosis Society 2019, 18(6):796-803. 

65. Malhotra S, Limoli DH, English AE, Parsek MR, Wozniak DJ: Mixed communities of 
mucoid and nonmucoid Pseudomonas aeruginosa exhibit enhanced resistance to host 
antimicrobials. mBio 2018, 9(2). 

66. Barton TE, Frost F, Fothergill JL, Neill DR: Challenges and opportunities in the 
development of novel antimicrobial therapeutics for cystic fibrosis. Journal of medical 
microbiology 2022, 71(12). 

67. Ehsan Z, Clancy JP: Management of Pseudomonas aeruginosa infection in cystic 
fibrosis patients using inhaled antibiotics with a focus on nebulized liposomal amikacin. 
Future Microbiol 2015, 10(12):1901-1912. 

68. Flume PA, Peter J. Mogayzel J, Robinson KA, Goss CH, Rosenblatt RL, Kuhn RJ, 
Marshall BC, Committee* atCPGfPT: Cystic Fibrosis Pulmonary Guidelines. American 
journal of respiratory and critical care medicine 2009, 180(9):802-808. 

69. Goss CH: Acute Pulmonary Exacerbations in Cystic Fibrosis. Semin Respir Crit Care 
Med 2019, 40(6):792-803. 

70. Ramsey BW, Davies J, McElvaney NG, Tullis E, Bell SC, Dřevínek P, Griese M, 
McKone EF, Wainwright CE, Konstan MW et al: A CFTR Potentiator in Patients with Cystic 
Fibrosis and the <i>G551D</i> Mutation. New England Journal of Medicine 2011, 
365(18):1663-1672. 

71. Sanders DB, Solomon GM, Beckett VV, West NE, Daines CL, Heltshe SL, 
VanDevanter DR, Spahr JE, Gibson RL, Nick JA et al: Standardized Treatment of 
Pulmonary Exacerbations (STOP) study: Observations at the initiation of intravenous 
antibiotics for cystic fibrosis pulmonary exacerbations. Journal of cystic fibrosis : official 
journal of the European Cystic Fibrosis Society 2017, 16(5):592-599. 

72. West NE, Beckett VV, Jain R, Sanders DB, Nick JA, Heltshe SL, Dasenbrook EC, 
VanDevanter DR, Solomon GM, Goss CH et al: Standardized Treatment of Pulmonary 



261 

Exacerbations (STOP) study: Physician treatment practices and outcomes for individuals 
with cystic fibrosis with pulmonary Exacerbations. Journal of Cystic Fibrosis 2017, 
16(5):600-606. 

73. Schechter MS, VanDevanter DR, Pasta DJ, Short SA, Morgan WJ, Konstan MW: 
Treatment Setting and Outcomes of Cystic Fibrosis Pulmonary Exacerbations. Annals of 
the American Thoracic Society 2018, 15(2):225-233. 

74. Keen EC: A century of phage research: bacteriophages and the shaping of modern 
biology. BioEssays : news and reviews in molecular, cellular and developmental biology 
2015, 37(1):6-9. 

75. Breitbart M, Rohwer F: Here a virus, there a virus, everywhere the same virus? 
Trends in microbiology 2005, 13(6):278-284. 

76. Champagne-Jorgensen K, Luong T, Darby T, Roach DR: Immunogenicity of 
bacteriophages. Trends in microbiology 2023. 

77. Nobrega FL, Vlot M, de Jonge PA, Dreesens LL, Beaumont HJE, Lavigne R, Dutilh 
BE, Brouns SJJ: Targeting mechanisms of tailed bacteriophages. Nature Reviews 
Microbiology 2018, 16(12):760-773. 

78. Kropinski AM: Measurement of the rate of attachment of bacteriophage to cells. 
Methods Mol Biol 2009, 501:151-155. 

79. Philipson CW, Voegtly LJ, Lueder MR, Long KA, Rice GK, Frey KG, Biswas B, Cer 
RZ, Hamilton T, Bishop-Lilly KA: Characterizing Phage Genomes for Therapeutic 
Applications. Viruses 2018, 10(4):188. 

80. Hatfull GF, Hendrix RW: Bacteriophages and their genomes. Current opinion in 
virology 2011, 1(4):298-303. 

81. Bertozzi Silva J, Storms Z, Sauvageau D: Host receptors for bacteriophage 
adsorption. FEMS Microbiology Letters 2016, 363(4). 

82. Forti F, Roach DR, Cafora M, Pasini ME, Horner DS, Fiscarelli EV, Rossitto M, 
Cariani L, Briani F, Debarbieux L et al: Design of a broad-range bacteriophage cocktail 
that reduces Pseudomonas aeruginosa biofilms and treats acute infections in two animal 
models. Antimicrob Agents Chemother 2018, 62(6). 

83. Haines MEK, Hodges FE, Nale JY, Mahony J, van Sinderen D, Kaczorowska J, 
Alrashid B, Akter M, Brown N, Sauvageau D et al: Analysis of selection methods to 
develop novel phage therapy cocktails against antimicrobial resistant clinical isolates of 
bacteria. Front Microbiol 2021, 12:613529. 

84. Barr JJ: A bacteriophages journey through the human body. Immunol Rev 2017, 
279(1):106-122. 



262 

85. Huh H, Wong S, St Jean J, Slavcev R: Bacteriophage interactions with mammalian 
tissue: therapeutic applications. Adv Drug Deliv Rev 2019, 145:4-17. 

86. Kellenberger G, Kellenberger E: Electron microscopical studies of phage 
multiplication: III. Observation of single cell bursts. Virology 1957, 3(2):275-285. 

87. Holloway B, Egan J, Monk M: Lysogeny in Pseudomonas aeruginosa. Australian 
Journal of Experimental Biology and Medical Science 1960, 38(4):321-330. 

88. Labrie SJ, Samson JE, Moineau S: Bacteriophage resistance mechanisms. Nature 
Reviews Microbiology 2010, 8(5):317-327. 

89. Costa AR, van den Berg DF, Esser JQ, Muralidharan A, van den Bossche H, Bonilla 
BE, van der Steen BA, Haagsma AC, Fluit AC, Nobrega FL et al: Accumulation of defense 
systems in phage-resistant strains of <i>Pseudomonas aeruginosa</i>. Science 
Advances 2024, 10(8):eadj0341. 

90. Burmeister AR, Fortier A, Roush C, Lessing AJ, Bender RG, Barahman R, Grant R, 
Chan BK, Turner PE: Pleiotropy complicates a trade-off between phage resistance and 
antibiotic resistance. Proceedings of the National Academy of Sciences 2020, 
117(21):11207-11216. 

91. Mi Y, He Y, Mi J, Huang Y, Fan H, Song L, An X, Xu S, Li M, Tong Y: Genetic and 
Phenotypic Analysis of Phage-Resistant Mutant Fitness Triggered by Phage-Host 
Interactions. International journal of molecular sciences 2023, 24(21). 

92. Markwitz P, Lood C, Olszak T, van Noort V, Lavigne R, Drulis-Kawa Z: Genome-
driven elucidation of phage-host interplay and impact of phage resistance evolution on 
bacterial fitness. Isme j 2022, 16(2):533-542. 

93. Schumann AR, Sue AD, Roach DR: Hypoxia Increases the Tempo of Phage 
Resistance and Mutational Bottlenecking of Pseudomonas aeruginosa. Frontiers in 
Microbiology 2022, 13. 

94. Alseth EO, Custodio R, Sundius SA, Kuske RA, Brown SP, Westra ER: The impact 
of phage and phage resistance on microbial community dynamics. PLoS biology 2024, 
22(4):e3002346. 

95. Westra ER, van Houte S, Oyesiku-Blakemore S, Makin B, Broniewski JM, Best A, 
Bondy-Denomy J, Davidson A, Boots M, Buckling A: Parasite Exposure Drives Selective 
Evolution of Constitutive versus Inducible Defense. Curr Biol 2015, 25(8):1043-1049. 

96. Hall AR, Griffiths VF, MacLean RC, Colegrave N: Mutational neighbourhood and 
mutation supply rate constrain adaptation in Pseudomonas aeruginosa. Proceedings 
Biological sciences 2010, 277(1681):643-650. 

97. Johnson VA: Combination therapy: more effective control of HIV type 1? AIDS Res 
Hum Retroviruses 1994, 10(8):907-912. 



263 

98. Markwitz P, Olszak T, Gula G, Kowalska M, Arabski M, Drulis-Kawa Z: Emerging 
phage resistance in Pseudomonas aeruginosa PAO1 Is accompanied by an enhanced 
heterogeneity and reduced virulence. Viruses 2021, 13(7). 

99. Forti F, Bertoli C, Cafora M, Gilardi S, Pistocchi A, Briani F: Identification and impact 
on Pseudomonas aeruginosa virulence of mutations conferring resistance to a phage 
cocktail for phage therapy. Microbiology Spectrum, 0(0):e01477-01423. 

100. Lood C, Haas PJ, van Noort V, Lavigne R: Shopping for phages? Unpacking design 
rules for therapeutic phage cocktails. Current opinion in virology 2022, 52:236-243. 

101. Aslam S, Lampley E, Wooten D, Karris M, Benson C, Strathdee S, Schooley RT: 
Lessons learned from the first 10 consecutive cases of intravenous bacteriophage 
therapy to treat multidrug-resistant bacterial infections at a single center in the United 
States. Open forum infectious diseases 2020, 7(9). 

102. Jault P, Leclerc T, Jennes S, Pirnay JP, Que YA, Resch G, Rousseau AF, Ravat F, 
Carsin H, Le Floch R et al: Efficacy and tolerability of a cocktail of bacteriophages to treat 
burn wounds infected by Pseudomonas aeruginosa (PhagoBurn): a randomised, 
controlled, double-blind phase 1/2 trial. The Lancet Infectious diseases 2019, 19(1):35-
45. 

103. Hall AR, De Vos D, Friman VP, Pirnay JP, Buckling A: Effects of sequential and 
simultaneous applications of bacteriophages on populations of Pseudomonas aeruginosa 
in vitro and in wax moth larvae. Appl Environ Microbiol 2012, 78(16):5646-5652. 

104. Wright RCT, Friman VP, Smith MCM, Brockhurst MA: Resistance evolution against 
phage combinations depends on the timing and order of exposure. mBio 2019, 
10(5):e01652-01619. 

105. Yang Y, Shen W, Zhong Q, Chen Q, He X, Baker JL, Xiong K, Jin X, Wang J, Hu F 
et al: Development of a bacteriophage cocktail to constrain the emergence of phage-
resistant Pseudomonas aeruginosa. Frontiers in Microbiology 2020, 11(327). 

106. Pinto AM, Faustino A, Pastrana LM, Bañobre-López M, Sillankorva S: Pseudomonas 
aeruginosa PAO1 in vitro time–kill kinetics using single phages and phage formulations—
modulating death, adaptation, and resistance. Antibiotics 2021, 10(7):877. 

107. Pfaller MA, Sheehan DJ, Rex JH: Determination of Fungicidal Activities against 
Yeasts and Molds: Lessons Learned from Bactericidal Testing and the Need for 
Standardization. Clinical Microbiology Reviews 2004, 17(2):268-280. 

108. Standards NCfCL, Barry AL: Methods for determining bactericidal activity of 
antimicrobial agents: approved guideline, vol. 19: National Committee for Clinical 
Laboratory Standards Wayne, PA; 1999. 



264 

109. Suh GA, Lodise TP, Tamma PD, Knisely JM, Alexander J, Aslam S, Barton KD, 
Bizzell E, Totten KMC, Campbell JL et al: Considerations for the Use of Phage Therapy 
in Clinical Practice. Antimicrob Agents Chemother 2022, 66(3):e0207121. 

110. Lodise TP, O’Donnell JN, Balevic S, Liu X, Gu K, George J, Raja S, Guptill JT, 
Zaharoff S, Schwager N: Pharmacokinetics of ceftazidime-avibactam in combination with 
aztreonam (COMBINE) in a phase 1, open-label study of healthy adults. Antimicrobial 
Agents and Chemotherapy 2022, 66(12):e00936-00922. 

111. JJS C: The hollow fiber infection model for antimicrobial pharmacodynamics and 
pharmacokinetics. Adv Pharmacoepidem Drug Safety S 2012, 1:2167-1052. 

112. VanScoy BD, Mendes RE, Castanheira M, McCauley J, Bhavnani SM, Jones RN, 
Friedrich LV, Steenbergen JN, Ambrose PG: Relationship between ceftolozane-
tazobactam exposure and selection for Pseudomonas aeruginosa resistance in a hollow-
fiber infection model. Antimicrobial Agents and Chemotherapy 2014, 58(10):6024-6031. 

113. Drusano G, Neely M, Yamada W, Duncanson B, Brown D, Maynard M, Vicchiarelli 
M, Louie A: The combination of fosfomycin plus meropenem is synergistic for 
Pseudomonas aeruginosa PAO1 in a hollow-fiber infection model. Antimicrobial Agents 
and Chemotherapy 2018, 62(12):10.1128/aac. 01682-01618. 

114. Bergen PJ, Bulitta JB, Kirkpatrick CM, Rogers KE, McGregor MJ, Wallis SC, 
Paterson DL, Lipman J, Roberts JA, Landersdorfer CB: Effect of different renal function 
on antibacterial effects of piperacillin against Pseudomonas aeruginosa evaluated via the 
hollow-fibre infection model and mechanism-based modelling. Journal of Antimicrobial 
Chemotherapy 2016, 71(9):2509-2520. 

115. Avent ML, McCarthy KL, Sime FB, Naicker S, Heffernan AJ, Wallis SC, Paterson DL, 
Roberts JA: Evaluating mono-and combination therapy of meropenem and amikacin 
against Pseudomonas aeruginosa bacteremia in the hollow-fiber infection model. 
Microbiology Spectrum 2022, 10(3):e00525-00522. 

116. Ferran AA, Lacroix MZ, Gourbeyre O, Huesca A, Gaborieau B, Debarbieux L, 
Bousquet-Mélou A: The Selection of Antibiotic- and Bacteriophage-Resistant 
Pseudomonas aeruginosa Is Prevented by Their Combination. Microbiol Spectr 2022, 
10(5):e0287422. 

117. Miethke M, Pieroni M, Weber T, Brönstrup M, Hammann P, Halby L, Arimondo PB, 
Glaser P, Aigle B, Bode HB et al: Towards the sustainable discovery and development of 
new antibiotics. Nature Reviews Chemistry 2021, 5(10):726-749. 

118. Petrelli F, Caraffa A, Scuri S, Grappasonni I, Magrini E, Cocchini A: The requirements 
for manufacturing highly active or sensitising drugs comparing Good Manufacturing 
Practices. Acta bio-medica : Atenei Parmensis 2019, 90(2):288-299. 

119. Moye ZD, Woolston J, Sulakvelidze A: Bacteriophage applications for food 
production and processing. Viruses 2018, 10(4):205. 



265 

120. Lehman SM, Mearns G, Rankin D, Cole RA, Smrekar F, Branston SD, Morales S: 
Design and preclinical development of a phage product for the treatment of antibiotic-
resistant Staphylococcus aureus infections. Viruses 2019, 11(1):88. 

121. Mutti M, Corsini L: Robust approaches for the production of active ingredient and 
drug product for human phage therapy. Frontiers in Microbiology 2019, 10(2289). 

122. FDA: Guidance for industry: pyrogen and endotoxins testing: questions and 
answers. In. Edited by Administration USDoHaHSFaD. Silver Spring and Rockville, MD: 
Office of Communications, Division of Drug Information; 2012. 

123. Magalhães PO, Lopes AM, Mazzola PG, Rangel-Yagui C, Penna TCV, Pessoa A: 
Methods of endotoxin removal from biological preparations: a review. J Pharm Pharm Sci 
2007, 10(3):388-404. 

124. Dalpke A, Frank J, Peter M, Heeg K: Activation of toll-like receptor 9 by DNA from 
different bacterial species. Infection and immunity 2006, 74(2):940-946. 

125. Pirnay JP, Verbeken G, Ceyssens PJ, Huys I, De Vos D, Ameloot C, Fauconnier A: 
The magistral phage. Viruses 2018, 10(2). 

126. Chan BK, Turner PE, Kim S, Mojibian HR, Elefteriades JA, Narayan D: Phage 
treatment of an aortic graft infected with Pseudomonas aeruginosa. Evolution, Medicine, 
and Public Health 2018, 2018(1):60-66. 

127. Bonilla N, Rojas MI, Netto Flores Cruz G, Hung SH, Rohwer F, Barr JJ: Phage on 
tap-a quick and efficient protocol for the preparation of bacteriophage laboratory stocks. 
PeerJ 2016, 4:e2261. 

128. Bourdin G, Schmitt B, Marvin Guy L, Germond JE, Zuber S, Michot L, Reuteler G, 
Brussow H: Amplification and purification of T4-like Escherichia coli phages for phage 
therapy: from laboratory to pilot scale. Appl Environ Microbiol 2014, 80(4):1469-1476. 

129. Hietala V, Horsma-Heikkinen J, Carron A, Skurnik M, Kiljunen S: The removal of 
endo- and enterotoxins from bacteriophage preparations. Frontiers in Microbiology 2019, 
10. 

130. Zakharova MY, Kozyr AV, Ignatova AN, Vinnikov IA, Shemyakin IG, Kolesnikov AV: 
Purification of filamentous bacteriophage for phage display using size-exclusion 
chromatography. BioTechniques 2005, 38(2):194-198. 

131. Szermer-Olearnik B, Boratyński J: Removal of endotoxins from bacteriophage 
preparations by extraction with organic solvents. PLOS ONE 2015, 10(3):e0122672. 

132. Van Belleghem JD, Merabishvili M, Vergauwen B, Lavigne R, Vaneechoutte M: A 
comparative study of different strategies for removal of endotoxins from bacteriophage 
preparations. Journal of microbiological methods 2017, 132:153-159. 



266 

133. CDC: National Center for Health Statistics: Life Expectancy. In. 
https://www.cdc.gov/nchs/fastats/life-expectancy.htm; 2017. 

134. Aminov RI: A brief history of the antibiotic era: lessons learned and challenges for 
the future. Front Microbiol 2010, 1:134. 

135. CDC: Antibiotic resistance threats in the United States. In. 
http://www.cdc.gov/drugresistance/threat-report-2013; 2013. 

136. Brown ED, Wright GD: Antibacterial drug discovery in the resistance era. Nature 
2016, 529(7586):336-343. 

137. Blair JM, Webber MA, Baylay AJ, Ogbolu DO, Piddock LJ: Molecular mechanisms 
of antibiotic resistance. Nat Rev Microbiol 2015, 13(1):42-51. 

138. Hansen MF, Svenningsen SL, Roder HL, Middelboe M, Burmolle M: Big impact of 
the tiny: bacteriophage-bacteria interactions in biofilms. Trends in microbiology 2019, 
27(9):739-752. 

139. Miedzybrodzki R, Borysowski J, Weber-Dabrowska B, Fortuna W, Letkiewicz S, 
Szufnarowski K, Pawelczyk Z, Rogoz P, Klak M, Wojtasik E et al: Clinical aspects of phage 
therapy. Advances in virus research 2012, 83:73-121. 

140. ANSM: Agence nationale de sécurité du médicament et des produits de santé 
Comité scientifique spécialisé temporaire: Phagothérapie. . In. 
http://ansm.sante.fr/content/download/91159/1144681/version/1/file/CR_CSST_Phagoth
erapie_CSST201611013_24-03-2016.pdf; 2016. 

141. Aslam S, Courtwright AM, Koval C, Lehman SM, Morales S, Furr CL, Rosas F, 
Brownstein MJ, Fackler JR, Sisson BM et al: Early clinical experience of bacteriophage 
therapy in 3 lung transplant recipients. American journal of transplantation : official journal 
of the American Society of Transplantation and the American Society of Transplant 
Surgeons 2019, 19(9):2631-2639. 

142. Law N, Logan C, Yung G, Furr CL, Lehman SM, Morales S, Rosas F, Gaidamaka A, 
Bilinsky I, Grint P et al: Successful adjunctive use of bacteriophage therapy for treatment 
of multidrug-resistant Pseudomonas aeruginosa infection in a cystic fibrosis patient. 
Infection 2019, 47(4):665-668. 

143. Schooley RT, Biswas B, Gill JJ, Hernandez-Morales A, Lancaster J, Lessor L, Barr 
JJ, Reed SL, Rohwer F, Benler S et al: Development and use of personalized 
bacteriophage-based therapeutic cocktails to treat a patient with a disseminated resistant 
Acinetobacter baumannii infection. Antimicrobial agents and chemotherapy 2017, 61(10). 

144. Manrique P, Bolduc B, Walk ST, van der Oost J, de Vos WM, Young MJ: Healthy 
human gut phageome. Proceedings of the National Academy of Sciences of the United 
States of America 2016, 113(37):10400-10405. 



267 

145. Dion MB, Oechslin F, Moineau S: Phage diversity, genomics and phylogeny. Nat Rev 
Microbiol 2020, 18(3):125-138. 

146. Mushegian AR: Are there 10(31) virus particles on earth, or more, or fewer? J 
Bacteriol 2020, 202(9):e00052-00020. 

147. Suttle CA: Marine viruses--major players in the global ecosystem. Nat Rev Microbiol 
2007, 5(10):801-812. 

148. Ackermann HW, Prangishvili D: Prokaryote viruses studied by electron microscopy. 
Arch Virol 2012, 157(10):1843-1849. 

149. Pope WH, Jacobs-Sera D, Russell DA, Peebles CL, Al-Atrache Z, Alcoser TA, 
Alexander LM, Alfano MB, Alford ST, Amy NE et al: Expanding the diversity of 
mycobacteriophages: insights into genome architecture and evolution. PLoS One 2011, 
6(1):e16329. 

150. Roach DR, Donovan DM: Antimicrobial bacteriophage-derived proteins and 
therapeutic applications. Bacteriophage 2015, 5(3):e1062590. 

151. Howard-Varona C, Hargreaves KR, Abedon ST, Sullivan MB: Lysogeny in nature: 
mechanisms, impact and ecology of temperate phages. ISME J 2017, 11(7):1511-1520. 

152. Monteiro R, Pires DP, Costa AR, Azeredo J: Phage therapy: going temperate? 
Trends in microbiology 2019, 27(4):368-378. 

153. Dedrick RM, Guerrero-Bustamante CA, Garlena RA, Russell DA, Ford K, Harris K, 
Gilmour KC, Soothill J, Jacobs-Sera D, Schooley RT et al: Engineered bacteriophages 
for treatment of a patient with a disseminated drug-resistant Mycobacterium abscessus. 
Nature medicine 2019, 25(5):730-733. 

154. Hargreaves KR, Clokie MR: Clostridium difficile phages: still difficult? Front Microbiol 
2014, 5(184):184. 

155. Coleman CI, Limone B, Sobieraj DM, Lee S, Roberts MS, Kaur R, Alam T: Dosing 
frequency and medication adherence in chronic disease. Journal of managed care 
pharmacy : JMCP 2012, 18(7):527-539. 

156. Wiggins BA, Alexander M: Minimum bacterial density for bacteriophage replication: 
implications for significance of bacteriophages in natural ecosystems. Appl Environ 
Microbiol 1985, 49(1):19-23. 

157. Kasman LM, Kasman A, Westwater C, Dolan J, Schmidt MG, Norris JS: Overcoming 
the phage replication threshold: a mathematical model with implications for phage 
therapy. J Virol 2002, 76(11):5557-5564. 



268 

158. Febvre HP, Rao S, Gindin M, Goodwin NDM, Finer E, Vivanco JS, Lu S, Manter DK, 
Wallace TC, Weir TL: Phage study: effects of supplemental bacteriophage intake on 
inflammation and gut microbiota in healthy adults. Nutrients 2019, 11(3). 

159. Sarker SA, Sultana S, Reuteler G, Moine D, Descombes P, Charton F, Bourdin G, 
McCallin S, Ngom-Bru C, Neville T et al: Oral phage therapy of acute bacterial diarrhea 
with two coliphage preparations: a randomized trial in children from Bangladesh. 
EBioMedicine 2016, 4:124-137. 

160. Corbellino M, Kieffer N, Kutateladze M, Balarjishvili N, Leshkasheli L, Askilashvili L, 
Tsertsvadze G, Rimoldi SG, Nizharadze D, Hoyle N et al: Eradication of a multidrug-
resistant, carbapenemase-producing Klebsiella pneumoniae isolate following oral and 
intra-rectal therapy with a custom made, lytic bacteriophage preparation. Clinical 
infectious diseases : an official publication of the Infectious Diseases Society of America 
2020, 70(9):1998-2001. 

161. Chan BK, Turner PE, Kim S, Mojibian HR, Elefteriades JA, Narayan D: Phage 
treatment of an aortic graft infected with Pseudomonas aeruginosa. Evolution, medicine, 
and public health 2018, 2018(1):60-66. 

162. Rubalskii E, Ruemke S, Salmoukas C, Boyle EC, Warnecke G, Tudorache I, 
Shrestha M, Schmitto JD, Martens A, Rojas SV et al: Bacteriophage therapy for critical 
infections related to cardiothoracic surgery. Antibiotics (Basel, Switzerland) 2020, 9(5). 

163. Ferry T, Leboucher G, Fevre C, Herry Y, Conrad A, Josse J, Batailler C, Chidiac C, 
Medina M, Lustig S et al: Salvage debridement, antibiotics and implant retention ("DAIR") 
with local injection of a selected cocktail of bacteriophages: is it an option for an elderly 
patient with relapsing Staphylococcus aureus prosthetic-joint infection? Open forum 
infectious diseases 2018, 5(11):ofy269. 

164. Tkhilaishvili T, Winkler T, Muller M, Perka C, Trampuz A: Bacteriophages as adjuvant 
to antibiotics for the treatment of periprosthetic joint infection caused by multidrug-
resistant Pseudomonas aeruginosa. Antimicrob Agents Chemother 2019, 64(1). 

165. Ferry T, Boucher F, Fevre C, Perpoint T, Chateau J, Petitjean C, Josse J, Chidiac C, 
L'Hostis G, Leboucher G et al: Innovations for the treatment of a complex bone and joint 
infection due to XDR Pseudomonas aeruginosa including local application of a selected 
cocktail of bacteriophages. J Antimicrob Chemother 2018, 73(10):2901-2903. 

166. Onsea J, Soentjens P, Djebara S, Merabishvili M, Depypere M, Spriet I, De Munter 
P, Debaveye Y, Nijs S, Vanderschot P et al: Bacteriophage application for difficult-to-treat 
musculoskeletal infections: development of a standardized multidisciplinary treatment 
protocol. Viruses 2019, 11(10). 

167. Doub JB, Ng VY, Johnson AJ, Slomka M, Fackler J, Horne B, Brownstein MJ, Henry 
M, Malagon F, Biswas B: Salvage bacteriophage therapy for a chronic MRSA prosthetic 
joint infection. Antibiotics (Basel, Switzerland) 2020, 9(5). 



269 

168. Cano EJ, Caflisch KM, Bollyky PL, Van Belleghem JD, Patel R, Fackler J, 
Brownstein MJ, Horne BA, Biswas B, Henry M et al: Phage Therapy for Limb-threatening 
Prosthetic Knee Klebsiella pneumoniae Infection: Case Report and In Vitro 
Characterization of Anti-biofilm Activity. Clinical Infectious Diseases 2020. 

169. LaVergne S, Hamilton T, Biswas B, Kumaraswamy M, Schooley RT, Wooten D: 
Phage therapy for a multidrug-resistant Acinetobacter baumannii craniectomy site 
infection. Open forum infectious diseases 2018, 5(4):ofy064. 

170. Khawaldeh A, Morales S, Dillon B, Alavidze Z, Ginn AN, Thomas L, Chapman SJ, 
Dublanchet A, Smithyman A, Iredell JR: Bacteriophage therapy for refractory 
Pseudomonas aeruginosa urinary tract infection. Journal of medical microbiology 2011, 
60(Pt 11):1697-1700. 

171. Petrovic Fabijan A, Lin RCY, Ho J, Maddocks S, Ben Zakour NL, Iredell JR, 
Westmead Bacteriophage Therapy T: Safety of bacteriophage therapy in severe 
Staphylococcus aureus infection. Nat Microbiol 2020, 5(3):465-472. 

172. Rhoads DD, Wolcott RD, Kuskowski MA, Wolcott BM, Ward LS, Sulakvelidze A: 
Bacteriophage therapy of venous leg ulcers in humans: results of a phase I safety trial. 
Journal of wound care 2009, 18(6):237-238, 240-233. 

173. Wright A, Hawkins CH, Anggard EE, Harper DR: A controlled clinical trial of a 
therapeutic bacteriophage preparation in chronic otitis due to antibiotic-resistant 
Pseudomonas aeruginosa; a preliminary report of efficacy. Clinical otolaryngology : official 
journal of ENT-UK ; official journal of Netherlands Society for Oto-Rhino-Laryngology & 
Cervico-Facial Surgery 2009, 34(4):349-357. 

174. Villarroel J, Larsen MV, Kilstrup M, Nielsen M: Metagenomic analysis of therapeutic 
PYO phage cocktails from 1997 to 2014. Viruses 2017, 9(11). 

175. Zhvania P, Hoyle NS, Nadareishvili L, Nizharadze D, Kutateladze M: Phage therapy 
in a 16-year-old boy with netherton syndrome. Front Med (Lausanne) 2017, 4(94):94. 

176. Letkiewicz S, Miedzybrodzki R, Fortuna W, Weber-Dabrowska B, Górski A: 
Eradication of Enterococcus faecalis by phage therapy in chronic bacterial prostatitis--
case report. Folia microbiologica 2009, 54(5):457-461. 

177. Rostkowska OM, Międzybrodzki R, Miszewska-Szyszkowska D, Górski A, Durlik M: 
Treatment of recurrent urinary tract infections in a 60-year-old kidney transplant recipient. 
The use of phage therapy. Transplant Infectious Disease 2020, n/a(n/a):e13391. 

178. Fillol-Salom A, Alsaadi A, Sousa JAM, Zhong L, Foster KR, Rocha EPC, Penades 
JR, Ingmer H, Haaber J: Bacteriophages benefit from generalized transduction. PLoS 
Pathog 2019, 15(7):e1007888. 

179. McNair K, Bailey BA, Edwards RA: PHACTS, a computational approach to 
classifying the lifestyle of phages. Bioinformatics 2012, 28(5):614-618. 



270 

180. Edwards RA, McNair K, Faust K, Raes J, Dutilh BE: Computational approaches to 
predict bacteriophage-host relationships. FEMS Microbiol Rev 2016, 40(2):258-272. 

181. McNair K, Aziz RK, Pusch GD, Overbeek R, Dutilh BE, Edwards R: Phage genome 
annotation using the RAST pipeline. Methods Mol Biol 2018, 1681:231-238. 

182. Casey E, van Sinderen D, Mahony J: In vitro characteristics of phages to guide 'real 
life' phage therapy suitability. Viruses 2018, 10(4):163. 

183. McNair K, Zhou C, Dinsdale EA, Souza B, Edwards RA: PHANOTATE: a novel 
approach to gene identification in phage genomes. Bioinformatics (Oxford, England) 
2019, 35(22):4537-4542. 

184. Loc-Carrillo C, Abedon ST: Pros and cons of phage therapy. Bacteriophage 2011, 
1(2):111-114. 

185. Martel B, Moineau S: CRISPR-Cas: an efficient tool for genome engineering of 
virulent bacteriophages. Nucleic Acids Res 2014, 42(14):9504-9513. 

186. Rashid SJ, Barylski J, Hargreaves KR, Millard AA, Vinner GK, Clokie MR: Two novel 
myoviruses from the north of Iraq reveal insights into Clostridium difficile phage diversity 
and biology. Viruses 2016, 8(11). 

187. Gupta R, Prasad Y: Efficacy of polyvalent bacteriophage P-27/HP to control 
multidrug resistant Staphylococcus aureus associated with human infections. Current 
microbiology 2011, 62(1):255-260. 

188. Roach DR, Sjaarda DR, Castle AJ, Svircev AM: Host exopolysaccharide quantity 
and composition impact Erwinia amylovora bacteriophage pathogenesis. Appl Environ 
Microbiol 2013, 79(10):3249-3256. 

189. Pires DP, Oliveira H, Melo LD, Sillankorva S, Azeredo J: Bacteriophage-encoded 
depolymerases: their diversity and biotechnological applications. Applied microbiology 
and biotechnology 2016, 100(5):2141-2151. 

190. Lin H, Paff ML, Molineux IJ, Bull JJ: Antibiotic therapy using phage depolymerases: 
robustness across a range of conditions. Viruses 2018, 10(11):622. 

191. Chan BK, Abedon ST: Bacteriophages and their enzymes in biofilm control. Current 
pharmaceutical design 2015, 21(1):85-99. 

192. Waters EM, Neill DR, Kaman B, Sahota JS, Clokie MRJ, Winstanley C, Kadioglu A: 
Phage therapy is highly effective against chronic lung infections with Pseudomonas 
aeruginosa. Thorax 2017, 72(7):666-667. 

193. Fong SA, Drilling A, Morales S, Cornet ME, Woodworth BA, Fokkens WJ, Psaltis AJ, 
Vreugde S, Wormald PJ: Activity of bacteriophages in removing biofilms of Pseudomonas 



271 

aeruginosa isolates from chronic rhinosinusitis patients. Front Cell Infect Microbiol 2017, 
7(418):418. 

194. Sillankorva S, Neubauer P, Azeredo J: Phage control of dual species biofilms of 
Pseudomonas fluorescens and Staphylococcus lentus. Biofouling 2010, 26(5):567-575. 

195. Milho C, Silva MD, Alves D, Oliveira H, Sousa C, Pastrana LM, Azeredo J, 
Sillankorva S: Escherichia coli and Salmonella Enteritidis dual-species biofilms: 
interspecies interactions and antibiofilm efficacy of phages. Sci Rep 2019, 9(1):18183. 

196. Gonzalez S, Fernandez L, Campelo AB, Gutierrez D, Martinez B, Rodriguez A, 
Garcia P: The behavior of Staphylococcus aureus dual-species biofilms treated with 
bacteriophage phiIPLA-RODI depends on the accompanying microorganism. Appl 
Environ Microbiol 2017, 83(3):e02821-02816. 

197. Scanlan PD, Buckling A: Co-evolution with lytic phage selects for the mucoid 
phenotype of Pseudomonas fluorescens SBW25. ISME J 2012, 6(6):1148-1158. 

198. Wommack KE, Hill RT, Muller TA, Colwell RR: Effects of sunlight on bacteriophage 
viability and structure. Appl Environ Microbiol 1996, 62(4):1336-1341. 

199. Mbonimpa EG, Blatchley ER, 3rd, Applegate B, Harper WF, Jr.: Ultraviolet A and B 
wavelength-dependent inactivation of viruses and bacteria in the water. Journal of water 
and health 2018, 16(5):796-806. 

200. Gonzalez-Menendez E, Fernandez L, Gutierrez D, Rodriguez A, Martinez B, Garcia 
P: Comparative analysis of different preservation techniques for the storage of 
Staphylococcus phages aimed for the industrial development of phage-based 
antimicrobial products. PLoS One 2018, 13(10):e0205728. 

201. Leung SSY, Parumasivam T, Gao FG, Carter EA, Carrigy NB, Vehring R, Finlay WH, 
Morales S, Britton WJ, Kutter E et al: Effects of storage conditions on the stability of spray 
dried, inhalable bacteriophage powders. International journal of pharmaceutics 2017, 
521(1-2):141-149. 

202. Ly A, Carrigy NB, Wang H, Harrison M, Sauvageau D, Martin AR, Vehring R, Finlay 
WH: Atmospheric spray freeze drying of sugar solution with phage D29. Front Microbiol 
2019, 10:488. 

203. Ross A, Ward S, Hyman P: More is better: selecting for broad host range 
bacteriophages. Front Microbiol 2016, 7:1352. 

204. Schmerer M, Molineux IJ, Bull JJ: Synergy as a rationale for phage therapy using 
phage cocktails. PeerJ 2014, 2:e590. 

205. Levin BR, Bull JJ: Population and evolutionary dynamics of phage therapy. Nature 
reviews Microbiology 2004, 2(2):166-173. 



272 

206. Oechslin F: Resistance development to bacteriophages occurring during 
bacteriophage therapy. Viruses 2018, 10(7). 

207. Costa P, Pereira C, Gomes A, Almeida A: Efficiency of single phage suspensions 
and phage cocktail in the inactivation of Escherichia coli and Salmonella typhimurium: an 
in vitro preliminary study. Microorganisms 2019, 7(4). 

208. Abedon ST, Thomas-Abedon C: Phage therapy pharmacology. Current 
pharmaceutical biotechnology 2010, 11(1):28-47. 

209. Gibson SB, Green SI, Liu CG, Salazar KC, Clark JR, Terwilliger AL, Kaplan HB, 
Maresso AW, Trautner BW, Ramig RF: Constructing and characterizing bacteriophage 
libraries for phage therapy of human infections. Frontiers in microbiology 2019, 
10(2537):2537. 

210. Djebara S, Maussen C, De Vos D, Merabishvili M, Damanet B, Pang KW, De 
Leenheer P, Strachinaru I, Soentjens P, Pirnay JP: Processing phage therapy requests in 
a brussels military hospital: lessons identified. Viruses 2019, 11(3). 

211. Pirnay JP, De Vos D, Verbeken G, Merabishvili M, Chanishvili N, Vaneechoutte M, 
Zizi M, Laire G, Lavigne R, Huys I et al: The phage therapy paradigm: pret-a-porter or 
sur-mesure? Pharm Res 2011, 28(4):934-937. 

212. Mattila S, Ruotsalainen P, Jalasvuori M: On-demand isolation of bacteriophages 
against drug-resistant bacteria for personalized phage therapy. Frontiers in microbiology 
2015, 6:1271. 

213. Luong T, Salabarria A-C, Edwards RA, Roach DR: Standardized bacteriophage 
purification for personalized phage therapy. Nature Protocols 2020. 

214. Nilsson AS: Pharmacological limitations of phage therapy. Ups J Med Sci 2019, 
124(4):218-227. 

215. Dabrowska K, Abedon ST: Pharmacologically aware phage herapy: 
pharmacodynamic and pharmacokinetic obstacles to phage antibacterial action in animal 
and human bodies. Microbiol Mol Biol Rev 2019, 83(4):e00012-00019. 

216. Inchley CJ: The actvity of mouse kupffer cells following intravenous injection of T4 
bacteriophage. Clinical and experimental immunology 1969, 5(1):173-187. 

217. Lusiak-Szelachowska M, Zaczek M, Weber-Dabrowska B, Miedzybrodzki R, Klak M, 
Fortuna W, Letkiewicz S, Rogoz P, Szufnarowski K, Jonczyk-Matysiak E et al: Phage 
neutralization by sera of patients receiving phage therapy. Viral immunology 2014, 
27(6):295-304. 

218. Monsur KA, Rahman MA, Huq F, Islam MN, Northrup RS, Hirschhorn N: Effect of 
massive doses of bacteriophage on excretion of vibrios, duration of diarrhoea and output 
of stools in acute cases of cholera. Bull World Health Organ 1970, 42(5):723-732. 



273 

219. Keller R, Engley FB, Jr.: Fate of bacteriophage particles introduced into mice by 
various routes. Proc Soc Exp Biol Med 1958, 98(3):577-580. 

220. Mukerjee S, Ghosh SN: Localization of cholera bacterio-phage after intravenous 
injection. Annals of biochemistry and experimental medicine 1962, 22:73-76. 

221. Uhr JW, Weissman G: Intracellular distribution and degradation of bacteriophage in 
mammalian tissues. Journal of immunology (Baltimore, Md : 1950) 1965, 94:544-550. 

222. Dufour N, Clermont O, La Combe B, Messika J, Dion S, Khanna V, Denamur E, 
Ricard JD, Debarbieux L, ColoColi g: Bacteriophage LM33_P1, a fast-acting weapon 
against the pandemic ST131-O25b:H4 Escherichia coli clonal complex. The Journal of 
antimicrobial chemotherapy 2016, 71(11):3072-3080. 

223. Oechslin F, Piccardi P, Mancini S, Gabard J, Moreillon P, Entenza JM, Resch G, Que 
YA: Synergistic interaction between phage therapy and antibiotics clears Pseudomonas 
aeruginosa infection in endocarditis and reduces virulence. The Journal of infectious 
diseases 2017, 215(5):703-712. 

224. Aviram I, Rabinovitch A: Dynamical types of bacteria and bacteriophages interaction: 
shielding by debris. Journal of theoretical biology 2008, 251(1):121-136. 

225. Duplessis C, Biswas B, Hanisch B, Perkins M, Henry M, Quinones J, Wolfe D, 
Estrella L, Hamilton T: Refractory Pseudomonas Bacteremia in a 2-Year-Old Sterilized by 
Bacteriophage Therapy. Journal of the Pediatric Infectious Diseases Society 2018, 
7(3):253-256. 

226. Van Belleghem JD, Merabishvili M, Vergauwen B, Lavigne R, Vaneechoutte M: A 
comparative study of different strategies for removal of endotoxins from bacteriophage 
preparations. Journal of microbiological methods 2017, 132:153-159. 

227. Hagens S, Habel A, von Ahsen U, von Gabain A, Blasi U: Therapy of experimental 
pseudomonas infections with a nonreplicating genetically modified phage. Antimicrob 
Agents Chemother 2004, 48(10):3817-3822. 

228. Matsuda T, Freeman TA, Hilbert DW, Duff M, Fuortes M, Stapleton PP, Daly JM: 
Lysis-deficient bacteriophage therapy decreases endotoxin and inflammatory mediator 
release and improves survival in a murine peritonitis model. Surgery 2005, 137(6):639-
646. 

229. Dufour N, Delattre R, Ricard JD, Debarbieux L: The lysis of pathogenic Escherichia 
coli by bacteriophages releases less endotoxin than by beta-lactams. Clinical infectious 
diseases : an official publication of the Infectious Diseases Society of America 2017, 
64(11):1582-1588. 

230. Gogokhia L, Buhrke K, Bell R, Hoffman B, Brown DG, Hanke-Gogokhia C, Ajami NJ, 
Wong MC, Ghazaryan A, Valentine JF et al: Expansion of bacteriophages is linked to 



274 

aggravated intestinal inflammation and colitis. Cell host & microbe 2019, 25(2):285-299 
e288. 

231. Shiley JR, Comfort KK, Robinson JB: Immunogenicity and antimicrobial 
effectiveness of Pseudomonas aeruginosa specific bacteriophage in a human lung in vitro 
model. Applied microbiology and biotechnology 2017, 101(21):7977-7985. 

232. Freyberger HR, He Y, Roth AL, Nikolich MP, Filippov AA: Effects of Staphylococcus 
aureus bacteriophage k on expression of cytokines and activation markers by human 
dendritic cells in vitro. Viruses 2018, 10(11). 

233. Lehti TA, Pajunen MI, Skog MS, Finne J: Internalization of a polysialic acid-binding 
Escherichia coli bacteriophage into eukaryotic neuroblastoma cells. Nat Commun 2017, 
8(1):1915. 

234. Nguyen S, Baker K, Padman BS, Patwa R, Dunstan RA, Weston TA, Schlosser K, 
Bailey B, Lithgow T, Lazarou M et al: Bacteriophage transcytosis provides a mechanism 
to cross epithelial cell layers. mBio 2017, 8(6). 

235. Majewska J, Beta W, Lecion D, Hodyra-Stefaniak K, Klopot A, Kazmierczak Z, 
Miernikiewicz P, Piotrowicz A, Ciekot J, Owczarek B et al: Oral application of T4 phage 
induces weak antibody production in the gut and in the blood. Viruses 2015, 7(8):4783-
4799. 

236. Majewska J, Kazmierczak Z, Lahutta K, Lecion D, Szymczak A, Miernikiewicz P, 
Drapala J, Harhala M, Marek-Bukowiec K, Jedruchniewicz N et al: Induction of phage-
specific antibodies by two therapeutic staphylococcal bacteriophages administered per 
os. Front Immunol 2019, 10(2607):2607. 

237. Hedstrom SA, Kamme C: Antibodies against staphylococcal bacteriophages in 
human sera. II. assay of antibodies in exacerbation and regression of chronic 
staphylococcal osteomyelitis. Acta pathologica et microbiologica Scandinavica Section B: 
Microbiology and immunology 1973, 81(6):749-752. 

238. Bradley SG, Kim YB, Watson DW: Immune response by the mouse to orally 
administered actinophage. Proc Soc Exp Biol Med 1963, 113:686-688. 

239. Abd El-Aziz AM, Elgaml A, Ali YM: Bacteriophage therapy increases complement-
mediated lysis of bacteria and enhances bacterial clearance after acute lung infection 
with multidrug-resistant pseudomonas aeruginosa. The Journal of infectious diseases 
2019, 219(9):1439-1447. 

240. Zaczek M, Lusiak-Szelachowska M, Jonczyk-Matysiak E, Weber-Dabrowska B, 
Miedzybrodzki R, Owczarek B, Kopciuch A, Fortuna W, Rogoz P, Gorski A: Antibody 
production in eesponse to Staphylococcal MS-1 phage cocktail in patients undergoing 
phage therapy. Front Microbiol 2016, 7:1681. 



275 

241. Luria SE, Delbruck M: Mutations of bacteria from virus sensitivity to virus resistance. 
Genetics 1943, 28(6):491-511. 

242. Lenski RE, Levin BR: Constraints on the coevolution of bacteria and virulent phage: 
a model, some experiments, and predictions for natural communities. The American 
Naturalist 1985, 125(4):585-602. 

243. Bohannan BJM, Lenski RE: Effect of resource enrichment on a chemostat 
community of bacteria and bacteriophage. Ecology 1997, 78(8):2303-2315. 

244. Smith HW, Huggins MB: Successful treatment of experimental Escherichia coli 
infections in mice using phage: its general superiority over antibiotics. Journal of general 
microbiology 1982, 128(2):307-318. 

245. Duerkop BA, Huo W, Bhardwaj P, Palmer KL, Hooper LV: Molecular basis for lytic 
bacteriophage resistance in enterococci. mBio 2016, 7(4):e01304-01316. 

246. Cortez MH, Weitz JS: Coevolution can reverse predator-prey cycles. Proceedings 
of the National Academy of Sciences of the United States of America 2014, 111(20):7486-
7491. 

247. El Haddad L, Harb CP, Gebara MA, Stibich MA, Chemaly RF: A systematic and 
critical review of bacteriophage therapy against multidrug-resistant escape organisms in 
humans. Clinical infectious diseases : an official publication of the Infectious Diseases 
Society of America 2019, 69(1):167-178. 

248. Vasu K, Nagaraja V: Diverse functions of restriction-modification systems in addition 
to cellular defense. Microbiol Mol Biol Rev 2013, 77(1):53-72. 

249. Vale PF, Lafforgue G, Gatchitch F, Gardan R, Moineau S, Gandon S: Costs of 
CRISPR-cas-mediated resistance in Streptococcus thermophilus. Proceedings Biological 
sciences 2015, 282(1812):20151270. 

250. Wei Y, Ocampo P, Levin BR: An experimental study of the population and 
evolutionary dynamics of Vibrio cholerae O1 and the bacteriophage JSF4. Proceedings 
Biological sciences 2010, 277(1698):3247-3254. 

251. Gurney J, Brown SP, Kaltz O, Hochberg ME: Steering phages to combat bacterial 
pathogens. Trends in microbiology 2020, 28(2):85-94. 

252. German GJ, Misra R: The TolC protein of Escherichia coli serves as a cell-surface 
receptor for the newly characterized TLS bacteriophage. Journal of molecular biology 
2001, 308(4):579-585. 

253. Chan BK, Sistrom M, Wertz JE, Kortright KE, Narayan D, Turner PE: Phage 
selection restores antibiotic sensitivity in MDR Pseudomonas aeruginosa. Sci Rep 2016, 
6:26717. 



276 

254. Piya D, Vara L, Russell WK, Young R, Gill JJ: The multicomponent antirestriction 
system of phage P1 is linked to capsid morphogenesis. Mol Microbiol 2017, 105(3):399-
412. 

255. Pawluk A, Davidson AR, Maxwell KL: Anti-CRISPR: discovery, mechanism and 
function. Nat Rev Microbiol 2018, 16(1):12-17. 

256. Hampton HG, Watson BNJ, Fineran PC: The arms race between bacteria and their 
phage foes. Nature 2020, 577(7790):327-336. 

257. Comeau AM, Tetart F, Trojet SN, Prere MF, Krisch HM: Phage-Antibiotic Synergy 
(PAS): beta-lactam and quinolone antibiotics stimulate virulent phage growth. PLoS One 
2007, 2(8):e799. 

258. Kamal F, Dennis JJ: Burkholderia cepacia complex phage-antibiotic synergy (PAS): 
antibiotics stimulate lytic phage activity. Appl Environ Microbiol 2015, 81(3):1132-1138. 

259. Harper D, Parracho H, Walker J, Sharp R, Hughes G, Werthén M, Lehman S, 
Morales S: Bacteriophages and biofilms. Antibiotics 2014, 3(3):270-284. 

260. Chhibber S, Bansal S, Kaur S: Disrupting the mixed-species biofilm of Klebsiella 
pneumoniae B5055 and Pseudomonas aeruginosa PAO using bacteriophages alone or 
in combination with xylitol. Microbiology (Reading, England) 2015, 161(7):1369-1377. 

261. Tagliaferri TL, Jansen M, Horz HP: Fighting pathogenic bacteria on two fronts: 
phages and antibiotics as combined strategy. Front Cell Infect Microbiol 2019, 9:22. 

262. Segall AM, Roach DR, Strathdee SA: Stronger together? Perspectives on phage-
antibiotic synergy in clinical applications of phage therapy. Current opinion in microbiology 
2019, 51:46-50. 

263. Ricci V, Piddock LJ: Exploiting the role of TolC in pathogenicity: identification of a 
bacteriophage for eradication of Salmonella serovars from poultry. Appl Environ Microbiol 
2010, 76(5):1704-1706. 

264. Fan F, Li X, Pang B, Zhang C, Li Z, Zhang L, Li J, Zhang J, Yan M, Liang W et al: 
The outer-membrane protein TolC of Vibrio cholerae serves as a second cell-surface 
receptor for the VP3 phage. The Journal of biological chemistry 2018, 293(11):4000-4013. 

265. Chatterjee A, Johnson CN, Luong P, Hullahalli K, McBride SW, Schubert AM, Palmer 
KL, Carlson PE, Jr., Duerkop BA: Bacteriophage resistance alters antibiotic-mediated 
intestinal expansion of enterococci. Infect Immun 2019, 87(6):e00085-00019. 

266. Imamovic L, Sommer MO: Use of collateral sensitivity networks to design drug 
cycling protocols that avoid resistance development. Science translational medicine 
2013, 5(204):204ra132. 



277 

267. Nichol D, Rutter J, Bryant C, Hujer AM, Lek S, Adams MD, Jeavons P, Anderson 
ARA, Bonomo RA, Scott JG: Antibiotic collateral sensitivity is contingent on the 
repeatability of evolution. Nat Commun 2019, 10(1):334. 

268. Dickey J, Perrot V: Adjunct phage treatment enhances the effectiveness of low 
antibiotic concentration against Staphylococcus aureus biofilms in vitro. PLoS One 2019, 
14(1):e0209390. 

269. Ryan EM, Alkawareek MY, Donnelly RF, Gilmore BF: Synergistic phage-antibiotic 
combinations for the control of Escherichia coli biofilms in vitro. FEMS immunology and 
medical microbiology 2012, 65(2):395-398. 

270. Coulter LB, McLean RJ, Rohde RE, Aron GM: Effect of bacteriophage infection in 
combination with tobramycin on the emergence of resistance in Escherichia coli and 
Pseudomonas aeruginosa biofilms. Viruses 2014, 6(10):3778-3786. 

271. Knezevic P, Curcin S, Aleksic V, Petrusic M, Vlaski L: Phage-antibiotic synergism: a 
possible approach to combatting Pseudomonas aeruginosa. Res Microbiol 2013, 
164(1):55-60. 

272. Akturk E, Oliveira H, Santos SB, Costa S, Kuyumcu S, Melo LDR, Azeredo J: 
Synergistic action of phage and antibiotics: parameters to enhance the killing efficacy 
against mono and dual-species biofilms. Antibiotics (Basel, Switzerland) 2019, 8(3). 

273. Wright GD: Antibiotic adjuvants: rescuing antibiotics from resistance. Trends in 
microbiology 2016, 24(11):862-871. 

274. Cerdó T, Ruiz-Rodríguez A, Acuña I, Torres-Espínola FJ, Menchén-Márquez S, 
Gámiz F, Gallo M, Jehmlich N, Haange S-B, von Bergen M et al: Infant gut microbiota 
contributes to cognitive performance in mice. Cell host & microbe 2023, 31(12):1974-
1988.e1974. 

275. Federici S, Nobs SP, Elinav E: Phages and their potential to modulate the 
microbiome and immunity. Cell Mol Immunol 2021, 18(4):889-904. 

276. Aslam S, Lampley E, Wooten D, Karris M, Benson C, Strathdee S, Schooley RT: 
Lessons learned from the first 10 consecutive cases of intravenous bacteriophage 
therapy to treat multidrug-resistant bacterial infections at a single center in the United 
States. In: Open forum infectious diseases: 2020. Oxford University Press US: ofaa389. 

277. Luong T, Salabarria A-C, Roach DR: Phage therapy in the resistance era: where do 
we stand and where are we going? Clinical Therapeutics 2020, 42(9):1659-1680. 

278. Molina F, Simancas A, Ramírez M, Tabla R, Roa I, Rebollo JE: A New Pipeline for 
Designing Phage Cocktails Based on Phage-Bacteria Infection Networks. Frontiers in 
Microbiology 2021, 12. 



278 

279. Cook R, Brown N, Redgwell T, Rihtman B, Barnes M, Clokie M, Stekel DJ, Hobman 
J, Jones MA, Millard A: INfrastructure for a PHAge REference Database: Identification of 
Large-Scale Biases in the Current Collection of Cultured Phage Genomes. Phage (New 
Rochelle) 2021, 2(4):214-223. 

280. Lammens E, Ceyssens PJ, Voet M, Hertveldt K, Lavigne R, Volckaert G: 
Representational difference analysis (RDA) of bacteriophage genomes. Journal of 
microbiological methods 2009, 77(2):207-213. 

281. Luong T, Salabarria A-C, Edwards RA, Roach DR: Standardized bacteriophage 
purification for personalized phage therapy. Nature Protocols 2020, 15(9):2867-2890. 

282. Fernández-Martínez LT, Javelle A, Hoskisson PA: Microbial Primer: Bacterial growth 
kinetics. Microbiology (Reading, England) 2024, 170(2). 

283. Bichet MC, Patwa R, Barr JJ: Protocols for studying bacteriophage interactions with 
in vitro epithelial cell layers. STAR Protocols 2021, 2(3):100697. 

284. Nang SC, Lin Y-W, Petrovic Fabijan A, Chang RYK, Rao GG, Iredell J, Chan H-K, Li 
J: Pharmacokinetics/pharmacodynamics of phage therapy: a major hurdle to clinical 
translation. Clinical Microbiology and Infection 2023, 29(6):702-709. 

285. Chen S, Zhou Y, Chen Y, Gu J: fastp: an ultra-fast all-in-one FASTQ preprocessor. 
Bioinformatics 2018, 34(17):i884-i890. 

286. Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M, Kulikov AS, Lesin VM, 
Nikolenko SI, Pham S, Prjibelski AD et al: SPAdes: a new genome assembly algorithm 
and its applications to single-cell sequencing. J Comput Biol 2012, 19(5):455-477. 

287. Aziz RK, Bartels D, Best AA, DeJongh M, Disz T, Edwards RA, Formsma K, Gerdes 
S, Glass EM, Kubal M et al: The RAST Server: rapid annotations using subsystems 
technology. BMC genomics 2008, 9:75-75. 

288. Chan Patricia P, Lin Brian Y, Mak Allysia J, Lowe Todd M: tRNAscan-SE 2.0: 
improved detection and functional classification of transfer RNA genes. Nucleic Acids 
Research 2021, 49(16):9077-9096. 

289. Laslett D, Canback B: ARAGORN, a program to detect tRNA genes and tmRNA 
genes in nucleotide sequences. Nucleic Acids Res 2004, 32(1):11-16. 

290. Deatherage DE, Barrick JE: Identification of mutations in laboratory-evolved 
microbes from next-generation sequencing data using breseq. Methods Mol Biol 2014, 
1151:165-188. 

291. Wood DE, Lu J, Langmead B: Improved metagenomic analysis with Kraken 2. 
Genome Biology 2019, 20(1):257. 



279 

292. Siddell SG, Smith DB, Adriaenssens E, Alfenas-Zerbini P, Dutilh BE, Garcia ML, 
Junglen S, Krupovic M, Kuhn JH, Lambert AJ et al: Virus taxonomy and the role of the 
International Committee on Taxonomy of Viruses (ICTV). J Gen Virol 2023, 104(5). 

293. Rose T, Verbeken G, Vos DD, Merabishvili M, Vaneechoutte M, Lavigne R, Jennes 
S, Zizi M, Pirnay JP: Experimental phage therapy of burn wound infection: difficult first 
steps. International journal of burns and trauma 2014, 4(2):66-73. 

294. Wright RCT, Friman VP, Smith MCM, Brockhurst MA: Cross-resistance is modular 
in bacteria-phage interactions. PLoS biology 2018, 16(10):e2006057. 

295. Lavigne R, Lecoutere E, Wagemans J, Cenens W, Aertsen A, Schoofs L, Landuyt B, 
Paeshuyse J, Scheer M, Schobert M et al: A multifaceted study of Pseudomonas 
aeruginosa shutdown by virulent podovirus LUZ19. mBio 2013, 4(2):e00061-00013. 

296. Craig WA: Does the dose matter? Clinical infectious diseases : an official publication 
of the Infectious Diseases Society of America 2001, 33 Suppl 3:S233-237. 

297. Craig L, Forest KT, Maier B: Type IV pili: dynamics, biophysics and functional 
consequences. Nature Reviews Microbiology 2019, 17(7):429-440. 

298. Martinez JL, Baquero F: Mutation frequencies and antibiotic resistance. Antimicrob 
Agents Chemother 2000, 44(7):1771-1777. 

299. Vaitekenas A, Tai AS, Ramsay JP, Stick SM, Kicic A: Pseudomonas aeruginosa 
Resistance to Bacteriophages and Its Prevention by Strategic Therapeutic Cocktail 
Formulation. Antibiotics 2021, 10(2):145. 

300. Heilmann S, Sneppen K, Krishna S: Coexistence of phage and bacteria on the 
boundary of self-organized refuges. Proceedings of the National Academy of Sciences 
2012, 109(31):12828-12833. 

301. Tait JR, Bilal H, Kim TH, Oh A, Peleg AY, Boyce JD, Oliver A, Bergen PJ, Nation RL, 
Landersdorfer CB: Pharmacodynamics of ceftazidime plus tobramycin combination 
dosage regimens against hypermutable Pseudomonas aeruginosa isolates at simulated 
epithelial lining fluid concentrations in a dynamic in vitro infection model. Journal of Global 
Antimicrobial Resistance 2021, 26:55-63. 

302. Velkov T, Bergen PJ, Lora-Tamayo J, Landersdorfer CB, Li J: PK/PD models in 
antibacterial development. Current opinion in microbiology 2013, 16(5):573-579. 

303. Göller PC, Haro-Moreno JM, Rodriguez-Valera F, Loessner MJ, Gómez-Sanz E: 
Uncovering a hidden diversity: optimized protocols for the extraction of dsDNA 
bacteriophages from soil. Microbiome 2020, 8(1):17. 

304. Magalhães PO, Lopes AM, Mazzola PG, Rangel-Yagui C, Penna TC, Pessoa A, Jr.: 
Methods of endotoxin removal from biological preparations: a review. J Pharm Pharm Sci 
2007, 10(3):388-404. 



280 

305. Erickson HP: Size and shape of protein molecules at the nanometer level 
determined by sedimentation, gel filtration, and electron microscopy. Biological 
Procedures Online 2009, 11(1):32. 

306. Schooley RT, Biswas B, Gill JJ, Hernandez-Morales A, Lancaster J, Lessor L, Barr 
JJ, Reed SL, Rohwer F, Benler S et al: Development and use of personalized 
bacteriophage-based therapeutic cocktails to treat a patient with a disseminated resistant 
Acinetobacter baumannii infection. Antimicrob Agents Chemother 2017, 61(10):e00954-
00917. 

307. Onsea J, Soentjens P, Djebara S, Merabishvili M, Depypere M, Spriet I, De Munter 
P, Debaveye Y, Nijs S, Vanderschot P et al: Bacteriophage application for difficult-to-treat 
musculoskeletal infections: development of a standardized multidisciplinary treatment 
protocol. Viruses 2019, 11(10). 

308. Nir-Paz R, Gelman D, Khouri A, Sisson BM, Fackler J, Alkalay-Oren S, Khalifa L, 
Rimon A, Yerushalmy O, Bader R et al: Successful treatment of antibiotic resistant poly-
microbial bone infection with bacteriophages and antibiotics combination. Clin Infect Dis 
2019. 

309. Van Norman GA: Expanding patient access to investigational drugs: single patient 
investigational new drug and the "right to try". JACC Basic Transl Sci 2018, 3(2):280-293. 

310. Svircev A, Roach D, Castle A: Framing the future with bacteriophages in agriculture. 
Viruses 2018, 10(5). 

311. Pirnay J-P, Blasdel BG, Bretaudeau L, Buckling A, Chanishvili N, Clark JR, Corte-
Real S, Debarbieux L, Dublanchet A, De Vos D et al: Quality and safety requirements for 
sustainable phage therapy products. Pharmaceutical Research 2015, 32(7):2173-2179. 

312. Kutateladze M, Adamia R: Phage therapy experience at the Eliava Institute. 
Médecine et Maladies Infectieuses 2008, 38(8):426-430. 

313. Letkiewicz S, Międzybrodzki R, Kłak M, Jończyk E, Weber-Dąbrowska B, Górski A: 
The perspectives of the application of phage therapy in chronic bacterial prostatitis. FEMS 
Immunology & Medical Microbiology 2010, 60(2):99-112. 

314. Jault P, Leclerc T, Jennes S, Pirnay JP, Que Y-A, Resch G, Rousseau AF, Ravat F, 
Carsin H, Le Floch R et al: Efficacy and tolerability of a cocktail of bacteriophages to treat 
burn wounds infected by Pseudomonas aeruginosa (PhagoBurn): a randomised, 
controlled, double-blind phase 1/2 trial. The Lancet Infectious Diseases 2019, 19(1):35-
45. 

315. CDC: Antibiotic resistance threats in the United States, 2019. In. Edited by U.S. 
Department of Health and Human Services C. Atlanta, GA: Antibiotic Resistance 
Coordination and Strategy Unit within the Division of Healthcare Quality Promotion; 2019. 



281 

316. O'Neill J: Tackling drug-resistant infections globally: final report and 
recommendations. In: The Review on Antimicrobial Resistance. United Kingdom: 
Department of Health; 2016. 

317. d'Hérelle F: L'étude d'une maladie: le choléra, maladie à paradoxes: Rouge; 1946. 

318. Adams M: Enumeration of bacteriophage particles. The Bacteriophages 1959:27-
34. 

319. Roach DR, Debarbieux L: Phage therapy: awakening a sleeping giant. Emerging 
Topics in Life Sciences 2017, 1(1):93-103. 

320. Sweere JM, Van Belleghem JD, Ishak H, Bach MS, Popescu M, Sunkari V, Kaber 
G, Manasherob R, Suh GA, Cao X et al: Bacteriophage trigger antiviral immunity and 
prevent clearance of bacterial infection. Science 2019, 363(6434). 

321. Capparelli R, Parlato M, Borriello G, Salvatore P, Iannelli D: Experimental phage 
therapy against Staphylococcus aureus in mice. Antimicrobial Agents and Chemotherapy 
2007, 51(8):2765. 

322. Chibani-Chennoufi S, Sidoti J, Bruttin A, Kutter E, Sarker S, Brüssow H: In vitro and 
in vivo bacteriolytic activities of Escherichia coli phages: implications for phage therapy. 
Antimicrobial Agents and Chemotherapy 2004, 48(7):2558. 

323. Yamamoto KR, Alberts BM, Benzinger R, Lawhorne L, Treiber G: Rapid 
bacteriophage sedimentation in the presence of polyethylene glycol and its application to 
large-scale virus purification. Virology 1970, 40(3):734-744. 

324. Ackermann HW, Audurier A, Berthiaume L, Jones LA, Mayo JA, Vidaver AK: 
Guidelines for bacteriophage characterization. Advances in virus research 1978, 23:1-24. 

325. Boratynski J, Syper D, Weber-Dabrowska B, Lusiak-Szelachowska M, Pozniak G, 
Gorski A: Preparation of endotoxin-free bacteriophages. Cell Mol Biol Lett 2004, 9(2):253-
259. 

326. Gill J, Hyman P: Phage choice, isolation, and preparation for phage therapy. Current 
pharmaceutical biotechnology 2010, 11(1):2-14. 

327. Van Belleghem JD, Dabrowska K, Vaneechoutte M, Barr JJ, Bollyky PL: Interactions 
between bacteriophage, bacteria, and the mammalian immune system. Viruses 2018, 
11(1). 

328. An TW, Kim SJ, Lee YD, Park JH, Chang HI: The immune-enhancing effect of the 
Cronobacter sakazakii ES2 phage results in the activation of nuclear factor-kappaB and 
dendritic cell maturation via the activation of IL-12p40 in the mouse bone marrow. 
Immunol Lett 2014, 157(1-2):1-8. 



282 

329. Van Belleghem JD, Clement F, Merabishvili M, Lavigne R, Vaneechoutte M: Pro- and 
anti-inflammatory responses of peripheral blood mononuclear cells induced by 
Staphylococcus aureus and Pseudomonas aeruginosa phages. Sci Rep 2017, 7(1):8004. 

330. FDA: Guidance for industry: pyrogen and endotoxins testing: questions and 
answers. In. Edited by Administration USDoHaHSFaD. Silver Spring and Rockville, MD: 
Office of Communications, Division of Drug Information; 2012. 

331. Spaulding AR, Salgado-Pabon W, Kohler PL, Horswill AR, Leung DY, Schlievert PM: 
Staphylococcal and streptococcal superantigen exotoxins. Clin Microbiol Rev 2013, 
26(3):422-447. 

332. Carlson K: Working with bacteriophages: common techniques and methodological 
approaches, vol. 1: CRC press Boca Raton, FL; 2005. 

333. Davidson IW, Sumner DD, Parker JC: Chloroform: a review of its metabolism, 
teratogenic, mutagenic, and carcinogenic potential. Drug and chemical toxicology 1982, 
5(1):1-87. 

334. Melnikov P, Zanoni LZ: Clinical effects of cesium intake. Biol Trace Elem Res 2010, 
135(1-3):1-9. 

335. Centeno JA, Pestaner JP, Omalu BI, Torres NL, Field F, Wagner G, Mullick FG: Blood 
and tissue concentration of cesium after exposure to cesium chloride: a report of two 
cases. Biol Trace Elem Res 2003, 94(2):97-104. 

336. Mancuso F, Shi J, Malik DJ: High throughput manufacturing of bacteriophages using 
continuous stirred tank bioreactors connected in series to ensure optimum host bacteria 
physiology for phage production. Viruses 2018, 10(10):537. 

337. Edelman DC, Barletta J: Real-time PCR provides improved detection and titer 
determination of bacteriophage. BioTechniques 2003, 35(2):368-375. 

338. Anderson B, Rashid MH, Carter C, Pasternack G, Rajanna C, Revazishvili T, Dean 
T, Senecal A, Sulakvelidze A: Enumeration of bacteriophage particles: comparative 
analysis of the traditional plaque assay and real-time QPCR- and nanosight-based 
assays. Bacteriophage 2011, 1(2):86-93. 

339. Freeman VJ: Studies on the virulence of bacteriophage-infected strains of 
Corynebacterium diphtheriae. J Bacteriol 1951, 61(6):675-688. 

340. Waldor MK, Mekalanos JJ: Lysogenic conversion by a filamentous phage encoding 
cholera toxin. Science 1996, 272(5270):1910-1914. 

341. Hatano M, Nakamura K, Kurokawa M: Isolation of a new temperature phage causing 
the lysogenic conversion in Corynebacterium diphtheriae. Jpn J Microbiol 1959, 3:301-
311. 



283 

342. Weeks CR, Ferretti JJ: The gene for type-A Streptococcal exotoxin (erythrogenic 
toxin) is located in bacteriophage-T12. Infection and Immunity 1984, 46(2):531-536. 

343. Schmidt H: Shiga-toxin-converting bacteriophages. Res Microbiol 2001, 152(8):687-
695. 

344. Plunkett G, Rose DJ, Durfee TJ, Blattner FR: Sequence of shiga toxin 2 phage 933W 
from Escherichia coli O157:H7: shiga toxin as a phage late-gene product. J Bacteriol 
1999, 181(6):1767-1778. 

345. Cobian Guemes AG, Lim YW, Quinn RA, Conrad DJ, Benler S, Maughan H, 
Edwards R, Brettin T, Cantu VA, Cuevas D et al: Cystic fibrosis rapid response: translating 
multi-omics data into clinically relevant information. MBio 2019, 10(2). 

346. Eklund MW, Poysky FT, Reed SM, Smith CA: Bacteriophage and the toxigenicity of 
Clostridium botulinum type C. Science 1971, 172(3982):480-482. 

347. Brüssow H, Canchaya C, Hardt WD: Phages and the evolution of bacterial 
pathogens: from genomic rearrangements to lysogenic conversion. Microbiol Mol Biol 
Rev 2004, 68(3):560-602. 

348. Wagner PL, Waldor MK: Bacteriophage control of bacterial virulence. Infect Immun 
2002, 70(8):3985-3993. 

349. Brown-Jaque M, Calero-Caceres W, Espinal P, Rodriguez-Navarro J, Miro E, 
Gonzalez-Lopez JJ, Cornejo T, Hurtado JC, Navarro F, Muniesa M: Antibiotic resistance 
genes in phage particles isolated from human faeces and induced from clinical bacterial 
isolates. Int J Antimicrob Agents 2018, 51(3):434-442. 

350. Purdy A, Rohwer F, Edwards R, Azam F, Bartlett DH: A glimpse into the expanded 
genome content of Vibrio cholerae through identification of genes present in 
environmental strains. J Bacteriol 2005, 187(9):2992-3001. 

351. Enault F, Briet A, Bouteille L, Roux S, Sullivan MB, Petit MA: Phages rarely encode 
antibiotic resistance genes: a cautionary tale for virome analyses. ISME J 2017, 
11(1):237-247. 

352. Billard-Pomares T, Fouteau S, Jacquet ME, Roche D, Barbe V, Castellanos M, Bouet 
JY, Cruveiller S, Medigue C, Blanco J et al: Characterization of a P1-like bacteriophage 
carrying an SHV-2 extended-spectrum beta-lactamase from an Escherichia coli strain. 
Antimicrob Agents Chemother 2014, 58(11):6550-6557. 

353. Zhou W, Liu L, Feng Y, Zong Z: A P7 phage-like plasmid carrying mcr-1 in an ST15 
Klebsiella pneumoniae clinical isolate. Front Microbiol 2018, 9:11. 

354. Aziz RK, Edwards RA, Taylor WW, Low DE, McGeer A, Kotb M: Mosaic prophages 
with horizontally acquired genes account for the emergence and diversification of the 



284 

globally disseminated M1T1 clone of Streptococcus pyogenes. J Bacteriol 2005, 
187(10):3311-3318. 

355. Lacey JA, Johanesen PA, Lyras D, Moore RJ: In silico identification of novel toxin 
homologs and associated mobile genetic elements in Clostridium perfringens. Pathogens 
2019, 8(1). 

356. Nguyen M, Long SW, McDermott PF, Olsen RJ, Olson R, Stevens RL, Tyson GH, 
Zhao S, Davis JJ: Using machine learning to predict antimicrobial MICs and associated 
genomic features for nontyphoidal Salmonella. J Clin Microbiol 2019, 57(2). 

357. Jia B, Raphenya AR, Alcock B, Waglechner N, Guo P, Tsang KK, Lago BA, Dave 
BM, Pereira S, Sharma AN et al: CARD 2017: expansion and model-centric curation of 
the comprehensive antibiotic resistance database. Nucleic Acids Res 2017, 45(D1):D566-
D573. 

358. Zankari E, Hasman H, Cosentino S, Vestergaard M, Rasmussen S, Lund O, 
Aarestrup FM, Larsen MV: Identification of acquired antimicrobial resistance genes. J 
Antimicrob Chemother 2012, 67(11):2640-2644. 

359. Feldgarden M, Brover V, Haft DH, Prasad AB, Slotta DJ, Tolstoy I, Tyson GH, Zhao 
S, Hsu CH, McDermott PF et al: Validating the AMRFinder Tool and Resistance Gene 
Database by using antimicrobial resistance genotype-phenotype correlations in a 
collection of isolates. Antimicrob Agents Chemother 2019, 63(11). 

360. Gupta SK, Padmanabhan BR, Diene SM, Lopez-Rojas R, Kempf M, Landraud L, 
Rolain JM: ARG-ANNOT, a new bioinformatic tool to discover antibiotic resistance genes 
in bacterial genomes. Antimicrob Agents Chemother 2014, 58(1):212-220. 

361. Chen L, Zheng D, Liu B, Yang J, Jin Q: VFDB 2016: hierarchical and refined dataset 
for big data analysis--10 years on. Nucleic Acids Res 2016, 44(D1):D694-697. 

362. Carattoli A, Zankari E, Garcia-Fernandez A, Voldby Larsen M, Lund O, Villa L, Moller 
Aarestrup F, Hasman H: In silico detection and typing of plasmids using PlasmidFinder 
and plasmid multilocus sequence typing. Antimicrob Agents Chemother 2014, 
58(7):3895-3903. 

363. Beaulaurier J, Luo E, Eppley JM, Uyl PD, Dai X, Burger A, Turner DJ, Pendelton M, 
Juul S, Harrington E et al: Assembly-free single-molecule sequencing recovers complete 
virus genomes from natural microbial communities. Genome Res 2020, 30(3):437-446. 

364. Wattam AR, Davis JJ, Assaf R, Boisvert S, Brettin T, Bun C, Conrad N, Dietrich EM, 
Disz T, Gabbard JL et al: Improvements to PATRIC, the all-bacterial bioinformatics 
database and analysis resource center. Nucleic Acids Res 2017, 45(D1):D535-d542. 

365. McNair K, Aziz RK, Pusch GD, Overbeek R, Dutilh BE, Edwards R: Phage genome 
annotation using the RAST pipeline. In: Bacteriophages: Methods and Protocols, Volume 



285 

3. Edited by Clokie MRJ, Kropinski AM, Lavigne R, vol. 1681. New York, NY: Springer 
New York; 2018: 231-238. 

366. Philipson CW, Voegtly LJ, Lueder MR, Long KA, Rice GK, Frey KG, Biswas B, Cer 
RZ, Hamilton T, Bishop-Lilly KA: Characterizing phage genomes for therapeutic 
applications. Viruses 2018, 10(4). 

367. Kutter E: Phage host range and efficiency of plating. In: Bacteriophages. Springer; 
2009: 141-149. 

368. Brakke MK: Density gradient centrifugation - a new separation technique. Journal of 
the American Chemical Society 1951, 73(4):1847-1848. 

369. Petsch D, Anspach FB: Endotoxin removal from protein solutions. J Biotechnol 2000, 
76(2-3):97-119. 

370. Barr JJ, Auro R, Furlan M, Whiteson KL, Erb ML, Pogliano J, Stotland A, Wolkowicz 
R, Cutting AS, Doran KS et al: Bacteriophage adhering to mucus provide a non–host-
derived immunity. Proceedings of the National Academy of Sciences 2013, 
110(26):10771. 

371. Bocian K, Borysowski J, Zarzycki M, Pacek M, Weber-Dąbrowska B, Machcińska M, 
Korczak-Kowalska G, Górski A: The effects of T4 and A3/R bacteriophages on 
differentiation of human myeloid dendritic cells. Frontiers in Microbiology 2016, 7(1267). 

372. Riss TL, Moravec RA, Niles AL, Duellman S, Benink HA, Worzella TJ, Minor L: Cell 
viability assays. In: Assay Guidance Manual. Edited by Sittampalam GS, Grossman A, 
Brimacombe K, Arkin M, Auld D, Austin CP, Baell J, Bejcek B, Caaveiro JMM, Chung TDY 
et al. Bethesda (MD): Eli Lilly & Company and the National Center for Advancing 
Translational Sciences; 2004. 

373. Moir DT, Ming D, Opperman T, Schweizer HP, Bowlin TL: A high-throughput, 
homogeneous, bioluminescent assay for Pseudomonas aeruginosa gyrase inhibitors and 
other DNA-damaging agents. Journal of Biomolecular Screening 2007, 12(6):855-864. 

374. Van Twest R, Kropinski AM: Bacteriophage enrichment from water and soil. Methods 
Mol Biol 2009, 501:15-21. 

375. Summer EJ: Preparation of a phage DNA fragment library for whole genome shotgun 
sequencing. Methods Mol Biol 2009, 502:27-46. 

376. Koren S, Walenz BP, Berlin K, Miller JR, Bergman NH, Phillippy AM: Canu: scalable 
and accurate long-read assembly via adaptive k-mer weighting and repeat separation. 
Genome Res 2017, 27(5):722-736. 

377. Henry M, Lavigne R, Debarbieux L: Predicting in vivo efficacy of therapeutic 
bacteriophages used to treat pulmonary infections. Antimicrobial agents and 
chemotherapy 2013, 57(12):5961-5968. 



286 

378. Boulanger P: Purification of bacteriophages and SDS-PAGE analysis of phage 
structural proteins from ghost particles. In: Bacteriophages: Methods and Protocols, 
Volume 2 Molecular and Applied Aspects. Edited by Clokie MRJ, Kropinski AM. Totowa, 
NJ: Humana Press; 2009: 227-238. 

379. Trend S, Chang BJ, O'Dea M, Stick SM, Kicic A, Waerp, AusRec, Arest CF: Use of 
a primary epithelial cell screening tool to investigate phage therapy in cystic fibrosis. Front 
Pharmacol 2018, 9:1330. 

380. Hatfull GF, Dedrick RM, Schooley RT: Phage therapy for antibiotic-resistant bacterial 
infections. Annual Review of Medicine 2022, 73(1):197-211. 

381. Bretaudeau L, Tremblais K, Aubrit F, Meichenin M, Arnaud I: Good manufacturing 
practice (GMP) compliance for phage therapy medicinal products. Frontiers in 
Microbiology 2020, 11. 

382. Fries BC, Varshney AK: Bacterial toxins-Staphylococcal Enterotoxin B. Microbiol 
Spectr 2013, 1(2). 

383. Pisetsky DS: The origin and properties of extracellular DNA: from PAMP to DAMP. 
Clin Immunol 2012, 144(1):32-40. 

384. Thurber RV, Haynes M, Breitbart M, Wegley L, Rohwer F: Laboratory procedures to 
generate viral metagenomes. Nature Protocols 2009, 4(4):470-483. 

385. Krueger AP, Ritter RC, Smith SP: The electrical charge of bacteriophage. J Exp Med 
1929, 50(6):739-746. 

386. Bemberis I, Sakata M, Hirayama C, Kunitake M, Yamaguchi Y, Nakayama M, 
Todokoro M: Affinity chromatography removes endotoxins. Biopharm International 2005, 
18:50-57. 

387. Bonilla N, Rojas MI, Netto Flores Cruz G, Hung S-H, Rohwer F, Barr JJ: Phage on 
tap–a quick and efficient protocol for the preparation of bacteriophage laboratory stocks. 
PeerJ 2016, 4:e2261. 

388. Turner D, Adriaenssens EM, Tolstoy I, Kropinski AM: Phage annotation guide: 
Guidelines for assembly and high-quality annotation. PHAGE 2021, 2(4):170-182. 

389. Steinmetz NF: Viral nanoparticles as platforms for next-generation therapeutics and 
imaging devices. Nanomedicine 2010, 6(5):634-641. 

390. Dalwadi G, Benson HAE, Chen Y: Comparison of diafiltration and tangential flow 
filtration for purification of nanoparticle suspensions. Pharmaceutical Research 2005, 
22(12):2152-2162. 

391. Yang H: Establishing acceptable limits of residual DNA. PDA J Pharm Sci Technol 
2013, 67(2):155-163. 



287 

392. Kienle PC, Pharmacists ASoH-S: Compounding sterile preparations: ASHP's video 
guide to chapter workbook: American Society of Health-System Pharmacists; 2009. 

393. Arndt D, Grant JR, Marcu A, Sajed T, Pon A, Liang Y, Wishart DS: PHASTER: a 
better, faster version of the PHAST phage search tool. Nucleic Acids Res 2016, 
44(W1):W16-21. 

394. Akhter S, Aziz RK, Edwards RA: PhiSpy: a novel algorithm for finding prophages in 
bacterial genomes that combines similarity- and composition-based strategies. Nucleic 
Acids Res 2012, 40(16):e126. 

395. Song W, Sun H-X, Zhang C, Cheng L, Peng Y, Deng Z, Wang D, Wang Y, Hu M, Liu 
W et al: Prophage Hunter: an integrative hunting tool for active prophages. Nucleic Acids 
Research 2019, 47(W1):W74-W80. 

396. Lorenz TC: Polymerase chain reaction: basic protocol plus troubleshooting and 
optimization strategies. J Vis Exp 2012(63):e3998. 

397. Canchaya C, Proux C, Fournous G, Bruttin A, Brüssow H: Prophage genomics. 
Microbiology and Molecular Biology Reviews 2003, 67(2):238-276. 

398. Duyvejonck H, Merabishvili M, Vaneechoutte M, de Soir S, Wright R, Friman VP, 
Verbeken G, De Vos D, Pirnay JP, Van Mechelen E et al: Evaluation of the Stability of 
Bacteriophages in Different Solutions Suitable for the Production of Magistral 
Preparations in Belgium. Viruses 2021, 13(5). 

399. Aslam S, Roach D, Nikolich MP, Biswas B, Schooley RT, Lilly-Bishop KA, Rice GK, 
Cer RZ, Hamilton T, Henry M et al: Pseudomonas aeruginosa ventricular assist device 
infections: findings from ineffective phage therapies in five cases. Antimicrobial Agents 
and Chemotherapy 2024, 0(0):e01728-01723. 

400. Dehari D, Chaudhuri A, Kumar DN, Anjum M, Kumar R, Kumar A, Kumar D, Nath G, 
Agrawal AK: A Bacteriophage-Loaded Microparticle Laden Topical Gel for the Treatment 
of Multidrug-Resistant Biofilm-Mediated Burn Wound Infection. AAPS PharmSciTech 
2023, 24(6):165. 

401. Singh J, Fitzgerald DA, Jaffe A, Hunt S, Barr JJ, Iredell J, Selvadurai H: Single-arm, 
open-labelled, safety and tolerability of intrabronchial and nebulised bacteriophage 
treatment in children with cystic fibrosis and Pseudomonas aeruginosa. BMJ Open Respir 
Res 2023, 10(1). 

402. Maslowska KH, Makiela-Dzbenska K, Fijalkowska IJ: The SOS system: A complex 
and tightly regulated response to DNA damage. Environ Mol Mutagen 2019, 60(4):368-
384. 

403. Sun D, Gao W, Hu H, Zhou S: Why 90% of clinical drug development fails and how 
to improve it? Acta pharmaceutica Sinica B 2022, 12(7):3049-3062. 



288 

404. Arai H: Regulation and Function of Versatile Aerobic and Anaerobic Respiratory 
Metabolism in Pseudomonas aeruginosa. Front Microbiol 2011, 2:103. 

405. Fothergill JL, Walshaw MJ, Winstanley C: Transmissible strains of Pseudomonas 
aeruginosa in cystic fibrosis lung infections. European Respiratory Journal 2012, 
40(1):227-238. 

406. Aaron SD, Vandemheen KL, Ramotar K, Giesbrecht-Lewis T, Tullis E, Freitag A, 
Paterson N, Jackson M, Lougheed MD, Dowson C et al: Infection With Transmissible 
Strains of Pseudomonas aeruginosa and Clinical Outcomes in Adults With Cystic 
Fibrosis. JAMA 2010, 304(19):2145-2153. 

407. Emmerich CH, Gamboa LM, Hofmann MCJ, Bonin-Andresen M, Arbach O, 
Schendel P, Gerlach B, Hempel K, Bespalov A, Dirnagl U et al: Improving target 
assessment in biomedical research: the GOT-IT recommendations. Nature Reviews Drug 
Discovery 2021, 20(1):64-81. 

408. Chaudhry WN, Concepción-Acevedo J, Park T, Andleeb S, Bull JJ, Levin BR: 
Synergy and Order Effects of Antibiotics and Phages in Killing Pseudomonas aeruginosa 
Biofilms. PLOS ONE 2017, 12(1):e0168615. 

409. Segall AM, Roach DR, Strathdee SA: Stronger together? Perspectives on phage-
antibiotic synergy in clinical applications of phage therapy. Current opinion in microbiology 
2019, 51:46-50. 

410. Mayer-Hamblett N, Rosenfeld M, Gibson RL, Ramsey BW, Kulasekara HD, Retsch-
Bogart GZ, Morgan W, Wolter DJ, Pope CE, Houston LS et al: Pseudomonas aeruginosa 
in vitro phenotypes distinguish cystic fibrosis infection stages and outcomes. American 
journal of respiratory and critical care medicine 2014, 190(3):289-297. 

411. Conrad D, Haynes M, Salamon P, Rainey PB, Youle M, Rohwer F: Cystic fibrosis 
therapy: a community ecology perspective. American journal of respiratory cell and 
molecular biology 2013, 48(2):150-156. 

412. Mulcahy LR, Isabella VM, Lewis K: Pseudomonas aeruginosa biofilms in disease. 
Microbial ecology 2014, 68(1):1-12. 

413. Wilson K: Preparation of genomic DNA from bacteria. Current Protocols in Molecular 
Biology 2001, 56(1):2.4.1-2.4.5. 

414. Prjibelski A, Antipov D, Meleshko D, Lapidus A, Korobeynikov A: Using SPAdes de 
novo assembler. Current Protocols in Bioinformatics 2020, 70(1):e102. 

415. Bosi E, Donati B, Galardini M, Brunetti S, Sagot M-F, Lió P, Crescenzi P, Fani R, 
Fondi M: MeDuSa: a multi-draft based scaffolder. Bioinformatics 2015, 31(15):2443-2451. 

416. Mikheenko A, Prjibelski A, Saveliev V, Antipov D, Gurevich A: Versatile genome 
assembly evaluation with QUAST-LG. Bioinformatics 2018, 34(13):i142-i150. 



289 

417. Overbeek R, Olson R, Pusch GD, Olsen GJ, Davis JJ, Disz T, Edwards RA, Gerdes 
S, Parrello B, Shukla M et al: The SEED and the Rapid Annotation of microbial genomes 
using Subsystems Technology (RAST). Nucleic acids research 2014, 42(Database 
issue):D206-214. 

418. Colvin KM, Irie Y, Tart CS, Urbano R, Whitney JC, Ryder C, Howell PL, Wozniak DJ, 
Parsek MR: The Pel and Psl polysaccharides provide Pseudomonas aeruginosa 
structural redundancy within the biofilm matrix. Environmental Microbiology 2012, 
14(8):1913-1928. 

419. Alcock BP, Raphenya AR, Lau TTY, Tsang KK, Bouchard M, Edalatmand A, Huynh 
W, Nguyen AV, Cheng AA, Liu S et al: CARD 2020: antibiotic resistome surveillance with 
the comprehensive antibiotic resistance database. Nucleic acids research 2020, 
48(D1):D517-d525. 

420. Akhter S, Aziz RK, Edwards RA: PhiSpy: a novel algorithm for finding prophages in 
bacterial genomes that combines similarity- and composition-based strategies. Nucleic 
acids research 2012, 40(16):e126-e126. 

421. Klockgether J, Munder A, Neugebauer J, Davenport CF, Stanke F, Larbig KD, Heeb 
S, Schöck U, Pohl TM, Wiehlmann L et al: Genome diversity of Pseudomonas aeruginosa 
PAO1 laboratory strains. Journal of bacteriology 2010, 192(4):1113-1121. 

422. Hoiby N, Jacobsen L, Jorgensen BA, Lykkegaard E, Weeke B: Pseudomonas 
aeruginosa infection in cystic fibrosis. Occurrence of precipitating antibodies against 
Pseudomonas aeruginosa in relation to the concentration of sixteen serum proteins and 
the clinical and radiographical status of the lungs. Acta paediatrica Scandinavica 1974, 
63(6):843-848. 

423. Gibson SB, Green SI, Liu CG, Salazar KC, Clark JR, Terwilliger AL, Kaplan HB, 
Maresso AW, Trautner BW, Ramig RF: Constructing and Characterizing Bacteriophage 
Libraries for Phage Therapy of Human Infections. Frontiers in Microbiology 2019, 
10(2537). 

424. Pier GB: Pseudomonas aeruginosa lipopolysaccharide: a major virulence factor, 
initiator of inflammation and target for effective immunity. Int J Med Microbiol 2007, 
297(5):277-295. 

425. Gordon RJ, Quagliarello B, Lowy FD: Ventricular assist device-related infections. 
The Lancet Infectious Diseases 2006, 6(7):426-437. 

426. Bell SC, Mall MA, Gutierrez H, Macek M, Madge S, Davies JC, Burgel PR, Tullis E, 
Castaños C, Castellani C et al: The future of cystic fibrosis care: a global perspective. 
The Lancet Respiratory medicine 2020, 8(1):65-124. 

427. Rossi E, La Rosa R, Bartell JA, Marvig RL, Haagensen JAJ, Sommer LM, Molin S, 
Johansen HK: Pseudomonas aeruginosa adaptation and evolution in patients with cystic 
fibrosis. Nature Reviews Microbiology 2021, 19(5):331-342. 



290 

428. Cramer N, Klockgether J, Tümmler B: Microevolution of Pseudomonas aeruginosa 
in the airways of people with cystic fibrosis. Current Opinion in Immunology 2023, 
83:102328. 

429. Hegemann JD, Birkelbach J, Walesch S, Müller R: Current developments in 
antibiotic discovery: global microbial diversity as a source for evolutionary optimized anti-
bacterials. EMBO reports 2023, 24(1):e56184. 

430. Hisert KB, Birket SE, Clancy JP, Downey DG, Engelhardt JF, Fajac I, Gray RD, 
Lachowicz-Scroggins ME, Mayer-Hamblett N, Thibodeau P et al: Understanding and 
addressing the needs of people with cystic fibrosis in the era of CFTR modulator therapy. 
The Lancet Respiratory Medicine 2023, 11(10):916-931. 

431. Smith NM, Nguyen TD, Chin WH, Sanborn JT, de Souza H, Ho BM, Luong T, Roach 
DR: A mechanism-based pathway toward administering highly active N-phage cocktails. 
Frontiers in Microbiology 2023, 14. 

432. Pires DP, Costa AR, Pinto G, Meneses L, Azeredo J: Current challenges and future 
opportunities of phage therapy. FEMS microbiology reviews 2020, 44(6):684-700. 

433. Międzybrodzki R, Kasprzak H, Letkiewicz S, Rogóż P, Żaczek M, Thomas J, Górski 
A: Pharmacokinetic and Pharmacodynamic Obstacles for Phage Therapy From the 
Perspective of Clinical Practice. Clinical Infectious Diseases 2023, 
77(Supplement_5):S395-S400. 

434. Debarbieux L, Leduc D, Maura D, Morello E, Criscuolo A, Grossi O, Balloy V, Touqui 
L: Bacteriophages can treat and prevent Pseudomonas aeruginosa lung infections. The 
Journal of infectious diseases 2010, 201(7):1096-1104. 

435. Luong T, Sue AD, Roach DR: Rapid bench to bedside therapeutic bacteriophage 
production. In: Bacteriophage Therapy: From Lab to Clinical Practice. Edited by Azeredo 
J, Sillankorva S. New York, NY: Springer US; 2024: 67-88. 

436. CLSI: Performance standards for antimicrobial susceptibility testing: 32nd edition. 
In: CLSI supplement M100. 32nd edn. Wayne, PA: Clinical and Laboratory Standards 
Institute; 2022. 

437. Hankinson JL, Odencrantz JRF, Kathleen B.: Spirometric reference values from a 
sample of the general U.S. population. American journal of respiratory and critical care 
medicine 1999, 159(1):179-187. 

438. Conrad DJ, Bailey BA, Hardie JA, Bakke PS, Eagan TML, Aarli BB: Median 
regression spline modeling of longitudinal FEV1 measurements in cystic fibrosis (CF) and 
chronic obstructive pulmonary disease (COPD) patients. PLOS ONE 2017, 
12(12):e0190061. 

439. Hasenstab KA, Yuan N, Retson T, Conrad DJ, Kligerman S, Lynch DA, Hsiao A: 
Automated CT staging of chronic obstructive pulmonary disease severity for predicting 



291 

disease progression and mortality with a deep learning convolutional neural network. 
Radiology Cardiothoracic imaging 2021, 3(2):e200477. 

440. Murtagh F, Legendre P: Ward’s hierarchical agglomerative clustering method: which 
algorithms implement Ward’s criterion? Journal of Classification 2014, 31(3):274-295. 

441. Institute S: SAS/STAT user’s guide. SAS Institute Inc, Cary, NC 1989. 

442. Lu J, Rincon N, Wood DE, Breitwieser FP, Pockrandt C, Langmead B, Salzberg SL, 
Steinegger M: Metagenome analysis using the Kraken software suite. Nature Protocols 
2022, 17(12):2815-2839. 

443. Bushnell B: BBMap: a fast, accurate, splice-aware aligner. In.: Lawrence Berkeley 
National Lab.(LBNL), Berkeley, CA (United States); 2014. 

444. Breitwieser FP, Salzberg SL: Pavian: interactive analysis of metagenomics data for 
microbiome studies and pathogen identification. Bioinformatics 2019, 36(4):1303-1304. 

445. Bertels F, Silander OK, Pachkov M, Rainey PB, van Nimwegen E: Automated 
reconstruction of whole-genome phylogenies from short-sequence reads. Mol Biol Evol 
2014, 31(5):1077-1088. 

446. Li B, Dewey CN: RSEM: accurate transcript quantification from RNA-Seq data with 
or without a reference genome. BMC Bioinformatics 2011, 12(1):323. 

447. Robinson MD, McCarthy DJ, Smyth GK: edgeR: a Bioconductor package for 
differential expression analysis of digital gene expression data. Bioinformatics 2009, 
26(1):139-140. 

448. Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, Smyth GK: limma powers 
differential expression analyses for RNA-sequencing and microarray studies. Nucleic 
Acids Research 2015, 43(7):e47-e47. 

449. Breuer K, Foroushani AK, Laird MR, Chen C, Sribnaia A, Lo R, Winsor GL, Hancock 
REW, Brinkman FSL, Lynn DJ: InnateDB: systems biology of innate immunity and 
beyond—recent updates and continuing curation. Nucleic Acids Research 2012, 
41(D1):D1228-D1233. 

450. Ge SX, Jung D, Yao R: ShinyGO: a graphical gene-set enrichment tool for animals 
and plants. Bioinformatics 2019, 36(8):2628-2629. 

451. Sayols S: rrvgo: a Bioconductor package for interpreting lists of Gene Ontology 
terms. MicroPubl Biol 2023, 2023. 

452. Kanehisa M, Furumichi M, Sato Y, Ishiguro-Watanabe M, Tanabe M: KEGG: 
integrating viruses and cellular organisms. Nucleic Acids Res 2021, 49(D1):D545-d551. 



292 

453. Lopes A, Pereira C, Almeida A: Sequential combined effect of phages and antibiotics 
on the inactivation of Escherichia coli. Microorganisms 2018, 6(4). 

454. Sanders DB, Bittner RC, Rosenfeld M, Hoffman LR, Redding GJ, Goss CH: Failure 
to recover to baseline pulmonary function after cystic fibrosis pulmonary exacerbation. 
American journal of respiratory and critical care medicine 2010, 182(5):627-632. 

455. Hogardt M, Heesemann J: Adaptation of Pseudomonas aeruginosa during 
persistence in the cystic fibrosis lung. International Journal of Medical Microbiology 2010, 
300(8):557-562. 

456. Chaplin DD: Overview of the immune response. J Allergy Clin Immunol 2010, 125(2 
Suppl 2):S3-S23. 

457. Zhou R, Liu L, Wang Y: Viral proteins recognized by different TLRs. Journal of 
Medical Virology 2021, 93(11):6116-6123. 

458. Mills KHG: IL-17 and IL-17-producing cells in protection versus pathology. Nature 
Reviews Immunology 2023, 23(1):38-54. 

459. Roach DR, Noël B, Chollet-Martin S, de Jode M, Granger V, Debarbieux L, de 
Chaisemartin L: Human Neutrophil Response to Pseudomonas Bacteriophage PAK_P1, 
a Therapeutic Candidate. Viruses 2023, 15(8):1726. 

460. Wagener JS, VanDevanter DR, Konstan MW, Pasta DJ, Millar SJ, Morgan WJ: Lung 
function changes before and after pulmonary exacerbation antimicrobial treatment in 
cystic fibrosis. Pediatric pulmonology 2020, 55(3):828-834. 

461. Liang G, Bushman FD: The human virome: assembly, composition and host 
interactions. Nature Reviews Microbiology 2021, 19(8):514-527. 

462. Shkoporov AN, Clooney AG, Sutton TDS, Ryan FJ, Daly KM, Nolan JA, McDonnell 
SA, Khokhlova EV, Draper LA, Forde A et al: The human gut virome is highly diverse, 
stable, and individual specific. Cell host & microbe 2019, 26(4):527-541.e525. 

463. Łusiak-Szelachowska M, Zaczek M, Weber-Dąbrowska B, Międzybrodzki R, Kłak M, 
Fortuna W, Letkiewicz S, Rogóż P, Szufnarowski K, Jończyk-Matysiak E et al: Phage 
neutralization by sera of patients receiving phage therapy. Viral immunology 2014, 
27(6):295-304. 

464. Onallah H, Hazan R, Nir-Paz R, Team IPTCS: Compassionate use of 
bacteriophages for failed persistent infections during the first 5 years of the Israeli Phage 
Therapy Center. Open forum infectious diseases 2023, 10(5). 

465. Abedon ST, Danis-Wlodarczyk KM, Wozniak DJ: Phage Cocktail Development for 
Bacteriophage Therapy: Toward Improving Spectrum of Activity Breadth and Depth. 
Pharmaceuticals (Basel) 2021, 14(10). 



293 

466. Hartl D, Gaggar A, Bruscia E, Hector A, Marcos V, Jung A, Greene C, McElvaney G, 
Mall M, Döring G: Innate immunity in cystic fibrosis lung disease. Journal of Cystic 
Fibrosis 2012, 11(5):363-382. 

467. Collin AM, Lecocq M, Noel S, Detry B, Carlier FM, Aboubakar Nana F, Bouzin C, 
Leal T, Vermeersch M, De Rose V et al: Lung immunoglobulin A immunity dysregulation 
in cystic fibrosis. EBioMedicine 2020, 60:102974. 

468. Dedrick RM, Freeman KG, Nguyen JA, Bahadirli-Talbott A, Smith BE, Wu AE, Ong 
AS, Lin CT, Ruppel LC, Parrish NM et al: Potent antibody-mediated neutralization limits 
bacteriophage treatment of a pulmonary Mycobacterium abscessus infection. Nature 
medicine 2021. 

469. Nick JA, Dedrick RM, Gray AL, Vladar EK, Smith BE, Freeman KG, Malcolm KC, 
Epperson LE, Hasan NA, Hendrix J et al: Host and pathogen response to bacteriophage 
engineered against Mycobacterium abscessus lung infection. Cell 2022, 185(11):1860-
1874.e1812. 

470. Ragland SA, Criss AK: From bacterial killing to immune modulation: recent insights 
into the functions of lysozyme. PLoS Pathog 2017, 13(9):e1006512. 

471. Zhang X, Wu Z, Liu Y, Jiang S: Role of the bronchodilator test defined by the forced 
vital capacity in chronic obstructive pulmonary disease phenotyping. Int J Chron Obstruct 
Pulmon Dis 2020, 15:1199-1206. 

472. Lands LC, Milner R, Cantin AM, Manson D, Corey M: High-dose ibuprofen in cystic 
fibrosis: Canadian safety and effectiveness trial. The Journal of Pediatrics 2007, 
151(3):249-254. 

473. Haidar G, Chan BK, Cho S-T, Hughes Kramer K, Nordstrom HR, Wallace NR, 
Stellfox ME, Holland M, Kline EG, Kozar JM et al: Phage therapy in a lung transplant 
recipient with cystic fibrosis infected with multidrug-resistant Burkholderia multivorans. 
Transplant Infectious Disease 2023, 25(2):e14041. 

474. Chang RYK, Das T, Manos J, Kutter E, Morales S, Chan H-K: Bacteriophage PEV20 
and ciprofloxacin combination treatment enhances removal of Pseudomonas aeruginosa 
biofilm isolated from cystic fibrosis and wound patients. The AAPS journal 2019, 21:1-8. 

475. Uyttebroek S, Chen B, Onsea J, Ruythooren F, Debaveye Y, Devolder D, Spriet I, 
Depypere M, Wagemans J, Lavigne R et al: Safety and efficacy of phage therapy in 
difficult-to-treat infections: a systematic review. The Lancet Infectious Diseases 2022, 
22(8):e208-e220. 

476. Nagel TE, Chan BK, De Vos D, El-Shibiny A, Kang'ethe EK, Makumi A, Pirnay J-P: 
The Developing World Urgently Needs Phages to Combat Pathogenic Bacteria. Frontiers 
in Microbiology 2016, 7. 



294 

477. Mutti M, Moreno DS, Restrepo-Córdoba M, Visram Z, Resch G, Corsini L: Phage 
activity against Staphylococcus aureus is impaired in plasma and synovial fluid. Sci Rep 
2023, 13(1):18204. 
 


	CHAPTER 1  GENERAL INTRODUCTION
	1.1 Goal and specific aims

	CHAPTER 2  BACKGROUND
	2.1.1 The pathogen, Pseudomonas aeruginosa
	2.1.2 P. aeruginosa in human disease
	2.2.1 Phage therapy
	2.2.2 Dynamic P. aeruginosa and phage interactions
	2.2.3 Phage cocktail formulation to overcome bacterial defenses
	2.3 Antimicrobial development against P. aeruginosa
	2.4 Non-good manufacturing practice of phages for IND use
	2.5 Current state of phage therapy (published review)
	Introduction
	The Active Agent
	Clinical Data
	Phage Selection
	Formulation
	Product pipelines
	Pharmacokinetics/pharmacodynamics
	Drug-related problems
	Phage Resistance
	Phage adjuvants and vice versa
	Conclusions

	ACKNOWLEDGMENTS

	CHAPTER 3  KINETICS OF PHAGE COCKTAILS
	INTRODUCTION
	MATERIALS & METHODS
	RESULTS
	3.1: Only a limited number of phage genera are therapeutic candidates
	3.2: Single time-kills allow resistant escape independent of phage concentration
	3.3: Inequal phage activities increases frequency of cocktail resistance escape
	3.4: Substitution with higher potency phages decreases cocktail escape frequencies
	3.5: Asymmetric phage concentrations in cocktail dampens cocktail potency but not efficacy
	3.6: Reducing phage competition through sequential addition worsens individual phage activities
	3.7: Sequential phage treatment performance is strain-dependent
	3.8: HFIM recapitulates cocktail competition patterns
	3.9: HFIM metagenome captures true microbial abundances
	DISCUSSION
	ACKNOWLEDGMENTS

	CHAPTER 4  CLINICAL PHAGE CULTIVATION AND PURIFICATION
	INTRODUCTION
	MATERIALS AND METHODS
	RESULTS
	4.1.1: Cross-flow filtration improves the concentration and purification of phages (published protocol)
	Abstract
	Introduction
	Application of purified phage preparations
	Comparison with other practiced protocols
	Limitations of this Protocol
	EXPERIMENTAL DESIGN
	MATERIALS
	PROCEDURE
	TROUBLESHOOTING
	ANTICIPATED RESULTS
	Phage product safety testing

	4.1.2: Improved rapid preparation and sterile handling of clinical phages (published protocol)
	Abstract
	1. Introduction
	2. Materials
	3. Methods
	4. Notes

	4.2: Purified phages are shelf-stable at high concentrations
	DISCUSSION
	ACKNOWLEDGMENTS

	CHAPTER 5  VALIDATION OF PHAGE THERAPY EFFICACY
	INTRODUCTION
	MATERIALS & METHODS
	RESULTS
	5.1.1: Phage suitability against chronic P. aeruginosa lung infiltrate (published)
	ABSTRACT
	RESULTS
	Data Availability

	5.1.2: Target validation of phages against P. aeruginosa clinical collection
	5.2.1: Phage validation after failed P. aeruginosa LVAD infection treatment
	5.2.2: Phage validation after successful treatment of an acute P. aeruginosa exacerbation in cystic fibrosis (in preparation)
	ABSTRACT
	INTRODUCTION
	METHODS
	RESULTS
	DISCUSSION
	SUPPLEMENTARY INFORMATION

	DISCUSSION
	ACKNOWLEDGMENTS

	CHAPTER 6  CONCLUSIONS
	APPENDIX
	REFERENCES



