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Chronic rhinosinusitis (CRS) is a chronic inflammatory condition involving the 

paranasal sinuses, affecting roughly 10.5% of the population. Current theories 

suggest that the aetiology of CRS is multifactorial, with evidence that microbial 

dysbiosis and bacterial biofilms may both play a role. Pseudomonas aeruginosa is 

a gram-negative bacterium, which is associated with poorer disease-specific 

quality of life and patients requiring revision sinus surgeries for CRS. P. 

aeruginosa is also a key pathogen in cystic fibrosis (CF), where it may cause both 

sinus and lower respiratory tract infections. 

Unfortunately, P. aeruginosa frequently displays intrinsic and acquired resistance 

to antibiotics. The use of lytic bacteriophages has been proposed as an 

alternative treatment for infections caused by antibiotic-resistant bacteria. Lytic 

bacteriophages are bacterial viruses that can infect, replicate within, and lyse 

bacteria, killing the host bacteria through lysis. This thesis examines the 

suitability of anti-P. aeruginosa lytic bacteriophages as a treatment for P. 

aeruginosa infections in CRS and CF-associated CRS. 

An in vitro study of the efficacy of a mixture of anti-P. aeruginosa bacteriophages 

(referred to as CT-PA) against a panel of 40 clinical P. aeruginosa respiratory 

isolates, from CRS and CF patients across 3 continents, was performed. CT-PA 

was found to have a broad host range, including activity against multidrug-

resistant isolates. CT-PA was able to significantly reduce biofilm biomass after 24 

and 48 hours exposure to biofilms. 

The sheep rhinosinusitis model was then adapted to simulate P. aeruginosa 

sinusitis. The growth of viable P. aeruginosa biofilms within sheep frontal sinuses 

was confirmed using fluorescence in situ hybridisation and LIVE/DEAD BacLight 

staining. This animal model was then used to assess the safety and efficacy of CT-

PA sinus flushes in vivo. The Safety arm confirmed a good safety profile, with no 

signs of local or systemic toxicity observed after 3 weeks of twice-daily CT-PA 

sinus flushes. The Efficacy arm of the study showed a statistically significant 



 

 

reduction in sinus biofilm biomass in sheep treated with CT-PA sinus flushes, 

twice daily for 7 days, compared to sheep who received 0.9% saline flushes 

instead. 

The emergence of bacteriophage insensitive mutants (BIMs) in P. aeruginosa 

biofilms exposed to CT-PA was also explored in an in vitro biofilm model, using 

whole genome sequencing and antibiotic susceptibility testing. This revealed 

changes in antibiotic susceptibility in BIMs compared to their parent strains. 

Whole genome sequencing revealed several genetic variations between the BIM 

and phage-sensitive isolate of each strain, most notably in the prophage Pf1 

region of the genome. 

In summary, bacteriophage therapy holds promise for treating P. aeruginosa 

infections in CRS and CF. Specifically, the CT-PA phage cocktail appears to be safe 

and effective in treating P. aeruginosa sinus infections in an in vivo animal model. 

Further investigations are required to determine whether the development of 

BIMs will hamper the efficacy of lytic bacteriophage therapy, or conversely 

whether the emergence of phage resistance may create evolutionary trade-offs 

that can be exploited to decrease resistance to conventional antibiotics. 
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Chronic rhinosinusitis (CRS) is an inflammatory condition involving the paranasal 

sinuses and lining of the nasal passages, persisting for 12 weeks or longer.(1) 

Symptoms may include nasal discharge, nasal obstruction, facial pain, and 

decreased sense of smell.(2) The recent expert consensus guidelines, the 

European Position Paper on rhinosinusitis and nasal polyps 2012 (EPOS 2012), 

gives the clinical definition of CRS in adults as: 

 “inflammation of the nose and the paranasal sinuses characterised by 

two or more symptoms, one of which should be either nasal 

blockage/obstruction/congestion or nasal discharge (anterior/posterior 

nasal drip): 

o ± facial pain/pressure 

o ± reduction or loss of smell 

and either 

 endoscopic signs of: 

o nasal polyps, and/or 

o mucopurulent discharge primarily from middle meatus and/or 

o oedema/mucosal obstruction primarily in middle meatus 

and/or 



 

 

 CT changes:

o mucosal changes within the ostiomeatal complex and/or sinuses” 

(3)

An example of sinus mucosal changes seen in CRS is displayed in Figure 1. 

 

Figure 1. Computed tomography of paranasal sinuses in the coronal plane, with 

arrowheads showing mucoperiosteal thickening consistent with CRS – case 

courtesy of A/Prof. Frank Gaillard, Radiopaedia.org, reproduced under Creative 

Commons BY-NC-SA 3.0 Unported licence 

 

 

CRS affects over 2 million Australians, with an estimated prevalence of 10.5% in 

the general population. In 2002-2003, CRS was responsible for over 10 000 

hospital admissions in Australia.(4) Multiple clinical and population-based studies 

have concluded that CRS sufferers have reduced quality of life (QoL).(5-7) In a 

population-based study, Fu and colleagues found that persons with self-reported 

CRS had lower QoL scores than non-sufferers on the Medical Outcomes Study 



 

 

36-item Short Form Health Survey (SF-36) scale, with the largest differences in 

role emotional function, general health and role physical function domains.(8) 

Lange and colleagues assessed QoL in patients diagnosed with CRS by an 

otolaryngologist in an outpatient setting. CRS sufferers reported lower QoL 

compared to non-sufferers on both general health-related QoL and CRS-specific 

scales (European Quality of Life – 5 Dimensions (EQ-5D) and Sino-Nasal Outcome 

Test (SNOT)-22).(9) 

 

CRS may be divided into two categories: CRS without nasal polyps (CRSsNP) and 

CRS with nasal polyps (CRSwNP). Nasal polyps consist of inflamed, oedematous 

sinus mucosa. CRSwNP is defined by EPOS 2012 as chronic rhinosinusitis with 

bilateral, endoscopically visualised polyps in the middle meatus, whereas CRSsNP 

is defined as chronic rhinosinusitis with no visible polyps in the middle meatus, 

following decongestion if necessary.(3) Whilst both subclasses of CRS have been 

observed to share similar pathological features, such as inflammatory cell 

infiltrates, Caucasian patients with CRSwNP are more likely to have local and 

peripheral eosinophilia, and oedema.(10-12) In contrast, patients with CRSsNP 

typically have neutrophilic infiltrates and deposition of thick collagen fibres in the 

extracellular matrix.(13, 14) The inflammatory process in each of the two 

subclasses is characterised by distinct cytokine profiles. Elevated levels of 

interferon gamma and transforming growth factor beta are found in CRSsNP, 

whilst interleukin 5, eotaxin, and eosinophilic cationic protein are elevated in 

CRSwNP.(15, 16) 



 

 

Standard systemic medical therapies for CRS include antibiotics and 

corticosteroids. 

Oral antibiotics are widely used to treat exacerbations, and following sinus 

surgery. Two double-blind placebo-controlled studies of oral antibiotics in 

CRSwNP suggest antibiotics may be beneficial in improving certain symptoms 

and endoscopic signs. Van Zele et al found treatment with a 20-day course of 

doxycycline significantly reduced postnasal drip symptoms and polyp size.(17) 

Schalek et al compared a 3-week postoperative course of anti-Staphylococcal 

antibiotic (quinolone, amoxycillin/clavulanic acid, or co-trimoxazole) with 

placebo, and found a slight but not statistically significant improvement in 

symptom and endoscopic severity scores.(18) The small number of participants 

(23 patients) suggests that the study may have been under-powered. 

In patients with CRSsNP, investigation has largely focused on the potential anti-

inflammatory and anti-biofilm effects of long-term low dose oral macrolide 

antibiotics. In vitro studies show that clarithromycin produces a dose-dependent 

decrease in production of the pro-inflammatory cytokines interleukin 5 and 8, 

and granulocyte-macrophage colony stimulating factor, by sinus mucosal 

samples from CRS patients.(19) Erythromycin has also been shown to increase 

neutrophil apoptosis in vitro.(20) The results of clinical trials have been mixed. A 

double-blind randomised trial of three months of low dose roxithromycin found 

a statistically significant improvement in saccharine transit times, endoscopic 



 

 

and symptom scores, compared to placebo.(21) Conversely, a multicentre 

randomised controlled trial (RCT) of 3 months low-dose azithromycin in 

recalcitrant CRS found no statistically significant differences in symptom severity, 

quality of life scores, or endoscopic scores between the azithromycin and 

placebo groups.(22) 

Oral corticosteroids are typically prescribed in short courses of 2 to 3 weeks, in 

order to prevent the complications of long-term steroid use. Corticosteroids are 

postulated to have anti-inflammatory effects on the sinonasal mucosa, decrease 

vascular permeability, and decrease the glycoprotein content in mucous 

secretions.(23-27) Several RCTs in patients with CRSwNP show improved health-

related quality of life and symptom severity compared to placebo, at the end of a 

2 or 3 week course of treatment.(28-31) There is a paucity of evidence in the 

published literature regarding the efficacy of oral corticosteroids in CRSsNP. 

 

Topical therapies for CRS consist of treatments applied directly to the sinonasal 

mucosa by various methods, including rinses (irrigations), sprays, drops, and 

nebulisers. It is important to note that these delivery methods are not equivalent 

in their penetration into the sinuses. Studies using radiographic contrast and 

radiolabelled nasal pump sprays and drops show poor penetration into the 

sinuses.(32, 33) Pulsating aerosols were found to have only 6.5% deposition in the 

sinuses.(32) Experimental modelling using nebulised gentamicin has shown the 

proportion deposited into the maxillary sinus varies from 0.25% to 10%, 

dependent of the size of the maxillary ostia and particle size.(34) In contrast, nasal 



 

 

irrigations have improved penetration into the maxillary and frontal sinuses in 

patients who have undergone endoscopic sinus surgery.(35) 

Sinonasal saline irrigations are a mainstay in the management of CRS. The 

application of hypertonic saline to the sinonasal mucosa has been shown to 

increase mucociliary clearance in patients with CRS, possibly by increasing ciliary 

beat frequency.(36, 37) Nasal hypertonic saline irrigations have been shown to 

improve quality of life and reduce CRS symptom severity.(37-39) Saline irrigations 

may also assist in removing intranasal crusts and inspissated secretions, and are 

commonly prescribed following endoscopic sinus surgery. Studies aiming to 

assess the benefit of saline irrigations during the post-operative period have 

reported mixed results. Liang et al found benefit from the addition of irrigations 

to post-operative care only in mild CRS.(40) Freeman et al’s RCT reported a 

significant improvement in endoscopic scoring of discharge with saline irrigations 

compared to without at 3 weeks post-operatively, but this effect was not 

maintained at 3 month follow up.(41) 

Topical corticosteroids are an important aspect of medical management of CRS. 

Intranasal corticosteroids (INCS) may be applied to the sinonasal mucosa by 

numerous delivery methods, including sprays, drops, and sinonasal irrigations. A 

recent meta-analysis of eighteen randomised controlled trials found that in 

comparison to placebo, INCS had a moderate effect size in reducing symptom 

severity.(42) In patients with CRSwNP, the INCS group had smaller polyp size, and 

a higher chance of improvement in polyp size compared to placebo. The four 

studies assessing the intervention in patients with CRSsNP did not find any 



 

 

statistically significant difference in endoscopy scores between INCS and placebo. 

However, the meta-analysis included only studies using INCS sprays or drops, and 

did not include high volume nasal irrigations containing steroids. Whilst there is a 

lack of double-blind placebo-controlled trials of corticosteroid-containing 

irrigations in CRS, there is evidence that these irrigations may lead to a reduction 

in symptoms, as well as endoscopic and radiographic severity.(43) 

The use of topical antimicrobials in CRSsNP has been explored in several RCTs. 

However, there is significant heterogeneity between trials in the antimicrobial 

agents used (neomycin, tobramycin, bacitracin/colimycin, mupirocin) and 

methods of intranasal administration (spray, nebuliser, sinus rinse). Three RCTs 

using intranasal spray or nebuliser showed no additional benefit from topical 

antibiotics.(44-46) Jervis-Bardy et al undertook a double-blind RCT of twice daily 

mupirocin in saline sinus rinses compared to saline rinses with oral antibiotics.(47) 

Following the course of treatment, 89% of participants who received topical 

mupirocin had sinus cultures negative for S. aureus, compared to 0% of the 

control group. A significant improvement in endoscopic scores compared to 

control was noted in the mupirocin group, but there was no significant difference 

between groups in symptom severity scores. Given the small number of RCTs, all 

with small numbers of participants, topical antimicrobials are not recommended 

by consensus guidelines including EPOS 2012 and the American Academy of 

Otolaryngology – Head and Neck Surgery (AAOHNS) 2015.(3, 48) 

 



 

 

 

Surgical treatments for CRS are generally reserved for patients who do not 

respond to medical therapies. Conventional surgical approaches include nasal 

polypectomy, inferior meatal antrostomy, and Caldwell-Luc antrostomy, 

however endoscopic sinus surgery (ESS) is the most commonly performed 

surgical intervention for CRS. ESS is a collective term for a range of endoscopic 

procedures, which may be performed individually or in combination. These 

procedures include uncinectomy, maxillary antrostomy, anterior ethmoidectomy, 

posterior ethmoidectomy, sphenoidotomy, and frontal sinus drill-out. The 

primary aims of ESS are to improve patency of sinus ostia and facilitate 

mucociliary function, remove diseased tissue, and improve penetration of topical 

therapies to sinus mucosa.(49) As for many surgical treatments, there is a lack of 

placebo-controlled trials. However, large prospective studies have reported 

improvements in symptom severity, as well as in objective measures such as 

ciliary beat frequency and olfactory function.(50-54) 

Two RCTs have compared ESS to medical treatment of CRS, with conflicting 

results. Hartog et al reported increased resolution of purulent rhinitis and loss of 

smell with saline irrigations followed by ESS in comparison to saline irrigations 

alone, in patients with chronic maxillary sinusitis.(55) It should be noted that 

neither treatment group received INCS during the study, contrary to current 

consensus guideline recommendations for medical management of CRS. Ragab 

et al found no differences in symptom severity, saccharine clearance time, or 

endoscopic scores between medical and surgical treatment groups, in a cohort of 



 

 

patients with CRS or recurrent acute rhinosinusitis who had failed to improve 

with initial medical management.(56) Whilst both groups received alkaline nasal 

irrigations and INCS, the medical treatment group received a longer course of 

erythromycin, and a small number of medically-treated patients received a 9-day 

course of oral corticosteroids. It is unclear whether any patients in the surgery 

group received similar “rescue” therapy. In summary, the small number of 

studies and heterogeneity of study populations and treatments means the 

relative efficacy of surgery compared to medical therapies is still unclear. 

 

The aetiology of CRS is likely to be multifactorial, and has not been fully 

elucidated. However, the sinonasal mucosa may be seen as the interface 

between the environment, and the immune system. Thus the aetiology of CRS 

may be broken down into host factors, such as innate immunity, macro- and 

microstructure of the sinuses, and extrinsic factors, such as bacterial, viral and 

fungal infection.(57) 

The immune system has been implicated in CRS due to its inflammatory features, 

as well as the recurrent or persistent infections that appear to plague some 

sufferers. Many aspects of innate immunity are exhibited in sinus mucosa. The 

pseudostratified ciliated columnar epithelium, along with its mucociliary 

apparatus, forms a mechanical barrier to foreign material and invasion by 

microbes. 



 

 

Epithelial, glandular and immune cells also secrete numerous host defence 

molecules, including cathelicidins, defensins, lysozyme, lactoferrin, and secretory 

leukoprotease inhibitor (SLPI). Defensins are found in nasal epithelium and 

neutrophils, as well as other epithelial surfaces. Defensins increase the 

membrane permeability of their targets (bacteria, fungi, viruses) by insertion into 

the cell membrane.(58) This appears to result in inhibition of bacterial DNA, RNA, 

and protein synthesis.(58) Cathelicidins have been identified in many mammals, 

and share a common “cathelin” domain as well as a variable C-terminal 

antimicrobial domain. The only human cathelicidin identified, human cationic 

antimicrobial peptide 18kDa (hCAP18), has a C-terminal peptide named LL-37. 

hCAP18 is found in neutrophil granules, nasal mucosa, and submucosal glands.(59-

61) LL-37 binds to and disrupts the bacterial cell membrane, and also induces 

neutrophil, monocyte, and T-cell chemotaxis, as well as mast cell 

degranulation.(62-64) 

Lysozyme and lactoferrin are both found in neutrophil granules and epithelial 

cells. Lysozyme hydrolyses peptidoglycan in the gram positive bacterial cell wall, 

but also has activity against gram negative bacteria.(65) Lactoferrin binds and 

sequesters iron, which is essential for many microbial cellular processes, leading 

to cellular starvation. Lactoferrin has also been shown to prevent biofilm 

formation by Pseudomonas aeruginosa.(66) SLPI is produced by neutrophils, 

macrophages, and respiratory epithelium. It has anti-bacterial and anti-fungal 

activity, and also appears to regulate opsonin degradation and processing of 

antimicrobial peptides.(67-69) 



 

 

Aside from secreted host defence molecules, several pattern recognition 

receptors are expressed by respiratory epithelium, macrophages, dendritic cells, 

and B lymphocytes. These include toll-like receptors (TLRs) and palate, lung, and 

nasal epithelial clone (PLUNC) proteins. The TLR family is a family of membrane 

glycoproteins that are homologues of Toll, a receptor that is responsible for 

establishing dorsoventral polarity in insect embryogenesis. TLR ligands range 

from molecules found on bacteria and fungi, to viruses and endogenous (host) 

stimuli. One example is lipopolysaccharide (LPS), a component of the outer 

membrane of gram negative bacteria. In general, the end result of TLR activation 

is the expression of inflammatory cytokines, although negative modulation is 

also possible.(70) PLUNC proteins share a similar structure with the LPS binding 

proteins lipopolysaccharide binding protein (LBP) and bactericidal/permeability-

increasing protein (BPI). Two family members, SPLUNC1 and LPLUNC2 are 

expressed in sinonasal tissue.(71) 

Various derangements of the host defence mechanisms described above have 

been found in CRS sufferers. Delayed mucociliary clearance and impaired ciliary 

beat frequency have been measured in patients with CRS and their sinus tissue 

samples, compared to healthy controls.(54, 72-75) Air-liquid interface (ALI) cultures, 

where sinonasal epithelial cells are grown to confluence on a porous membrane 

and the apical surface exposed to air, have been used to explore the integrity of 

the epithelial barrier in CRS. Transepithelial resistance (TER) is measured 

between the apical and basal compartments, with lower resistance suggesting 

increased epithelial permeability. TER of cells from polypoid mucosa of CRSwNP 



 

 

patients has been found to be lower than that of healthy controls.(76) Sinus 

epithelium from CRSwNP patients also appeared to have irregular expression of 

tight junction proteins.(76) Soyka et al also noted accentuation of these changes 

on exposure of the ALI cultures to IFNγ and IL-4.(76) 

β-defensin 2 expression, as well as neutrophils containing α-defensin 1, 2, and 3, 

have been detected in nasal polyps and turbinate tissue from CRS patients, but 

not in healthy controls.(77) Increased LL-37 expression has been measured in 

nasal polyps and inferior turbinate tissue from CRS patients.(78) This has also been 

experimentally induced in nasal tissue explants from CRS patients in a dose-

dependent response to fungal extracts.(79) Immunohistochemical studies by 

Fukami et al showed an apparent increase in lysozyme in the goblet cells of CRS 

patients, with both lysozyme and lactoferrin also localised to atypical mucosal 

glands.(80) Conversely, Psaltis et al found a decrease in lactoferrin expression in 

the sinus mucosa of CRS patients, including those with and without eosinophilic 

mucus, fungal culture, and fungal allergy.(81) Similarly, a decrease in SPLUNC1 and 

LPLUNC2 expression correlated with fewer submucosal glands has been found in 

nasal polyps in CRSwNP.(82) TLR-2, 5, 6, 7, 8, and 9 expression is increased in 

CRSwNP nasal polyp tissue, whilst only TLR-2 appears to be upregulated in 

CRSsNP sinus mucosa.(83, 84) Given that the majority of the aforementioned 

studies are cross-sectional in design, it is unclear whether the changes detected 

in CRS patients are the cause or consequence of the disease process. However, it 

can be concluded that an altered inflammatory response is a key feature of CRS 

phenotypes. 



 

 

 

Differences in the adaptive immune response in various CRS subtypes have been 

identified. The histopathology of nasal polyps in Caucasian populations is typified 

by infiltration of eosinophils, neutrophils, mast cells, and B lymphocytes. The 

inflammatory infiltrate in Asian populations is more variable, with a lower 

proportion of patients having a predominantly eosinophilic infiltrate.(85) Analysis 

of T cells and cytokines in CRSwNP sinus tissue has shown a dominance of CD4+ 

(helper) T cells and a TH2 cytokine profile (IL-4 and IL-5).(86) The same study 

showed a predominance of CD8+ (cytotoxic) T cells over CD4+ T cells in CRSsNP 

tissue. Thymic stromal lymphopoietin (TSLP) expression and IL-33 receptor 

positive cells have both been found to be increased in CRSwNP sinus tissue, and 

could potentially drive the TH2-polarised response.(87, 88) Interestingly, Shaw et al 

found IL-33 expression was similar in CRSwNP, CRSsNP, and healthy controls, 

suggesting that it may be the population of IL-33 responsive cells that plays a 

pathogenic role in CRSwNP. The postulated role of TH2 cytokines in the CRSwNP 

inflammatory cascade is illustrated in Figure 2. 

Increased levels of B cell activating factor (BAFF), as well as autoreactive 

antibodies have been identified in CRSwNP, implicating a role for B cells in the 

pathogenesis of CRSwNP.(89, 90) Feldman et al found that the frequency of IgG, IgA, 

and IgE-secreting B cells was significantly higher in nasal polyps than in tonsils – a 

secondary lymphoid organ. Nasal polyps also contained more plasmablasts 

expressing Epstein-Barr virus-induced protein 2 (EBI2), a marker of extrafollicular 

plasmablasts. This suggests that B cell activation in CRSwNP may be 



 

 

extrafollicular, as opposed to occurring within germinal centres.(91) Conversely, 

tertiary lymphoid organs (TLOs) have been identified in the sinus tissue of 

patients with CRSwNP and CRSsNP.(92) Whilst the function of TLOs in CRS is yet to 

be explored, the presence of TLOs is associated with tissue eosinophilia and 

number of prior surgeries, suggesting a potential role in surgically-recalcitrant 

CRS. 

 

Figure 2. Diagrammatic illustration of the immune barrier hypothesis in CRS and 

postulated derangements in innate and adaptive immunity – reproduced from 

Lam et al, with permission of Springer (93) 

 

 

 



 

 

Atopy is the genetic tendency to develop allergic diseases such as allergic rhinitis, 

eczema, and asthma. Exposure to common aeroallergens may lead to the 

development of specific immunoglobulin E (IgE) antibodies to those allergens, 

which may be detected by serum or skin testing. Allergic rhinitis (AR) can be 

defined as an IgE-mediated inflammatory response of the nasal mucous 

membranes, after exposure to inhaled allergens.(94) Typical symptoms include 

sneezing, rhinorrhoea, nasal congestion, and nasal pruritis. Whilst some 

symptoms may overlap with those found in CRS, definitive diagnosis of AR relies 

on the detection of an IgE-mediated response to a specific allergen.(94) 

Several observational studies have described the prevalence of atopy in various 

cohorts of CRS patients, ranging from 38% to 84%.(95-101) Unfortunately, these 

studies did not attempt to compare their prevalence estimates in CRS patients 

with prevalence in comparable groups of people without a diagnosis of CRS. 

Moreover, several population studies of atopy and allergy have noted large 

variations in prevalence dependent on geography and over time, making the 

need for a truly comparable control group imperative.(102-104) Contrary to 

assertions made in some studies that atopy is more prevalent in those suffering 

CRS, Leo et al found the prevalence of atopy in children with CRS to be 

comparable to that of the general paediatric population in Italy.(105) The 

prevalence of allergic sensitisation in the United States general population 

estimated by the National Health and Nutrition Examination Survey (NHANES) 

2005-2006 was 44%, falling well within the range of values observed in the 



 

 

groups of CRS patients studied.(106) Thus an epidemiological association between 

allergy or atopy and CRS is not consistently observed. 

Whilst no causal relationship between allergic diseases and CRS has been proven, 

postulated mechanisms include: 

 Obstruction of the sinus ostia by inflamed mucosa or secretions 

 Delayed mucociliary clearance (72, 107) 

 Penetration of allergens into the paranasal sinuses, causing local 

inflammation (108, 109) 

 Altered inflammatory response and priming of immune cells (110-112) 

 Neurogenic inflammation secondary to sensitisation of sensory afferent 

nerves (97) 

Numerous studies have examined the relationship between atopy and CRS 

severity, with mixed results. Ramadan and colleagues found that amongst CRS 

patients who had never undergone sinus surgery, those with allergic rhinitis had 

higher (more severe) CT scores, compared to those with no allergies.(113) Another 

cross-sectional study of 225 patients undergoing revision endoscopic sinus 

surgery (ESS) found that patients with inhalant allergy had significantly higher 

Lund-Kennedy endoscopic and Lund-Mackay CT scores.(99) However, the same 

study found that patients with CRSwNP were significantly more likely to have 

inhalant allergy, and also that CRSwNP patients had significantly higher 

endoscopic and CT scores than CRSsNP patients. A similar pattern was noted by 

Robinson and colleagues in a study of 193 CRS patients.(114) Whilst Lund-Mackay 

scores were more severe in atopic patients, when patients were grouped 



 

 

according to the presence or absence of nasal polyposis (CRSsNP or CRSwNP) 

there was no significant difference in Lund-Mackay scores between atopic and 

non-atopic patients within each group. In concurrence with Batra et al’s study, 

CRSwNP patients had higher CT scores than CRSsNP patients. Atopic and non-

atopic patients did not differ in Lund symptom scores, although atopic patients 

reported significantly more sneezing, reduced productivity, and reduced 

concentration on SNOT-20. Pearlman and colleagues performed a prospective 

study of 165 patients, finding that Lund-Mackay scores were similar between 

atopic and non-atopic patients.(115) The authors also noted that Lund-Mackay 

scores were higher in CRSwNP and asthmatic patients, but that atopy was not a 

significant factor. 

Some investigators have attempted to identify a specific allergen, or class of 

allergens, relevant to CRS. Pearlman and colleagues identified that patients with 

cockroach allergy were significantly more likely to have a Lund-Mackay score 

greater than 10, and higher maxillary sinus scores.(115) Other studies have also 

noted a predominance of perennial allergies, such as to house dust mite, 

cockroach, animals, and moulds, over seasonal allergies in CRS patients.(96, 97) 

Aspirin-exacerbated respiratory disease (AERD), or non-steroidal anti-

inflammatory drugs (NSAIDs)-exacerbated respiratory disease (NERD), is a clinical 

syndrome typified by aspirin or NSAID hypersensitivity, asthma, and CRSwNP 

with mucosal eosinophilic infiltrates.(116) A recent meta-analysis has estimated 

the prevalence of AERD in CRS patients to be 8.7%.(117) Several studies have 



 

 

found increased severity of symptom, endoscopic, and radiographic scores in 

patients with AERD compared to CRSwNP patients without AERD.(118-120) 

Moreover, patients with AERD are more likely to undergo revision ESS.(118) 

The NSAID hypersensitivity in NERD is not immunologically mediated, and 

therefore does not represent a true allergy. Cyclooxygenase (COX)-1 inhibition by 

NSAIDs is thought to lead to reduced prostaglandin E2 (PGE2) synthesis, over-

production of cysteinyl-leukotrienes (cys-LT) via the 5-lipoxygenase (5-LO) 

pathway, and subsequent activation of mast cells and eosinophils.(121) 5-LO 

expression has also been found to be higher in NERD nasal polyps, as well as 

eosinophils expressing leukotriene C4 (LTC4) synthase, which is involved in cys-LT 

production.(122) Nasal epithelial cells from AERD patients have been shown to 

produce less PGE2 when unstimulated in vitro, and more 15-

hydroxyeicosatetraenoic acid (15-HETE), a pro-inflammatory arachidonic acid 

metabolite, upon stimulation with aspirin.(123) Additionally, nasal polyp histology 

from patients with NERD shows more eosinophils compared to in NSAID-tolerant 

patients with CRS.(122) Several mechanisms have been proposed to explain the 

characteristic eosinophilic infiltrate in NERD. These include increased systemic 

eotaxin-2 levels, platelet adherence to leukocytes enabling migration into 

inflamed tissues and cys-LT production, and IL-5 and granulocyte-macrophage 

colony stimulating factor expression.(124-126) Sanak et al identified a polymorphic 

variant of the LTC4 synthase (LTC4S) locus as conferring increased risk for aspirin-

intolerant asthma, although this result has not been consistently replicated 

across studies.(127) A meta-analysis of 13 studies found no increased risk of 



 

 

asthma with LTC4S variants overall, but that the variants were associated with 

increased risk of asthma in Caucasian and aspirin-tolerant populations.(128) Other 

candidate genes under investigation that may be involved in or differentiate 

NERD and non-NERD CRS include periostin (POSTN), met proto-oncogene (MET), 

and protein phosphatase 1 regulatory subunit 9B (PPP1R9B).(129) 

Bacteria are frequently cultured from the sinus swabs and samples of mucosal 

tissue from CRS patients, giving rise to the hypothesis that bacteria are involved 

in the pathogenesis of CRS.  

Although healthy paranasal sinuses were traditionally considered to be sterile, 

there is increasing evidence that this is not the case. Su et al attempted to 

compare the bacteria cultured from patients with chronic maxillary sinusitis 

undergoing Caldwell-Luc antrostomy, with those from the sinuses of control 

patients who did not have chronic sinusitis.(130) Bacteria were isolated from both 

nasal and sinus samples of all seven control patients. Klossek et al had 

comparable findings, with similar proportions of positive cultures from healthy 

control and CRS patients (81.3% and 83.1% respectively).(131) 

More recently, molecular methods such as 16S ribosomal RNA (rRNA) genetic 

sequencing have been used to gain a more complete picture of the bacterial 

species present in healthy and diseased sinuses. These techniques allow 

identification of the various bacterial species present within a sample, as well as 

the relative abundance of each species. Compared to traditional culture-based 



 

 

methods, there is also increased sensitivity for detection of species that are 

difficult to culture.(132) Several studies have identified Staphylococcus aureus as 

having increased relative abundance in CRS patients compared to healthy 

controls, whilst Corynebacterium spp., Staphylococcus epidermidis, and 

Propionibacterium acnes have been found to have a higher relative abundance 

healthy sinuses.(132-135) 

There have been many attempts to identify causal bacterial species in CRS, 

without consistent results. Some culture-based studies implicated anaerobic 

bacteria in the pathogenesis of chronic maxillary sinusitis, however other studies 

did not replicate this finding.(130, 136, 137) Doyle et al did not culture any anaerobes 

from endoscopically-guided ethmoid sinus biopsies in 59 patients with chronic 

ethmoid sinusitis.(138) Other similar studies found a predominance of aerobic 

species, namely Staphylococcus spp., P. aeruginosa, H. influenzae, and 

Streptococcus spp.(131, 139-142) Given that molecular methods have displayed the 

microbial diversity of both healthy and diseased sinuses, it is unsurprising that 

the results of these culture-based studies show growth of a variety of species in 

different patient cohorts. Close examination of the methodologies used in these 

studies reveals numerous areas of heterogeneity, including criteria used to 

diagnose chronic sinusitis, methods of sample collection and transportation, and 

prior medical and surgical interventions in the study population. 

Observational studies exploring associations between bacterial species and 

patient disease characteristics do identify S. aureus and P. aeruginosa as 

occurring more frequently in patients undergoing revision surgery.(140, 142, 143) 



 

 

Given that the sinus cultures of asymptomatic individuals following endoscopic 

sinus surgery have been found to grow predominantly coagulase negative 

Staphylococci, with only 31% and 3% growing S. aureus and P. aeruginosa 

respectively, it is postulated that the latter organisms are associated with disease 

recalcitrance, rather than the surgery itself.(144) Higher relative abundance of P. 

aeruginosa has also been associated with lower disease-specific health related 

quality of life as measured by SNOT-22.(133) 

Several pathophysiological mechanisms through which bacteria might contribute 

to the CRS disease process have been proposed. Certain bacteria might induce an 

aberrant immune response, leading to ongoing local inflammation in sinus 

tissues. Most investigation has focussed on the type 2 T-helper cell (TH2) 

response that is characteristic of CRSwNP.(145) The presence of S. aureus and P. 

aeruginosa has been positively correlated with expression of the inflammatory 

cytokines interleukin-5 (IL-5), and tumour necrosis factor alpha (TNFα) and 

interferon gamma (IFNγ), on the sinus mucosa of patients with CRSwNP and 

CRSsNP respectively.(146) 

One hypothesis is that the TH2 inflammatory response is triggered by S. aureus 

superantigens. Specific IgE to toxic shock syndrome toxin 1, staphylococcal 

enterotoxins A (SEA) and B (SEB) has been detected in nasal polyp tissue, and 

found to be associated with higher tissue eosinophil counts.(147, 148) It has been 

demonstrated that T cells in nasal polyp tissue containing these toxins show 

oligoclonal expansions in the T cell receptor variable beta domain corresponding 

to the specific toxin present, suggesting the toxins result in lymphocyte 



 

 

activation and proliferation.(148, 149) In vitro experiments have shown that 

stimulation of ex vivo nasal polyp tissue with SEB for 24 hours resulted in 

increased production of TH2 proinflammatory cytokines IL-5 and IL-4, as well as 

decreased production of the anti-inflammatory cytokine IL-10.(150) In a similar 

study, Xu et al found a decrease in CD4+ CD25+ T-regulatory cells in both nasal 

polyp and turbinate tissue after stimulation with SEB for 24 hours.(151) IL-5, as 

well as IgE specific to S. aureus enterotoxins, have both been found to be 

markedly increased in patients with recurrent CRSwNP following ESS compared 

to those who did not experience recurrence.(152) 

The apparent ability of sinonasal bacteria to evade antibiotic treatment has also 

been investigated, giving rise to the hypotheses that bacterial biofilms or 

intracellular bacteria may play a role in the pathogenesis of CRS. 

A bacterial biofilm is a structured community of bacteria that is associated with a 

surface, and encased in a self-produced extracellular biopolymeric matrix, as 

seen in Figure 3. Bacteria in biofilms exhibit several differences from planktonic 

(free-floating) bacteria, including variation in metabolism throughout the biofilm, 

production of exopolysaccharide, and changes in gene expression.(153) These 

features can result in decreased sensitivity to antibiotics; bacteria in biofilms can 

be over 1000 times more resistant to antibiotics than their planktonic 

counterparts.(154) Thus biofilms may provide a niche in which bacteria can evade 

the host immune system and antimicrobial treatments, leading to ongoing 

disease. Scanning electron microscopy and confocal scanning laser microscopy 

have identified biofilms on the sinus mucosa of 44 to 55% of patients undergoing 



 

 

ESS for CRS, compared to 0 to 8% of healthy control patients.(155-157) Several 

investigators have identified the presence of mucosal biofilms as a predictor of 

poor post-ESS outcomes, including more severe ongoing symptoms and worse 

Lund-Kennedy endoscopic scores, compared to patients without biofilms.(158, 159) 

 

Figure 3. Scanning electron micrograph of a bacterial biofilm on sinonasal 

mucosa from a patient with CRS – reproduced from Pinto Bezerra et al under 

Creative Commons BY 4.0 licence (157) 

 

In concordance with culture-based studies of patients requiring revision ESS, S. 

aureus and P. aeruginosa feature prominently in studies examining biofilm 

formation in CRS clinical isolates. Whether the microbial species comprising the 

biofilms alters the CRS disease process, and through which mechanisms, is not 



 

 

yet fully elucidated. A prospective study of 150 CRS patients found that whilst S. 

aureus was the most frequently isolated species from endoscopically-guided 

swabs, samples from which P. aeruginosa was isolated were the most likely to 

form biofilms in vitro.(160) The authors also noted that patients with previous 

infections were more likely to harbour bacteria with biofilm-forming capacity. In 

a retrospective study of 24 patients, Foreman et al identified that patients with 

single-species H. influenzae biofilms at the time of ESS had a rapid resolution of 

CRS post-operatively, whilst the presence of either mono- or polymicrobial 

biofilms containing S. aureus was associated with more severe disease that took 

longer to resolve. Patients with polymicrobial biofilms containing P. aeruginosa 

also had increased symptomatic and radiographic severity pre-operatively.(161) 

Similarly, Bendouah et al found that the ability of S. aureus and P. aeruginosa 

isolates to form biofilm in vitro was associated with an unfavourable progression 

of disease following ESS.(162) 

Although traditionally considered to be an extracellular pathogen, intracellular S. 

aureus has been identified in the sinonasal epithelium (Figure 4), mucous glands, 

myofibroblasts, and mast cells of CRS patients.(163-165) A prospective study of 51 

patients undergoing ESS for CRS detected intracellular S. aureus in 39%, with all 

also having mucosal biofilms. Patients positive for intracellular S. aureus in their 

sinonasal mucosa had increased radiographic severity, and were more likely to 

have had previous surgery. These patients were also significantly more likely to 

have both early and late post-operative infections, compared to patients without 

biofilm or intracellular bacteria.(166) 



 

 

 

Figure 4. Photomicrograph of immunohistochemistry staining of intracellular 

Staphylococcus aureus in sinonasal mucosal epithelium – reproduced from Ou et 

al under licence from John Wiley and Sons (167) 

 

The role that intracellular bacteria might play in the pathogenesis of CRS is 

unclear. Clement et al followed the clinical course of 3 patients with intracellular 

S. aureus, who all experienced recurrent infection with the same strain of S. 

aureus over time, despite multiple courses of antibiotics.(163) This suggests 

intracellular bacteria may provide a reservoir for recurrent infections, whilst 

being protected from antimicrobial treatments. It has also been postulated that 

epithelial invasion by S. aureus is an indicator of impaired epithelial barrier 

function.(168) As described above for extracellular S. aureus, intracellular S. aureus 

may have immunomodulatory effects. In vitro studies of nasal polyp epithelial 

cells with experimentally induced intracellular S. aureus infection measured an 

increase in IL-6 synthesis compared to uninfected controls.(168) Ou et al noted 

significantly higher lymphocyte counts in sinonasal mucosa samples with 

intracellular S. aureus, compared to those without.(167) 



 

 

The role of the bacteria found in healthy sinuses, and whether these species 

contribute to the maintenance of the healthy state, is still being explored. It has 

been shown that in a polymicrobial community, as has been identified in the 

paranasal sinuses, the presence of one bacterial species may impact on the 

population of a co-existing species.(169, 170) In vivo experimental work by Abreu et 

al has shown that Lactobacillus sakei is able to exert a protective effect on 

murine sinuses infected with Corynebacterium tuberculostearicum.(171) 

Corynebacterium species have been implicated as determinants of nasal carriage 

of S. aureus in healthy humans. Yan et al found C. accolens to be associated with 

high relative abundance of S. aureus, whilst C. pseudodiphtheriticum was 

associated with absence or low abundance of S. aureus.(172) Rates of S. aureus 

nasal carriage are also significantly lower in the presence of serine protease-

producing S. epidermidis strains.(173) This finding is supported by in vitro studies 

showing that the supernatant from these strains can inhibit S. aureus biofilm 

formation.(173) 

Concurrently, the microbiome may also influence the host immune response. 

Murine studies suggest that the microbiome of the gastrointestinal tract 

influences the host adaptive immune response and promotes immune 

homeostasis.(174) Certain gut bacteria may have systemic anti-inflammatory 

effects. Bacteroides fragilis has been shown to influence development of T 

regulatory lymphocytes in the gastrointestinal tract, whilst other bacteria 

produce short chain fatty acids by metabolism of dietary fibre, which may also 

lead to differentiation of T regulatory cells.(175, 176) 



 

 

In CRS, introduction of a potentially pathogenic bacterial species into the 

sinonasal tract might not only lead to acute or chronic infection, but also to 

permanent changes in the sinonasal microbiome. Cope et al used a murine 

model of acute P. aeruginosa sinusitis to assess both the acute inflammatory 

response and changes to the sinus microbiome in mice with depleted and intact 

microbiomes.(177) Mice treated with a course of antibiotics prior to inoculation 

with P. aeruginosa had a delayed resolution in pro-inflammatory IFNγ gene 

expression, compared to mice with intact microbiomes. Microbiome-depleted 

mice also had a longer duration of decreased microbiome richness in response to 

the P. aeruginosa infection. Persistent increased dominance of the 

Pseudomonadaceae family was noted in the microbiomes of both groups of mice, 

and interestingly the native Pseudomonadaceae remained dominant even after 

clearance of the infecting strain. Although the murine sinus microbiome differs 

significantly from that of humans, these results suggest that a bacterial infection 

may lead to persistent changes in the sinus microbiome, and subsequent 

changes in host immune response. 

A role for fungi in the pathogenesis of CRS has been hypothesised for both 

allergic fungal rhinosinusitis (AFRS) and CRS in general. The AFRS phenotype was 

first identified as a subset of patients with sinus histology sharing similarities 

with allergic bronchopulmonary aspergillosis, including eosinophilic mucin 

containing necrotic cellular debris, Charcot-Leyden crystals, and non-invasive 

fungal hyphae (Figure 5). These patients also had allergy to Aspergillus on skin 



 

 

testing, and serum IgE and IgG specific to the fungi.(178) For this reason, it was 

initially postulated that type I immediate and type III delayed hypersensitivity to 

various fungal species caused AFRS.(179) However, sensitisation to the fungal 

species found in the sinuses is not always present. Moreover, disease severity 

appears to have a stronger correlation with total IgE than with fungal-specific 

IgG.(180) 

 

Figure 5. Photomicrographs showing: a. Fungal elements stained with Grocott’s 

methenamine silver; b. Eosinophilic mucin containing degenerated inflammatory 

cells and Charcot–Leyden crystals; c. Ripples of eosinophils and neutrophils 

creating a “tide line” or “tree ring” appearance typical of allergic fungal sinusitis 

– reproduced from Correll et al with permission from Springer (181) 

 



 

 

Other postulated immune reactions to fungal proliferation within the sinuses 

include the activation of pattern recognition receptors by fungus-derived 

complex carbohydrates, activation of protease-activating receptors, and resulting 

eosinophilic inflammation.(182, 183) Co-colonisation with bacteria and fungi is 

common, suggesting a role for bacterial superantigens in triggering the 

inflammatory response seen in AFRS.(184) Dutre et al found serum IgE specific to S. 

aureus superantigens in 16 out of 17 AFRS patients studied.(185) Evidence from 

animal models of AFRS also suggests that development of sinus fungal biofilms is 

dependent on the presence of bacterial biofilms or epithelial injury, and is not 

dependent on sensitisation to the fungus.(186, 187) 

Using molecular techniques, fungi have been detected in 63 to 100% of patients 

with CRS who do not meet the diagnostic criteria for AFRS.(188, 189) Interestingly, 

whilst Gosepath et al also found fungal DNA in 66% of healthy control patients, 

no controls were positive for Alternaria DNA compared to all participants with 

CRS. The presence of fungus on staining or culture has been associated with 

ongoing symptoms and mucosal inflammation post-ESS.(158) It has thus been 

postulated that fungi may play a broader role in the pathogenesis of non-AFRS 

CRS. 

Similar mechanisms of immune activation by fungi to those described for other 

micro-organisms have been proposed. Stimulation of ethmoid sinus mucosa 

from patients with CRSwNP with fungal extracts (Aspergillus fumigatus, 

Alternaria alternata, Cladosporium herbarium) resulted in increased IL-33 

expression.(87) Peripheral blood mononuclear cells (PBMCs) from patients with 



 

 

CRS have shown upregulation of IL-5 production following stimulation with 

Alternaria, Aspergillus and Cladosporium extracts, whereas this response was 

smaller in PBMCs from healthy controls, and even absent in the case of 

Alternaria stimulation of control PBMCs. A similar response in IL-13 production 

was seen.(190) 

Unfortunately, several double-blind placebo-controlled trials have failed to show 

efficacy of topical and systemic antifungal agents in treating CRS.(189, 191-195) The 

ubiquitous nature of airborne fungi, its presence in the sinuses of control 

subjects, as well as the lack of efficacy of antifungal agents in clinical trials, 

makes it difficult to implicate fungi as a primary aetiological factor in CRS. 

Viral infection has been implicated in both the initiation and exacerbation of the 

CRS disease process. Many patients report that the onset of CRS was preceded 

with a viral upper respiratory tract infection (URTI), and acute rhinosinusitis is 

most often caused by viruses. However, no clear link between viral infections 

and the pathogenesis of CRS has been established. 

Viruses have been detected in the nasal epithelium of up to 74% of CRS 

patients.(196) These viruses include rhinovirus, parainfluenza, influenza, 

respiratory syncytial virus, coronavirus, adenovirus, enterovirus, human 

metapneumovirus, and bocavirus. Case-control studies comparing the 

prevalence of viral infection in subjects with and without CRS show conflicting 

results. Cho et al detected virus more frequently in CRS patients compared to 

healthy controls, and also noted that co-infection with multiple viruses was more 



 

 

common in CRS patients.(197) Liao et al found no difference in the frequency of 

virus detection between CRS and control groups.(196) However, no relationship 

between viral presence and CRS disease severity has been identified, with one 

study showing no difference in symptom, radiological or endoscopic scores 

between CRS subjects with and without virus identified in mucosal samples.(198) 

Viral infections may result in remodelling of sinus mucosa, causing changes 

similar to those seen in CRS. Human rhinovirus infection of human bronchial 

epithelial cells and nasal polyp fibroblasts has been shown to result in 

upregulation of matrix metalloproteinase-9 (MMP-9) in vitro; clinical studies of 

subjects during rhinovirus infection also revealed an increase in nasal lavage 

MMP-9 concentration.(199, 200) MMPs enable inflammatory cell recruitment by 

regulating cytokines and chemokines, and disrupting cellular junctions and 

extracellular matrix. MMP-9 has been implicated in CRS-associated osteitis, and 

poor healing post-ESS.(201, 202) Infection of human nasal epithelial cells by 

rhinovirus has also been shown to increase bacterial adhesion, and reduce 

transepithelial resistance.(203, 204) 

Polyinosinic-polycytidilic acid (poly(I:C)) is a synthetic viral (double-stranded RNA) 

analogue and TLR3 ligand, which has been used to explore the potential effects 

of viruses on the immune response in CRS. Golebski et al demonstrated 

increased TSLP expression in nasal polyp-derived epithelial cells that were 

stimulated with poly(I:C), compared to cells from healthy controls, suggesting 

viruses may also play a role in driving TH2-biased inflammation.(205) 



 

 

 

P. aeruginosa is an obligate aerobic, motile, gram negative rod-shaped bacterium. 

It is frequently isolated from environmental habitats such as soil, water, plants, 

and animals, but is also found in various sources in the nosocomial setting, such 

as ventilators, mops, and even tap water. Data from the Human Microbiome 

Project suggests that P. aeruginosa is not a common constituent of the healthy 

human microbiota.(206) It is considered to be an opportunistic pathogen, and may 

cause life-threatening infections.(207) 

It is distinguished from other bacterial species by growth from 37 up to 42 

degrees Celsius, oxidase positivity, and the production of the green and blue 

pigments pyoverdin and pyocyanin. Some stains also produce pyorubin and 

pyomelanin, red and black pigments respectively. P. aeruginosa colonies have 

distinct morphologies when grown on bacteriological agar.(207) Wild-type 

environmental strains usually produce small, rough colonies, whilst clinical 

isolates can produce either large smooth colonies, slow-growing “small colony 

variants”, or copious production of extracellular polysaccharide as seen in Figure 

6. The latter are described as being mucoid, and are classically isolated from 

patients with cystic fibrosis or chronic infections.(207-209) 



 

 

 

Figure 6. Mucoid P. aeruginosa growing on MacConkey agar, demonstrating 

copious extracellular polysaccharide (alginate) production – reproduced from 

Pritt et al, by permission of the American Society for Clinical Pathology (210) 

 

 

P. aeruginosa possesses a range of virulence factors, resistance genes, and 

metabolic adaptations, which contribute to its success as a pathogen. Virulence 

factors include pili, flagella, toxin secretion systems, quorum sensing, excreted 

pigments, and alginate (extracellular polysaccharide) production. 

Common pili (or fimbriae) are hairlike appendages that enable bacteria to adhere 

to biotic and abiotic surfaces. Many P. aeruginosa strains possess type IV pili, 

which confer twitching motility and are crucial for biofilm formation.(211) The 

relationship between pili and pathogenicity is complex. In a murine model of 

corneal infection, Hazlett et al found both non-piliated and hyperpiliated P. 

aeruginosa mutants had decreased infectivity.(212) A study of P. aeruginosa 

attachment to injured murine trachea found that pili mediated attachment of 



 

 

non-mucoid strains, but not mucoid strains.(213) The subunit of pili, pilin, is 

structurally encoded by the pilA gene, of which five alleles (groups I to V) have 

been identified in P. aeruginosa.(214, 215) Kus et al identified that a higher 

proportion of isolates from patients with cystic fibrosis possess group I pilins, 

which are able to be glycosylated.(215) It has been suggested that this 

glycosylation might strengthen binding to host surface receptors or other 

structures.(216) 

Flagella are also important for bacterial adherence and motility. Flagella appear 

to be important in formation of a bacterial monolayer on a surface, the first step 

observed in P. aeruginosa biofilm formation.(211) Analogous to the role of pili, 

specific adaptations in the expression of flagella may be observed in isolates 

from cystic fibrosis patients. In a study of ex vivo isolates from patients with 

cystic fibrosis, Mahenthiralingam et al found non-motile isolates that lacked 

flagella were resistant to non-opsonic phagocytosis by murine macrophages.(217) 

P. aeruginosa possesses type 1, 2, 3, 5 and 6 toxin secretion systems, illustrated 

in Figure 7. Type 1 secretion systems (T1SS) excrete toxins into the extracellular 

space, and consist of an outer membrane protein, an ATP-binding cassette 

transporter in the inner membrane, and an adaptor protein that connects the 

former two proteins. Proteins secreted by T1SS in P. aeruginosa include AprA, 

AprX, and HasAp. AprA is an alkaline protease; the function of AprX is 

unknown.(218, 219) HasAp binds haem and transports it to the outer membrane 

receptor, allowing haem internalisation.(220) 



 

 

Type 2 secretion systems (T2SS) are formed by an inner membrane protein, a 

large outer membrane secretin channel, and a pseudopilus that is thought to 

push proteins through the channel. Numerous T2SS exoproteins have been 

discovered, and include proteolytic enzymes, alkaline phosphatase, 

phospholipases, exotoxin A, and chitin-binding protein.(221) 

The type 3 secretion system (T3SS) is an intricate mechanism that utilises a 

supramolecular needle complex to transport exotoxins from the P. aeruginosa 

cytosol into a host eukaryotic cell. The needle complex consists of a multi-ring 

base and a needle-like filament. The filament is thought to act as a sensor for the 

host cell, as well as delivering the toxins through the bacteria cell wall. The 

needle complex also secretes proteins that form a membrane pore in the host 

cell membrane, known as the translocation apparatus. It is through this 

translocation apparatus that the toxins are able to move into the host cell 

cytoplasm. 

The presence of this membrane pore alone may lead to cell death by increasing 

membrane permeability or activation of cellular defence mechanisms.(222-225) 

Four exotoxins that are secreted through the P. aeruginosa T3SS have been 

identified: ExoS, ExoT, ExoU, and ExoY. ExoS and ExoT have both N-terminal 

GTPase-activating protein and C-terminal ADP ribosyltransferase activity.(226-229) 

ExoS is transported to the Golgi apparatus and endoplasmic reticulum of the host 

cell, where it targets GTPases and causes actin cytoskeleton disruption.(228, 230) 

This results in rounding of epithelial cells and macrophages, and impairs 

phagocytosis in vitro.(231, 232) Rounding of epithelial cells may reduce epithelial 



 

 

integrity.(233) ExoT has been noted to have similar effects to ExoS on host cells.(227, 

234, 235) ExoU is a phospholipase, and ExoY is an adenylate cyclase.(236, 237) ExoU 

causes rapid host cell death.(238) The secretion of ExoY into the host cell 

cytoplasm results in raised intracellular cyclic AMP, altered gene expression, and 

disruption of the actin cytoskeleton.(237) 

The presence of a functional T3SS has been shown to increase disease severity in 

animal models of infection, including pneumonia, keratitis, burn infection, and 

peritonitis.(224, 238-242) Associations between T3SS toxin secretion, disease severity, 

and treatment resistance have been observed in ventilator-associated 

pneumonia, and with mortality in non-cystic fibrosis acute pneumonia.(243-245) 

In the type 5 secretion system (T5SS), proteins are transported across the inner 

membrane by the general secretory (Sec) pathway, and then through a β barrel 

protein in the outer membrane. The secreted protein either remains on the 

outer surface of the outer membrane, or is cleaved and released into the 

extracellular space. T5SS exoproteins found in P. aeruginosa include EstA, LepA, 

and CupB5. EstA appears to facilitate the production of rhamnolipid surfactant 

and subsequent swarming motility.(246) The protease LepA transactivates nuclear 

factor-kappa B (NF-κB)-driven promoter, and induces IL-8 production in human 

bronchiole epithelial cells in vitro.(247) CupB5 appears to be associated with P. 

aeruginosa fimbriae.(248) 

Type 6 secretion systems (T6SS) are comprised of a puncturing device and sheath, 

enabling injection of proteins into targeted prokaryotic and eukaryotic cells.(249) 

Three T6SS have been identified in P. aeruginosa, termed H1-, H2-, and H3-T6SS. 



 

 

These T6SS each secrete several different effector proteins, mostly targeted at 

other bacteria.(250) 

 

Figure 7. Schematic diagram of protein secretion systems in P. aeruginosa – 

reproduced from Bleves et al, with permission from Elsevier (221) 

 

Quorum sensing is cell-cell communication within a bacterial species, via the 

production and release of signal molecules. A threshold concentration of the 

signal molecule sensed by the bacteria will trigger changes in gene expression. 

Lux-type quorum sensing systems are based on the production of N-

acylhomoserine lactone (AHL), which can diffuse across cell membranes, and a 

transcriptional regulator receptor in the bacterial cytoplasm. Two lux-type 

systems, las and rhl, regulate virulence in P. aeruginosa, with strains lacking both 

las and rhl having greatly decreased virulence in animal models of pneumonia 



 

 

and burn infection.(251-253) A quinolone quorum sensing system is also found in P. 

aeruginosa.(254) 

The excreted pigments pyocyanin and pyoverdin may also be considered 

virulence factors. Pyocyanin is able to increase intracellular levels of reactive 

oxygen species, leading to cell lysis and release of extracellular DNA.(255, 256) 

Pyocyanin accelerates neutrophil apoptosis and impairs macrophage 

phagocytosis in vitro and in murine models of acute pneumonia.(257-259) Aside 

from helping the bacteria evade host immune cells, this may also lead to 

increased viscosity of mucus due to the release of high molecular weight DNA, 

impairing mucociliary clearance.(260) Pyocyanin has also been found to cause a 

concentration-dependent decrease in IL-2 secretion, IL-2 receptor expression on 

T lymphocytes, and B lymphocyte differentiation into plasma cells.(261, 262) 

Pyoverdin is a siderophore, assisting iron uptake by chelating extracellular iron 

and enabling uptake by an outer membrane transporter.(263) It has also been 

shown to regulate production of exotoxin A and an extracellular endoproteinase, 

PrpL.(264) 

Alginate production by mucoid strains of P. aeruginosa is generally an adaptation 

that occurs in chronic infection, typically in cystic fibrosis lung colonisation.(265, 266) 

Alginate not only impairs phagocytosis and opsonisation, but may also alter the 

host immune response.(267-273) In vitro studies show alginate-induced impairment 

in neutrophil chemotaxis and lymphocyte transformation.(274) The potential for 

alginate to enhance adhesion of P. aeruginosa to epithelial surfaces has been 



 

 

explored, with conflicting results. Doig et al demonstrated a wide variation in the 

adherence of mucoid strains to buccal and tracheal epithelium.(275) 

 

Many factors contribute to the ability of P. aeruginosa to evade or resist 

antimicrobial treatments. These factors include biofilm formation, innate 

antibiotic resistance, and acquired antibiotic resistance. 

Intrinsic resistance refers to the mechanisms limiting the activity of antibiotics in 

wild-type isolates. The outer membrane of gram negative bacteria is a barrier to 

the penetration of antibiotics, particularly to small hydrophilic antibiotics such as 

beta-lactams and quinolones, which must pass through water-filled porin 

channels. P. aeruginosa isolates with greatly decreased outer membrane 

permeability compared to other gram negative bacteria have been described, 

although this cannot fully explain the species’ intrinsic resistance to many 

antibiotics.(276, 277) Low outer membrane permeability works in tandem with 

other mechanisms of intrinsic resistance, such as efflux pumps and beta-

lactamase.(278) Intrinsic drug efflux pumps found in P. aeruginosa include MexAB-

OprM and MexXY-OprM.(279, 280) Both are able to extrude tetracycline and 

erythromycin, whilst the former can also extrude quinolones, other macrolides, 

chloramphenicol and most beta-lactams, and the latter can extrude 

aminoglycosides.(279, 281, 282) AmpC is a chromosomally-encoded inducible beta-

lactamase that is able to hydrolyse most beta-lactams, with the exception of 

fourth generation cephalosporins and carbapenems.(207, 283) 



 

 

Biofilm formation comprises four main stages, illustrated in Figure 8. Firstly, 

bacteria adhere to a biotic or abiotic surface. Secondly, the bacteria begin to 

secrete an extracellular matrix, usually consisting of exopolysaccharides, proteins, 

and extracellular DNA. Thirdly, the biofilm matures in a coordinated fashion, 

often utilising quorum sensing systems. Subpopulations of cells in different 

regions of the biofilm may appear. Lastly, planktonic cells are dispersed from the 

biofilm. 

 

Figure 8. Diagram showing the stages of biofilm formation – reproduced with 

permission from Stoodley et al (153): 1. Attachment of bacteria to surface, 2. 

Secretion of exopolysaccharides, 3 & 4. Development and maturation of biofilm 

architecture, 5. Dispersion of single bacteria from the biofilm. 

 

The ability of biofilms to tolerate antimicrobial treatments occurs via numerous 

mechanisms. These involve both the extracellular matrix, as well as changes in 

the embedded bacteria as they adopt the biofilm lifestyle. Extracellular DNA and 

mucin found in the sputum of cystic fibrosis patients has been shown to 



 

 

electrostatically bind positively-charged antibiotics and antimicrobial peptides, 

such as aminoglycosides and polymyxins.(284-286) Similarly, Chiang et al found that 

the addition of exogenous DNA to flow-cell biofilms of a DNA release-deficient P. 

aeruginosa mutant increased tolerance to aminoglycoside treatment.(287) 

Extracellular DNA has also been shown to induce expression of pmr genes 

PA3552-PA3559 in P. aeruginosa biofilms, resulting in decreased susceptibility to 

cationic antimicrobial peptides.(288) The same investigators also noted decreased 

susceptibility to aminoglycosides. Alginate production by biofilms of mucoid P. 

aeruginosa has been demonstrated to decrease susceptibility to tobramycin, 

compared to a non-alginate producing isogenic strain.(289) 

Differential metabolism between bacteria in different regions of a biofilm may 

also contribute to increased tolerance to antimicrobials. Several studies have 

demonstrated that metabolic activity is highest in parts of the biofilm that are 

closest to the bulk medium, and lowest deep within the biofilm.(290-294) It has 

been theorised that bacteria with low growth rates are less susceptible to 

antibiotics that target cellular growth processes such as cell wall synthesis, 

transcription and translation. However, the interaction between metabolic 

activity and antimicrobial tolerance varies depending on the antimicrobial agent 

in question. Whilst some antibiotics, such as tobramycin, ciprofloxacin and 

tetracycline, are less effective in killing the less metabolically active bacteria 

within a biofilm, colistin and chlorhexidine appear to have greater activity against 

these bacteria.(290, 294, 295) In vitro studies of P. aeruginosa biofilms have shown 

that a subpopulation of metabolically active cells develops colistin tolerance by 



 

 

induced expression of pmr genes, which mediate modification of cell membrane 

lipopolysaccharide.(294, 296) 

Persister cells are bacteria that have differentiated into a dormant non-dividing 

or slowly-dividing state, as opposed to simply having slower growth due to 

limitation of oxygen or nutrients. Evidence of persister cells has been described 

in numerous in vitro studies of antimicrobial tolerance in P. aeruginosa 

biofilms.(295, 297, 298) Several genes that appear to relate to the development of the 

persister phenotype in P. aeruginosa have been identified, including genes 

related to mucoid conversion, twitching motility, phenylalanine synthesis, and 

type IV pili.(299) Genes regulating bacterial stress response, such as spoT, relA, 

dksA, and rpoS, have also been implicated as persister genes in P. aeruginosa.(300, 

301) 

Several other genes that may contribute to antimicrobial tolerance have been 

found to be upregulated in P. aeruginosa biofilms. Increased expression of drug 

efflux pumps including MexAB-OprM, MexCD-OprJ, MexEF-OprN, and MuxABC-

OpmB, has been identified in P. aeruginosa biofilms. Increased expression of 

mexAB-oprM, mexCD-oprJ and muxABC-opmB genes in the upper layer of P. 

aeruginosa PA01 strain biofilms appears to be necessary in the development of 

colistin tolerance, in conjunction with the aforementioned pmr genes.(294, 302) 

MexAB-oprM and mexCD-oprJ are also required for biofilm formation in the 

presence of sub-inhibitory concentrations of azithromycin, with an increase in 

mexC expression within these biofilms.(303) Interestingly, Gillis et al noted that the 

expression of both mexAB-oprM and mexCD-oprJ did not increase tolerance to 



 

 

other substrate antibiotics, as might be expected.(303) Liao et al found that 

MexAB-OprM and MexEF-OprN contribute to P. aeruginosa biofilm tolerance to 

tobramycin, trimethoprim, tetracycline, and kanamycin.(304) 

The ndvB gene appears to be expressed only in P. aeruginosa PA14 strain 

biofilms, and not in planktonic cells of the same strain. This gene encodes for an 

enzyme involved in the synthesis of periplasmic glucans that are able to bind and 

sequester tobramycin. A PA14 strain carrying a ndvB mutation was found to have 

decreased biofilm tolerance to tobramycin, gentamicin, ciprofloxacin, ofloxacin, 

and chloramphenicol.(305) 

 

Mechanisms of acquired antimicrobial resistance in P. aeruginosa predominantly 

involve antimicrobial-modifying enzymes, usually acquired via plasmids, 

transposons or integrons. These include narrow- and extended-spectrum beta-

lactamases (ESBL), oxacillinases, and aminoglycoside-modifying enzymes. 

Narrow-spectrum beta-lactamases confer resistance to penicillins and narrow-

spectrum cephalosporins, with some enzymes in this category able to be 

inhibited by clavulanic acid.(306, 307) ESBL are also able to hydrolyse third and 

fourth generation cephalosporins, and in some cases, aztreonam or 

carbapenems.(308) Oxacillinases, also known as OXA-type beta-lactamases, may 

have narrow- or broad-spectrum activity against beta-lactams.(309, 310) OXA-type 

beta-lactamases that are able to hydrolyse carbapenems have been identified, 

although reports of P. aeruginosa isolates expressing these enzymes are 

sporadic.(311-313) Carbapenem resistance may also be conferred by 



 

 

metallobetalactamases, including VIM, IMP and NDM enzymes, and Klebsiella 

pneumoniae-type carbapenemase (KPC).(314-316) Metallobetalactamases have 

been identified in isolates responsible for single-hospital outbreaks of 

nosocomial P. aeruginosa, as well as in the widespread multidrug-resistant P. 

aeruginosa serotype O12.(317, 318) Aminoglycoside-modifying enzymes include 

aminoglycoside nucleotidyl-transferase (2’)-I and aminoglycoside 

acetyltransferase (6’)-II, which confer resistance to gentamicin, tobramycin, and 

in the case of the latter, netilmicin.(319) 

Another mechanism of acquired aminoglycoside resistance in P. aeruginosa is 

methylation of 16S rRNA, preventing the antibiotic from binding to the rRNA. 

RmtA and RmtD are 16S rRNA methylases that have been identified in P. 

aeruginosa, likely acquired through intergeneric lateral gene transfer from 

aminoglycoside-producing bacteria.(320, 321) The former was identified in an 

isolate with high-level resistance to all parenteral aminoglycosides, whilst the 

latter confers resistance to amikacin, tobramycin, and gentamicin.(320, 321) 

Drug efflux pumps MexCD-OprJ and MexEF-OprN have been identified in isolates 

with acquired resistance to fluoroquinolones.(322, 323) Point mutations in the 

genes encoding for DNA gyrase may also decrease the binding affinity of 

quinolones for the enzyme, and result in resistance.(324-326) 

 

Antibiotic classes traditionally used to treat P. aeruginosa infections include 

some penicillins, cephalosporins, fluoroquinolones, aminoglycosides and 



 

 

carbapenems. Unfortunately, the prevalence of antibiotic resistance and multi-

drug resistant strains is increasing. The SENTRY Antimicrobial Surveillance 

Program is a global antimicrobial surveillance study that collects clinical isolates 

and performs centralised antimicrobial susceptibility testing, with the aim of 

collecting prevalence-based data. SENTRY data from patients hospitalised with P. 

aeruginosa pneumonia in the United States and the Europe and Mediterranean 

region between 2009 and 2012 showed meropenem resistance rates of 25% in 

Europe and 16% in the USA. Levofloxacin resistance was found in 29% and 21% in 

Europe and USA respectively.(327) SENTRY data from the Latin America region for 

2008 to 2010 for all P. aeruginosa isolates showed resistance rates of 25%, 41%, 

and 34% to piperacillin/tazobactam, ciprofloxacin, and meropenem 

respectively.(328) Rates of carbapenem resistance in P. aeruginosa clinical isolates 

from around the world are shown in Figure 9. In Australia, rates of antibiotic 

resistance in P. aeruginosa clinical isolates remain comparatively low, ranging 

from 4.0% resistance to meropenem, to 6.7% to ciprofloxacin and 10.3% to 

piperacillin/tazobactam.(329) However, emerging concerns include the 

appearance of carbapenemase-expressing gram negative bacteria throughout 

the country, albeit at low rates.(329) 



 

 

 

Figure 9. Map showing rates of carbapenem-resistant P. aeruginosa by country – 

from ResistanceMap, Center for Disease Dynamics, Economics & Policy (330) 

 

Multidrug resistance (MDR) is defined as acquired non-susceptibility to at least 

one agent in each of three or more antimicrobial categories, whilst extended 

drug resistance (XDR) is non-susceptibility to at least one agent in all but two or 

fewer antimicrobial categories.(331) Data from the International Network for 

Optimal Resistance Monitoring program (INFORM) collected between 2012 and 

2015 found that 15.4% and 9.4% of USA P. aeruginosa clinical isolates were MDR 

and XDR respectively.(332) Data from the US Centers for Disease Control and 

Prevention (CDC) shows that P. aeruginosa is responsible for 51000 healthcare-

associated infections per year in the USA, with 13% of these being caused by 

multi-drug resistant strains.(333)  



 

 

Recent global data on the prevalence of antibiotic resistance in P. aeruginosa 

isolates from CRS patients is scarce. However, single-centre studies performed in 

North America provide some insights. Kingdom and Swain (USA) reported 26% 

aminoglycoside (gentamicin and tobramycin) and 17% ciprofloxacin resistance in 

P. aeruginosa isolates from CRS patients undergoing ESS between 1997 and 

2001.(334) Guss et al (USA) examined the prevalence of fluoroquinolone-resistant 

P. aeruginosa in bacterial sinus cultures between 2002 and 2007. The authors 

reported 13% and 5% of isolates were resistant to levofloxacin and ciprofloxacin 

respectively.(335) Genoway et al (Canada) found resistance rates in P. aeruginosa 

isolates from CRS patients over a 13-month period of 0% to gentamicin, 30% to 

ciprofloxacin, and 50% to meropenem.(336) The results of these studies must be 

interpreted with caution, as with the exception of Guss et al’s study, the number 

of P. aeruginosa isolates examined in each study was small. 

 

As described previously, P. aeruginosa has been identified in a significant 

proportion of CRS sufferers’ sinuses through both culture-based and molecular 

methods. The prevalence of P. aeruginosa colonisation in the sinonasal mucosa 

of healthy humans varies from 0% to 4%, although estimates as high as 9% have 

been derived from 16S rRNA sequencing studies.(133, 337-340) The reported 

proportion of CRS patients with cultures identifying P. aeruginosa varies from 7% 

to 15%, but prevalence of P. aeruginosa in CRS microbiome studies using 

molecular detection methods is as high as 21%.(133, 140, 143, 334, 336, 341-343) 



 

 

Importantly, Cleland et al’s microbiome study noted that P. aeruginosa had a 

high mean relative abundance in CRS patients compared to healthy control 

patients.(133) 

In a cross-sectional study of 265 CRS patients, Nadel and colleagues found prior 

sinus surgery, use of systemic steroids, and nasal irrigations were associated with 

higher rates of cultures positive for P. aeruginosa.(142) These associations may 

either imply that these treatments introduce or increase the pathogenicity of P. 

aeruginosa in CRS, or conversely suggest that patients with cultures positive for P. 

aeruginosa have more severe disease, and are thus more likely to receive the 

aforementioned interventions. Cleland et al’s finding that higher relative 

abundance of P. aeruginosa is associated with lower disease-specific health 

related quality of life supports the latter conjecture.(133) 

The association between P. aeruginosa and the need for revision sinus surgery is 

unclear. Numerous studies have also noted an increased frequency of P. 

aeruginosa-positive cultures from patients undergoing revision sinus surgery.(140, 

142, 143, 344) Conversely, Kingdom and Swain’s study of 101 CRS patients did not 

find any significant difference in the proportion of patients or cultures that grew 

P. aeruginosa between primary and revision surgery groups.(334) Studies 

attempting to define the sinus microbial flora of CRS patients post-ESS have 

identified a variable proportion of patients with P. aeruginosa positive cultures. 

Al-Shemari and colleagues reported P. aeruginosa in 3% and 24% respectively of 

asymptomatic and symptomatic groups of such patients.(144) A similar study by 

Bhattacharyya and Kepnes found P. aeruginosa in 7.2% of cultures from 



 

 

symptomatic post-ESS CRS patients.(341) None of these studies were able to 

compare post-operative with pre-operative or intra-operative culture results, 

and thus the significance of these findings is unclear. Further longitudinal studies 

are required to elucidate whether the presence of P. aeruginosa in CRS is 

predicative of a subgroup of patients who will have recurrent or recalcitrant 

disease following ESS. 

 

Cystic fibrosis is an inherited disorder, resulting from mutations in the cystic 

fibrosis transmembrane conductance regulator (CFTR) gene. The CFTR protein 

functions as a chloride ion channel, and also regulates other cellular ion channels. 

The altered function of these channels causes decreased water content, and thus 

increased viscosity, of the mucus that is found in the respiratory, gastrointestinal, 

and reproductive systems. The resulting changes in the lung microenvironment 

predispose CF patients to recurrent lung infections, with P. aeruginosa, 

Burkholderia cepacia, and Achromobacter xylosoxidans being common Gram-

negative pathogens. CRSwNP is considered to be one of the disease 

characteristics of CF. One study found that 100% of paediatric and adult patients 

with CF had CRS symptoms, with 96% of patients having nasal polyps visualised 

on endoscopic examination.(345) Patients with CF are likely to have more severe 

CRS compared to those without CF, as measured by changes on nasendoscopy, 

computed tomography, and increased olfactory thresholds. (345, 346) 

P. aeruginosa is frequently isolated from the sinuses of patients with cystic 

fibrosis (CF), with reported rates of 18.5% to 49% in cultures taken during 



 

 

ESS.(347-352) P. aeruginosa colonisation of the paranasal sinuses has been shown 

to be a reservoir of recurrent pulmonary infections in CF patients. (350, 353-355) 

There is also evidence supporting the hypothesis that P. aeruginosa infections 

are acquired from environmental sources. Genotyping studies of isolates from CF 

patients have shown that initial pulmonary infections are caused by a diversity of 

genotypes, reflecting the variation present in the environment. Subsequent 

infections have been caused by a clonal (isogenic) isolate in some cases, whilst in 

other cases a different genotype was identified. This suggests both 

environmental sources, as well as a reservoir of persistent bacterial colonisation 

such as the sinuses, as a source for recurrent pulmonary infections.(356-358) 

Chronic pulmonary infection by P. aeruginosa in CF is of particular concern, as 

this has been associated with deterioration in lung function.(359) Interestingly, 

chronic pulmonary infections are often caused by the same strain, meaning that 

serial isolates from a chronically infected patient are isogenic.(356, 360) However, 

phenotypic changes may occur over time, which can affect the strain’s 

expression of virulence factors.(360) More specifically, the conversion of the 

colonising strain to a mucoid phenotype is correlated with a significant increase 

in morbidity and mortality.(361) This phenotypic progression may not be limited to 

the lower respiratory tract. Hansen and colleagues discovered diversification of 

strains in the sinuses of paediatric CF patients, including the acquisition of 

microbiological traits that are known to correlate with poor lung disease 

prognosis.(362) 



 

 

 

Bacteriophages, or phages, are viruses that infect bacteria. They are considered 

to be the natural predators of bacteria, and evidence of these naturally-occurring 

viruses was first documented in the early 1900s. Twort identified microorganisms 

that were able to pass through a filter, and appeared to “dissolve” or prevent the 

growth of bacteria under certain conditions.(363) D’Herelle made similar 

observations of a microorganism isolated from the faecal samples of patients 

with Shigella dysentery, and termed these microorganisms “bacteriophages”.(364) 

Phages may have either single-stranded or double-stranded DNA or RNA 

genomes. Electron microscopy has provided evidence of diverse phage 

morphology; phages may be enveloped or non-enveloped, with tailed, 

polyhedral, filamentous, or pleomorphic-shaped particles.(365) The current 

International Committee on Taxonomy of Viruses (ICTV) taxonomy classifies 

phages into one order, 14 families, and 37 genera, with several other families 

under consideration (Table 1).(365, 366) The majority of characterised phages are 

tailed, and fall under three families in the Caudovirales order: Myoviridae, 

Siphoviridae, and Podoviridae.(367) 



 

 

 

 

Table 1. Bacteriophage phage families and associated characteristics – 

reproduced with permission from Ackermann (365) 

 

 



 

 

 

The structures of the tailed Escherichia coli “T-even” phages (T2, T4, and T6) are 

some of the most studied. The typical structure of Myoviridae tailed phage 

particles is illustrated in Figure 10. Tailed phages have a quasi-icosahedral capsid 

or head, comprised of multiple capsid proteins.(368) The head contains the phage 

double-stranded DNA genome. The tail of the phage is attached to the head by 

the connector, comprised of additional proteins.(369) T-even and other 

Myoviridae phages have complex tail structures that are able to contract prior to 

DNA injection into the bacterial host. The tail is formed by a contractile sheath, a 

base plate wedge and hub, whiskers and long tail fibres, the latter two of which 

are attached to the base plate.(370) Other tailed phages have either short or long 

non-contractile tails.(367) 

 

Figure 10. Myoviridae T4 phage structure - By Adenosine (original); 

en:User:Pbroks13 (redraw), reproduced under Creative Commons BY-SA 2.5 

licence, https://commons.wikimedia.org/w/index.php?curid=4128278 

 



 

 

 

Whilst phage genomes contain all the genetic information necessary for self-

replication within a host bacterium, phages themselves have no internal method 

of energy generation or protein production. Thus bacteriophage replication is 

dependent on their ability to infect host bacteria.(371) Similar to other viruses, 

both lytic and lysogenic replication cycles have been identified in phages. 

Obligate lytic phages are only able to replicate via the lytic pathway, whereas 

temperate phages may undergo either lytic or lysogenic cycles. The lytic phage 

life cycle is illustrated in Figure 11, and the various possible outcomes of 

temperate phage infection are shown in Figure 12. In both cycles, the initial step 

is adsorption of the phage to a surface structure on a potential host cell. This is a 

two-step process, in which the first stage is a reversible attachment, whereas the 

second stage is irreversible binding. The host cell membrane is then breached, 

and phage nucleic acids are transported into the host cell. In tailed phages, 

adsorption occurs by attachment of tail fibres to pili, flagella, or other host cell 

surface structures. The bacterial cell wall is then digested by enzymes located in 

the tail tip, allowing injection of the phage DNA into the host.(372) Gene 

expression, formation of capsid and tail components, phage genome replication, 

and packaging of the phage genome into capsids, may commence at this stage, 

by redirecting the host cell replication “machinery” and metabolism.(373) 

In lytic phages, the mature progeny phages are released into the extracellular 

space by lysis of the host bacterium, killing the bacterium in the process. Tailed 

phages produce holins and endolysins (peptidoglycan hydrolases), which 



 

 

penetrate the plasma membrane and damage cell wall peptidoglycan 

respectively.(372) 

 

Figure 11. Lytic phage life cycle: 1. Adsorption of phage to host, 2 & 3. Injection of 

phage genome into host, 4. Transcription and translation of phage genome using 

host cell machinery, 5. Formation of phage particles within host, 6. Release of 

phage particles by host cell lysis. 

 

In a lysogenic cycle, the phage genome remains within the host cell in a dormant 

state, typically integrated into the host cell genome, and is replicated when the 

host cell replicates. The dormant phage genome may also persist within the 

bacterial cell as a plasmid. Temperate phages have the ability to choose either a 

lysogenic or lytic cycle; they may initially choose a lysogenic cycle, but conversion 

to a lytic cycle can occur later.(372, 373) A state of chronic infection may also occur, 



 

 

where mature phages are released from the host cell by budding or extrusion, 

without lysing the host cell.(373) 

 

Figure 12. Bacteriophage life cycles: chronic infection, lytic, lysogenic, and 

pseudolysogenic. Adapted from Paul et al(374) by Weinbauer(373). Reproduced with 

permission from Federation of European Microbiological Societies and Elsevier. 

 

 

Lytic bacteriophages have obvious therapeutic potential in treating infections 

with their ability to lyse and kill bacteria. Whilst the majority of therapeutic 

research and use of phages has been focussed on lytic phages, non-lytic 

filamentous phages have been used to introduce antibacterial agents into 

bacteria or to induce increased sensitivity to antibiotics. Several studies have 



 

 

shown the bacterial killing ability of filamentous phages genetically engineered 

to encode lethal proteins such as restriction endonuclease, holin, modified 

catabolite gene activator protein, and toxins Gef and ChpBK.(375-378) The 

suggested advantages of this approach include minimising endotoxin release.(375, 

376) Lu and Collins demonstrated the use of a filamentous phage genetically 

modified to suppress a mechanism of E. coli defence against bactericidal 

antibiotics, subsequently increasing the sensitivity of E. coli to ofloxacin, 

gentamicin, and ampicillin.(379) 

 

The group of bacterial strains or species that a phage is able to infect is termed 

its “host range”. The majority of characterised phages have a host range limited 

to a subset of strains within a single or closely-related bacterial species; however 

polyvalent phages that can infect multiple bacterial species have been 

identified.(380, 381) The limited host range of many phages may be beneficial for 

preserving commensal bacterial flora when targeting a single pathogenic strain. 

Conversely, the host range may restrict the application of phage therapy when 

multiple strains or species may cause an infection or disease. Proposed solutions 

to this problem include the use of a cocktail of different phages, isolation of 

polyvalent phages, and screening of bacterial clinical isolates against panels of 

phages to select the most appropriate phage for treatment.(382) 

 



 

 

 

Whilst traditional pharmacokinetic and pharmacodynamic parameters can be 

used to predict the concentration- or time-dependent bacterial killing of a dose 

of a conventional antibiotic, modelling lytic phage infection and replication in a 

population of bacteria is significantly more complex. Approaches that have been 

used include empirical methods such as quantifying net changes in phage 

abundance, measuring phage nucleic acid synthesis by radiolabelling, or 

measuring the rate of decay in the phage population under steady state 

conditions, as well as mathematical modelling based on estimates of rate of 

phage adsorption, time between infection and lysis, and burst size.(383-386) 

Regarding the bacterial killing effect of a single dose of lytic phages on a bacterial 

population, active and passive modes of treatment have been defined. Passive 

treatment is bacterial killing mediated by the phages present in the dose, whilst 

active treatment refers to ongoing bacterial infection and killing by the progeny 

phage that are released following phage replication within the initially infected 

bacteria in the sample. Multiplicity of infection (MOI) is often defined as the 

number of virions (or phages) that are added per potential host cell during 

infection, although the literal definition is the number of adsorbed phages per 

potential host cell.(387) In practice, passive treatment implies a high MOI, and 

active treatment a lower MOI. 

Abedon has proposed phage therapy equivalents of minimum inhibitory 

concentration (MIC) and minimum bactericidal concentration (MBC), parameters 

which are commonly used in dosing metrics for conventional antibiotics.(388) 



 

 

Abedon argues that MBC is a function of initial bacterial density, volume of the 

treatment environment, and time elapsed since treatment. The proposed model 

allows for stochastic phage-bacteria interactions, and adsorption of multiple 

phages to a bacterium. Calculations for dosing intervals and time until bacterial 

eradication are also proposed. Whilst Abedon takes into account decay (loss) of 

phages and limitations to phage proliferation, he does not address the 

development of, or selection for, bacteria that are resistant to the phage. 

It is evident that a plethora of highly complex models can be derived in order to 

predict optimal phage dosing. However, the practical application of these models 

is limited by the variable characteristics of phage-bacteria interactions when 

using different phages or bacterial strains, as well as the fact that the quantity of 

bacteria present in a clinical infection is rarely known.(382, 389) Despite this, 

mathematical models may be useful in providing estimates of effective doses in 

order to prevent or explain treatment failure.(388) 

 

Mechanisms of bacterial resistance to phage infection can be found at all stages 

of phage infection, from adsorption to translation of the phage genome. 

Resistance may occur due to lack of receptor expression on the bacterial cell 

surface.(390) This may be mediated by prophages; for example, Salmonella ε-

prophages encode for enzymes that modify cell membrane polysaccharides, 

preventing infection by other phages.(391) Another approach is to mask the 

receptor; E. coli outer membrane lipoprotein TraT interacts with the T-even 



 

 

phage receptor outer membrane protein A (OmpA) to inhibit phage 

adsorption.(392) Small molecules that exhibit competitive antagonist activity for 

cell surface receptors may also be produced by bacteria. E. coli produces 

microcin J25 (MccJ25) under nutrient limitation, which blocks FhuA, an iron 

transporter and receptor for T5 phage.(393) 

Superinfection exclusion (Sie) systems are able to block phage DNA injection or 

translocation, and have been identified in E. coli and Lactococcus lactis.(394-396) Sie 

proteins are often encoded for by phages or prophages. The E. coli Sie protein 

Imm blocks DNA injection, whilst another Sie protein, Sp, inhibits phage base 

plate lysozymes.(394, 395) 

Bacteria have a number of defence systems against mobile genetic elements 

(MGEs), such as phages. Restriction-modification (RM) systems are considered to 

be the bacterial innate immune system against MGEs. Restriction endonucleases 

are enzymes that recognise foreign DNA, and cleave within, near, or far from the 

recognition site. They work in conjunction with methyltransferases, which 

methylate and thus protect native DNA from cleavage. The earliest discovered 

restriction endonucleases, EcoB and EcoK, were identified in E. coli strains that 

were able to resist bacteriophage infection.(397, 398) Since these discoveries, more 

the 800 different restriction enzymes have been isolated from bacteria. CRISPR-

Cas systems are a mechanism of adaptive immunity to MGEs. Clustered regularly 

interspaced short palindromic repeats (CRISPR) arrays consist of spacer 

sequences derived from the MGE, inserted between short repeats. Transcription 

of CRISPRs produces CRISPR RNAs, whilst expression of cas genes produces Cas 



 

 

endonucleases. Together, these components recognise and degrade MGEs as 

illustrated in Figure 13.(399) 

 

Figure 13. The three different types of CRISPR-Cas systems and their mechanisms 

for phage interference. CRISPR-based interference is divided into three sequential 

steps: a. adaptation or the acquisition of phage-derived spacers; b. CRISPR and 

cas expression, CRISPR RNA (crRNA) biogenesis, and processing; and c. crRNA-

directed interference. a. The CRISPR array is composed of repeats (R) interspaced 

by spacers (S) and a leader (L) sequence. Typically, near the CRISPR array is the 

cas operon. Part of the phage DNA is incorporated as a spacer at the leader-

proximal end of the CRISPR through the action of Cas proteins. Type II CRISPR-Cas 

systems also possess a trans-activating crRNA (tracrRNA) that aids crRNA 

processing and interference. b. Once transcribed, the long precursor crRNA (pre-

crRNA) is processed into crRNA by Cas proteins and host RNase III (in the Type II 



 

 

systems). c. The crRNA guides the Cas complex to complementary sequences 

(protospacers) in the phage genome and elicits their degradation. In Type I 

systems, Cas3 is required for degradation. Next to each protospacer is a 

protospacer-adjacent motif (PAM; pink) important for spacer acquisition and 

interference. Figure and caption reproduced with permission from Dy et al.(400) 

 

Finally, abortive infection (Abi) systems trigger the death of phage-infected 

bacteria, whilst often also blocking phage replication. They are usually dormant 

proteins that are activated by phage proteins. E. coli Abi protein RexAB causes 

cell membrane depolarisation, whilst similar Abi protein PifA causes the cell to 

leak ATP by disturbing membrane integrity.(401, 402) Other E. coli Abi systems, Lit 

and PrrC, block translation of phage and host proteins by cleaving an elongation 

factor and tRNALys respectively.(403, 404) 

 

The first demonstration of the immunogenic properties of phage in mammals 

was the identification of phage-neutralising antibodies in the serum of rabbits 

injected with phage lysates.(405) A high degree of inter-individual and inter-strain 

variability in antibody formation has been noted in rabbits and mice immunised 

with phage.(406, 407) The magnitude of the murine humoral immune response to fd 

phage appears to have genetic determinants and be dependent on thymus-

derived cells.(406) In addition, some phages appear to have greater 

immunogenicity than others.(408, 409) 



 

 

The specific phage antigen that the anti-phage antibody is directed towards has 

implications for its impact on the phage-bacteria interaction. Antibodies 

generated by phage antigens may have a range of functions other than 

neutralisation of infectivity. In T-even phages, both tail and head proteins have 

been identified as antigens.(410-412) Antibodies to the former are able to neutralise 

phage infectivity, and also induce phage aggregation and complement fixation. 

Conversely, antibodies to the head proteins do not appear to have infectivity 

neutralisation properties.(410-412) In studies of Staphylococcus phage serology in 

rabbits, temporal differences were noted in the development of infectivity 

neutralising and complement fixing antibodies following an initial intravenous 

injection of phage. In the response to repeated phage injections, the two 

different types of antibody developed in parallel to each other as displayed by 

Figure 14, consistent with a secondary humoral immune response.(413) 

  



 

 

 

Figure 14. Reprinted by permission from Macmillan Publishers Ltd: Immunology 

and Cell Biology, Rountree(413), © 1952 

 

The in vitro dynamics of antibody neutralisation of phage infectivity have been 

studied for various different phages. Studies by Andrewes and Elford of 

Staphylococcus, “B. coli” and “B. dysenteriae” phages showed that for a range of 

concentrations of phage particles exposed to a given dilution of anti-phage 

serum, a constant proportion of phage was neutralised.(408) Burnet et al 

examined the neutralisation of Streptococcus and Staphylococcus phages, and 

enterophage particles exposed to very high concentrations of anti-phage 

antibodies.(409) The authors describe a logarithmic inactivation of up to 99% of 



 

 

phage particles; the remaining active phages appeared to be more resistant to 

neutralisation. Andrewes and Burnet and their colleagues, as well as d’Herelle, 

hypothesised that this proportional resistance to serological inactivation of 

phage infectivity was due to heterogeneity within the phage population. 

In vivo studies comparing phage neutralising antibody production and phage 

elimination in mice following intravenous injection of E. coli phage ΦΧ174 noted 

increasing antibody titres from day 3 to day 14 post-injection.(414) An accelerated 

decrease in viable phage counts in the blood was observed at 32 to 35 hours 

post-injection, and coincided with the production of phage neutralising antibody. 

Whilst this pattern was observed in both germ-free and conventionally reared 

mice, a more rapid rate of phage elimination was seen in germ-free mice 

following injection of higher titres of phage (108 and 109 PFU/mL). Only 

conventionally reared mice exhibited signs of endotoxaemia following injection 

of these titres, suggesting possible lytic effects of the phage on gut flora. 

More recently, Łusiak-Szelachowska et al examined serum from 122 patients 

treated with phage therapy, as well as 30 healthy volunteers, for the presence of 

anti-phage antibodies.(415) Participants received at least 6 weeks of specific phage 

therapy for genitourinary, soft tissue, bone, or respiratory infection. Low levels 

of anti-phage activity were noted in the sera of healthy volunteers, and patients 

who received phage therapy via the oral route. 23% and 9% of patients who 

received locally-applied phage therapy had high and medium levels of anti-phage 

activity respectively in their sera during therapy. 7 of 15 patients with high levels 

of serum anti-phage activity experienced clinical improvement, indicating that 



 

 

the development of anti-phage antibodies does not preclude successful 

treatment. 

 

Several investigators have isolated, characterised, and tested P. aeruginosa 

phages against various laboratory reference strains and clinical isolates, using a 

variety of methods. Given that different phages have been tested against highly 

variable panels of P. aeruginosa strains, it is difficult to generalise results from a 

single study. However, a number of studies have demonstrated phage activity 

against multidrug-resistant strains and strains from cystic fibrosis patients, in 

both planktonic and biofilm models.(416-421) 

Whilst the minimum biofilm eradication concentration (MBEC) assay (Calgary 

biofilm device) or microtitre plate assays are the most commonly used methods 

to assess biofilm removal by phages, it is of note that some studies attempted to 

replicate in vivo conditions more closely. Fu et al found that pre- or post-

treatment of hydrogel-coated urinary catheters with phage M4 resulted in a 

significant decrease in P. aeruginosa biofilm on the catheters.(422) Morales et al 

tested the activity of a phage cocktail in treating biofilms of P. aeruginosa CF 

isolates grown in an artificial sputum medium, in order to simulate CF respiratory 

tract conditions. Inhibition and reduction in biofilm up to 99% and 98% 

respectively were noted.(421) 



 

 

Experiments by Barr et al observing the movement of fluorescent-labelled E. coli 

T4 phage in physiological mucin showed slower diffusion with increasing mucin 

concentration.(423) Closer examination of the diffusive movement revealed a 

subdiffusive pattern that actually increased adsorption rates of T4, compared to 

a T4 mutant (T4Δhoc) that does not adhere to mucin. Barr et al’s study did not 

examine whether this increased adsorption translated to increased bacterial 

killing, but does illustrate the ability of tailed phages to move through mucus, as 

would be found on a mucosal surface. 

Several studies provide evidence that at least some P. aeruginosa phages are 

able to move through biofilms and exopolysaccharides. Hanlon et al examined 

the effect of phages on the viscosity of P. aeruginosa exopolysaccharide, with 

findings of up to 40% reduction in viscosity.(424) Phages were able to diffuse 

through the exopolysaccharides and resulted in a 1-log decrease in viable cells 

within the biofilm. Vilas-Boas et al have shown phage penetration of P. 

aeruginosa biofilms using locked nucleic acid (LNA) fluorescence in situ 

hydridisation (FISH).(425) 

In vitro studies assessing the effect of potential in vivo limiting or inhibiting 

factors of bacteriophage therapy are relatively scarce. Knezevic et al examined 

the effect of environmental conditions, such as temperature, pH, carbohydrates, 

amino acids, exopolysaccharides, and lipopolysaccharide, on the activity of one 

Podoviridae and three Siphoviridae phages.(426) Findings for temperature and pH 

were highly variable dependent on the phage tested, although a very low pH of 

1.5 significantly affected the viability of all phages. Maximum viability for all 



 

 

phages was at approximately pH 7. At pH 3, viability varied from 15% to 70%, 

with viability of 50% to 75% at pH 5 (Figure 15). Adsorption decreased at lower 

temperatures for all phages, but the decrease was minimal in Podoviridae 

compared to other phages. All phages maintained activity after incubation in rat 

serum. Some of the phages were neutralised to varying degrees by 

carbohydrates, amino acids, lipopolysaccharides, and exopolysaccharides. These 

results have implications for the selection of appropriate routes of 

administration in clinical trials, and emphasise the importance of assessing these 

characteristics in phages being investigated for clinical use. 

 

Figure 15. Effect of pH on phage viability after 30 min at 37°C: δ (○); J-1 (•); σ-1 

(□); and 001A (▪). Values are the mean ± SD of three determinations. Figure 

reproduced from Knezevic et al with permission from The Society for Applied 

Microbiology.(426) 

 

Krylov et al examined commercially available P. aeruginosa phage preparations 

(all produced in Russia) and identified five frequently isolated constituent phage 



 

 

“species”: PB1-, phiKMV-, PaP1-, KPP10-, and PaP3/LUZ24-like phages.(427) PB1-

like phages are considered good candidates for phage therapy due mutations 

conferring extended lytic activity, absence of lysogenic effects, and a low rate of 

bacterial resistance.(428, 429) Whilst phiKMV-like phages exhibit high growth rates 

and a broad range of lytic activity in some cases, pseudolysogenic activity and 

incompatibility with other phages was detected, casting doubt over the 

appropriateness of these phages for therapy.(427, 430) PaP3 is a temperate phage, 

and closely-related phages isolated by Krylov et al appeared to have a high 

degree of genetic instability.(427, 431) Although a broad range of lytic activity is 

desirable when selecting phages for therapy, it is evident that several other 

characteristics must be examined to select a theoretically safe and effective 

phage for clinical use. There is a lack of published efficacy data on the 

commercial preparations that were examined by Krylov et al, and so at this stage 

these characteristics cannot be correlated with clinical outcomes. 

 

Numerous animal studies have been performed using P. aeruginosa phages to 

treat a variety of infections, including corneal, lung and gastrointestinal 

infections in mice, infected ulcers in catfish, and chronic otitis in dogs.(432-439) 

These studies showed promising results, with either improved recovery (murine 

corneal infection) and survival (murine lung and gastrointestinal infections, 

catfish ulcers) of phage-treated animals compared to untreated animals, or 



 

 

improved clinical scores (canine chronic otitis) or decreased bacterial counts in 

phage-treated animals (murine lung infection). 

Clinical studies involving the use of P. aeruginosa phages to treat infections in 

humans were performed as early as 1959, when Bertoye and colleagues used 

phages to treat ear infections and meningitis.(440, 441) Numerous clinical studies 

and case series were published in the following years, including on the treatment 

of infected wounds and burns, and urogenital inflammation with phages. 

Unfortunately, many of these studies did not include controls or only reported 

limited data.(442) 

In more recent years, Wright et al performed a randomised, placebo-controlled 

clinical trial using phage therapy to treat chronic antibiotic-resistant P. 

aeruginosa otitis.(443) Ear swabs were taken to confirm P. aeruginosa infection, 

and sensitivity of the bacterial isolate to at least one of six bacteriophages in the 

treatment cocktail, prior to treatment. Only a single dose of treatment or 

placebo was administered intra-aurally. The investigators found a statistically 

significant decrease in both patient self-reported symptom severity and clinician-

assessed signs of infection. A statistically significant decrease in P. aeruginosa 

counts compared to baseline was noted at 3 and 6 weeks post-treatment, for the 

phage treatment group. This decrease was not seen in the placebo group. 

Importantly, phage titres were increased at post-treatment visits in the 

treatment group, suggesting phage replication. 

Preliminary data from a clinical trial of a cocktail of E. coli, Enterococcus, Proteus, 

Staphylococcus and Streptococcus phages for treating symptomatic urinary tract 



 

 

infection has shown a significant reduction in bacterial concentrations in the 

urine of treated patients.(444) The cocktail used was adapted from a commercially 

available phage cocktail. Urine cultures were screened for sensitivity to the 

phage cocktail prior to treatment, albeit with only 39% being sensitive and 15% 

displaying intermediate sensitivity, with presumably only sensitive patients 

receiving the phage cocktail. 

Conversely, a trial using a mixture of PA and Staphylococcus aureus 

bacteriophages to treat infected burns showed no change in bacterial load 

following treatment.(445) Similarly, Rhoads et al conducted a double-blind phase 1 

trial of a phage cocktail comprising of P. aeruginosa, E. coli and S. aureus phages, 

for treatment of venous leg ulcers.(446) 39 participants completed 12 weeks of 

therapy, where sterile saline or the phage cocktail respectively were applied to 

the wound using an ultrasonic debridement device. Concomitant standard 

wound dressings were used. They reported no difference between treatment 

and control groups in healing frequency or rate. 

A number of factors may explain the apparent treatment failure in these trials. 

Both trials had small participant numbers and may have been insufficiently 

powered to assess efficacy. Rose et al employed a within-subject study design, 

meaning that the phage cocktail and standard antimicrobial dressings were 

applied to different areas of the same burn. The post-treatment biopsies for each 

area were taken two to five hours following treatment application. Only a very 

small bacterial load was measured in 8 out of 10 patients prior to treatment, 

giving rise to the possibility that there were insufficient bacteria in the wound to 



 

 

allow the phages to replicate to any measurable degree in this short timeframe. 

Unfortunately, post-treatment phage titres were not reported. The clinical trial 

conducted by Rhoads et al was a phase 1 safety trial, and thus not designed to 

assess efficacy. No data regarding the presence of bacterial infection in the 

ulcers prior to treatment is reported, and inclusion criteria included patients with 

non-infected ulcers. The outcomes assessed were healing frequency and rate, 

both of which may be influenced by many factors other than infection. Again, 

post-treatment phage titres were not reported. 

Clinical use of bacteriophage therapy has occurred in some former Soviet Union 

and eastern European countries since the 1920s, in particular Georgia, Russia, 

and Poland. Research into and application of phage therapy has been driven by 

several institutions, most prominently the Eliava Institute in Tbilisi, Georgia, and 

the Institute of Immunology and Experimental Therapy in Wroclaw, Poland.(447, 

448) Whilst both institutes have begun to publish this work in Western scientific 

publications, it is likely that some significant preclinical research and clinical trials 

have been omitted from literature published in English, or published with great 

brevity. For example, a double-blind randomised controlled trial of prevention of 

dysentery in Red Army soldiers in four different regions reported a 10-fold 

reduction in the incidence of dysentery in the treatment group compared to the 

control group, but did not report the number of participants in each group.(448, 449) 

In contrast, a randomised placebo-controlled trial demonstrating efficacy of 

phage therapy for the prevention of diarrhoeal diseases in 30000 children, 



 

 

performed in Georgia in 1963 and 1964, has now been summarised in a review 

by Sulakvelidze et al.(448, 450) 

More recently, several case reports describing the successful use of 

bacteriophage therapy to treat multidrug resistant P. aeruginosa infections have 

been published(451-455). These cases include pneumonia in a CF patient and in lung 

transplant recipients, bone and joint infection, and sepsis. Another case report 

describes the injection of phage OMKO1 and ceftazidime into a phlegmonous 

collection adjacent to an infected aortic graft, in a patient requiring continuous 

intravenous ceftazidime to suppress the P. aeruginosa infection and prevent 

sepsis(456). Antibiotics were successfully ceased 4 weeks later, following 

exploratory surgery for bleeding (involving graft excision and replacement) and 

wound cultures growing Candida only. It is unclear in the latter case whether the 

resolution of infection can be attributed to the phage, given antibiotics were also 

administered and the infected graft was removed. 

 

Animal studies performed in mice and dogs have not reported any safety 

concerns relating to the administration of P. aeruginosa phages via a number of 

routes (oral, intra-muscular, intra-peritoneal, intra-aural, intra-nasal, and intra-

ocular).(432, 433, 436-439, 457, 458) However, these studies were not specifically 

designed to assess safety, and thus lack a non-infected treatment arm. Holguin 

et al reported 100% survival in control group mice that were only inoculated with 

phage treatment, but no other safety outcomes such as tissue histology were 

reported.(416) 



 

 

Studies designed to assess the safety of preparations containing phages of other 

bacterial species have been performed in mice (oral E. coli T7 phage) and sheep 

(intra-sinus S. aureus phages).(459-461) Park et al examined clinical condition, 

gastrointestinal histopathology, and inflammatory cytokine responses in mice 

fed 109 plaque forming units (PFU) of E. coli T7 phage daily for 10 days.(460) There 

was no mortality, and no differences were noted in clinical signs between phage-

fed and control groups. Histopathology of the stomach, small intestine, and 

colon was normal in all groups. The only significant difference in blood 

inflammatory cytokine levels between the phage-fed and control group was an 

increase in IL-17A in phage-fed mice of less than 10%. The other cytokines 

measured were IL-1α, IL-1β, IL-2, IL-10, IL-12, IFN-γ, TNF-α, G-CSF, and GM-CSF. 

The studies of S. aureus phage treatment of rhinosinusitis in a sheep model are 

discussed below. 

Where reported, safety outcomes of the human clinical trials already discussed 

have been favourable. Wright et al did not report any serious or treatment-

related adverse events, with treatment-emergent adverse events being reported 

in similar proportions of participants in the test and control arms (50% and 42% 

respectively).(443) The trial performed by Rose et al did not report any adverse 

events, clinical or laboratory test abnormalities.(445) Rhoads et al found no 

significant difference in the number or quality of adverse events between 

treatment and control arms.(446) Sulakvelidze et al note that there have been no 

reports of serious complications associated with the use of phage therapy in the 

published literature.(448) 



 

 

Other safety trials have focussed on oral administration of phage therapy. 

McCallin et al conducted a detailed safety analysis of a Russian commercially-

available phage cocktail targeted at E. coli and Proteus infections.(462) 

Metagenomic analysis revealed the presence of two potentially “undesirable” 

genes – one conferring acid resistance in E. coli, and the other encoding for a 

serum resistance factor in an Escherichia fergusonii (non-pathogenic) prophage. 

The phage cocktail and placebo were given, in random order, to 15 adults and 

children. No severe adverse events were reported. Neither phage nor antibodies 

to phage were detected in serum samples. Faecal microbiome analysis of four 

adult participants showed variability within both phage and placebo treatment 

periods. Another safety trial designed to assess the safety of orally-administered 

E. coli T4 phage in 15 healthy human volunteers reported no serious or 

treatment-related adverse events.(463) No significant rise in liver enzymes or 

serum antibody formation to the phage was detected. Whilst E. coli phage was 

detected in the stool samples of all participants receiving the higher phage dose, 

no phage was detected in serum samples. 

Międzybrodzki et al have reported safety outcomes of 153 patients treated for a 

variety of infections at the Phage Therapy Unit of the Ludwik Hirszfeld Institute 

of Immunology and Experimental Therapy, Wrocław.(464) Statistical analysis of 

blood and biochemical parameters measured at baseline and during up to 12 

weeks of therapy showed only a clinically insignificant decrease in platelet count 

and a small increase in aspartate transaminase (AST) at 3 to 6 weeks, and 

reductions in γ-glutamyl transpeptidase (GGT) at 1 to 6 weeks. Adverse events 



 

 

included gastrointestinal symptoms in patients administered oral phage therapy, 

and local discomfort or reactions at the site of topical administration in 18% of 

patients who received therapy via this route. However, only 1.4% of the latter 

patients discontinued therapy due to the adverse reaction. Superinfection and 

fever occurred in 4.6% and 3.3% of patients respectively. No serious treatment-

related adverse events were reported. 

 

A thorough literature review has not revealed any published clinical trials or in 

vivo animal studies using bacteriophages to treat P. aeruginosa infections in the 

paranasal sinuses. Drilling et al used the sheep rhinosinusitis model to assess the 

safety and efficacy of using a S. aureus bacteriophage cocktail (CT-SA) to treat S. 

aureus sinus infections.(461) The investigators found a significant decrease in S. 

aureus biofilm in sinuses treated with CT-SA, compared to untreated controls. 

Safety parameters assessed included integrity of cilia on the sinus mucosa, and 

the presence of phage in other organs such as kidney, spleen, liver and brain. 

Although no safety concerns were noted, the safety arm only received 3 days of 

CT-SA treatment, limiting the applicability of results to short-term treatment. 

Drilling et al performed a further study using the sheep rhinosinusitis model to 

assess the safety of long-term intra-sinus administration of two other S. aureus 

phages, P68 and K710.(459) Sheep had both sinuses treated with a cocktail of the 

two phages twice daily, for 20 days. Analysis of sinus histopathology for 

inflammation, oedema, fibrosis, and goblet cell hyperplasia showed no 



 

 

significant differences between phage-treated and control animals. Similarly, no 

significant difference was noted in SEM assessment of sinus mucosa ciliary 

integrity between groups. Phage was not detected in any of the serum samples 

taken throughout the treatment period. 

A recent phase 1 clinical trial of CT-SA (also known as AB-SA01) sinus flushes for 

the treatment of S. aureus infections in CRS patients has reported an excellent 

safety profile(465). Patients received twice-daily sinus flushes containing up to 3 × 

109 PFU/mL AB-SA01 for up to 14 days. Only mild treatment-emergent adverse 

effects were noted, including diarrhoea, epistaxis, cough, nose and throat pain, 

and an asymptomatic transient decrease in serum bicarbonate level. 
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This study was an initial screening step in assessing the in vitro efficacy of a 

bacteriophage cocktail for treatment of Pseudomonas aeruginosa infection in 

chronic rhinosinusitis. The aims of this study were to analyse the P. aeruginosa 

strains found in the sinuses of patients with chronic rhinosinusitis and/or cystic 

fibrosis, and to assess the ability of the anti-P. aeruginosa bacteriophage cocktail 

to remove biofilms of these clinical isolates in vitro. 
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Introduction: Pseudomonas aeruginosa infections are prevalent amongst chronic 

rhinosinusitis (CRS) sufferers. Many P. aeruginosa strains form biofilms, leading 

to treatment failure. Lytic bacteriophages (phages) are viruses that infect, 

replicate within, and lyse bacteria, causing bacterial death. 

Aim: To assess the activity of a phage cocktail in eradicating biofilms of ex vivo P. 

aeruginosa isolates from CRS patients. 

Methods: P. aeruginosa isolates from CRS patients with and without cystic 

fibrosis (CF) across three continents were multi-locus sequence typed and tested 

for antibiotic resistance. Biofilms grown in vitro were treated with a cocktail of 

four phages (CT-PA). Biofilm biomass was measured after 24 and 48 hours, using 

a crystal violet assay. Phage titrations were performed to confirm replication of 

the phages. A linear mixed effects model was applied to assess the effects of 

treatment, time, CF status, and multidrug resistance on the biomass of the 

biofilm. 

Results: The isolates included 44 strain types. CT-PA treatment significantly 

reduced biofilm biomass at both 24 and 48 hours post-treatment (p<0.0001), 

regardless of CF status or antibiotic resistance. Biomass was decreased by a 

median of 76% at 48 hours. Decrease in biofilm was accompanied by a rise in 

phage titres for all except one strain. 

Conclusion: A single dose of phages is able to significantly reduce biofilms 

formed in vitro by a range of P. aeruginosa isolates from CRS patients. This 

represents an exciting potential and novel targeted treatment for P. aeruginosa 

biofilm infections and multidrug resistant bacteria. 

  



 

 

 

Chronic rhinosinusitis (CRS) is an inflammatory condition of the nose and 

paranasal sinuses, persisting for 12 weeks or longer. Bacterial biofilms have been 

implicated in recalcitrant CRS and increase the tolerance of bacteria to 

antibiotics through numerous mechanisms. These include metabolic 

heterogeneity of the bacteria within the biofilm, enzymatic deactivation,  anionic 

charges due to extracellular DNA within the biofilm matrix, and changes in gene 

expression(466). Biofilms have been found on the sinonasal mucosa of up to 54% 

of CRS sufferers, compared to 8% of control patients(155). Furthermore, multiple 

studies have noted a higher prevalence of biofilms in patients who are 

undergoing revision surgery(155, 156). In particular, the presence of biofilm-forming 

Pseudomonas aeruginosa strains has been associated with poor resolution of 

symptoms and signs of CRS following endoscopic sinus surgery(162). 

Pseudomonas aeruginosa has been identified in the sinuses of 9% of CRS patients, 

and is associated with poorer quality of life measured by disease severity scores 

such as the Visual Analogue Scale (VAS) and Sinonasal Outcome Test-22 (SNOT-

22)(133, 140). P. aeruginosa sinus infections also commonly afflict patients with 

cystic fibrosis (CF), with the species being identified in sinus cultures of up to 49% 

of CF patients with CRS(349). Moreover, P. aeruginosa is intrinsically resistant to 

many classes of antibiotics, and acquired antibiotic resistance is increasing 

worldwide. New therapeutic strategies are therefore required to combat these 

difficult to treat bacterial infections in the context of CRS.  

Bacteriophages are viruses that infect bacteria. Lytic bacteriophages are able to 

lyse their host bacterium, after replicating themselves within the host bacterium. 

Lysis of the host not only kills the bacterium, but also releases the progeny 

copies of the phage for re-infection of other bacteria(371). Bacteriophages are 

species specific, and so can be used to target pathogenic bacteria, without 

disturbing non-harmful commensal bacteria(467). Bacteriophages are also able to 

penetrate bacterial biofilms(425). 



 

 

These characteristics make bacteriophages an attractive non-antibiotic therapy 

for treating bacterial biofilms in CRS. This study aims to assess the activity of a 

cocktail (mixture) of four P. aeruginosa bacteriophages (CT-PA) in removing ex 

vivo biofilms formed by PA isolates from CRS patients, both with and without CF. 

The prevalence of antibiotic resistance in these clinical isolates was also assessed. 

 

 

Bacterial strains and growth conditions 

This study was approved by the Human Research Ethics Committee of The Queen 

Elizabeth Hospital, Adelaide, South Australia. 

P. aeruginosa strains were isolated by an independent pathology laboratory 

(Adelaide Pathology Partners, Adelaide, South Australia) from endoscopically-

guided sinus swabs, from patients who met the European Position Paper on 

Rhinosinusitis and Nasal Polyps (EPOS) 2012 criteria for chronic rhinosinusitis(3). 

Clinical P. aeruginosa isolates of patients with CF were kindly donated by the 

Department of Otorhinolaryngology, Academic Medical Centre (Amsterdam, 

Netherlands) and P. aeruginosa sinus isolates from CRS patients with and 

without CF were kindly donated by the Department of Otolaryngology-Head and 

Neck Surgery, University of Alabama at Birmingham (Birmingham, AL). P. 

aeruginosa isolates were stored in 25% glycerol in nutrient broth at -80°C. P. 

aeruginosa laboratory reference strain ATCC 15692 (PAO1) was obtained from 

American Type Culture Collection (Manassas, VA, USA) as a control for phage 

sensitivity and biofilm assays. Isolates were plated from frozen glycerol stocks 

onto 1.5% nutrient agar, and broth cultures were grown in nutrient broth. Agar 

plates and broth cultures were incubated at 37°C. 

Bacteriophage cocktail 

Stocks of 4 anti-P. aeruginosa bacteriophages (Pa 193, Pa 204, Pa 222, Pa 223), as 

well as heat-inactivated stocks, were supplied by AmpliPhi Biosciences 



 

 

(Brookvale, New South Wales, Australia). Pa 193 and Pa 204 are of the 

Myoviridae family, and Pa 222 and Pa 223 are of the Podoviridae family. All 4 

phages have been characterised as strictly lytic by genome sequencing 

(unpublished data). Prior to each assay, the stock suspension of each 

bacteriophage was titrated against a selected P. aeruginosa bacterial strain using 

the soft agar overlay small drop assay, as described below. Equal concentrations 

of each bacteriophage were combined to form the bacteriophage cocktail (CT-

PA). 

Multi-locus sequence typing 

The protocol for multi-locus sequence typing (MLST) of P. aeruginosa isolates has 

been described by Curran et al(468). For each strain, a single colony was used to 

inoculate 5mL of nutrient broth, and the culture was grown overnight on a 

shaker at 37°C. DNA extraction from a 1mL aliquot of the overnight culture was 

performed using the DNeasy Blood and Tissue DNA extraction kit (Qiagen, Hilden, 

Germany), following the protocol for Gram negative bacteria recommended by 

the manufacturer. PCR of the 7 MLST loci was performed using the Taq PCR kit 

(New England Biolabs, Ipswich MA, USA) using the protocol and primers 

described by Curran et al (GeneWorks, Adelaide, South Australia). PCR products 

were purified using the QIAquick PCR Purification kit (Qiagen, Hilden, Germany), 

following the manufacturer’s protocol. Sanger sequencing was performed on the 

purified PCR products by two external laboratories (SA Pathology and Australian 

Genome Research Facility, Adelaide, South Australia). Sequences were checked 

for base miscalls, and contigs were assembled using GeneStudio Professional, 

version 2.2.0.0 (GeneStudio Inc.). The sequence of each locus was matched to 

the allele sequences in the Pseudomonas aeruginosa MLST database 

(pubmlst.org/paeruginosa/) and assigned the corresponding allele number. The 

profile of alleles for each isolate was then matched to the sequence type profiles 

in the MLST database. 

 

 



 

 

Phylogenetic and BURST analysis 

Phylogenetic analysis of the clinical isolates and laboratory reference strain PAO1 

were conducted using MEGA version 6.06(469). MLST sequence alleles for each of 

the 7 loci were aligned using the MUSCLE programme in MEGA(470). The 

concatenated alignments were used to generate dendrograms using the 

Neighbour-Joining method with bootstrapping analysis (2000 replicates)(471). 

Evolutionary distances were computed using the Maximum Composite 

Likelihood method, with ambiguous positions removed for each sequence 

pair(472). Outgroup sequences were identified through BLAST searching for 

sequences of sufficient homology from other Pseudomonas species. eBURST 

version 3 (eburst.mlst.net) was used to identify clonal complexes and BURST 

groups(473). Bootstrapping analysis with 2000 replicates was used for all BURST 

analyses. 

Minimum inhibitory concentration assays 

Resistance to commonly used antibiotics was determined using broth 

microdilution minimum inhibitory concentration (MIC) assays, as described by 

Wiegand et al(474). Antibiotics tested were: gentamicin, ciprofloxacin, ceftazidime, 

piperacillin, and amikacin, obtained from Sigma-Aldrich (Castle Hill, NSW, 

Australia). Isolates were designated as being sensitive, resistant, or having 

intermediate sensitivity to the antibiotics based on Clinical and Laboratory 

Standards Institute (CLSI) cut-offs. 

Sensitivity to CT-PA phages & enumeration of phage 

The ability of the 4 phages to lyse each bacterial isolate was tested using the spot 

test described by Mazzocco et al, with a drop size of 5µL(475). All plaque assays 

were performed in duplicate. Enumeration of phage in stocks using the small 

drop plaque assay system was performed prior to each assay, with a 

concentration of 108 PFU/mL used for isolate sensitivity assays. A selected 

reference bacterial strain was used for titration of each of the 4 different phage 

stocks. The small drop plaque assay was also used to assess the phage 



 

 

concentration in the liquid contents of the biofilm assay wells, at 48 hours after 

treatments were applied. 

Biofilm assay 

The microtitre dish biofilm formation assay as described by O’Toole was used to 

assess the ability of CT-PA to eradicate P. aeruginosa biofilms in vitro(476). A 1.0 

McFarland unit suspension in 0.45% saline of the isolate was diluted into 10 

times the volume of nutrient broth (Oxoid, Hants, UK), and gently mixed by 

inversion. 150µL/well of the resulting suspension was plated into a clear 

polystyrene 96-well plate (Greiner Bio-One, Kremsmünster, Austria). Wells 

adjacent to the edge of the plate were filled with 180µL sterile PBS as a sterility 

control. The plate was then incubated for 48 hours on a gyratory mixer at 37°C. 

After 48 hours, the liquid contents of the bacterial wells were gently aspirated, 

followed by washing twice with sterile PBS to remove any remaining planktonic 

cells. Treatments included each of the 4 phages and the phage cocktail in 

nutrient broth at concentrations of 107 and 108 PFU/mL, as well as equivalent 

volumes of heat-inactivated stocks of the 4 phages, with PBS as negative control 

and 2.5% cetylpyridinium chloride (Sigma-Aldrich, St Louis, MO, USA) as a 

positive control. 180µL of each treatment was plated in quadruplicate and 

biofilms were assessed at 24 and 48 hours after treatment. 48 hour treatment 

plates had 50µL/well nutrient broth replenished at 24 hours. At the designated 

time point (either 24 or 48 hours after treatment), liquid contents of the wells 

were transferred into a fresh plate for post-treatment phage titration. The 

biofilm plates were gently washed twice with sterile PBS, and then stained with 

190µL/well 0.5% crystal violet (Sigma, St Louis, MO, USA) for 30 minutes. The 

stained plates were rinsed by two rounds of gentle immersion into distilled water, 

and left to dry overnight. The crystal violet stain was eluted by application of 

200µL/well 30% acetic acid (Chem-Supply, Adelaide, South Australia) and the 

plate was incubated at room temperature for 30 minutes. Absorbance at 595 nm 

was measured for each well using the Fluostar Optima microplate reader (BMG 

Labtech, Ortenberg, Germany), with 200µL 30% acetic acid in unstained wells 

used as blanks. 



 

 

Statistics 

Linear mixed effects models were applied to assess the effects of group, time 

point, CF status and multidrug resistance on absorbance (A595) data from the 

microtitre plate biofilm formation assay. A595 values were log transformed prior 

to analysis due to violations of the distributional assumptions of linear regression. 

Pairwise, post hoc comparisons for group were assessed at p<0.010 due to the 

large number of comparisons made. The data were analysed using SAS v9.4 (SAS 

Institute Inc., Cary, NC, USA). 

 

Multiple MLST sequence types identified amongst CRS clinical isolates 

In total, 47 P. aeruginosa isolates were collected from the upper and lower 

airways from 44 patients suffering from CRS and/or CF in 3 continents. These 

included 19 isolates from the upper and lower respiratory tracts of patients with 

CF (Amsterdam, Netherlands), 7 sinus isolates from CRS patients with and 

without CF (Birmingham, AL, USA), and 21 sinus isolates from CRS patients with 

and without CF (Adelaide, Australia). Isolate characteristics are displayed in Table 

1. MLST revealed 44 distinct sequence types. Isolate MLST profiles and burst 

groups are detailed in Supplementary Table 1. One clinical isolate from a CF 

patient in the Netherlands was of the same sequence type as PA01. Two 

Australian non-CF isolates shared an identical sequence type (348), and another 

sequence type (274) was shared by one isolate from each of Australia, the United 

States, and the Netherlands. 

BURST analysis identified only one clonal complex, using the most stringent 

definition of sequence types sharing six or more alleles in common. The clonal 

complex consisted of two single locus variants isolated from the same CF patient. 

The phylogeny inferred by the Neighbour-Joining method is displayed in Figure 1. 

 

 



 

 

Table 1: Characteristics of P. aeruginosa clinical isolates studied 

 CF isolates Non-CF 
isolates 

Total 

Country of 
origin 

Australia 2 19 21 

Netherlands 19 0 19 

USA 3 4 7 

Total 24 23 47 

 

  



 

 

 

 
 
Figure 1: Condensed phylogenetic tree obtained using the Neighbour-Joining 

method 

Phylogeny was inferred using the Neighbor-Joining method. The condensed 

topology after branches with bootstrap values of less than 50% have been 

collapsed into polytomies is shown. The percentages of replicate trees in which 

the associated taxa clustered together in the bootstrap test (2000 replicates) are 

shown next to the branches. There were a total of 2882 positions in the final 

dataset. Multidrug resistant isolates are labelled in red, and CT-PA phage cocktail 

resistant isolates are labelled in teal. 

 

 



 

 

CT-PA host range in CRS clinical isolates 

40/45 isolates (89%) were lysed by CT-PA, with partial or full activity spots seen 

on the small drop plaque assay. Examples of full and partial activity spots are 

shown in Figure 2. Two isolates could not be tested; one due to interference 

from plaques throughout the bacterial lawn including areas where the phage had 

not been applied (thought to be due to induction of a prophage), and the other 

due to poor growth in culture. When tested individually, 73%, 53%, 73%, and 71% 

of isolates were sensitive to Pa 193, Pa 204, Pa 222, and Pa 223 respectively, as 

displayed in Table 2. 39/45 isolates (87%) were susceptible to 2 or more of the 4 

phages. 

 

  



 

 

 

Figure 2: Spot test assay 

Phage activity on the spot test assay was graded as: (A) Full activity – a 

completely clear (non-turbid) spot with no bacterial growth observed within the 

spot, (B) Partial activity – a turbid spot easily seen with the naked eye, or a clear 

spot containing isolated bacterial colonies, or (C) No activity – no easily 

discernible spot seen with the naked eye. 

 

  



 

 

Table 2: Host range of phages and phage cocktail in CRS clinical isolates 

P. aeruginosa 
isolate 

Phage treatment 

Pa 193 Pa 204 Pa 222 Pa 223 CT-PA 

PAO1 
(reference strain) 

++ ++ ++ 0 ++ 

Aus 1 0 0 ++ ++ ++ 

Aus 2 Unable to test 

Aus 3 ++ ++ + ++ ++ 

Aus 4 ++ 0 ++ ++ ++ 

Aus 5 ++ ++ ++ ++ ++ 

Aus 6 + 0 + + + 

Aus 7 + 0 ++ ++ ++ 

Aus 8 0 0 ++ ++ ++ 

Aus 9 0 0 + + + 

Aus 10 ++ ++ 0 0 ++ 

Aus 11 0 0 0 0 0 

Aus 12 ++ ++ 0 0 ++ 

Aus 13 0 0 0 0 0 

Aus 14 ++ ++ + 0 ++ 

Aus 15 ++ ++ + + ++ 

Aus 16 ++ ++ ++ ++ ++ 

Aus 17 ++ ++ 0 0 ++ 

Aus 18 + + + + ++ 

Aus 19 ++ ++ + + ++ 

Aus 20 ++ ++ ++ ++ ++ 

Aus 21 0 0 0 0 0 

Ned 1 + 0 0 ++ ++ 

Ned 2 ++ ++ ++ ++ ++ 

Ned 3 0 0 ++ ++ ++ 

Ned 4 0 0 0 0 0 

Ned 5 ++ ++ ++ ++ ++ 

Ned 6 + ++ + + ++ 

Ned 7 + + ++ ++ ++ 

Ned 8 ++ 0 0 ++ ++ 

Ned 9 ++ ++ 0 0 ++ 

Ned 10 ++ ++ + ++ ++ 

Ned 11 ++ ++ ++ ++ ++ 

Ned 12 + 0 + 0 + 

Ned 13 ++ 0 + + ++ 

Ned 14 0 0 + + + 

Ned 15 ++ ++ ++ + ++ 

Ned 16 + 0 + 0 + 

Ned 17 Unable to test 

Ned 18 0 0 ++ + ++ 

Ned 19 + 0 0 0 + 



 

 

USA 1-1 0 0 0 0 0 

USA 1-2 0 0 + ++ ++ 

USA 2 ++ ++ ++ ++ ++ 

USA 3 ++ ++ ++ ++ ++ 

USA 4-2 ++ ++ ++ ++ ++ 

USA 5 ++ ++ + + ++ 

USA 6 + + ++ + ++ 

Total CI sensitive 
(%) 

33 
(73) 

24 
(53) 

33 
(73) 

32 
(71) 

40 
(89) 

Total CI resistant 
(%) 

12 
(27) 

21 
(47) 

12 
(27) 

13 
(29) 

5 
(11) 

++ : Full activity spots on small drop plaque assay 

+ : Partial activity spots on small drop plaque assay 

0 : No activity on small drop plaque assay 

CI: clinical isolates 

 

Multidrug resistance in CF clinical isolates 

Isolates that displayed sensitivity to CT-PA were tested for antibiotic resistance, 

using CLSI cut-offs for intermediate resistance and resistance. The number of 

isolates displaying resistance or intermediate resistance to the five antibiotics 

tested is shown in Table 3. 11 isolates, all from CF patients, were multidrug 

resistant according to the definition proposed by Magiorakos et al(331). 

Table 3: Antibiotic resistance of clinical isolates 

 No. of resistant isolates 
(%) 

CF isolates Non-CF isolates All isolates 

Gentamicin 
9 

(43) 
1 

(5) 
10 

(25) 

Amikacin 
10 

(48) 
1 

(5) 
11 

(28) 

Ciprofloxacin 
13 

(62) 
2 

(11) 
15 

(38) 

Ceftazidime 
12 

(57) 
1 

(5) 
13 

(33) 

Piperacillin 
3 

(14) 
0 

(0) 
3 

(8) 

Multidrug resistant 
11 

(52) 
0 

(0) 
11 

(28) 

Total no. of isolates 
tested 

21 19 40 



 

 

 

Biofilm reduction by CT-PA 

All 40 isolates that displayed sensitivity to CT-PA on the spot test assay, as well as 

reference strain ATCC 15692, were tested using the microtitre dish biofilm assay. 

Absorbance readings from the crystal violet biofilm assays of all isolates at 24 

and 48 hours after treatment are displayed in Figure 3. Statistically significant 

reductions in biofilm biomass compared to the negative treatment control 

(nutrient broth) were seen with both 107 and 108 PFU/mL of CT-PA, Pa 222 and 

Pa 223 at both 24 and 48 hours (p < 0.001). Significant reductions were also seen 

with 107 PFU/mL Pa 193 and 108 PFU/mL Pa 204 at 48 hours (p < 0.01). 

 



 

 

 

Figure 3: Absorbance at 595 nm of crystal violet-stained biofilms 

Biomass of biofilms (of all 40 isolates and ATCC 15692) as measured by 

absorbance at 595 nm of crystal violet-stained biofilms after treatment with: (A) 

107 PFU/mL phage treatments or growth media control for 24 hours, (B) 108 

PFU/mL phage treatments or growth media control for 24 hours, (C) 107 PFU/mL 

phage treatments or growth media control for 48 hours, (D) 108 PFU/mL phage 

treatments or growth media control for 48 hours. Boxplot whiskers represent 

range (minimum to maximum values). (NB: nutrient broth; ** p < 0.01; *** p < 

0.001) 

 



 

 

For all isolates tested, the median biofilm biomass reduction was 70% and 64% 

after 48 hours treatment with the lower and higher concentrations of CT-PA 

respectively. 34 (85%) and 32 (80%) of the clinical isolates respectively showed a 

reduction in biomass compared to the negative treatment control at 48 hours, as 

displayed in Figure 4. The median biomass reductions at the 24-hour time point 

were similar for both concentrations of CT-PA at 67%. The maximum biomass 

reductions were 98.6% and 99.6% at 24 hours, and 99.4% and 98.8% at 48 hours, 

for the lower and higher concentrations respectively. 

 
 
Figure 4: Percentage reduction in biofilm biomass with CT-PA treatment 

Percentage reduction in biofilm biomass compared to growth media control after 

24 and 48 hours treatment with lower and higher concentrations of CT-PA. Dots 

represent the average of quadruplicate treatments, and horizontal lines indicate 

median values. 

 

Analysis of two-way interactions showed no statistically significant interactions 

between CF status or multidrug resistance and treatment effect. 

  



 

 

Post-treatment phage titres 

For all except three of the 40 isolates tested, titres of two or more of the four 

phages had increased after 48 hours treatment in the biofilm assay. This 

indicates successful phage infection and replication, and good complementation 

between the four phages comprising the CT-PA cocktail. Of the remaining three 

isolates, two showed an increase in titres of one phage, and one did not show an 

increase in any phage titres. Post-treatment phage titres for PAO1 and the 40 

clinical isolates are displayed in Table 4. 

 

Table 4: Post-treatment phage titres 

Strain 

Post-treatment phage titres (PFU/mL) 

108 PFU/mL treatment 107 PFU/mL treatment 

Pa 193 Pa 204 Pa 222 Pa 223 Pa 193 Pa 204 Pa 222 Pa 223 

PAO1 2.0E+10 3.0E+09 4.0E+10 1.0E+08 1.0E+10 2.0E+09 2.0E+10 1.0E+09 

Aus 1 1.1E+08 5.7E+07 4.9E+07 1.0E+02 4.3E+06 4.0E+06 1.8E+08 2.0E+02 

Aus 3 1.8E+10 9.2E+09 4.3E+09 3.9E+09 9.0E+09 2.9E+09 8.5E+08 6.5E+02 

Aus 4 3.0E+08 9.0E+08 3.0E+08 1.0E+07 7.0E+08 4.0E+09 5.0E+06 3.0E+05 

Aus 5 8.0E+10 2.4E+09 6.4E+08 2.0E+03 5.0E+09 1.3E+10 1.3E+09 1.2E+09 

Aus 6 7.0E+07 2.0E+09 3.2E+09 2.1E+05 7.8E+06 7.6E+10 8.3E+09 2.1E+06 

Aus 7 2.2E+09 1.0E+08 5.0E+08 4.0E+08 9.0E+09 1.0E+07 2.0E+08 1.0E+09 

Aus 8 2.0E+03 8.0E+08 2.0E+03 1.0E+07 3.0E+09 2.0E+09 1.0E+08 5.0E+05 

Aus 9 2.0E+07 4.8E+03 2.4E+09 1.3E+03 4.1E+04 6.0E+02 7.8E+08 2.1E+03 

Aus 10 5.0E+07 1.0E+11 9.3E+08 1.2E+06 3.0E+06 7.0E+09 2.0E+09 8.0E+05 

Aus 12 2.3E+09 2.6E+10 5.1E+09 3.8E+03 7.3E+08 8.2E+10 4.5E+09 2.7E+04 

Aus 14 2.7E+08 5.3E+10 9.0E+07 4.8E+06 1.7E+08 2.4E+09 2.0E+06 3.9E+05 

Aus 15 1.2E+11 3.0E+10 1.2E+10 5.1E+10 2.0E+11 3.0E+11 4.0E+10 2.0E+05 

Aus 16 2.0E+10 1.0E+11 3.0E+09 2.0E+08 1.0E+10 1.0E+10 2.0E+07 2.0E+07 

Aus 17 1.9E+10 5.2E+11 1.9E+10 9.5E+06 5.9E+10 1.5E+11 1.5E+10 5.2E+06 

Aus 18 9.0E+08 1.0E+08 2.0E+10 2.5E+08 3.0E+07 2.0E+07 7.0E+10 1.0E+08 

Aus 19 5.0E+08 2.0E+03 3.0E+10 2.0E+03 2.0E+03 2.0E+03 1.0E+09 2.0E+03 

Aus 20 1.0E+10 4.0E+10 9.0E+07 1.0E+10 2.0E+10 2.0E+03 1.7E+07 5.0E+05 

Ned 1 4.0E+07 5.3E+06 7.0E+05 5.9E+03 2.2E+06 7.1E+06 9.5E+03 6.4E+03 

Ned 2 7.2E+09 1.1E+10 5.7E+07 1.5E+08 8.0E+09 2.0E+08 2.1E+07 8.0E+07 

Ned 3 8.0E+07 1.9E+07 3.6E+08 1.5E+08 9.8E+05 2.0E+06 3.5E+07 5.7E+08 

Ned 5 2.5E+10 2.1E+11 4.0E+07 7.7E+07 1.8E+10 1.1E+11 4.0E+07 9.0E+05 

Ned 6 8.6E+09 2.4E+10 7.1E+08 1.8E+09 5.1E+09 1.7E+10 1.2E+08 5.2E+08 

Ned 7 6.8E+10 1.5E+09 7.4E+07 8.4E+07 5.5E+10 1.6E+09 1.2E+07 2.6E+08 



 

 

Ned 8 4.3E+10 2.2E+12 2.2E+09 2.1E+06 7.1E+10 2.4E+05 3.7E+13 1.5E+11 

Ned 9 2.2E+10 2.3E+10 1.2E+07 5.5E+10 4.4E+10 1.0E+11 2.3E+06 1.6E+04 

Ned 10 1.7E+08 1.1E+10 5.5E+06 7.0E+04 7.0E+07 1.7E+10 3.1E+05 2.0E+06 

Ned 11 1.9E+09 3.9E+09 1.2E+09 8.5E+08 9.0E+09 6.9E+09 1.5E+09 2.4E+07 

Ned 12 2.0E+08 1.0E+08 5.0E+09 1.7E+05 2.5E+06 1.0E+08 8.0E+09 4.0E+05 

Ned 13 4.0E+09 3.2E+07 4.6E+08 1.0E+03 5.4E+09 4.6E+09 6.2E+08 0.0E+00 

Ned 14 1.1E+09 5.3E+09 1.5E+08 1.8E+07 1.5E+09 4.5E+09 6.9E+07 4.3E+07 

Ned 15 2.4E+11 1.9E+10 5.3E+09 4.9E+06 6.3E+10 1.5E+10 7.3E+09 5.6E+06 

Ned 16 2.0E+11 3.4E+08 1.7E+08 5.1E+07 6.8E+10 3.0E+08 4.8E+08 8.0E+06 

Ned 18 3.2E+07 1.4E+07 3.7E+09 1.8E+06 2.3E+06 1.4E+06 5.4E+09 2.7E+06 

Ned 19 4.2E+08 1.2E+09 7.0E+07 2.2E+07 2.3E+06 6.2E+09 0.0E+00 6.8E+05 

USA 1-2 3.0E+07 1.3E+07 3.0E+09 1.0E+06 6.0E+05 1.0E+07 3.0E+03 2.0E+06 

USA 2 1.0E+09 2.0E+10 1.0E+09 1.0E+05 2.0E+10 3.0E+10 1.0E+11 6.0E+04 

USA 3 1.0E+08 1.0E+12 1.0E+10 1.0E+01 1.0E+07 2.0E+06 8.0E+09 8.0E+03 

USA 4-2 1.4E+09 9.0E+09 1.6E+09 1.0E+08 1.0E+10 2.0E+10 2.0E+09 1.0E+07 

USA 5 1.0E+09 9.0E+09 2.0E+10 1.0E+05 1.0E+11 1.0E+09 5.0E+10 3.0E+04 

USA 6 2.6E+10 2.0E+11 1.2E+10 1.2E+06 3.8E+11 4.0E+11 8.0E+09 5.0E+08 

 

 

CT-PA bacteriophage cocktail displayed suitable anti-biofilm activity in vitro. It 

had a broad host range in the 45 isolates tested, with 89% of isolates susceptible. 

The use of a cocktail as opposed to individual phages increased the host range 

significantly, with only 53% to 73% of isolates being susceptible to each of the 

four phages individually. This is consistent with previous observations that the 

use of a cocktail of phages rather than individual phages improves activity by 

expanding the host range and by preventing the development of bacteriophage-

insensitive mutant bacteria(477-479). 

The lytic effect of CT-PA on planktonic bacteria translated well to a reduction in 

biofilm, consistent with previous reports showing efficacy of bacteriophage to 

reduce biofilm in vitro and in vivo(461, 477). Moreover, the increase in phage titres 

following treatment for almost all isolates implies successful phage infection, 

replication, and lysis of host bacteria, given the strictly lytic nature of all phages 

comprising the CT-PA phage cocktail. 



 

 

Our results suggested slightly more biofilm removal by 107 PFU/mL compared to 

108 PFU/mL CT-PA after 48 hours treatment, despite similar anti-biofilm activity 

of the two treatment concentrations at 24 hours. Studies of other P. aeruginosa 

phages have demonstrated that a higher concentration of phage treatment does 

not always result in greater magnitude of biofilm removal or bacterial killing(426, 

480). A non-linear relationship may be expected for some phage combinations 

over time due to the self-replicating nature of phage therapy(388). 

The isolates in our study sample consisted of 44 MLST sequence types from both 

the sinuses of non-CF CRS sufferers, and the upper and lower respiratory tracts 

of CF patients. BURST and phylogenetic analysis was consistent with the 

predominantly non-clonal population structure that has been described by P. 

aeruginosa strain typing studies(468, 481). Clonal groups (identical ST) and clonal 

complexes were uncommon within our collection of isolates. The clonal and 

BURST groups identified contain isolates from both CF and non-CF CRS patients, 

suggesting that P. aeruginosa sinus infections in both groups may initially be 

caused by similar strains. This is consistent with the observation made by Cramer 

et al that the dominant clones amongst CF patients are also common in the 

environment and other human disease habitats(482). 

However, frequent antibiotic resistance was displayed by CF isolates, with 52% of 

the CF strains tested meeting the criteria for multidrug-resistance. Rates of 

antibiotic resistance in non-CF CRS isolates were much lower, and comparable to 

those observed in similar studies of CRS patients and in data from national 

antimicrobial surveillance programs(327, 329, 332, 334, 483). Higher rates of antibiotic 

resistance in P. aeruginosa isolates from CF patients compared to non-CF 

patients have been well-documented(484, 485). Although some of the isolates in 

our study were from the lower respiratory tract of CF patients, a high degree of 

similarity in the adaptive mutations and gene expression of CF sinus and lung P. 

aeruginosa isolates has been found(486). Furthermore, the paranasal sinuses have 

been found to be a reservoir of recurrent pulmonary infections in CF patients, 

with identical strains often identified in the upper and lower respiratory tracts of 

patients(350, 353-355). Thus the selective pressures in the upper respiratory tract of 



 

 

CF patients, including antibiotics administered for management of bacterial sinus 

infections, have potential implications for the development of chronic lung 

infections(362). The progression to chronic P. aeruginosa lung infection in CF has 

been shown to lead to deterioration in lung function and decreased life 

expectancy(359, 361). 

The proportion of clinical isolates that were resistant to lysis by the CT-PA phage 

cocktail was small (11%), and did not include any multidrug resistant isolates. 

Importantly, the anti-biofilm activity of CT-PA was not affected by multidrug 

resistance, or whether the isolate was from a CF patient. The CF isolates tested 

were largely comprised of isolates with a small colony or mucoid phenotype. 

These phenotypes are associated with chronic infection, and display increased 

tolerance to various antibiotics(335, 362, 487-489). These findings suggest that phage 

therapy may have potential in treating CF patients with chronic P. aeruginosa 

infection, for whom clinicians are currently faced with a dilemma of how to treat 

respiratory infections without creating further antibiotic resistance. We have 

previously demonstrated the ability of high-volume nasal irrigations to penetrate 

into the paranasal sinuses following functional endoscopic sinus surgery 

(FESS).(490) The phage cocktail could be administered via nasal irrigations in order 

to treat recurrent sinus infections following FESS. 

In vivo animal studies have demonstrated enhanced bacterial clearance and 

prolonged survival in phage-treated animals (in Galleria mellonella, canine otitis, 

murine lung, corneal and peritoneal P. aeruginosa infection models)(432, 433, 437, 438, 

491, 492). A limited number of early-stage clinical trials of phage therapy for 

treatment of P. aeruginosa infections have been undertaken. A double-blind 

randomised controlled trial of a topically-applied phage cocktail for antibiotic-

resistant P. aeruginosa chronic otitis showed statistically significant 

improvement from baseline in both symptom and clinical severity scores in the 

phage treatment group(443). No such improvement was observed in the placebo 

group. Conversely, two clinical trials of phage cocktails targeting multiple 

bacterial pathogens (P. aeruginosa, S. aureus and E. coli) for treatment of burns 



 

 

and chronic leg ulcers respectively showed no significant differences between 

phage and control therapies(445, 446). 

The aforementioned clinical trials all reported excellent safety profiles. A study of 

long-term safety of a S. aureus phage cocktail applied topically to sheep sinuses 

found no local or systemic safety concerns(459). Although not widespread, clinical 

use of phage therapy has occurred through phage therapy and research 

institutes, such as the Eliava Institute in Tbilisi, Georgia, and the Institute of 

Immunology and Experimental Therapy in Wroclaw, Poland(447, 448). An analysis of 

153 patients treated for various infections with phage therapy at the latter 

institute revealed no major safety concerns(464). 

Whilst further evaluation and optimisation of phage cocktail treatment of P. 

aeruginosa infections in CRS and CF are required, the safety profile of phage 

therapy and its activity against antibiotic-resistant isolates make it an attractive 

potential therapeutic option. Further pre-clinical and clinical studies will be of 

great benefit in determining whether phage therapy can fulfil the potential 

demonstrated in this study. 
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This study follows on from the promising in vitro results, with the aim of 

assessing the in vivo safety and efficacy of the bacteriophage cocktail in treating 

P. aeruginosa sinusitis in a large animal model. Sheep have paranasal sinuses 

that are similar in size to humans, and so the sheep rhinosinusitis model was 

chosen as it allows treatment to be administered as a flush into the sheep’s 

frontal sinuses. This is comparable to the use of frontal trephine flushes or 

transnasal sinus flushes in humans. 
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Pseudomonas aeruginosa (PA) is a bacterial pathogen that frequently displays 

antibiotic resistance. Its presence within the sinuses of chronic rhinosinusitis 

sufferers is associated with poorer quality of life. Obligately lytic bacteriophages 

(phages) are viruses that infect, replicate within, and lyse bacteria, causing 

bacterial death. The aims of the current study were to assess the safety and 

efficacy of a PA phage cocktail (CT-PA) in a sheep model of rhinosinusitis. 

The sheep rhinosinusitis model was adapted to simulate PA infection in sheep 

frontal sinuses. To assess efficacy, after a 7-day biofilm formation period, sheep 

received twice-daily frontal trephine flushes of CT-PA or saline for one week. 

Biofilm quantitation on the frontal sinus mucosa was performed using LIVE/DEAD 

BacLight staining. To assess safety, sheep received twice-daily frontal trephine 

flushes of CT-PA or vehicle control for 3 weeks. Blood and faecal samples were 

collected throughout treatment. Histopathology of frontal sinus, lung, heart, liver, 

spleen, and kidney tissue was performed. Sinus cilia were visualised using 

scanning electron microscopy (SEM). 

The Efficacy arm showed a statistically significant reduction in biofilm biomass 

with all concentrations of CT-PA tested (p<0.05). Phage titration of sinuses 

showed phage presence was maintained for at least 16 hours after the final flush. 

All Safety arm sheep completed 3 weeks of treatment. Phage was detected 

consistently in faeces and sporadically in blood and organ samples. Histology and 

SEM of tissues revealed no treatment-related damage. 



 

 

In conclusion, CT-PA was able to decrease frontal sinus PA biofilm at 

concentrations of 108 to 1010 PFU/mL. No safety concerns were noted. 

 



 

 

 

Chronic rhinosinusitis (CRS) is an inflammatory condition of the nose and 

paranasal sinuses, persisting for 12 weeks or longer(3). The prevalence of CRS 

amongst the general population ranges from 8% to 12% between different 

continents, and it carries a significant economic burden(493-497). The aetiology of 

CRS is theorised to be multifactorial. Proposed aetiological factors include 

bacteria, viruses, fungi, and disruptions in the sinus microbiome, as well as an 

aberrant host immune response. Conventional treatments used in the 

management of CRS include sinus irrigations, topical and systemic corticosteroids, 

antibiotics, and endoscopic sinus surgery. From a public health perspective, CRS 

accounts for a significant burden of antibiotic use, with antibiotics being 

prescribed during 69% of 47.9 million outpatient visits for CRS, over a 5-year 

period in the United States(498). 

Pseudomonas aeruginosa is a gram negative bacterial species that is present in 

the sinonasal tract of 9% of CRS patients, and up to 49% of patients with both 

cystic fibrosis (CF) and CRS(140, 349). Increased abundance of P. aeruginosa in the 

sinus microbiome has been associated with poorer quality of life in CRS 

patients(133). Additionally, the presence of P. aeruginosa on sinus cultures has 

been associated with CRS patients undergoing revision sinus surgery, suggesting 

that this species may play a role in disease recalcitrance(140). 

One of the foremost concerns regarding the overuse of antibiotics is the 

emergence of antimicrobial resistance in bacteria(333). Since the discovery of the 

antibacterial properties of penicillin in the 1940s, the introduction of new 



 

 

antibiotics to widespread clinical use has been followed by the appearance of 

bacteria that are resistant to those antibiotics(499). In particular, P. aeruginosa 

clinical isolates display significant rates of both intrinsic and acquired antibiotic 

resistance(207, 327). 

In addition to antibiotic resistance, the formation of bacterial biofilms on the 

sinonasal mucosa of CRS patients plays a role in disease recalcitrance(155, 156, 162). 

Bacterial biofilms consist of a community of bacteria living within a self-produced 

extracellular polymeric matrix, and attached to a biotic or abiotic surface(500). 

Biofilm formation confers increased tolerance to antibiotics through various 

mechanisms, including impeded antibiotic penetration through the biofilm 

matrix, expression of resistance genes, accumulation of antibiotic degrading 

enzymes, and changes in cellular metabolism(466). Prince et al demonstrated that 

more than 75% of both monomicrobial and polymicrobial sinus cultures 

containing P. aeruginosa from CRS patients were able to form biofilms in vitro(501). 

The presence of P. aeruginosa in polymicrobial biofilms in the sinuses of CRS 

patients in vivo has also been associated with increased symptomatic and 

radiological severity(161). 

Bacteriophages (phages) have been proposed as a novel treatment for bacterial 

infections, especially those caused by multidrug resistant bacteria(448, 502). 

Obligately lytic bacteriophages are bacterial viruses that infect, replicate within, 

and then lyse bacteria to release copies of the phage, resulting in bacterial 

death(371). Phages offer several advantages over conventional antibiotics in 

targeting bacterial infection in CRS. They are able to penetrate bacterial biofilms, 



 

 

have activity against multidrug resistant isolates, and are species specific, 

preventing deleterious effects on commensal bacterial flora(425, 467, 503). We have 

recently reported on the in vitro activity of an anti-P. aeruginosa phage cocktail 

(CT-PA) against P. aeruginosa CRS clinical isolates, including several multidrug 

resistant isolates(503). 

We have previously developed the sheep sinusitis model, which simulates S. 

aureus bacterial biofilm infection in the frontal sinuses(504). We adapted this 

model to simulate P. aeruginosa biofilm infection in CRS. The aims of this study 

were to assess the in vivo efficacy and safety of the anti-P. aeruginosa phage 

cocktail using this animal model, as well as to assess the local and systemic 

distribution of the bacteriophages when applied topically to the paranasal sinus 

mucosa. 

 

This study was approved by the Animal Ethics Committees of the University of 

Adelaide and the South Australian Health and Medical Research Institute, 

Adelaide, South Australia. The use of previously collected P. aeruginosa clinical 

isolates in this study was approved the Human Research Ethics Committee of The 

Queen Elizabeth Hospital, Adelaide, South Australia. 

Bacterial strains and growth conditions 

A clinical CRS P. aeruginosa strain was isolated from an endoscopically-guided 

sinus swab and multilocus sequence typed (MLST), as previously described(503). 

The chosen isolate was MLST sequence type 1399 (isolate Aus 20), which displays 



 

 

significant biofilm formation. This isolate is sensitive in vitro to all four individual 

phages that comprise the phage cocktail, as well as to the four phages combined 

into a cocktail, as described below(503). The isolate was stored in 25% glycerol in 

nutrient broth at -80°C. Isolates were plated from frozen glycerol stocks onto 1.5% 

nutrient agar plates, and broth cultures were grown in nutrient broth. Agar 

plates and broth cultures were incubated at 37°C. 

Bacteriophage cocktail 

1 mL aliquots of a bacteriophage cocktail (CT-PA) containing equal 

concentrations of each of 4 P. aeruginosa bacteriophages (Pa193, Pa204, Pa222, 

Pa223) in phosphate buffered saline supplemented with magnesium (PBS+Mg) 

were supplied by AmpliPhi Biosciences (Sydney, New South Wales, Australia). 

The cocktail was produced by combining equal concentrations of each individual 

phage; thus a cocktail with concentration 4 x 108 PFU/mL was comprised of 1 x 

108 PFU/mL of each individual phage. Pa193 and Pa204 are of the Myoviridae 

family, and Pa222 and Pa223 are of the Podoviridae family. All 4 phages have 

been characterised as strictly lytic by genome sequencing (unpublished data). 

Adaptation of the Sheep Rhinosinusitis model 

The sheep rhinosinusitis model as described by Ha et al was adapted for use in 

this study(504). 

A total of 32 Merino cross wethers sheep were used. 12 sheep were used in the 

model Optimisation arm, 14 sheep in the treatment Efficacy arm, and 6 sheep in 

the treatment Safety arm. Power calculations based on the results of a similar 



 

 

study by Drilling et al indicated that 5 sinuses per group in the Efficacy arm would 

be sufficient to detect the estimated minimum effect size, at an alpha-level of 

0.05 with 80% statistical power(461). Two sheep in the Efficacy arm did not 

complete the study protocol, necessitating the use of 2 additional sheep. One 

sheep died from aspiration pneumonitis secondary to regurgitation during 

induction of anaesthesia, and another sheep had aberrant sinus anatomy that 

prevented effective occlusion of the frontal sinus ostia by nasal packing. 

Optimisation arm protocol 

The aims of the Optimisation arm were to assess the amount of P. aeruginosa 

bacterial culture required to achieve consistent biofilm formation in the frontal 

sinuses, and to assess any negative impact on animal welfare in the adapted 

model. Three groups of 4 sheep each were used. Each group consisted of 2 sheep 

with P. aeruginosa culture inoculated into the frontal sinuses bilaterally, and 2 

contemporaneous control sheep that had only sterile 0.9% saline inoculated into 

their frontal sinuses. Infection sheep in the 1st, 2nd and 3rd groups were 

inoculated with 1 mL x 107 CFU/mL, 1 mL x 108 CFU/mL, and 2 mL x 108 CFU/mL 

respectively into each frontal sinus. Control sheep received equivalent volumes 

of sterile saline. Animal welfare was monitored a minimum of twice daily 

through assessment for signs of pain, anorexia, dehydration, respiratory distress, 

and systemic infection. After a 7 day biofilm formation period, sheep were 

humanely killed, and the frontal sinuses harvested for biofilm quantification and 

fluorescence in situ hybridisation (FISH) biofilm detection. Microbiology swabs 

(Σ-Transwab Amies, Medical Wire & Equipment, Corsham, England) were taken 



 

 

from the inside of each harvested frontal sinus, and sent to a clinical laboratory 

(Clinpath Laboratories, Adelaide, South Australia) for culture. 

Efficacy arm protocol 

The treatment Efficacy arm protocol was adapted from the protocol previously 

described by Drilling et al(461). Following the insertion of pre-sterilised frontal 

trephines and nasal packing, a gentle lavage of 2 mL sterile saline into the frontal 

sinuses was performed, and microbiology swabs (Σ-Transwab Amies, Medical 

Wire & Equipment, Corsham, England) of the lavage fluid were sent to a clinical 

laboratory (Clinpath Laboratories, Adelaide, South Australia) in order to assess 

the commensal flora of the sheep’s sinuses. Each frontal sinus was then 

inoculated with 2 mL of 108 CFU/mL P. aeruginosa culture, based on the results 

of the Optimisation arm. Frontal trephines were capped and nasal packing 

remained in situ for 7 days following inoculation, to allow time for biofilm 

formation before the treatment period commenced. Each treatment group 

consisted of 3 sheep, each receiving a flush of treatment agent diluted into 50 

mL sterile 0.9% saline twice daily, into each frontal trephine. Sheep received the 

same treatment to their left and right frontal sinuses. The four different 

treatments were 1 mL of: 1) 0.9% saline, 2) 4 x 108 PFU/mL CT-PA, 3) 4 x 109 

PFU/mL CT-PA, and 4) 4 x 1010 PFU/mL CT-PA. Sheep were housed in individual 

pens, with at least 1 metre between the pens of sheep that were receiving 

different treatments, to prevent cross-contamination. Efficacy arm treatment 

groups are listed in supplemental data (Supplementary Table 1). Following 7 days’ 

treatment, sheep were humanely killed and frontal sinuses harvested for biofilm 



 

 

quantification, histopathology, and phage enumeration. Microbiology swabs 

were also taken from the inside of each harvested sinus, and sent to the clinical 

laboratory for culture as described above. 

Faecal samples were collected from all phage-treated sheep prior to the 

administration of the first flush, and on Day 7 of treatment. 9mL blood samples 

were collected into Vacuette lithium heparin tubes without gel (Greiner Bio-One, 

Kremsmünster, Austria) from sheep via a jugular vein catheter at 1, 2 and 4 hours 

following the first trephine flush, and again at 1, 2, 4 and 8 hours following the 

morning trephine flush on Day 7 of treatment. Phage enumeration was carried 

out on faecal and blood samples as described below. 

Safety arm protocol 

The treatment Safety arm protocol was adapted from the protocol described by 

Drilling et al(461). Two treatment groups of 3 sheep each were used. Sheep had 

twice-daily flushes of treatment agent diluted in 50mL sterile 0.9% saline into 

each frontal trephine, for 21 days. The two treatments were 1 mL 4 x 1010 

PFU/mL CT-PA and 1mL PBS+Mg (vehicle control). Safety arm treatment groups 

are listed in supplemental data (Supplementary Table 2). Following the 

treatment period, sheep were humanely killed, and frontal sinuses as well as 

brain, heart, lungs, liver, spleen and kidneys were harvested for histopathology 

and phage enumeration. Sinuses were also assessed for ciliary integrity, as 

described below. 



 

 

Faecal samples were collected from sheep on Days 8 and 15 of treatment, and 

following humane killing. Blood samples were collected via jugular vein catheters 

into Vacuette lithium heparin tubes without gel from sheep on Days 1, 8, and 15 

of treatment, and just prior to humane killing. Phage enumeration was carried 

out on faecal and blood samples as described below. 

Biofilm quantification on sinus mucosa 

A previously defined protocol was used to quantify biofilm present on the frontal 

sinus mucosa(505, 506). Frontal sinuses were placed into Dulbecco’s Modified 

Eagle’s Medium (DMEM) (Life Technologies, Carlsbad CA, USA), and transported 

to the laboratory on ice. Under the laminar flow hood, two 1 cm2 pieces of 

mucosa were dissected at random from each frontal sinus, and stained with 

LIVE/DEAD BacLight Bacterial Viability Kit (Life Technologies Australia, Mulgrave 

VIC, Australia). The entire piece of mucosa was then examined at 20x 

magnification using a confocal microscope (Zeiss LSM700, Carl Zeiss AG, 

Oberkochen, Germany). Z-stack images (80 slices, interval 0.80) were taken of 

the three largest biofilms from each piece of mucosa. COMSTAT version 2.1 was 

used to measure the biomass of biofilms, with threshold set manually to 

minimise background staining(507-509). 

Fluorescence in situ hybridisation (FISH) biofilm detection 

A 1 cm2 piece of mucosa from each sinus in the Optimisation arm was collected 

after humane killing, and transported to the laboratory in DMEM, on ice. 

Samples were stored at -80°C prior to FISH analysis (protocol previously validated 



 

 

by Foreman et al)(510). Samples were defrosted and processed following the 

protocol described by Foreman et al, using an E. coli/P. aeruginosa PNA FISH 

probe (AdvanDx, Woburn MA, USA)(510) that specifically detects P. aeruginosa 

and E. coli with Texas Red and fluorescein-labelled probes respectively. Following 

the FISH protocol, epithelial cell nuclei were counterstained with 4’,6-diamidino-

2-phenylindole (DAPI) (Sigma-Aldrich, Sydney, Australia). The mucosa was then 

examined at 20x, 40x, and 80x magnification using a confocal microscope (Zeiss 

LSM700, Carl Zeiss AG, Oberkochen, Germany) to identify P. aeruginosa biofilms. 

Histopathology 

A 1 cm2 piece of sinus mucosa was collected from a standardised location in each 

frontal sinus after humane killing and immersion-fixed in 10% neutral buffered 

formalin. Tissue samples were then paraffin-embedded, cut at 6 μm, and stained 

with haematoxylin and eosin (H&E). Based on a previously published protocol, 

the parameters in Supplementary Table 3 were graded by a veterinary 

pathologist (J.F.) who was blinded to the treatment groups(511). 

Phage sensitivity testing of post-treatment isolates 

P. aeruginosa isolates cultured from sinuses inoculated with saline in the 

Optimisation arm and from phage-treated sheep in the Efficacy arm post-

treatment were tested for sensitivity to CT-PA using the spot test assay described 

by Mazzocco et al(475). 

 

 



 

 

Assessment of sinus ciliary integrity 

Assessment of mucosal ciliary integrity was performed using scanning electron 

microscopy, as described by Ha et al(504). Following humane killing sheep in the 

Safety groups, a 1 cm2 piece of mucosa was dissected from each frontal sinus 

and placed directly into sterile PBS. Samples were transported to the laboratory 

on ice, and sonicated (Soniclean 80T, Soniclean, Adelaide, Australia) in an ice 

bath for 30 minutes to remove the adherent mucus layer. Samples were then 

transferred into 1 mL of electron microscopy fixative (4% paraformaldehyde/1.25% 

glutaraldehyde in PBS with 4% sucrose). After 72 hours, samples were washed in 

buffer, post-fixed in osmium tetroxide, and dehydrated by placing in sequentially 

increasing concentrations of ethanol (70%, 90%, and 100%), and then 

hexamethyldisilazine. Samples were then mounted onto stubs, coated with 

platinum, and viewed using a Philips XL30 field emission scanning electron 

microscope (Philips, Amsterdam, Netherlands). 

Haematology and blood biochemistry 

Blood samples were collected from Safety sheep via a central venous catheter 

inserted into the jugular vein, prior to the first phage flush (Day 1) and prior to 

humane killing (Day 22). Vacuette K3EDTA and serum separator clot activator 

tubes (Greiner Bio-One, Kremsmünster, Austria) were used to collect blood for 

haematology and serum biochemistry panels respectively. Testing was 

performed by a clinical laboratory (SA Pathology, Adelaide, South Australia). 

 



 

 

Phage enumeration in tissues and faeces 

Following humane killing and harvesting of frontal sinus mucosa, a 1 cm2 piece of 

mucosa from each sinus was dissected aseptically and placed directly into 5 mL 

sterile phosphate buffered saline (PBS). 1 cm3 organ samples were collected from 

the brain, lungs, heart, liver, kidney, and spleen of all Safety arm sheep, as well 

as 4 Efficacy arm sheep (# 19, 21, 22 and 23). All samples were transported to 

the laboratory in separate 5mL aliquots of sterile PBS, on ice. Phage titre in faecal 

and organ samples was measured using previously published methodology(461). 1 

g of sheep faeces in 5 mL sterile PBS spiked with 20 µL of 108 PFU/mL CT-PA was 

used as a positive control for faecal samples. 5 mL sterile PBS spiked with 20 µL 

108 PFU/mL CT-PA was used as a positive control for organ and sinus samples. 

Phage enrichment of samples was performed as described by Drilling et al, with 

the use of the P. aeruginosa isolate in place of S. aureus(461). 

Phage enumeration in blood 

Blood tubes were transported to the laboratory on ice, and centrifuged at 1500 

rpm (Eppendorf 5810R centrifuge, Eppendorf AG, Hamburg, Germany) for 20 

minutes at 4°C. 3 mL of sheep blood spiked with 200 µL of 108 PFU/mL CT-PA was 

used as a positive control. The plasma was then filtered through a 0.22 µm 

syringe filter. The small drop plaque assay was used to titrate the filtered plasma 

for phage. Sample phage enrichment was performed as described above. 

 

 



 

 

Statistics 

Biofilm biomass data were analysed as repeated observations clustered within 

piece, sinus and sheep. A linear mixed effects model was applied to assess group 

differences with sinus and sheep included as random factors. A log 

transformation was applied to the data prior to analysis due to violations of the 

distributional assumptions of a linear regression model (normally distributed 

with constant variance). The data were transformed back to the original scale 

prior to reporting. As a result, post hoc comparisons represent the ratio of two 

geometric means. All analyses were completed using SAS v9.4 (SAS Institute Inc., 

Cary, NC, USA). 

Kruskal-Wallis H test (SPSS version 24, IBM, Armonk NY, USA) was performed to 

compare histopathological parameters between groups. 

 

Optimisation arm 

Sheep across all groups displayed mild to moderate appetite loss in the first 24 to 

48 hours following insertion of trephines and nasal packing, which resolved after 

48 hours. One Control sheep (“inoculated” with saline only) was excluded from 

analysis due to a large amount of purulent discharge that developed around its 

frontal trephines, with swabs growing coliforms. No other adverse events 

occurred. 

Of the microbiology swabs taken from the 12 Control sinuses, 4 grew P. 

aeruginosa, 3 grew coliforms, and swabs from the remaining 5 Control sinuses 



 

 

showed no growth on cultures. All 4 P. aeruginosa isolates were sensitive to all 4 

phages comprising the CT-PA phage cocktail. All except one sinus inoculated with 

P. aeruginosa grew P. aeruginosa on swab cultures, of these sinuses, 4 

concurrently grew coliforms. The remaining P. aeruginosa-inoculated sinus had 

no growth on swab culture. 

Macroscopic examination of the frontal sinus mucosa revealed inflamed mucosa 

in all sinuses inoculated with P. aeruginosa, with frank purulent secretions 

observed in all sinuses inoculated with 2mL x 108 CFU/mL, and in one sinus 

inoculated with 1mL x 108 CFU/mL. Only 2 Control sinuses from one sheep 

displayed mucosal erythema, of which one sinus contained frank pus, which 

swabbed positive for coliforms. The remainder of Control sinuses had 

macroscopically normal mucosa. 

BacLight staining of infected sinuses showed the presence of biofilm structures 

consisting of green-fluorescing rod-shaped organisms (Figure 1). FISH biofilm 

detection using the E. coli/P. aeruginosa probe confirmed the presence of biofilm 

structures comprised of red-fluorescing rods, consistent with P. aeruginosa 

biofilms (Figure 2). Quantification of the biomass of BacLight-stained live biofilm 

structures by COMSTAT analysis of z-stack images showed that sinuses 

inoculated with P. aeruginosa grew significantly more biofilm compared to 

Control sinuses (mixed model analysis, p = 0.001, 0.02, and 0.004 for 1 mL x 107, 

1 mL x 108, and 2 mL x 108 CFU/mL respectively). There were no significant 

differences in biomass between the different amounts of P. aeruginosa 

inoculated. However, the sinuses inoculated with 2mL x 108 CFU/mL P. 



 

 

aeruginosa had biofilms distributed more evenly within the pieces of mucosa 

examined. Figure 3 shows the biomass of BacLight-stained biofilms in the 

different groups. 

  



 

 

 

Figure 1. Optimisation arm: 2D cross-sectional images (A & B) and 3D 

reconstructions of z-stack images (C & D) (taken at 20x magnification) of 

BacLight-stained biofilm in a sinus inoculated with 2 mL x 108 CFU/mL P. 

aeruginosa (A & C), and in a matched control sinus inoculated with 2 mL sterile 

0.9% saline (B & D) 

 



 

 

 

Figure 2. Optimisation arm: split channel images showing: epithelial cell nuclei 

counterstained blue with DAPI (A & E), Texas Red-tagged PNA FISH probe for P. 

aeruginosa (B & F), fluorescein-tagged PNA FISH probe for E. coli (C & G), and 

merged images (D & H) from a sinus inoculated with 2 mL x 108 CFU/mL P. 

aeruginosa (A, B, C & D) and a matched control sinus inoculated with 2 mL sterile 

0.9% saline (E, F, G & H). 

 



 

 

 

Figure 3. Optimisation arm: biomass of sinus biofilms by dose of P. aeruginosa 

inoculated into frontal sinus. The complete area of two randomly selected 1 cm2 

pieces of sinus mucosa from each frontal sinus was assessed for biofilms (n = 44 

samples). Each data point represents the biomass of each of the three largest 

biofilms (as measured by Comstat quantification of biofilm biomass) from each 

piece of sinus mucosa. Log-transformed biofilm biomass data were analysed 

using a mixed effects model with piece nested in side and sheep. Error bars 

represent geometric mean ± geometric standard deviation. PA: Pseudomonas 

aeruginosa 

 

  



 

 

Efficacy arm 

Pre-inoculation sinus microbiology 

The swab of pre-inoculation frontal sinus lavage was obtained bilaterally from all 

sheep in the 108 and 1010 PFU/mL CT-PA and Saline treatment groups, and in 5 

out of 6 sinuses in the 109 PFU/mL CT-PA treatment group (23 sinus cavities in 

total). Overall, 15 of 23 sinuses had growth on the pre-inoculation swab; of these, 

9 sinuses grew P. aeruginosa. Four swabs grew Pseudomonas fluorescens, 1 grew 

coliforms, and 1 grew skin flora. The outcome of pre-inoculation swabs is shown 

in Table 1. 

  



 

 

Table 1: Efficacy arm: Pre-inoculation and post-treatment sinus swab 

microbiology 

Treatment 
group 

Sheep 
# 

Side Pre-inoculation Post-treatment* 

Post-treatment 
isolate spot test 
assay CT-PA 
titre** 
(PFU/mL) 

Saline 

17 
Right No growth No growth n/a 

Left P. aeruginosa P. aeruginosa n/a 

18 
Right No growth P. aeruginosa n/a 

Left No growth P. aeruginosa n/a 

19 
Right P. fluorescens P. aeruginosa n/a 

Left P. fluorescens P. aeruginosa n/a 

      

10
8
 CT-PA 

21 
Right P. fluorescens P. aeruginosa 1.0E+06 

Left P. fluorescens P. aeruginosa 2.0E+06 

22 
Right P. aeruginosa Coliforms n/a 

Left Skin flora P. aeruginosa Not tested 

23 
Right No growth P. aeruginosa 4.0E+06 

Left No growth Coliforms n/a 

      

10
9
 CT-PA 

13 
Right P. aeruginosa Skin flora n/a 

Left No growth P. aeruginosa 1.2E+07 

14 
Right P. aeruginosa P. aeruginosa 1.0E+08 

Left P. aeruginosa P. aeruginosa 1.0E+08 

15 
Right No growth P. aeruginosa 1.0E+08 

Left Not collected P. aeruginosa 1.0E+04 

      

10
10

 CT-PA 

10 
Right Coliforms P. aeruginosa 1.0E+08 

Left P. aeruginosa No growth n/a 

11 
Right P. aeruginosa Coliforms n/a 

Left P. aeruginosa P. aeruginosa, coliforms 1.0E+08 

12 
Right P. aeruginosa Coliforms n/a 

Left No growth Coliforms n/a 

n/a: not applicable 

* Post-treatment swabs were taken following experimental inoculation with P. 

aeruginosa and the 7-day treatment period 

** Tested against 108 PFU/mL CT-PA 

 

Biofilm biomass 

The complete area of two randomly selected 1 cm2 pieces of sinus mucosa from 

each frontal sinus was assessed for biofilms. The biomass of each of the three 

largest biofilms (as measured by Comstat quantification of biofilm biomass) from 



 

 

each piece of sinus mucosa was analysed using a mixed effects model following 

log transformation of the data, with piece nested in side and sheep. Mean 

biomass was significantly lower in the three CT-PA treatment groups when 

compared to saline (1010 PFU/mL: p = 0.0007; 109 PFU/mL: p = 0.049; 108 PFU/mL: 

p = 0.003). The three treatment groups did not differ significantly from each 

other. The biomass of frontal sinus biofilms following treatment for each group is 

displayed in Figure 4. 

  



 

 

 

Figure 4. Efficacy arm: biomass of frontal sinus biofilms following treatment. 

The complete area of two randomly located 1 cm2 pieces of sinus mucosa from 

each frontal sinus was assessed for bacterial biofilms using LIVE/DEAD BacLight 

staining (n = 48 samples). Each data point represents the biomass of each of the 

three largest biofilms (as measured by Comstat quantification of biofilm biomass) 

from each piece of sinus mucosa. Red data points represent data from sinuses 

that contained non-Pseudomonas aeruginosa bacterial species prior to 

inoculation with P. aeruginosa, whilst grey data points are from sinuses that 

lacked non-P. aeruginosa bacterial species prior to inoculation. Log-transformed 

biofilm biomass data from all sinuses were analysed using a linear effects model 

with piece nested in side and sheep. Error bars represent geometric mean ± 

geometric SD. 



 

 

Regarding the effect of commensal sinus bacteria cultured from pre-inoculation 

lavage on post-treatment biofilm biomass, type III tests did not show a significant 

interaction between the presence of commensal P. aeruginosa prior to 

inoculation and treatment effect (p = 0.195). However, a significant interaction 

was present between the presence of non-P. aeruginosa bacteria prior to 

inoculation and treatment effect (p = 0.004). Post hoc comparisons demonstrate 

significant reductions in biofilm with all CT-PA treatments compared to saline 

when bacterial species other than P. aeruginosa were absent, but a lack of 

significant reduction when they were present (Table 2). 

 

Table 2: Efficacy arm: Post hoc comparisons between groups with and without 

bacterial species other than P. aeruginosa present prior to inoculation 

Other bacterial species 
present prior to 
inoculation  

Comparison between 
groups 

Ratio of geometric 
means (95% CI) 

p value 

No 108 CT-PA Saline  0.15 (0.07-0.35) <0.0001  

109 CT-PA Saline  0.36 (0.18-0.73) 0.006  

1010 CT-PA Saline  0.17 (0.08-0.35) <0.0001  

1010 CT-PA 108 CT-PA 1.08 (0.49-2.38) 0.846  

1010 CT-PA 109 CT-PA 0.46 (0.24-0.89) 0.022  

108 CT-PA 109 CT-PA 0.42 (0.20-0.90) 0.027  

Yes* 108 CT-PA Saline  1.11 (0.45-2.75) 0.813  

1010 CT-PA Saline  1.22 (0.36-4.06) 0.744  

1010 CT-PA 108 CT-PA 1.09 (0.36-3.36) 0.873  

* The 109 CT-PA treatment group did not have any bacterial species other than P. 

aeruginosa grown on swabs of pre-inoculation lavage samples, thus no 

comparisons with this group could be performed for this outcome. 

 

 

 

 



 

 

Post-treatment sinus microbiology 

Post-treatment sinus swabs showed growth of P. aeruginosa in 4, 5, and 2 out of 

6 sinuses in the 108, 109, and 1010 PFU/mL CT-PA treatment groups respectively, 

compared to 5 out of 6 sinuses treated with saline only. Of the CT-PA-treated 

sinuses where P. aeruginosa was not detected on the post-treatment swab, 

other bacteria (coliforms or skin flora) were isolated in all except one sinus. 

These bacterial species were also isolated on pre-inoculation swabs in both the 

Optimisation and Efficacy arms, although not necessarily in the same individual 

sheep. Of note, whilst Pseudomonas fluorescens was isolated from the pre-

inoculation swabs of 4 sheep, it was not isolated from any of the post-treatment 

swabs. The outcome of post-treatment swabs is shown in Table 1. 

All tested post-treatment P. aeruginosa isolates from CT-PA-treated sheep were 

sensitive to CT-PA on the spot test assays. One post-treatment P. aeruginosa 

isolate was unable to be tested as it was not retained by the clinical laboratory. 

In the 1010 PFU/mL treatment group, all isolates retained full sensitivity to CT-PA, 

whilst in the 109 PFU/mL treatment group, one out of five isolates displayed a 

significantly decreased titre (104 PFU/mL), suggesting a decrease in sensitivity. 

Titres in the 108 PFU/mL treatment group were slightly decreased, in the order of 

106 PFU/mL. Titres measured from the post-treatment spot test assays are 

shown in Table 1. 

  



 

 

Sinus histopathology 

There were no statistically significant differences in the degree of sinus mucosal 

inflammation, composition of sinus inflammatory cell population, epithelial 

hyperplasia, or fibrosis between groups. Degree of inflammation ranged from 

mild to severe in all groups. Figure 5 displays a breakdown of degree of sinus 

mucosal inflammation by treatment group. The inflammatory cell population was 

predominantly (≥ 95%) lymphoplasmacytic in 18 of 24 (75%) sinuses. Of the 

sinuses that displayed a neutrophilic infiltrate, 3 were treated with saline, 2 with 

108 PFU/mL CT-PA, and 1 with 1010 PFU/mL CT-PA. These results are summarised 

in Table 3, with representative sections displayed in Figure 6. None of the sinuses 

were found to have any detectable increase in fibrous tissue. 

  



 

 

 

Figure 5. Efficacy arm: Degree of histopathological sinus inflammation by 

treatment group 

Grade 1: <30% of superficial half of stroma occupied by inflammatory cells at a 

density of 50+ cells/high powered field 

Grade 2: 30% - 60% of superficial half of stroma occupied by inflammatory cells 

at a density of 50+ cells/high powered field 

Grade 3: >60% of superficial half of stroma occupied by inflammatory cells at a 

density of 50+ cells/high powered field 

  



 

 

Table 3: Efficacy arm: Composition of inflammatory cell population of frontal 

sinuses 

Treatment Sheep # 
Frontal 
sinus 
side 

Predominant type of 
inflammation 

Other inflammatory cells 
detected 

Saline 

17 
L 95% LPC 5% N 

R 90% LPC 10% N 

18 
L 95% LPC 5% N 

R 95% LPC 5% N 

19 
L 60% N 40% PC 

R 60% N 40% PC 

108 
PFU/mL 
CT-PA 

21 
L 95% LC 5% N 

R 95% LC 5% N 

22 
L 60% LC 40% N 

R 60% LC 40% N 

23 
L 95% LC 5% N 

R 95% LC 5% N 

109 
PFU/mL 
CT-PA 

13 
L 95% LPC 5% N 

R 95% LPC 5% N 

14 
L 95% LPC 5% N 

R 95% LPC 5% N 

15 
L 95% LPC 5% N 

R 95% LPC 5% N 

1010 
PFU/mL 
CT-PA 

10 
L 95% LPC 5% N 

R 95% LPC 5% N 

11 
L 95% LPC 5% N 

R 95% LPC 5% N 

12 
L 50% LC; 50% N n/a 

R 95% LPC 5% N 

L: left side 

R: right side 

LPC: lymphoplasmacytic 

N: neutrophilic 

LC: lymphocytic 

PC: plasmacytic 

n/a: not applicable 

 



 

 

 

Figure 6. Representative H&E stained sections containing hyperplastic 

pseudostratified respiratory epithelium and underlying lamina propria, with the 

latter infiltrated by predominantly: (A) neutrophilic (neutrophils indicated by 

arrows), (B) lymphocytic (higher power view in inset), and (C) lymphoplasmacytic 

inflammatory cell populations. 

(D) Lymphoplasmacytic inflammation of lamina propria, with higher power view 

in inset showing lymphocytes (arrow) and plasma cells (thick arrow). 

 

  



 

 

Local and systemic distribution of phage 

Sheep were humanely killed between 16 and 18 hours following administration 

of the last sinus flush. Measurable phage titres were detected in the sinus tissue 

of 13 out of 18 CT-PA-treated sinuses, with an additional 4 sinuses showing the 

presence of phage after enrichment. Post-treatment phage titres are shown in 

Table 4. 

Table 4: Efficacy arm: Sinus phage titres 16 to 18 hours following final flush 

Treatment Sheep # Side 
Sinus mucosa phage titre 

(PFU/cm2) 

108 PFU/mL 
CT-PA 

21 
R 4.00E+03 

L 1.95E+05 

22 
R 1.34E+06 

L * 

23 
R * 

L 4.00E+03 

109 PFU/mL 
CT-PA 

13 
R 3.00E+03 

L 1.85E+04 

14 
R 6.00E+03 

L 4.00E+03 

15 
R 8.25E+04 

L 5.85E+06 

1010 PFU/mL 
CT-PA 

10 
R * 

L - 

11 
R 7.63E+04 

L 7.27E+06 

12 
R * 

L 4.00E+03 

R: right 

L: left 

- : phage not detected 

*: phage detected after enrichment 

 

Phage was detected in blood samples from Sheep #13 (109 PFU/mL CT-PA 

treatment group) on Day 7 of treatment, at all time points (titres of 8.8x103, 



 

 

1.24x104, 3.8x103, and 3.0x103 PFU/mL at 1, 2, 4, and 8 h post-dose respectively). 

Phage was detected after sample enrichment in blood samples from Sheep #10 

and #11 (1010 PFU/mL CT-PA treatment group) on Day 1 of treatment. No sheep 

had detectable phage in faecal samples taken prior to initiation of sinus flushes, 

and all CT-PA-treated sheep had phage detected in Day 7 faecal samples. 

 

Safety arm 

All Safety arm sheep completed 21 days of treatment. One sheep (# 30) was 

found deceased on the morning of Day 22; pathological findings were consistent 

with exacerbation of a background interstitial pneumonia by aspiration of the 

sinus flush. Two sheep experienced minor infection around the trephine sites, 

without associated loss of appetite, fever, or other signs of systemic illness. No 

other adverse events occurred. 

Haematology and biochemistry 

No clinically significant changes in complete blood count, white blood cell 

differential count, serum biochemistry, liver function tests, cholesterol, calcium, 

phosphate, albumin, or globulins were noted between blood samples taken prior 

to the first flush (Day 1) and following the completion of flushes (Day 22). 

Histopathology 

There was no statistically significant difference in degree of inflammation or 

composition of inflammatory cell population between frontal sinuses in the CT-



 

 

PA and vehicle control-treated groups. The degree of epithelial hyperplasia was 

significantly lower in the CT-PA group compared to the vehicle control group (p = 

0.043). None of the sinuses were found to have any detectable increase in 

fibrous tissue. Histopathology results are summarised in Table 5. 

 

Table 5: Frontal sinus histopathology (Safety arm) 

Treatment 
Sheep 

# 

Frontal 
sinus 
side 

Degree of 
inflammation 

(grade*) 

Predominant 
type of 

inflammation 

Other 
inflammatory 
cells detected 

Epithelial 
hyperplasia 

(grade*) 

Vehicle 
control 

31 
L 3 95% LPC 5% N 1 

R 2 95% LPC 5% N 1 

32 
L 1 60% PC 40% N 1 

R 3 70% LPC 30% N 4 

33 
L 2 95% LC 5% PC 1 

R 3 100% LC n/a 1 

1010 
PFU/mL 
CT-PA 

28 
L 1 80% PC 20% N 1 

R 3 90% LC 5% PC, 5% N 1 

29 
L 2 95% LPC 5% N 1 

R 1 95% LPC 5% N 0 

30 
L 2 95% LPC 5% N 0 

R 1 80% N 20% PC 0 

* Graded as described in Method 

L: left side 

R: right side 

LPC: lymphoplasmacytic 

N: neutrophilic 

LC: lymphocytic 

PC: plasmacytic 

n/a: not applicable 

 

No clinically significant histopathological findings were noted in any of the brain, 

heart, kidney, liver, or spleen samples. All lung samples from both CT-PA and 

vehicle control-treated sheep were noted to have changes consistent with mild 



 

 

alveolar interstitial pneumonia, likely a residual lesion of lungworm infestation, 

which is common in Australian sheep. 

Sinus ciliary integrity 

One sinus treated with the phage cocktail (# 28 left) and one sinus treated with 

the vehicle control (# 33 left) showed some cells possessing microvilli, as well as 

cells with normal cilia. Another sinus treated with vehicle control (# 32 left) had 

an obscuring overlying mucus layer covering the majority of the sample, showing 

mostly cells with microvilli or short cilia in the areas not covered by the mucus 

layer. Cilia were preserved in all other sinuses. Representative images of each 

sinus are shown in Figure 7. 

  



 

 

 

Figure 7: SEM images of frontal sinus mucosal samples from each sheep in the 

Safety arm (# 28, 29 & 30: CT-PA-treated sheep; # 31, 32 & 33: vehicle control-

treated sheep; R: right frontal sinus; L: left frontal sinus). 5 of 6 sinuses in the CT-

PA-treated group show intact cilia, with 1 sinus (# 28 left) showing a mix of 

ciliated cells and cells possessing microvilli. 4 of 6 sinuses in the vehicle control-

treated group show intact cilia, with 1 sinus (# 33 left) showing a mix of ciliated 

cells and cells possessing microvilli, and another sinus (# 32 left) having an 

obscuring overlying mucus layer and cells possessing microvilli or short cilia. 

 

Local and systemic distribution of phage 

Phage was detected in the faeces of all CT-PA-treated sheep at all time points 

throughout treatment, with average titres of 6.87 x 103, 5.64 x 104, and 2.03 x 

104 PFU/g on Days 8, 15, and 22 respectively. Phage was not detected in any of 

the faecal samples from vehicle control-treated sheep. 



 

 

Phage was only detected after sample enrichment in the blood of one CT-PA-

treated sheep (# 30) on Day 22. Phage was not detected in blood samples from 

any of the other 5 sheep. 

On phage titration of organ samples, phage was not detected in any samples 

from vehicle control-treated sheep. For CT-PA-treated sheep, phage was not 

detected in any brain samples. Measurable phage titres were found in only one 

lung sample (# 28) at a titre of 3.06 x 104 PFU/g. Phage was not detected in any 

other lung samples, even after sample enrichment. Phage was detected only 

after enrichment in one liver, one spleen, one kidney, and 2 heart samples (# 28 

and 30). 

Phage was detected after enrichment in 3 of 6 sinus samples from CT-PA-treated 

sheep, but not at detectable levels prior to enrichment. 

 

To our knowledge, this is the first study examining safety and efficacy of a novel 

treatment for biofilm-associated P. aeruginosa sinus infection in a large animal 

model. Whilst models of P. aeruginosa biofilm on airway epithelial cells in vitro, 

and in rabbit maxillary sinuses in vivo, have been developed, the sheep 

rhinosinusitis model enables simulation of treatment application via a sinus flush 

in frontal sinuses similar in size to the human paranasal sinuses(512, 513). 

The ability of the phage cocktail to reduce the biomass of P. aeruginosa biofilms 

in vivo is in concordance with numerous studies demonstrating P. aeruginosa 

biofilm removal by bacteriophages in vitro(416, 418, 421, 514-519). Phages have also 



 

 

shown efficacy in treating P. aeruginosa biofilm-associated infections in vivo, 

such as canine chronic otitis and a murine model of keratitis(432, 433). Of particular 

relevance to CF-associated CRS, phages have also demonstrated in vivo efficacy 

against P. aeruginosa CF isolates in murine models of lung infection(437, 439, 520). 

Clinical trials of phage cocktails for treatment of P. aeruginosa infections in 

humans have had mixed results. Wright et al found a statistically significant 

improvement in symptom severity and clinician-assessed disease severity, as well 

as a drop in P. aeruginosa counts, in a double-blind randomised placebo-

controlled trial in patients with antibiotic-resistant chronic P. aeruginosa 

otitis(443). Conversely, a clinical trial of a phage cocktail designed to target both P. 

aeruginosa and S. aureus, applied to colonised burn wounds, did not find any 

advantage over standard of care(445). It is worth noting that the authors describe 

several pitfalls of the study design, which may explain their results. 

One aspect of phage therapy for CRS that we have attempted to address is 

whether targeting P. aeruginosa alone, in the context of co-infection with other 

bacterial species, is likely to have any beneficial effects. Our statistical analysis 

suggests that the presence of another bacterial species on pre-treatment sinus 

cultures predicts a poor outcome in terms of biofilm removal by CT-PA. The 

LIVE/DEAD BacLight stain does not differentiate between bacterial species with 

similar morphology (eg. P. aeruginosa and E. coli), so the presence of biofilms 

consisting partially or completely of non-P. aeruginosa species in these sinuses 

cannot be excluded. Given the species specificity of the phage cocktail, non-P. 

aeruginosa species are unlikely to be sensitive to the phage cocktail, which may 



 

 

explain the lack of biofilm removal in these sinuses. In vitro studies of mixed 

species biofilms (P. aeruginosa with Klebsiella pneumoniae or Escherichia coli) 

have demonstrated a protective effect against phages targeted at a single 

species alone(521, 522). The aforementioned studies suggest that simultaneous 

treatment with other anti-bacterial or anti-biofilm matrix agents such as xylitol or 

Tween 20 may overcome this effect(521, 522). 

We were not able to detect any significant differences in histopathological 

severity of sinus inflammation between treatment groups in the Efficacy arm. 

Whilst correlations between tissue eosinophilia and radiological or endoscopic 

severity of CRS have been previously reported, the relationship between the 

severity of microscopic tissue inflammation, biofilms, and CRS treatment 

outcomes is unclear(523-525). As such, the sheep P. aeruginosa rhinosinusitis model 

was developed primarily to assess efficacy of biofilm removal, rather than any 

effect on tissue inflammation. Potential confounding factors for analysis of tissue 

inflammation include the proximity of mucosal samples to the site of 

trephination, and the amount and species of commensal bacteria present in the 

sinuses. In addition, whilst the presence of P. aeruginosa is very uncommon in 

cultures from the healthy human sinonasal tract, we routinely found P. 

aeruginosa within the sinuses of sheep prior to experimental inoculation without 

clinical signs of infection (337-339). P. aeruginosa may form part of the commensal 

flora of the paranasal sinuses in sheep and thus may not induce overt signs of 

infection and inflammation, even when artificially instilled. 



 

 

Persisting high phage titres in the sinuses of Efficacy arm sheep, up to 18 hours 

following the final flush, implies phage amplification by successful phage 

replication (and therefore lysis of host bacteria). We did not assess whether 

regrowth of biofilms occurs upon cessation of phage flushes, however the 

continued presence of and bacterial sensitivity to the phage suggests that there 

is potential for an ongoing treatment effect. The finding of detectable phage in 

faeces during the treatment period was not unexpected, as many sheep were 

observed to swallow some of the sinus flushes. P. aeruginosa is found in the 

gastrointestinal microflora of healthy sheep, suggesting that phage amplification 

may also have occurred in the sheep gastrointestinal tract(526). A human clinical 

trial of oral anti-E. coli phage T4 also detected faecal phage when subjects were 

administered 105 PFU/mL phage in drinking water(463). 

The sporadic detection of phage in sheep blood and organ samples, in most 

cases only after sample enrichment, suggests that phage may reach the systemic 

circulation at low levels after topical application into the paranasal sinuses. There 

are few other studies of the penetration of topically-administered phage into the 

systemic circulation. Bogovazova et al identified the presence of phage in the 

blood and internal organs of mice within 24 hours following the intranasal 

administration of Klebsiella pneumoniae phage(527). Conversely, Drilling et al did 

not find measurable phage titres in the blood or internal organs of sheep 

administered S. aureus phage in the sheep rhinosinusitis model(461). Studies of 

intravenous administration of phage suggest that neutralising antibody 

formation and the reticuloendothelial system may play a role in inactivation and 



 

 

clearance of phage from the circulation, which could explain the variation in 

findings between studies(415, 528). 

The pseudostratified respiratory epithelium lining the sinonasal mucosa is a 

complex epithelium containing ciliated, non-ciliated, mucous (goblet), and basal 

cells. The SEM appearance of some cells with microvilli or short cilia in 3 of 12 

sinuses in the Safety arm is consistent with changes seen in regenerating human 

sinus mucosa, up to 6 months following sinus surgery(529). Given the 3 week time 

frame between trephine insertion and the collection of samples for SEM, it is 

possible that the observed changes are due to healing of mucosal trauma incited 

during trephine insertion. Similar findings have been noted in other studies 

utilising the sheep rhinosinusitis model, where a small number of sinuses in both 

treatment and control arms demonstrated some areas of loss of cilia(461, 511). 

In conclusion, the CT-PA phage cocktail has demonstrated efficacy in decreasing 

biofilm biomass in sinuses infected with P. aeruginosa biofilms, with no 

treatment-related adverse effects noted within the limitations of the sheep 

model. Given increasing concerns regarding antibiotic resistance and overuse, 

further investigation of the therapeutic potential of phage therapy in CRS would 

be valuable. 
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The prior work in this thesis has explored bacteriophage therapy as an 

alternative to conventional antibiotics for treatment of Pseudomonas aeruginosa 

infection in CRS and CF. Phage therapy has been suggested as a potential way to 

combat antibiotic-resistant bacteria, which have developed as a result of the 

widespread use of antibiotics. This raises the question of whether the use of 

phage as an alternative to conventional antibiotics would lead to phage-resistant 

bacteria. As such, the aims of this study were to elucidate any genetic changes 

that may result in phage resistance, and to determine if the development of a 

phage-resistant phenotype leads to changes in bacterial susceptibility to 

conventional antibiotics. 
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Pseudomonas aeruginosa is an opportunistic pathogen that can cause sinus 

infections and serious lung infections in cystic fibrosis (CF) patients. It has a 

propensity for antibiotic resistance, and thus alternatives to conventional 

antibiotics for treating P. aeruginosa infections are under investigation. One such 

treatment is bacteriophage therapy. Whilst virulent (lytic) bacteriophages have 

shown promise in treating P. aeruginosa biofilm infections, the appearance of 

bacteriophage insensitive mutants (BIMs) following the exposure of bacteria to 

phages has been described. 

The aim of this study was to examine the genetic changes associated with the 

bacteriophage insensitive phenotype, as well as to determine if there were any 

changes in antibiotic sensitivity in the BIMs. 

Microtitre plate biofilms of 5 genetically distinct P. aeruginosa strains, including 

ATCC 15692 (PAO1) and 4 clinical respiratory isolates (2 CF and 2 non-CF) were 

grown for 7 days, and treated with either 4 × 108 PFU/mL of the phage cocktail 

(CT-PA) or a vehicle control for 7 consecutive days. BIMs were detected by streak 

assays and resistance to CT-PA was confirmed using spot test assays, followed by 

whole genome sequencing of the recovered BIMs and the vehicle control-treated 

phage sensitive isolates. Antibiotic sensitivity of planktonic BIMs and phage 

sensitive isolates was measured by minimum inhibitory concentration assays. 

One BIM was isolated from vehicle control-treated biofilms in 1 strain, whilst 

BIMs were isolated from CT-PA-treated biofilms in all strains. Whole genome 

sequencing of the BIMs and phage-sensitive controls revealed a high number of 

mutations in CF strain BIMs, as well as variants in prophage Pf1 that differed in 

genotype between BIMs and phage-sensitive isolates. There were variable 

changes in conventional antibiotic sensitivities in the BIMs compared to phage-

sensitive parent strains, particularly for beta-lactam antibiotics. 

 

  



 

 

 

Pseudomonas aeruginosa is an aerobic gram-negative bacterium, considered to 

be an opportunistic pathogen. It is ubiquitous in the environment, and capable of 

causing life-threatening sepsis, infective endocarditis, osteomyelitis, soft tissue 

infections, and respiratory infections(207). Pseudomonas aeruginosa is of 

particular significance in cystic fibrosis-associated upper and lower respiratory 

tract infections. Chronic P. aeruginosa lung infection is associated with 

worsening lung function in cystic fibrosis (CF) patients. Phenotypic changes in the 

infecting strain over time can result in conversion to antibiotic-resistant mucoid 

phenotypes, which has been correlated with increased morbidity and 

mortality(530, 531). Patients with CF are also frequently affected by chronic 

rhinosinusitis, in which colonisation of the paranasal sinuses with P. aeruginosa 

has been found to be a reservoir for recurrent lung infection(350, 353-355). 

Treatment of P. aeruginosa infections is complicated by high rates of single-drug 

and multi-drug resistance(332, 333). One potential treatment that is being 

investigated as an alternative to antibiotics is bacteriophage (phage) therapy. 

Virulent (lytic) bacteriophages are viruses that infect bacteria, replicate within 

the bacteria, and then cause bacterial lysis and death, releasing phage progeny in 

the process. Anti-P. aeruginosa bacteriophages have shown promise in several in 

vitro and in vivo pre-clinical studies(416-421, 532). Some of the advantages of phage 

therapy over conventional antibiotics include activity against multi-drug resistant 

strains, the ability to target a specific bacterial species, and activity against 

biofilms(424, 425, 434, 503). 

However, several studies have described the emergence of phage-resistant 

bacterial isolates, also known as bacteriophage insensitive mutants (BIMs), 

following treatment of P. aeruginosa biofilms with bacteriophages(516, 519). 

Acquired resistance to bacteriophages may represent a potential barrier to the 

use of phage therapy in treating P. aeruginosa infections, but it may also be 

harnessed to decrease antibiotic resistance or as a target for the combination of 

phage with other anti-microbial therapies(533). Chan et al demonstrated that 



 

 

resistance to a phage that uses outer membrane porin M (OprM) of P. 

aeruginosa multi-drug efflux systems as a surface receptor produces an 

evolutionary trade-off in multi-drug resistant P. aeruginosa, resulting in 

increased sensitivity to conventional antibiotics(534). 

In order to utilise anti-P. aeruginosa bacteriophage therapy in the most 

efficacious way, it is important that we understand the mechanisms underlying 

acquired phage resistance. The primary aim of this study was to examine 

genome variation in P. aeruginosa clinical isolates from the upper and lower 

respiratory tract that have acquired phage resistance following repeated 

exposure to a phage cocktail. A in vitro biofilm model was chosen as P. 

aeruginosa biofilms have been demonstrated in chronic respiratory infections, 

and are associated with recurrent and treatment-recalcitrant disease(158, 159, 486, 

535). Our secondary aim was to determine if the development of phage resistance 

resulted in associated changes in antibiotic susceptibility. 

 

 

Ethics 

This study was approved by the Human Research Ethics Committee of The Queen 

Elizabeth Hospital, Adelaide, South Australia (approval number 

HREC/13/TQEHLMH/277). 

Bacterial strains 

Four clinical P. aeruginosa strains (Aus 4, Aus 16, Ned 5, USA 2) were isolated 

from the sinuses of CRS patients, as previously described(503). Two clinical isolates 

(Aus 16 and Ned 5) were from CF patients. P. aeruginosa laboratory reference 

strain ATCC 15692 (PAO1) was obtained from American Type Culture Collection 

(Manassas, VA, USA). All 5 strains exhibited a high degree of sensitivity to the 

bacteriophage cocktail (CT-PA) when tested using the spot test assay described 

by Mazzocco et al(475, 503). All strains were stored in 25% glycerol in nutrient broth 



 

 

at -80°C, and grown on 1.5% nutrient agar or in nutrient broth (Oxoid, Hants, UK) 

at 37°C. Cation-adjusted Mueller-Hinton broth (Oxoid, Hants, UK) was used for 

minimum inhibitory concentration assays. 

Bacteriophage cocktail 

Stocks of 4 anti-P. aeruginosa bacteriophages (Pa193, Pa204, Pa222, and Pa223) 

in phosphate-buffered saline with 0.01M magnesium sulphate (PBS+Mg) were 

supplied by AmpliPhi Biosciences (Brookvale, New South Wales, Australia). Pa193 

and Pa204 are of the Myoviridae family, and Pa222 and Pa223 are of the 

Podoviridae family. All 4 phages have been characterised as strictly lytic by 

genome sequencing (unpublished data). Prior to each assay, the stock 

suspension of each bacteriophage was titrated against a selected P. aeruginosa 

bacterial strain using the soft agar overlay small drop assay, as described by 

Mazzocco et al(475). Equal concentrations of each bacteriophage were combined 

to form the bacteriophage cocktail (CT-PA) at a concentration of 4 × 108 PFU/mL. 

Generation of bacteriophage insensitive mutants 

Biofilms of each P. aeruginosa strain were grown on separate clear polystyrene 

96-well plates, as previously described(503). A total of 48 wells, comprised of 2 

blocks containing 24 wells each separated by PBS-filled wells, were inoculated in 

each plate. Plates were incubated on a gyratory mixer in a 37°C incubator for 7 

days to encourage biofilm formation, with 50 µL/well nutrient broth replenished 

at 24 hour intervals. After the first 7 days, every 24 hours 50 µL of liquid media 

was aspirated from each well immediately substituted with 50 µL of either 4 × 

108 PFU/mL CT-PA or PBS+Mg as a vehicle control. For each strain, one “block” of 

24 wells was treated with CT-PA every 24 hours, whilst the other “block” was 

treated with PBS+Mg every 24 hours, for 7 consecutive days. Following 7 days of 

treatment, liquid contents of wells were gently aspirated and discarded. Biofilms 

were gently washed with PBS twice to remove any remaining planktonic cells. 

The method for isolating bacteriophage insensitive mutants (BIMs) was adapted 

from Buckling et al(536). 200 µL of 1010 PFU/mL CT-PA was spread evenly onto 1.5% 

nutrient agar plates, and excess liquid allowed to evaporate. A sterile cotton 



 

 

swab was used to streak bacteria from each row of wells in each CT-PA-treated 

“block” separately onto these agar plates. The same process was used to streak 

bacteria from the PBS+Mg-treated blocks onto 1.5% nutrient agar plates that had 

not been inoculated with phages. Agar plates were then incubated at 37°C 

overnight. Streaks that displayed bacterial growth without phage plaques were 

subcultured onto fresh 1.5% agar plates, and sensitivity or resistance to CT-PA 

was confirmed using the spot test assay. 

Minimum inhibitory concentration assays 

Minimum inhibitory concentration of ciprofloxacin, gentamicin, amikacin, 

piperacillin and ceftazidime (Sigma-Aldrich, Castle Hill, NSW, Australia) was 

tested for parent strains and BIMs using the broth microdilution method 

described by Wiegand et al(474). 

Bacterial DNA extraction and whole genome sequencing 

Bacterial genomic DNA extraction and purification was performed as previously 

described(503). The quality of the purified DNA was assessed using the NanoDrop 

2000 spectrophotometer (Thermo Fisher Scientific, Waltham MA, USA) and gel 

electrophoresis. DNA samples were sent to an external laboratory (Australian 

Genome Research Facility, Melbourne, Australia) for TruSeq Nano (Illumina, San 

Diego, CA) library preparation and whole genome sequencing on the MiSeq 

platform (Illumina) with 250 bp paired-end reads. Read quality was assessed 

using FastQC (version 0.11.7)(537). Adapter sequences were trimmed using 

cutadapt (version 1.16) in paired-end mode, with quality trimming with a 

threshold of 20(538). Bwa (version 0.7.17-r1188) was used to align reads against 

the P. aeruginosa PAO1 reference genome (RefSeq accession number 

NC_002516.2)(539). Duplicate reads were marked with Picard MarkDuplicates 

(version 2.8.1)(540). Mapped read depth was calculated using bedtools 

genomecov (version 2.26.0)(541). 

 

 



 

 

Variant calling and annotation 

Freebayes (version 1.0.0) was used to call variants in the 10 samples with a 

minimum mapping quality of 20, minimum base quality of 30, and minimum 

alternate fraction of 0.5, with ploidy set to 1(542). Variants were annotated using 

SnpEff (version 4.3t) based on the Pseudomonas aeruginosa PAO1 reference 

genome(543). Genes containing variants that differed between the vehicle-treated 

sample and BIM for each strain were cross-referenced with the Antimicrobial 

Resistance (AMR) Gene Predictions from the Comprehensive Antibiotic 

Resistance Database, as listed on the Pseudomonas Genome Database 

(www.pseudomonas.com). Structural variant detection was performed using 

Delly2 (version 0.7.9) with default parameters(544). The resulting variant call 

format (VCF) files were merged using Picard MergeVcfs (version 2.8.1). Biopet 

VcfFilter (version 0.1) was used to filter for variants that differed in genotype 

between phage sensitive vehicle-treated strains and BIMs(545). 

Genome-wide association analysis 

Consensus fasta genome sequences were generated from assemblies, and 

annotated with Prokka (version 1.13.3) using the P. aeruginosa PAO1 reference 

genome annotations (Refseq accession number NC_002516.2) as well as Prokka’s 

inbuilt databases(546). Roary (version 3.12.0) was then used to determine gene 

presence or absence for all samples(547). Scoary (version 1.6.16) was then used to 

determine if there were any statistically significant associations between gene 

presence/absence or the variants detected by Freebayes, and resistance to the 

phage cocktail or antibiotic resistance(548). Scoary analysis was performed using a 

p value cut-off of 0.05 with Benjamini-Hochberg correction. 

 

 

http://www.pseudomonas.com/


 

 

 

Generation of BIMs 

BIMs were isolated from all CT-PA-treated biofilm plates, and confirmed as 

resistant to CT-PA by the complete absence of spots and plaques on the spot test 

assay (Figure 1). One BIM was also isolated from vehicle-treated PAO1 biofilms. 

No BIMs were detected in any of the other vehicle-treated biofilms. 

 

Figure 1: Representative spot test assays showing (A) phage lysis spots on the 

bacterial lawn of a phage sensitive vehicle-treated isolate and (B) absence of 

phage lysis spots on the bacterial lawn of a bacteriophage insensitive mutant 

(BIM) generated following treatment with CT-PA for 7 days 

 

Sensitivity of BIMs to conventional antibiotics 

The MIC values of several conventional antibiotics for the isolated BIMs, 

compared to each BIM’s respective parent strain, are shown in Table 1. 



 

 

Sensitivity or resistance to the aminoglycosides tested (gentamicin and amikacin) 

remained largely stable between parent isolates and BIMs for all strains. In one 

isolate (USA 2), the BIM displayed intermediate sensitivity to ciprofloxacin, whilst 

its parent isolate was resistant. There were a variety of changes observed in MICs 

of piperacillin and ceftazidime between parent and BIM isolates. In one isolate 

(Aus 4), MICs remained stable for both antibiotics. In the two other non-CF 

isolates and PAO1 reference strain, MICs for both piperacillin and ceftazidime 

moved from being sensitive into the intermediate sensitivity range. In the two CF 

isolates, sensitivity or resistance to ceftazidime remained largely stable. One CF 

parent isolate (Aus 16) that was sensitive to piperacillin developed intermediate 

sensitivity to piperacillin in the BIM, and in the other CF parent isolate (Ned 5) 

that was resistant to piperacillin, sensitivity to piperacillin was observed in the 

BIM. 

 

Table 1: Minimum inhibitory concentration (mg/L) of various conventional 

antibiotics against BIMs, compared to parent strains 

Antibiotic 
Non-CF isolates CF isolates 

PAO1 
parent 

PAO1 
BIM 

Aus 4 
parent 

Aus 4 
BIM 

USA 2 
parent 

USA 2 
BIM 

Ned 5 
parent 

Ned 5 
BIM 

Aus 16 
parent 

Aus 16 
BIM 

Ciprofloxacin 0.25 1 0.25 1 64 1 >128 32 2 2 

Amikacin 8 16 16 16 4 16 >128 >128 128 64 

Gentamicin 2 4 4 4 2 4 >128 128 32 16 

Piperacillin 8 32 16 16 1 32 >128 4 8 32 

Ceftazidime 8 16 16 16 1 16 64 32 8 8 

  

 Sensitive * 

 Intermediate sensitivity * 

 Resistant * 

* according to Clinical and Laboratory Standards Institute breakpoints (M100, 

29th edition) 

 

Whole genome sequencing 

Mean read depth and genome coverage of the assembled genomes are displayed 

in Table 2. Mean read depth of >90 was achieved across all samples. Genome 

coverage was >99% for all samples except the CF strain BIMs (Ned 5 and Aus 16). 



 

 

 

Table 2: Mean read depth and genome coverage of assembled genomes 

Isolate 
Vehicle-treated BIM 

Mean read 
depth 

Genome 
coverage (%) 

Mean read 
depth 

Genome 
coverage (%) 

PAO1 92 99.1 97 99.1 

Aus 4 98 99.1 99 99.1 

USA 2 115 99.1 95 99.1 

Ned 5 92 99.1 95 96.2 

Aus 16 97 99.1 90 95.1 
 

Variant calling and annotation 

Overall amongst all samples, 41603 variants and 98 structural variants were 

identified by Freebayes and Delly2 respectively as meeting the criteria described 

above. A large number of variants were identified in CF strain BIMs, with the Ned 

5 BIM having 27076 variants and the Aus 16 BIM having 27987 variants, 

compared to 119 and 122 variants respectively for the vehicle-treated Ned 5 and 

Aus 16 samples (Figure 2A). In contrast, the number of variants identified in non-

CF strain vehicle-treated samples and BIMs were similar and ranged from 124 to 

157 (Figure 2A). Both CF strain BIMs had a higher proportion of SNPs, and a 

lower proportion of indels and mixed variants, compared to the other samples 

(Figure 2B). Inversions and duplications were only identified in the CF strain BIM 

samples. 

  



 

 

Figure 2A: Total variants per sample 

 

Figure 2B: Breakdown of variant types by sample 

 

Figure 2: (A) Total number of variants and (B) breakdown of proportion of variant 

types per sample for cystic fibrosis (CF) and non-CF strains treated with vehicle 

control (labelled PBS) vs. CT-PA (labelled BIM) for 7 days 

DUP: duplication; INV: inversion; MIXED: mixed variant; DEL: deletion; INS: 

insertion; MNP: multi-nucleotide polymorphism; SNP: single-nucleotide 

polymorphism; BIM: bacteriophage insensitive mutant 



 

 

Nine sites of genome variation were identified as consistently having differing 

genotypes between phage-sensitive vehicle-treated isolates and BIMs across all 

strains. These sites were all clustered in the 789979 to 794064 bp region of the P. 

aeruginosa genome (Figure 3). Seven single-nucleotide polymorphisms and 3 

multi-nucleotide polymorphisms were identified at these sites, including 7 

synonymous variants and 2 missense variants. SnpEff predicted effects on 20 

genes, tabulated in Table 3. 

 

 

Figure 3: 787997 to 799272 bp region of the P. aeruginosa PAO1 reference 

genome as displayed on Gbrowse, with sites of consistent genome variation 

between phage-sensitive vehicle-treated isolates and BIMs indicated by red 

markers. 

 

  



 

 

Table 3: Predicted effects of variants where genotype differed between phage-

sensitive isolates and BIMs across all strains 

Gene Name Gene Id Description Variant impact Variant effect 

PA0714 PA0714 protein_coding MODIFIER Downstream 

PA0715 PA0715 protein_coding MODIFIER Downstream 

PA0716 PA0716 protein_coding MODIFIER Downstream 

PA0717 PA0717 protein_coding MODIFIER Downstream 

PA0718 PA0718 protein_coding MODIFIER Downstream 

PA0719 PA0719 protein_coding 
LOW, MODERATE, 
MODIFIER 

Downstream, missense, 
synonymous 

PA0720 PA0720 protein_coding 
LOW, MODERATE, 
MODIFIER 

Downstream, missense, 
synonymous, upstream 

PA0721 PA0721 protein_coding MODIFIER Downstream, upstream 

PA0722 PA0722 protein_coding MODIFIER Downstream, upstream 

PA0724 PA0724 protein_coding LOW, MODIFIER 
Downstream, synonymous, 
upstream 

PA0725 PA0725 protein_coding MODIFIER Downstream, upstream 

PA0726 PA0726 protein_coding LOW, MODIFIER Synonymous, upstream 

PA0727 PA0727 protein_coding MODIFIER Upstream 

PA0728 PA0728 protein_coding MODIFIER Upstream 

PA0729 PA0729 protein_coding MODIFIER Upstream 

PA0729.1 PA0729.1 protein_coding MODIFIER Downstream 

PA0730 PA0730 protein_coding MODIFIER Downstream 

coaB PA0723 protein_coding MODIFIER Downstream, upstream 

phrD PA0714.1 lincRNA MODIFIER Downstream 

tRNA EBG00001435503 protein_coding MODIFIER Upstream 

 

Cross-referencing of variant-containing genes in which the genotype differed 

between the vehicle-treated sample and the BIM for each strain against the 

Antimicrobial Resistance Gene Predictions revealed variants in several 

antimicrobial resistance genes, listed in Table 4. 

  



 

 

Table 4: Antimicrobial resistance gene variants in which genotypes differed 

between vehicle-treated isolate and BIM for each strain 

Gene or Product Name Locus Tag PAO1 Aus 4 USA 2 Ned 5 Aus 16 

gyrB PA0004 
     

triA PA0156 
     

triB PA0157 
     

triC PA0158 
     

mexA PA0425 
     

mexB PA0426 
     

oprM PA0427 
     

cat PA0706 
     

alaS PA0903 
     

alanyl-phosphatidylglycerol synthase  PA0920 
     

fosA PA1129 
     

farB PA1236 
     

lfrA PA1282 
     

lfrA PA1316 
     

mexM PA1435 
     

mexN PA1436 
     

cysB PA1754 
     

eptA PA1972 
     

mexY PA2018 
     

mexX PA2019 
     

pvdR PA2389 
     

pvdT PA2390 
     

opmQ PA2391 
     

mexS PA2491 
     

mexE PA2493 
     

mexF PA2494 
     

oprN PA2495 
     

opmB PA2525 
     

muxC PA2526 
     

muxB PA2527 
     

opmA PA2837 
     

mfd PA3002 
     

uup PA3019 
     

farB PA3137 
     

gyrA PA3168 
     

opmE PA3521 
     

mexQ PA3522 
     

mexP PA3523 
     

arnC PA3553 
     

arnA PA3554 
     

nalD PA3574 
     

mexK PA3676 
     

mexJ PA3677 
     

mexL PA3678 
     

opmI PA3894 
     

rocS1 PA3946 
     

ampC PA4110 
     

aph PA4119 
     

mexG PA4205 
     

mexH PA4206 
     

mexI PA4207 
     

opmD PA4208 
     

tufA PA4265 
     

tufB PA4277 
     

mexV PA4374 
     

http://string.embl.de/newstring_cgi/show_network_section.pl?identifier=alanyl-phosphatidylglycerol%20synthase


 

 

mexW PA4375 
     

ileS PA4560 
     

yjjK PA4595 
     

oprJ PA4597 
     

mexD PA4598 
     

mexC PA4599 
     

nfxB PA4600 
     

opmH PA4974 
     

emrE PA4990 
     

msbA PA4997 
     

opmG PA5158 
     

emrB PA5160 
     

OXA-50 PA5514 
     

ybaL PA5518 
     

Shaded cells indicate variant genotype differed between vehicle-treated isolate 

and BIM 

 

Genome-wide association analyses 

Prokka identified between 5668 and 5673 coding sequences per isolate 

consensus genome, and annotated 98% of coding sequences identified for all 

genomes. Roary pangenome analysis found 5667 core genes, 59 shell genes and 

49 cloud genes across all samples. 

Genome-wide association analyses using Scoary did not find any significant 

association between the presence or absence of any particular gene and 

resistance to the phage cocktail. Genome-wide analyses of variants identified a 

SNP at 794106 bp (in the PAO1 reference genome) (Figure 3) as potentially being 

associated with resistance to the phage cocktail (naïve p=0.03), however this was 

not significant once the Benjamini-Hochberg correction was applied (Benjamini-

Hochberg-adjusted p=1.0). 

No variants were significantly associated with isolate resistance to piperacillin, 

ceftazidime or ciprofloxacin. A set of 14169 genes was identified for potential 

association with resistance to both amikacin and gentamicin (naïve p=0.02; 

Benjamini-Hochberg-adjusted p=0.06), however this was likely confounded by 

the fact that only the CF strains displayed aminoglycoside resistance. 

 



 

 

 

In this study, BIMs were generated through repeated exposure of P. aeruginosa 

biofilms to a phage cocktail. We identified genome variants in all vehicle-treated 

and phage-treated samples of the 5 strains tested, but in particular, a large 

number of variants in the two CF strains treated with phages. The large number 

of variants in the phage-treated CF strains may reflect hypermutability, which is 

commonly found in CF clinical isolates(549). Studies of Salmonella Typhimurium 

have demonstrated activation of an SOS response in association with phage 

resistance, which enables cell survival in the presence of DNA damage(550). An 

SOS response could also explain the persistence of numerous genetic mutations 

in the CF strain BIMs. 

BIMs were identified in P. aeruginosa 7-day biofilms exposed to phage for 7 days 

across all strains tested, whilst a BIM was identified in the vehicle-treated control 

biofilms from one strain only. All 5 strains were strongly sensitive to the phage 

cocktail when previously tested in planktonic form and in 48-hour biofilms ((503) 

and unpublished data). It is possible that within the initial bacterial population, 

BIMs were already present, and that the extended biofilm status and/or 

continuous exposure to phage selected for and enriched BIMs. Alternatively, we 

cannot exclude de novo development of phage resistance during the treatment 

phase. The appearance of BIMs in bacterial cultures exposed to infecting 

bacteriophages has been described in numerous in vitro studies(536, 551, 552). Betts 

et al have provided evidence of the development of phage resistance in P. 

aeruginosa through coevolution(553). Various mechanisms of bacterial resistance 

to phage have been described. Pal et al have shown that the rate of spontaneous 

mutations is increased in bacteria that have co-evolved with lytic phages(554). 

These mutations may affect the expression of bacterial cell surface molecules 

that are used by phages as receptors, resulting in phage resistance(555). Other 

bacterial defence mechanisms against phage include superinfection exclusion 

systems, which prevent injection or translocation of phage genetic material, and 



 

 

restriction-modification and CRISPR-Cas systems that recognise and remove 

foreign genetic material(394-399). 

The region of the P. aeruginosa genome where variant genotypes differed 

between vehicle-treated and phage-exposed BIMs was located in prophage Pf1 

and adjacent regions of the genome. Lim et al similarly identified multiple SNPs 

in the prophage Pf1 region of small colony variants isolated from a PAO1 culture 

following infection by a lytic phage, PB1(556). Prophages occur where a temperate 

bacteriophage integrates its genome into the host bacterial genome, entering a 

lysogenic cycle rather than causing lysis of the host(557). P. aeruginosa prophages 

have been found to resist superinfection of their host by other phages, via 

mechanisms including phage repressor proteins and modification of cell-surface 

phage receptor molecules(558, 559). Bacteriophage Pf1 is a filamentous P. 

aeruginosa phage(560). It is not known to be associated with virulence or virulence 

factors, however infection of P. aeruginosa strain K by phage Pf1 has been found 

to increase sensitivity to antibiotics (carbenicillin and gentamicin)(561-563). 

Prophage Pf1 genes are upregulated during anaerobic growth in the presence of 

NO2
-, and in P. aeruginosa biofilms, suggesting that they may play a role in 

adaptation to growth conditions(564, 565). 

We identified a SNP in gene PA0726, which encodes a hypothetical protein of 

bacteriophage Pf1, as being potentially associated with phage resistance, 

although this was not statistically significant. PA0726 shares homology with a 

zonula occludens toxin (Zot) encoded by a filamentous phage of V. cholerae(566, 

567). Aside from its toxin effect of increasing small intestine mucosal permeability, 

Zot also appears to play a role in phage morphogenesis(566, 568). Zot homologues 

include a family of proteins encoded by plasmids and filamentous phages of E. 

coli, Pseudomonas and Xanthomonas species(569). One such homologue is GpI, a 

transmembrane protein involved in phage assembly and exit from the host 

cell(570). To our knowledge, this family of proteins has not been previously 

investigated in the context of host resistance to infection by lytic phages. Further 

studies would be required to determine the relationship between PA0726 

mutations and the development of BIMs. 



 

 

The clinical significance of the acquisition of resistance to phage by bacterial 

isolates or the selection of such variants during phage therapy is unclear, as the 

majority of clinical studies of anti-P. aeruginosa phage therapy published do not 

report the emergence of BIMs as an outcome measure. A decrease in the 

proportion of E. coli colonies susceptible to T4 phage was described by Bruttin et 

al after healthy adults ingested the phage in drinking water for two 2-day courses 

over 3 weeks(463). Aslam et al describe the detection of an isolate with resistance 

to a P. aeruginosa phage cocktail following a successful 2-week course of 

intravenous and nebulised treatment for P. aeruginosa pneumonia in a bilateral 

lung transplant patient(451). This patient subsequently received a successful 

treatment course of the same phage cocktail with the addition of 1 new phage 

for a further episode of pneumonia. 

Chan et al’s work suggests that the development of BIMs could be exploited for 

therapeutic intervention by the application of phages that use receptors related 

to antibiotic resistance, in order to exert negative selection pressure against 

antibiotic resistant traits(534). Our antibiotic susceptibility testing results suggest 

that following exposure to a phage cocktail, individual bacterial strains respond 

differently. This is not unexpected, as the 5 strains used in this study have 

different levels of sensitivity to each phage in the phage cocktail(503). Of note, 

USA 2 and Ned 5 strains were initially resistant to ciprofloxacin and piperacillin 

respectively, and both became sensitive to the aforementioned antibiotics 

following exposure to the phage cocktail. There were several variants in AMR 

genes, however we are unable to determine from this study if these variants are 

responsible for the changes in antibiotic sensitivity. We did not assess gene 

expression, which may also affect antibiotic susceptibility. This study only 

analysed a small number of strains, thus we are unable to draw broader 

conclusions regarding the effect of the phage cocktail on antibiotic resistance. 

In conclusion, we have identified genomic changes that appear to be associated 

with the development of phage resistance in clinical P. aeruginosa isolates 

following repeated exposure to a phage cocktail. Whilst the functional 

significance of these variants is unclear, there also appear to be alterations in 



 

 

susceptibility to conventional antibiotics following repeated exposure to the 

phage cocktail, including the development of sensitivity to selected antibiotics in 

previously resistant isolates. The therapeutic potential of these changes in 

antibiotic susceptibility in antibiotic-resistant isolates should be further 

investigated. 
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The role of Pseudomonas aeruginosa as a pathogen in CRS and CF is well-

established, with evidence of an association with increased severity and disease 

recalcitrance or progression in both disease processes. Antibiotics have 

traditionally been a mainstay of management in both chronic conditions. Biofilm 

formation, induction of a mucoid phenotype, and both innate and acquired 

resistance often mean that P. aeruginosa is unable to be completely eradicated, 

and repeated courses of antibiotics are required. Aside from limited efficacy, 

other concerns with the ongoing use of antibiotics include treatment side effects, 

the impact of antibiotics on the microbiome, and the development of 

antimicrobial resistance. 

The potential of lytic bacteriophages as antimicrobial agents against P. 

aeruginosa has been examined by multiple investigators using in vitro and in vivo 

animal studies. Several clinical studies in humans have been performed, with a 

favourable safety profile and mixed efficacy results reported. In more recent 

years, several clinical case reports describing the successful use of anti-P. 

aeruginosa bacteriophages to treat multidrug-resistant P. aeruginosa infections 

have been published. 

Despite these promising results, several hurdles need to be overcome prior to 

the adoption of anti-P. aeruginosa phage therapy for mainstream medical use. 

From a medical and pharmacological point of view, clear indications for 

treatment and effective dosing regimes need to be defined. From a 

biotechnology and regulatory point of view, standards for quality control and 

systems for screening and approval of phage preparations must be created. 

This thesis provides an in-depth investigation of the suitability of an anti-P. 

aeruginosa lytic bacteriophage cocktail (CT-PA) for the treatment of P. 

aeruginosa sinus infections in patients with CRS and/or CF. 40 clinical isolates 

from CRS and CF patients across 3 continents were collected and strain typed, 



 

 

which provided important insights into the diversity of P. aeruginosa strains 

found in CRS and CF patients. We also detected several multidrug-resistant 

isolates. CT-PA was able to lyse 89% of the clinical isolates in vitro, and 

importantly, all of the multidrug-resistant isolates. These results indicate that CT-

PA has a broad host range amongst P. aeruginosa clinical isolates. CT-PA was also 

able to remove biofilms of the P. aeruginosa clinical isolates in vitro, resulting in 

significant reductions in biofilm biomass after 48 hours of exposure. 

Given our findings in vitro, we then undertook safety and efficacy testing of CT-

PA in an animal model of P. aeruginosa sinusitis. This included assays for toxicity 

to sinuses and other organs. Our results supported the favourable safety profile 

of phage therapy that has been demonstrated thus far in scientific literature. We 

were also able to gain important insights into the pharmacokinetics of CT-PA 

sinus flushes and factors affecting efficacy. High phage titres were detected on 

CT-PA-treated sinus mucosa harvested 16 to 18 hours following the final sinus 

flush. This indicates persistence of viable phage for a significant period of time 

following topical application to P. aeruginosa infected sinuses. This may help to 

guide dosing regimes, given that there is currently very sparse data on the 

pharmacokinetics of phage therapy. Whilst a significant reduction in biofilm 

biomass was found in all CT-PA-treated groups compared to the saline control in 

the Efficacy arm, we found a statistically significant interaction between the 

presence of non-P. aeruginosa bacterial species prior to inoculation and the 

efficacy of biofilm biomass reduction. Although this was not an unexpected 

finding given that bacteriophages are generally species specific, it does highlight 

a potential pitfall in treating CRS patients with phage therapy targeted at a single 

bacterial species. At the same time, there is evidence that infection with P. 

aeruginosa is independently associated with poorer disease-related quality of life 

and recalcitrant disease, and thus being able to target P. aeruginosa without 

eradicating potentially helpful bacteria may lead to improvement in these 

parameters. Given that this was an animal model, we were not able to assess 

quality of life or disease recalcitrance in a meaningful way. 



 

 

Although significant reductions in biofilm biomass were achieved in the animal 

study, biofilms were not completely eradicated from the sheep’s sinuses. There 

are several possible explanations for this finding, including insufficient dosing or 

duration of treatment, growth of non-P. aeruginosa bacterial biofilms, or the 

development of resistance to the phage cocktail. In all CT-PA-treated sinuses 

tested, sensitivity of P. aeruginosa isolated at the end of the treatment period to 

phage was maintained, however in two sinuses the titre was decreased, 

suggesting decreased sensitivity. Given that other studies have noted the 

emergence of bacteriophage insensitive mutants (BIMs), we decided to 

investigate mechanisms of acquired resistance to phage in P. aeruginosa. 

Whilst we were only able to perform whole genome sequencing on a small 

number of strains, we detected a shared region of genetic variation across the 

clinical isolates. Similar findings have been previously reported by Lim et al, in a 

study of a phage-resistant small colony variants derived from P. aeruginosa PAO1. 

Whether these genetic variants are of any functional significance is unclear, and 

further studies of specific mutations would be required to determine this. 

Perhaps of greater clinical significance, our study showed that changes in 

antibiotic susceptibility in BIMs varied between strains. This has potential 

implications when considering the possible use of phage therapy to “re-sensitise” 

bacteria to conventional antibiotics. 

Several avenues for further investigation have arisen from this work. Firstly, 

human clinical trials are required to confirm the safety of CT-PA and explore its 

efficacy. Whilst we were able to confirm the growth of P. aeruginosa biofilms 

within sheep sinuses in our sheep rhinosinusitis model, the ovine sinus 

microbiome and immune response to bacteria are likely to differ significantly 

from humans with CRS. Furthermore, we only tested a single P. aeruginosa strain 

in the animal model, compared to the diversity of strains revealed in our in vitro 

study of human CRS clinical isolates. Dosing regimes, alternative drug delivery 

vehicles, and duration of treatment could also be appropriately explored in a 

clinical trial setting. 



 

 

Secondly, a method for rapid and detailed characterisation of both phages and 

the bacteria they target in terms of phage virulence, bacterial sensitivity to 

phage, and propensity for bacteria to develop resistance to phage would assist in 

real-world application of phage therapy by rapidly screening for likely efficacy 

and safety. If genetic or molecular markers can be identified, polymerase chain 

reaction, high-throughput genetic sequencing, transcriptome analysis, or 

molecular analysis could be used to determine which phage or phage cocktail 

should be prescribed to treat a patient. 

Thirdly, given the rapidly expanding knowledge base around microbial dysbiosis 

in CRS, studies of species-specific bacteriophage therapy and its resultant effects 

on the sinus microbiome, as well as clinical outcomes, could help clarify the role 

of specific bacterial species and interactions between species in CRS. 

Fourthly, the use of bacteriophages to address multidrug resistance in bacteria, 

and the use of phages in combination with conventional antibiotics both warrant 

further investigation. Numerous in vitro and in vivo animal studies have 

demonstrated synergy between phage and antibiotics, reductions in antibiotic 

minimum inhibitory concentration, or reductions in resistance, when both phage 

and antibiotics are administered in combination compared to antibiotic or phage 

monotherapy(571). However, no clinical trials addressing the question of phage-

antibiotic synergy have been performed. 

In conclusion, bacteriophage therapy shows great potential as a novel treatment 

for P. aeruginosa infections in CRS. We have the demonstrated in vitro and in 

vivo efficacy and safety of an anti-P. aeruginosa phage cocktail, and attempted to 

gain a further understanding of the way P. aeruginosa clinical isolates respond 

when exposed to the phage cocktail. Further preclinical and clinical studies to 

expand our understanding of the science and pharmacology of bacteriophages 

will ensure that bacteriophage therapy can reach its full potential in clinical use. 
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Supplementary Table 1: MLST profiles of P. aeruginosa strains used in this 

study 

Isolate 
Country of 

origin 
ST acsA aroE guaA mutL nuoD ppsA trpE 

PA01 

Lab 

reference 
549 

a f 
7 5 12 3 4 1 7 

P1 Australia 348 
b 

22 20 11 3 3 3 7 

P2 Australia 446 18 4 5 13 1 17 13 

P3 Australia 910 34 5 20 31 1 15 10 

P4 Australia 155 28 5 36 3 3 13 7 

P5 Australia 242 28 5 5 11 3 15 44 

P6 Australia 1517 11 5 30 3 3 38 7 

P7 Australia 274 
c 

23 5 11 7 1 12 7 

P8 Australia 17 
g 

11 5 1 7 9 4 7 

P9 Australia 348 
b 

22 20 11 3 3 3 7 

P10 Australia 395 6 5 1 1 1 12 1 

P11 Australia 643 
f 

28 5 12 3 4 1 18 

P12 Australia 499 11 5 7 27 2 7 33 

P13 Australia 642 125 105 36 3 3 15 2 

P14 Australia 988 16 5 36 3 4 7 37 

P15 Australia 399 11 5 1 2 2 15 2 

P16 Australia 266 16 5 11 72 44 7 52 

P17 Australia 386 17 5 11 18 4 10 3 

P18 Australia 270 22 3 17 5 2 10 7 

P19 Australia 1637 11 5 3 3 8 1 9 

P20 Australia 1399 28 10 1 3 27 4 7 

P21 Australia 527 16 52 11 85 59 15 10 

A01 Netherlands 575 11 5 83 2 4 13 7 

A03 Netherlands 1221 89 30 64 90 48 24 32 

A10 Netherlands 274 
c 

23 5 11 7 1 12 7 

A14 Netherlands 1684 
e 

39 6 9 11 3 3 2 

A17 Netherlands 511 6 85 1 5 1 4 68 

A23 Netherlands 549 
a f 

7 5 12 3 4 1 7 

B08 Netherlands 584 17 5 5 18 4 12 83 

B12 Netherlands 559 11 5 77 5 3 6 68 

B14 Netherlands 406 40 5 11 3 4 13 7 

B18 Netherlands 164 1 5 1 11 4 10 10 

B20 Netherlands 1225 118 106 85 92 60 54 72 

B22 Netherlands 245 
e 

39 6 12 11 3 15 2 

B24 Netherlands 497 
g 

11 5 1 7 3 56 7 



 

 

C2 Netherlands 581 39 5 20 5 1 67 31 

C4 Netherlands new 17 1 11 11 4 4 7 

C5 Netherlands new 124 5 6 3 4 4 189 

C7 Netherlands 558 40 22 1 3 2 6 7 

C10 Netherlands 485 11 76 5 3 61 14 3 

C12 Netherlands 492 40 5 30 61 1 7 14 

UAB 1-1 USA new 
d 

164 3 7 new 2 4 19 

UAB 1-2 USA new 
d 

164 3 7 new 2 12 19 

UAB 2 USA 274 
c 

23 5 11 7 1 12 7 

UAB 3 USA 27 6 5 6 7 4 6 7 

UAB 4-2 USA new 15 5 11 3 4 42 9 

UAB 5 USA 179 36 27 28 3 4 13 7 

UAB 6 USA new 99 5 30 67 3 33 14 

ST: MLST sequence type 

a, b, c: Clonal groups (identical sequence type) 

d: Clonal complex (6 alleles in common) 

e, f, g: BURST group isolates (5 alleles in common) 

 

  



 

 

 

Supplementary Table 1: Efficacy arm treatment groups 

Treatment Sheep # 

0.9% saline 17 
18 
19 

4 x 108 PFU/mL CT-PA 21 
22 
23 

4 x 109 PFU/mL CT-PA 13 
14 
15 

4 x 1010 PFU/mL CT-PA 10 
11 
12 

 

 

Supplementary Table 2: Safety arm treatment groups 

Treatment Sheep # 

Vehicle control (PBS+Mg) 31 
32 
33 

4 x 1010 PFU/mL CT-PA 28 
29 
30 

 

 



 

 

 

Supplementary Table 3: Sinus histopathological parameters 

 Degree of sinus mucosal inflammation 

o Grade 0 - no inflammation 

o Grade 1 - mild: <30% of superficial half of the lamina propria 

occupied by inflammatory cells at a density of 50+ cells/high 

power field* 

o Grade 2 - moderate: 30% - 60% of superficial half of the lamina 

propria  occupied by inflammatory cells at a density of 50+ 

cells/high power field* 

o Grade 3 - severe: >60% of superficial half of the lamina propria 

occupied by inflammatory cells at a density of 50+ cells/high 

power field* 

 Composition of inflammatory cell population: % neutrophilic, lymphocytic, 

plasmacytic, lymphoplasmacytic 

 Epithelial hyperplasia 

o Grade 0: absent / minimal 

o Grade 1: mild 

o Grade 2: mild-moderate 

o Grade 3: moderate 

o Grade 4: moderate-severe 

o Grade 5: severe 

 Fibrosis 

o Grade 0: no fibrosis 

o Grade 1: mild fibrosis 

o Grade 2: moderate fibrosis 

o Grade 3: severe fibrosis 

* 40x magnification 




