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Abstract 
 

 

Introduction 

 

Bacterial respiratory tract infections (RTIs) are increasingly difficult to treat due to evolving 

antibiotics resistance. In this context, bacteriophages (or phages) are part of the foreseen 

alternatives or combination therapies. Delivering phages through the airways seems more 

relevant to accumulate these natural antibacterial viruses in proximity to their bacterial host, 

within the infectious site. 

 

Areas covered 

 

This review sets the potential of phage therapy to treat RTIs and discusses preclinical and 

clinical results of phages administration in this context. Recent phage formulation and 

aerosolization attempts are also reviewed, raising technical challenges to achieve an efficient 

pulmonary deposition via inhalation. 

 

Expert opinion 

 

Overall, the inhalation of phages as antibacterial treatment seems both clinically relevant and 

technically feasible. Several crucial points still need to be investigated, such as phage products 

pharmacokinetics and immunogenicity. Besides, appropriate regulatory and manufacturing 

guidelines have to be defined, given phages specific features. Finally, randomized controlled 

clinical trials have to be carried out to establish phage therapy’s clinical positioning in the 

antimicrobial arsenal for RTIs. 
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Article highlights 

 

 Inhaled phage therapy has shown successful for the treatment of RTIs in several 

preclinical models. 

 Appropriate manufacturing and regulatory guidelines are currently lacking for phage 

products. 

 Stresses generated during formulation and aerosolization processes can lead to a loss of 

phages antibacterial activity. 

  Phages sensitivity to stresses varies among and within morphological families, which 

must be considered when formulating phages cocktails. 

 The reviewed literature does not allow to define a “best-suited” aerosolization device 

for phages. 



3  

1. Introduction 

 

 

Respiratory infections are frequent and life threatening. As a matter of fact, acute respiratory 

infections are responsible for 4.25 million deaths each year, according to World Lung 

Foundation’s Acute Respiratory Infections Atlas and are the third cause of deaths in the world 

(after heart disease and stroke). Pneumonia, a form of acute respiratory infection frequently 

caused by viruses and bacteria, is the single largest cause of juvenile death in the world, 

accounting for 15% of deaths among children under the age of 5, according to the World Health 

Organization (WHO). Chronic pulmonary diseases like chronic obstructive pulmonary disease 

(COPD) or cystic fibrosis (CF) are also often complicated by acute respiratory infections due 

to bacteria like Pseudomonas aeruginosa, which accelerate the deterioration of lung function 

and shorten patients’ lifespan. Finally, tuberculosis, a chronic respiratory infection due to a 

mycobacterium (Mycobacterium tuberculosis) affected at least, 9.6 million new persons in 2014 

(WHO’s global tuberculosis report 2015), leading to 1.5 million deaths. 

Although antibiotics revolutionized the management and treatment of patients with respiratory 

infections, lowering drastically mortality of pneumonia due to Streptococcus pneumoniae from 

20% to 5% for example [1,2], it faces a worldwide decline of effectiveness partly due to the 

growth of resistant infections. Today, antimicrobial resistance is considered as one of the most 

serious health threats [3]. As previously reported, infections caused by multidrug-resistant 

bacteria account for approximately 25,000 and 23,000 deaths per year in the European Union 

and the United States, respectively. Still, these records may be underestimated: indeed, Carlet 

& Le Coz reported, in 2015 and for France only, more than 12,500 deaths from severe 

antibiotics-resistant infections [4]. In addition, managing antibiotic-resistant infections is 

costly, adding considerable pressure on overburdened healthcare systems. 
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Presently, approximately forty antibiotics are in development including six against C. difficile 

and eighteen against gram negative bacteria [5]. Although this number sounds impressive, a 

majority of them will not reach market approval, considering the standard attrition rate of 

antibiotic molecule development. Assuming that some of them do, many of these new 

molecules may not prove successful in clinical practice or address unmet medical needs. 

Moreover, no new class of antibiotics - with new mechanism of action - is emerging. This shows 

the urging necessity to promote alternatives to antibiotics to fight antibiotic-resistant infections 

[6]. Among them, bacteriophages (phages) are both natural and non-conventional antimicrobial 

agents. Used for a long time to treat infections before the advent of antibiotics, then disregarded, 

they recently gained renewed interest due to their numerous advantages over antibiotics: 

bactericidal effect, low inherent toxicity, high selectivity, lack of cross-resistance with 

antibiotic classes and self-multiplication in the presence of the bacterial host. 

After setting the rationale to treat respiratory tract infections (RTI) by bacteriophages and 

describing bacteriophage biology, this review will highlight the strengths and limitations of 

phage therapy and finally focus on their delivery by inhalation. Considerations on formulation 

and administration devices will be discussed, enlightening the promises and challenges for 

successful inhalation of phages. 

 
 

2. Respiratory tract infections: new therapeutics are needed 

 

2.1 Pathophysiology of lung infections 

 

More than 10,000 liters of air per day are ventilated over the 100 m² surface of human lungs. 

As a consequence, airborne particles are continuously inhaled and in contact with the airway 

epithelial cells. Airborne particles are not only inorganic materials; they can also contain intact 

microorganisms. Thus, lungs are a portal for potential pathogens and infectious attacks. 



5  

The respiratory system can be divided in two parts: the conducting airways (comprising the 

upper respiratory tract, trachea, and bronchi) and the respiratory part (mainly comprising the 

alveoli). An infection of the conducting airways is called trachea-bronchitis and leads to 

purulent secretions, clinical signs of an infection which is not considered as pneumonia (Figure 

1, A). In contrast, pneumonia refers to an infection of the respiratory part of the lung. It leads 

to the consolidation of the alveolar structures filled with inflammatory exudates and degraded 

cell products. The infected alveoli are poorly aerated and thus cannot participate in the gas 

exchange between blood and air (Figure 1, A). We will thereafter focus on pneumonia, as the 

prescription of antibiotic agents in trachea-bronchitis is a subject of debate. 

Pneumonia can be split in two groups: (i) pneumonia acquired outside healthcare units, so called 

community-acquired pneumonia, and (ii) healthcare-associated pneumonia. These groups differ 

in causal pathogens and patient types. Basically, community-acquired pneumonia involves non- 

immunocompromised patients infected by virulent pathogens, which are usually sensitive to 

first line anti-infectious treatments. On the contrary, healthcare-associated pneumonia implies 

hospitalized patients, more likely infected by multidrug-resistant organism(s) (Figure 1, B). 

 
 

2.2 Causal agents 

 

Community-acquired pneumonia is a public health issue, associated with significant morbidity, 

mortality and cost. It accounts for 3-5 cases for 1,000 person-years and is the leading infectious 

reason for admission in emergency care units [7]. The most common pathogens identified in 

adults with community-acquired pneumonia are human rhinovirus, influenza virus, and 

Streptococcus pneumoniae [8]. Interestingly, the detection of more than one pathogen is 

frequent. In patients with positive microbiologic diagnosis, 62% have one or more viruses, 29% 

have bacteria, 7% have both bacteria and virus, and 2% have a fungal or mycobacterial 

pathogen [8]. It is worth noting that among patients with evidence of community-acquired 
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pneumonia, pathogens could not be detected in more than 60% of cases. Tuberculosis, a 

subclass of community-acquired pneumonia caused by M. tuberculosis, is among the most 

common infectious diseases and a frequent cause of death worldwide, although not constituting 

a major threat in industrialized countries. 

Among healthcare-associated pneumonia, ventilator-associated pneumonia (VAP) has been 

perfectly described. VAP affects 10–30% of patients under mechanical ventilation in intensive 

care units [9,10], resulting in 13% mortality [11]. The major pathogens of healthcare-associated 

pneumonia and ventilator-associated pneumonia include Pseudomonas aeruginosa, 

Escherichia coli, Klebsiella pneumoniae, Acinetobacter species, and Staphylococcus aureus 

[12,13]. The increasing antimicrobial resistance of these pathogens has pointed out the failure 

of current antimicrobial treatments. Despite the implementation of prevention strategies, the 

evolution of resistant strains remains an uncontrollable phenomenon. 

 
 

2.3 Antibiotic resistance issues 

 

In 1943, more than 10 years after its discovery by Alexander Fleming (1928), penicillin started 

to dramatically change the management of patients with pneumonia, offering for the first time 

a cure. Later on, antibiotics stopped pneumonia for being a mass-killer. Today, there is little 

information on the outcome of patients with untreated pneumonia. Still, the example of patients 

with untreated pneumonia due to ethical considerations highlights the obvious efficacy of anti- 

microbial treatments: 90% of patients with dementia withheld from antibiotic for ethical 

reasons died within 1 month, vs 27% for similar patients maintained on antibiotic treatment 

[14]. Based on these facts, envisioning a world without antibiotics is unrealistic. However, the 

emergence and increasing incidence of infections caused by antibiotic-resistant bacteria are 

real, as revealed by the WHO’s 2014 report on global surveillance of antimicrobial resistance, 

urging counter-acting responses. 
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The emergence of antibiotic-resistant bacteria was initially restricted to hospitals. According to 

the Centers for Disease Control and Prevention (CDC) [3], numerous antibiotic-resistant 

bacteria are encountered in healthcare-associated pneumonia and represent serious threats. The 

following figures, concerning the United States, are striking: 63% of the Acinetobacter strains 

responsible for healthcare-associated pneumonia in critically ill patients under mechanical 

ventilation have become strongly resistant to antibiotics. The same way, about 13% of 

healthcare-associated P. aeruginosa infections are multidrug resistant, leading to 400 deaths 

each year in the USA [15]. Other multidrug resistant pathogens causing healthcare-associated 

pneumonia include Methicillin-Resistant Staphylococcus aureus (MRSA). 

Nowadays, antibiotic resistance is also observed in community-acquired pneumonia. Indeed, 

multidrug-resistant gram-negative pathogens become increasingly prevalent in the community, 

particularly with extended-spectrum beta-lactamase-producing and carbapenem-resistant 

Enterobacteriaceae (mainly Esherichia coli and Klebsiella species). Some carbapenem- 

resistant Enterobacteriaceae have become resistant to most available antibiotics. Finally, 

although tuberculosis is treatable and curable in most cases, the causal agent can become 

“extensively drug-resistant” and thus challenging to treat. 

 
 

3. Bacteriophages: a natural solution against bacterial infections 

 

Bacteriophages are ubiquitously present throughout the biosphere, particularly in feces, soil and 

sewage. Phages are viruses that selectively infect bacterial prokaryotic cells to propagate. Once 

their genome is injected into the bacterial host, phages can either enter a lytic cycle associated 

with virus replication, remain in an unstable carrier state (pseudolysogeny), enter a lysogenic 

cycle (integration as a prophage in the bacterial genome), or evolve as a defective cryptic 

prophage. Lytic bacteriophages are preferred candidates as anti-bacterial therapeutic agents, 
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due to their ability to destroy bacterial cells during their replication cycle. For this reason, this 

review will focus mainly on this phage category. 

 
 

3.1 Bacteriophage biology 

 

Bacteriophages are usually highly specific viruses, infecting only a few to numerous strains of 

a single bacterial species. The great majority of lytic described phages (96%) belong to the 

order of Caudovirales, others being grouped into unclassified families to date. Caudovirales 

consist of three families, Myoviridae (Figure 2, A), Podoviridae (Figure 2, B) and Siphoviridae 

(Figure 2, C). To date, most lytic phages bearing a therapeutic potential belong to these families. 

Lytic bacteriophages, unlike temperate and filamentous phages, use a classic mode of virus 

replication: virions are generated at the expense of their host cells. Bacterial cells are then 

destroyed, hence releasing a new progeny which has the potential to infect nearby bacteria. 

 
 

3.2 Morphological description 

 

The classification of bacteriophages relates mostly to their morphological and physicochemical 

properties, the nature of their nucleic acid and is increasingly supplemented by genomic data 

[16]. The first three classification criteria of viruses are, in order: 

- The nature of the nucleic acid (single- or double-stranded DNA or RNA); 

 

- The shape of the capsid (tubular or icosahedral); 

 

- The presence or absence of envelope (peplos). 

 

Phages belonging to the Caudovirales order have a linear double-stranded DNA and are non- 

enveloped; most of them are tailed with contractile, non-contractile or short tails (see Figure 2). 

 
 

3.3 Mechanisms of phages’ antibacterial activity 
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Lytic phages life cycle includes [18]: (i) attachment or adsorption to the bacterial cell through 

cell surface receptors, (ii) injection of the phage’s genome into the host’s cytoplasm, (iii) phage 

DNA replication and subsequent synthesis of phage components using the host machinery, (iv) 

assembly of phage components within the host cell and bacterial lysis releasing the progeny. 

Lytic phages are relevant anti-bacterial therapeutic candidates because they bring a bactericidal 

effect, replicate where bacteria are located, own the capacity to regulate their dose, carry low 

inherent toxicity, have a low impact on the natural microbiome due to a high specificity and 

can disrupt biofilms for some of them [19,20]. Besides, no cross-resistance between phages and 

antibiotics has been described to date, to our knowledge. This might be due to different 

pharmacodynamical properties, requiring the simultaneous occurrence of multiple mutations 

for bacteria to become resistant to both antibacterial agents in case of bitherapy. Finally, 

compared to antibiotics, phages have a low toxicity towards environment impact because of 

their non-chemical nature and ubiquitous presence in natural ecosystems. 

 
 

3.4 Bacterial resistance to phages 

 

Bacteriophages and their bacterial hosts exist side-by-side in the same environments, evolving 

in a co-evolutionary equilibrium [21,22]. Because bacteriophages will eventually kill their host 

cell, there is a strong pressure for bacteria to develop defence mechanisms against phage 

attacks. These include: (i) preventing phage adsorption by inhibiting attachment to the cell 

surface, (ii) compromising injection of the phage genome, (iii) restriction-modification systems 

like clustered regularly interspaced short palindromic repeats (CRISPRs) system to cleave the 

parasite genome, and (iv) abortive infection systems, like the generation of an altruistic cell 

suicide. 

On the other hand, because phages are obligate intracellular parasites, replicating only inside 

living cells, they face a strong pressure to adapt and fit bacterial resistance mechanisms. 
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Like antibiotics, bacterial evolution towards phage resistance is expected. However, the use of 

multi-phage therapy, i.e. simultaneous administration of more than one phage type [19,23,24], 

might limit such a risk. 

 
 

4. Phage therapy: revival of a therapeutic approach 

 

 

4.1 Overview of current phage therapy 

 

 

4.1.1 Past and present of phage therapy in human medicine 

 

 

Phage therapy was used for a long time, encountering numerous therapeutic successes in 

Eastern Europe. It has been used in humans in a wide range of indications, such as dermatology, 

ophthalmology, pulmonology, urogenital tract or burn infections. Single phages or phages 

cocktails were delivered parenterally, orally or locally, i.e. directly on the infected site [20]. 

Rapidly disregarded after World War II due to the advent of antibiotics and the lack of 

knowledge on phage biology, phage therapy has been recently revisited with more robust and 

better designed clinical trials, to face antibiotic resistance. In recent years, several case reports 

and observational studies have supported the interest of phage therapy against various bacteria 

[20,24-28,29,30], but only a few of them were related to RTIs. The same way, a few phase I/II 

clinical trials are currently conducted for phage therapy, none of them related to lung 

pathologies [30-32]. The literature on RTI treatment with phages, although poor, has been 

recently nicely reviewed elsewhere [28]. 

 
 

4.1.2 Challenges for phage therapy 

 

Obviously, phage therapy has regained interest in the recent years and the increasing number 
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of companies in this research field is attesting it. Still, the future of phage therapy depends on 

switching from “research-based case study treatment” to “patient-wide commercial drug”, with 

randomized controlled clinical trials. Preclinical studies are also required to provide solid 

supportive safety and effectiveness data as a pre-requisite for acceptance and approval by 

regulatory agencies. Furthermore, it is mandatory to improve the knowledge about phage 

pharmacology and manufacturing [19,24-26]. 

Phages are often available as aqueous suspensions. Little is known on the impact of 

formulations on phage efficacy and stability. For instance, to our knowledge, there is no 

accelerated aging test method available: in other words, shelf-life studies must be conducted in 

real time and assess different formulations. Phages delivery has been achieved through different 

routes, some of them being better than others depending on the targeted infectious site. Each 

administration route has its own technical challenges and may lift different immune responses. 

Phage products for human use also face manufacturing issues according to the current European 

and others Pharmacopeias; new quality control assays have to be developed to adapt to the 

replicative nature of this medicinal product. For instance, phages amplification on gram- 

negative bacteria during the upstream process generates endotoxins. Thus, the downstream 

process must allow a reduction in endotoxin levels, in agreement with the current guidelines 

and the purposed routes of administration. In addition, the paucity of information on phage 

pharmacokinetics limits the extrapolation of animal studies to human usage. The success of 

phage therapy depends on defining the best doses, the best timing, and administration route: 

indeed, unlike most other medicinal products, phages own the feature of replicating as long as 

their targeted bacteria are present. Pharmacokinetics must be characterized for each phage or 

phage cocktail, and may depend on numerous parameters including the host-bacteriophage ratio 

and the delivery route [33,34]. Although rarely discussed, immunogenicity may be one of the 

major hurdles for phage therapy because neutralizing antibodies will render phages inactive 
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upon repeated dosing. An excellent review on phage-dependent modulation of the immune 

system can be found elsewhere [35]. Herein, we would like to focus on two recent studies. The 

first one showed that immunization in humans may depend on various factors, such as the route 

of administration, the phage dose and the phage itself [36]. The second one was carried out in 

a model of systemic inflammatory response syndrome consecutive to exposure to bacterial 

endotoxin, mimicking the innate immunity boost occurring during bacterial infections in innate 

and adaptive immunity on phage PK. The results showed that innate immunity and neutralizing 

anti-phage antibodies are boosted by pathogen-associated molecular patterns (PAMP) produced 

by bacteria [34]. Overall, this highlights the complexity of the host’s immune response to phage, 

particularly in the presence of the targeted bacteria. Though inhibition of phages may occur 

after long-term treatment, it would be valuable to document immunogenicity in clinical trials 

to adapt the appropriate regimen and medical applications. 

 
 

4.2 Phage therapy in RTIs 

 

4.2.1 Proof of concept of phage therapy to treat RTIs 

 

Among antibiotics alternatives and/or complementary strategies, phage therapy has recently 

become one of the most investigated for the treatment of RTIs. Indeed, several studies assessed 

the ability of bacteriophages to treat lung infections in animal models as well as in humans 

[28,41,43,45,51]. The different animal studies with experimental phage therapy for RTIs are 

summarized in Table 1. They were carried out on either mouse or mink models. In general, 

these studies relied on the isolation from the environment of bacteriophages lysing the targeted 

host, which is usually a clinical strain used to induce lung infection in the model. The isolated 

phages are then assessed to characterize their lytic properties (host range, burst size…) using 

classical microbiological assays. Phages’ morphotype and family are usually determined with 

the help of electronic microscopy and proteomic approaches. Finally, toxicity, stability and the 
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ability of identified lytic bacteriophages to treat animals after bacterial lung challenge is 

assessed by measuring various parameters (i.e. inflammation, bacterial and phage clearance in 

organs, behavior and survival). All of these studies clearly report beneficial use of 

bacteriophages to treat RTIs with no adverse effect of administration even in the absence of 

bacteria (Table 1). Successful treatments highly depend on the phage, dose, and administration 

timing. Optimal protection is generally obtained using the highest doses (Multiplicity Of 

Infection – MOI – typically comprised between 1 and 100) and the earliest applications after 

bacterial challenge, irrespective of phage morphology, size, or host range. Compared to human 

RTIs, preclinical models usually mimic only acute infections. Further evaluation in chronic 

lung infection models may be of interest to address both efficacy and immunogenicity. Overall 

preclinical results might be considered with care because the bacterial load is hypothetical, the 

therapy is often delivered rapidly after infection and some routes are unsuited (intraperitoneal) 

for humans or not appropriate (intranasal) to achieve a high delivery into the lungs. However, 

taken together, they pinpoint very useful critical technical parameters for the implementation 

of phage therapy in human care. Indeed, types of phage preparation, delivery route as well as 

regulation aspects have been and are still largely discussed (see [20,23,37-39] and references 

therein). 

 
 

4.2.2 Topical delivery of phages by inhalation 

 

When considering the optimal delivery route for RTI treatment with phages, local delivery of 

phages through the airways, directly into the lungs, by inhalation seems the most relevant: it 

may lead to the highest quantity of active bacteriophages in close vicinity of the targeted 

bacteria. As shown in Table 1, most of the studies tested topical (intranasal) delivery of phages 

in RTI models and demonstrated efficacy. Interestingly, two studies reported efficient 

treatments of P. aeruginosa in mink and B. cepacia in mouse using nebulization [40,41], a 
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relevant method for local delivery in humans. In contrast, little data comparing topical versus 

systemic routes for the delivery of phages in RTI models is available; results are contradictory 

(Table 1). To determine the most relevant phage delivery route for treating RTIs in humans, we 

compared pulmonary delivery to intravenous administration in an acute lung infection animal 

model using P. aeruginosa [42], both routes being feasible in the clinical setting. As shown in 

Figure 3, we found a substantial benefit of delivering phages directly into the lungs rather than 

systemically. Our findings support the rationale to deliver phages locally into the lungs to treat 

RTIs. 

Pharmacokinetic parameters (PK) depend on the route of administration. Several preclinical 

studies assessed phage clearance in the lungs after local delivery, in the presence or absence of 

the targeted bacteria [42,51]. However, these studies are not sufficiently documented to 

elaborate a mathematical model to determine PK parameters. Further studies will be required 

both in uninfected and infected animals to characterize phage PK precisely, help transposing 

results to humans to finally determine the best schedule and regimen for phage therapy. 

 

 

 

5. Challenges for local delivery of inhalable phages 

 

The interest of phage therapy in RTIs and the relevance of the pulmonary route have been 

previously established, bringing the need for specific pharmaceutical formulations. Aerosol 

delivery seems well-adapted to antibacterial treatments, providing a high drug concentration 

supply in lungs while limiting systemic exposure, improving comfort to patient and reducing 

health cost [53]. Such characteristics have led to develop or adapt drugs to treat pulmonary 

diseases via inhalation [54]. For phage therapy, delivering the product directly into the airways 

may favor contact between phages and the targeted bacteria, accelerating the onset of the lytic 
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cycle and host destruction. Moreover, their replicative properties may favor phages spreading 

at the infectious site, even if poorly ventilated and less accessible to aerosol deposition. 

Drug aerosols can be generated from either liquid or solid preparations, with the help of specific 

devices (see 4.2). Dry formulations are widely used for small molecules. Their advantages over 

liquid products are a simple handling and an improved shelf-life due to their dry state [55]. In 

contrast, liquid formulations allow the delivery of more fragile drugs - which do not tolerate 

drying – and often in larger amounts [53]. 

 
 

5.1 Challenge n°1: maintain phages activity within pharmaceutical inhalable 

formulations 

Because lytic phages foreseen for therapy consist of encapsidated DNA in an outer 

proteinaceous structure, their fate during formulation processes may be considered being 

similar to proteins. Recent studies about phage formulation confirmed this assumption 

(Table 2). Mechanisms underlying protein destabilization and denaturation within formulations 

have been identified. The development of inhalable phage formulations consequently faces 

potential deleterious stresses, overviewed as follows. 

For protein-based products formulation such as phages, the respect of a narrow temperature 

range is of particular importance. Protein cold denaturation may happen during freezing or 

freeze-drying, due to crystallization of the aqueous medium [56]. The subsequent unfolding, 

aggregation and shift in osmotic pressure may be deleterious to phages [57,58]. Heat stresses 

also lead to protein instability, causing aggregation and irreversible conformation shift [57]. 

Temperature also plays a crucial role in attachment, penetration and multiplication of phages 

within target bacteria [17], showing the importance of protein conformation for phages 

antibacterial effect. pH has to be controlled within formulations, considering its great influence 

on phages’ integrity, aggregation and/or affinity for target bacteria [17]. For inhaled drugs, the 



16  

European Pharmacopeia recommends pH ranging from 3.5 to 8.0, preferably above 5.0, which 

meets phages’ stability criteria [59,60]. Ionic strength, potently modified during dilution, 

freeze- or spray-drying, is also of paramount importance for formulation: by influencing 

osmotic pressure, it may cause an extrusion of phage DNA from the tail or a capsid disruption 

[17,58]. For inhalable drugs, isotonicity is preferable - even if osmolality is tolerated in a range 

of 150 to 549 mOsmol/kg – and may limit the use of osmotically active excipients. 

Exposing protein-based products to an interface (air / liquid or hydrophobic / hydrophilic) may 

change their conformation or folding. Interfacial adsorption, potently generated during 

formulation (liquid / liquid interface) and/or aerosolization (air / liquid interface), may thus lead 

to phages aggregation or inactivation. Finally, during their formulation and/or administration, 

phages can undergo several mechanical stresses. Shaking and stirring may encourage interfacial 

adsorption, for instance during emulsification [61]. Shearing is also detrimental to 

proteinaceous molecules and phages; it occurs during high-speed mixing, filtration and 

nebulization [62]. 

5.1.1 Stresses induced by phages formulation processes 

 

Several laboratories have worked on the formulation of liquid or dry phage preparations, 

adapted to an administration into the airways. The results of recent phage formulation studies 

(2004-2016) are summarized in Table 2. For each tested method, the main denaturing stresses 

are identified. Their consequences on phages are quantified through the decrease of the 

infectious titer (titer loss). As suggested in Table 2, the most detrimental stresses underwent by 

phages occur during freezing and/or drying steps, currently used for the manufacturing of dry 

pharmaceutical products. Indeed, in the absence of protective excipients, phage titers decrease 

by 1 to 10 log [65,66,70]. This phenomenon, also observed with proteins, led to use cryo- and 

dessico-protective excipients, as shown in Table 3. 
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5.1.2 Excipients to stabilize phages in formulations 

 

Among the tested excipients, sugars seem to protect phages from thermal and dehydration 

denaturation in a concentration-dependent manner. This is particularly true for sucrose [67,70], 

trehalose [65-67], mannitol [67] or a matrix composed of lactose and lactoferrin [69]. This 

protective effect has already been explored for proteins and can be explained by two concepts; 

(i) the water replacement theory - during the modification of the aqueous environment (freezing 

or drying), sugars replace water by creating hydrogen bonds with polar amino-acids, preventing 

the formation of hydrogen bonds between amino-acids, and consequently stabilizing the protein 

structure; (ii) the vitrification theory - sugars form a vitreous matrix around proteins, thus 

limiting their mobility, aggregation and denaturation [57,73]. Hydroxypropylmethylcellulose 

(HPMC) has also proven successful at protecting phages during lyophilization, when associated 

with mannitol [70]. For the same reasons, trehalose has shown a protective effect during spray- 

drying, alone [72] or in association with leucine and other excipients [63,71]. The protective 

effect of trehalose is reinforced when associated with a non-ionic surfactant such as poloxamer, 

which, in addition, prevents phages’ interfacial adsorption at the air-liquid interface [57,64,71]. 

Such studies provide better insights into phages formulation for inhalation. Nevertheless, 

several critical points still remain. 

First, phages’ sensitivity to external factors is highly variable between and within 

morphological families [17]. For example, Vandenheuvel et al. demonstrated that the titer loss 

observed after spray-drying was significantly different between a Podoviridae and a 

Myoviridae [72]. Interestingly, Matinkhoo et al. also observed a different titer loss for two 

Myoviridae phages also undergoing spray-drying, suggesting that morphology is not the only 

reason for variable sensitivity [71]. Hence, this disparity between phages has to be considered 

when designing formulation methods, particularly when dealing with phage cocktails 

containing different morphotypes. 
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A second hurdle to phage therapy development in human care is the absence of pulmonary 

toxicity studies for some of the aforementioned excipients. In a clinical translation perspective, 

complete safety profiles should be established for the chosen excipients, eliciting a putative 

extended delay for bringing phage therapy to patients. 

 
 

5.2 Challenge n°2: successful delivery of phages aerosol in (deep) lungs 

 

Besides offering protection to phages towards preparation and administration stresses, the 

designed formulations should also be delivered at bacterial infection sites, mainly located in the 

alveolar area. It has been previously established that particles generated within an aerosol 

(either liquid or dry powder) should have an aerodynamic diameter comprised between 0.5 and 

3 µm to reach deep lungs and achieve a high level of drug deposition at the infectious site [74]. 

The production of such particles relies on two main parameters. The aerosolization device and 

particularly the underlying mechanism of particles generation from a drug product plays a 

fundamental and determining role in the size distribution of released aerosol particles. Particle 

size is also strongly influenced by the drug formulation, especially for liquid preparations. For 

example, surface tension or viscosity, which can be modified by adding excipients (e.g. 

surfactants), can also modify the aerosol’s Mass Median Aerodynamic Diameter (MMAD) 

[60,75]. In practice, when developing phage products for inhalation, the combined 

characteristics related to formulation and the device have to be optimized. The aerosol 

generators available for such applications are listed and briefly described below. 

 
 

5.2.1 Aerosolization of solid formulations 

 

Dry-powder inhalers (DPIs) have been approved for the administration of COPD, asthma and 

CF treatments. For patients, their main advantages are their ease to handle, less cleaning 

requirements after use and quick delivery [53]. These devices can be sorted in two main 
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categories regarding their mode of operation. On the one hand, inactive devices use the energy 

generated by the patient’s inspiration to transform a bulk dry powder into a fine particle mist. 

On the other hand, active devices, which were developed more recently, have their source of 

energy enclosed [76]. 

The pharmaceutical development of a dry powder for phage inhalation implies several steps: 

generating the powder from a liquid pharmaceutical, demonstrating its stability and optimizing 

its properties to produce fine particles to enable alveolar deposition. Currently, the research on 

phages is mainly focused on the first two steps. In the literature, powdering phage suspensions 

by freeze-drying, spray-drying or spray freeze-drying generated deleterious stresses, possibly 

hindering the development of dry phage formulations for inhalation (see Table 2). 

 
 

5.2.2 Aerosolization of liquid formulations 

 

Two main types of devices are used to deliver liquid drugs to the lungs: pressurized metered- 

dose inhalers (pMDIs) and nebulizers. The Respimat® Soft Mist™ Inhaler also allows delivery 

of liquid formulations but has not been tested with phages to our knowledge; hence it will not 

be developed in this review. 

pMDIs allow the delivery of a pre-set drug dose through a metering valve. To do so, the drug 

has to be dispersed in a liquefied propellant gas [77]. Thus, compatibility between drug and gas 

has to be assessed, which brings a limitation in the use of such devices. Besides, they usually 

contain organic solvents, the aerosolizable volume is limited (< 200 µL) and this delivery 

method generates interfacial adsorption and drying. Nevertheless, phage delivery through a 

pMDI has already been tested and led to a limited loss of activity (Table 4). 

Nebulizers are an attractive alternative for the administration of liquid aerosols: they allow the 

delivery of larger volumes (> 1 mL) and do not use liquefied propellant gases. Three types of 

nebulizers can be used: jet, ultrasonic and mesh nebulizers. All of them bring a risk of shearing 
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and air/liquid interfacial adsorption. Jet nebulizers use a gas flow to atomize the liquid drug 

into droplets. For phages, the main associated disadvantages are: drug recycling in the reservoir, 

recirculations leading to repeated stresses, evaporation and about 50% drug loss due to a large 

dead volume [53]. Ultrasonic nebulizers use the vibration of a piezo-electric crystal to generate 

droplets from the liquid drug. Their main disadvantages are their incompatibility with 

suspensions and heating during aerosolization. In mesh nebulizers, droplets are generated while 

passing through a membrane with calibrated holes. There are two subclasses of mesh 

nebulizers. In static mesh (SM) nebulizers, a vibration is generated within the liquid drug by an 

ultrasonic transducer, whereas in vibrating mesh (VM) nebulizers, a piezo element leads to a 

mesh vibration [53]. Depending on the device, there may be a moderate temperature shift 

(compared to ultrasonic nebulizers) that can be deleterious to some molecules. Nevertheless, 

mesh nebulization does not generate drug recycling or evaporation in the reservoir, limiting 

additional stresses and changes in drug formulation. These nebulizers are thus better-adapted 

for the administration of stress-sensitive drugs, such as biotherapeutics [78]. 

 
 

5.2.3 Generating phages aerosols: state of the art 

 

Several authors have studied the stability of phages after aerosolization, either in liquid or solid 

formulations. Their results are summarized in Table 4. Overall, aerosolizing phages in liquid 

rather than solid format (or the reverse) does not seem to affect significantly their ability to 

reach the lungs. Given the discrepancy in experimental designs, comparing results of these 

studies is quite difficult and makes impossible to identify a “most favorable” device to deliver 

respirable phages. However, such results are still interesting regarding the proportion of 

“infectious” phages that are able to reach the lung, showing marked differences in titer loss 

between devices, but without specific trend among device types. The local dose of active 

viruses (and multiplicity of infection) is a critical parameter for the success of phage therapy 



21  

[25]. Titer difference between phages loaded in the device and potently active phages (reaching 

lungs) might be due to: (i) an eventual destruction of phages during aerosolization (see above) 

and (ii) a heterogeneous distribution of phages within aerosol particles (which also rely on 

device’s MMAD). The formulation might also play a role in the latter one. 

All of these studies have been conducted in vitro, with equipment mimicking human upper 

airways, size-based particle separators (impactors) and mathematical predictive models. The 

efficacy and lung deposition of such aerosols should consequently be confirmed in vivo. 

Although challenging, achieving phage lung deposition via an aerosol is feasible, with in mind 

defining a proper regimen of administration and optimizing the yield of contact between active 

viral particles and their bacterial host. 

 
 

5.3 Challenge n°3: Analyzing phages’ viability and their degradation products 

 

The gold-standard method to quantify infectious phages is the plaque assay, which has a limited 

reproducibility. Actually, Anderson et al. estimated that if the same phage’s titer was 

determined in two different laboratories, one could expect a mean difference of 0.33 log 

(assuming that both laboratories work with the same bacterial strain and the same titration 

protocol) [81]. Several optimizations have been proposed in the literature concerning, for 

example, the titration volume and the composition of the agar layers [81,82]. These parameters 

may lower the assay’s sensitivity threshold and, to a lesser extent, its variability, which is rather 

inherent in the technique itself. Nevertheless, titer assay remains the only manner to determine 

the amount of infectious viral particles. This assay is hence irreplaceable but its variability must 

be kept in mind while interpreting data. Trying to reduce phage destabilization becomes harder 

when the degradation is inferior to this variability. Indeed, this technique does not permit to 

quantify minor variations in phage titer, thus limiting optimization. Other analytical techniques 

have to be developed, adapted both to phages and formulation processes. To our knowledge, 
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only a few complementary methods have been assessed in the analytical field to date, including 

quantitative real-time PCR [83,84]. High Performance Liquid Chromatography (HPLC) could 

most likely provide complementary information, by separating the components of phage 

products and thus enabling the detection and quantification of other species (hollow capsides, 

protein fragments or DNA). Size-exclusion HPLC and ion-exchange HPLC have already been 

successfully applied to phage suspensions, but as purification techniques [84-87]. Adjustments 

are still needed before using liquid chromatography in analytical purposes. Anyway, full 

characterization of phage formulations – that means determining both physicochemical and 

functional features – implies performing at least two different analytical assays, e.g. titer assay 

and HPLC. 

 
 

6 Conclusion 

 

Alternative approaches to replace or combine with antibiotics are critically required given the 

rise of antibacterial resistance and the small pipeline of drugs in development, often insufficient 

because of their conventional mode of action. Nineteen different classes of alternative 

approaches are currently being considered [6]. Among them, bacteriophages is a unique class 

of antimicrobials with replicative and evolution properties, which has proven efficient in animal 

models to treat RTIs. However, there are still major challenges to overcome before the first 

phage products get a market authorization. 

 
 

7 Expert opinion: perspectives and challenges to overcome 

 

The biology and pharmacology of phages remain subjects of questionings at the basic research 

level. For RTIs, topical delivery sounds the most relevant and our results clearly highlight the 

advantage of the pulmonary versus i.v. route. The better bactericidal effect is probably due to 

higher amounts of phages reaching the site of infection - where their host cells are located - 
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after pulmonary delivery. As for antibiotics, pharmacokinetic/pharmacodynamic (PK/PD) 

studies would be required to support this assumption and describe the fate of pulmonary 

delivered phages in the presence of the targeted bacteria, after deposition within the respiratory 

tract. PK studies are important during drug development since they help transposing results to 

humans, characterizing the best schedule and regimen for phage therapy, and predicting the 

clinical outcome. To date, only few studies have assessed the fate of phages after local delivery, 

in the presence or absence of bacteria [42,51] and they are not sufficiently documented to 

elaborate a mathematical model to determine PK parameters. Rodent models are often used for 

preclinical PK studies because they provide disease models and allow statistical analyses. 

However, they are usually not predictive of aerosol deposition in human lungs. Additional PK 

studies in larger animal models, closer to human in terms of aerosol deposition, would be useful 

to help clinical transposition. Besides, immunogenicity is a major component to take into 

account in preclinical PK studies, since neutralizing anti-phage antibodies may accelerate the 

treatment’s clearance and hinder its efficacy. Although immunogenicity is rarely investigated, 

recent results showed that the host’s innate immune response to infecting bacteria caused a 

concomitant removal of phages from the body, with significant effect on the therapeutic 

response [34]. These findings raise efficacy limits for the treatment of chronic diseases (chronic 

RTIs) with a defined phage product. They also emphasize the necessity of a manufacturing 

process conferring reduced endotoxin levels to phage products. This is in line with the evolution 

of manufacturing and regulatory guidelines, highlighting that the “new phage therapy era” will 

have to differ from the seventies Western European / American phage products or those being 

currently commercialized in Georgia or Russia. Indeed, commercializing phages as a basic 

bacterial lysate product has now become obsolete considering modern Pharmacopeias 

constraints. The necessity of reinforced quality assessments will probably make phage therapy 

a costly, niche market-positioned therapeutic alternative. In addition to the manufacturing 
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process of inhalable phage products, other challenges to overcome for commercialization are 

their formulation and stability. As reported in this review, formulations of inhaled phages are 

intended to stabilize phage during the aerosolization process to prevent their degradation, and 

in fine their pharmacological activity. Inhaled phage formulations might also contain excipients 

and buffers tolerated for pulmonary delivery and should be optimized so that the aerosol fits 

phages best and achieves drug delivery to the target area within the lungs. As mentioned earlier, 

developing a formulation for inhalation would require new analytical methods to accurately 

characterize phage viability and degradation products. So far, this remains a major constraint 

for the pharmaceutical development of phage products. 

Shelf-life of inhaled formulations is also important. Stability of phages is influenced by many 

factors, including temperature, acidity of their environment, salinity and ions [17]. In the 

perspective of clinical use of phages, formulations should ideally be stored either at room 

temperature (RT, +20°C) or at +4°C. Data about phages stability within formulations are 

variable, ranging from 10-20 to more than a hundred days, depending on formats, excipients, … 

[65,66]. Usually, authors considered their preparations as “stable” if the titer drop was below 

1 log. This approach provides extended stability data, given that the titer drop at half-life is 

around 0.3 log and highlights the necessity of regulatory recommendations for phage products. 

The manufacturing process of inhaled phage preparations is a challenging issue since the latter 

would also have to conform to regulatory standards, in line with pharmaceutical European Good 

Manufacturing Practices (GMP). And this is a prerequisite for a properly normalized clinical 

trial. Randomized controlled clinical trials need to be carried out to validate inhaled phage 

therapy for RTIs. Moreover, trials design should integrate a standard treatment to compare with 

phage therapy. The choice of standard treatments is not obvious considering that phage therapy 

is a unique class of antimicrobial treatment, with replicative properties. Besides, defining a 

proper primary efficacy endpoint is critical considering the current debate on any new anti- 
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infective agent to treat hospital-acquired pneumonia and ventilator-associated pneumonia [88]. 

“Clinical cure rate” is commonly used as primary endpoint in superiority trials for the study of 

combination therapy with an experimental agent plus currently available antibacterial, versus 

placebo plus currently available antibacterial. However, this is a subjective criteria (i.e. 

complete resolution of all signs and symptoms, improvement of chest-X-ray abnormalities,...) 

which might be investigator-dependent. All-cause mortality is the recommended primary 

efficacy endpoint for non-inferiority trials [89]. It requires a large number of patients with an 

elevated predicted mortality that may limit the study feasibility. The use of composite mortality 

and clinical primary endpoints is now encouraged. For phages, the amount or the duration of 

concomitantly-administered antibiotics might be an interesting endpoint to measure [90]. In 

any case, it is unlikely that phage therapy can become approved in Europe if the primary 

endpoint is too weak, considering the controversy about phage efficacy in the past and the lack 

of confidence of the western scientific community towards soviet studies. 

Overall, phages have a tremendous opportunity to benefit to patients with RTI, acting either as 

a replacement therapeutic option to treat RTIs, or in combination with existing antibiotics to 

enhance their efficacy and/or reduce arising resistance. Although several hurdles still have to 

be overcome, the growing interest of both scientific and clinical communities should accelerate 

the progression of scientific knowledge on phage pharmacology, the elaboration of strategies 

to develop them as a “biopharmaceutical product” and the definition of appropriate guidelines. 

Clearly, randomized controlled clinical trials may help the breakthrough of phage therapy as 

part of the antimicrobial arsenal for RTIs. 
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 Bacteriophages    Bacteriophages delivery   

Targeted bacteria 

and strain name 
 

Name 

 
Morphotype 

Efficient dosea 
Optimal protection 

(vs control) 
 

Route 
Minimal time 

post-infection 

Comments Reference 

Pseudomonas aeruginosa         

 PAK_P1 Myoviridae MOI 1 (1.107pfu) 100% survival Intranasal 2h  [43] 

 
PAK 

PAK_P1, PAK_P2, 

PAK_P3, PAK_P4, PAK_P5, 

CHA_P1, LBL3, PhiKZ 

LUZ19 

Myoviridae 

 

 

Podoviridae 

 
MOI 1 to 10 

(1.107-8pfu) 

 
 

100% survival 

 
 

Intranasal 

 
 

2h 

 
Compared correlation between in vitro 

and in vivo efficiency 

 
 

[44] 

CHA CHA_P3 Myoviridae 
MOI 10 

(3.107pfu) 
>90% survival Intranasal 2h Prophylactic administration tested [42] 

D9 YH-6 Podoviridae 
MOI 1 

2.107pfu 
100% survival Intranasal 2h 

 
[45] 

PA5-1-1 PPA-ABTNL Podoviridae 
MOI 100 

(1.109pfu) 
100% survival 

Ultrasonic 

nebulization 
2h 

Mink infection model 

Innocuity tested 
[40] 

NH57388A (mucoid) 
MR299 (nonmucoid) 

φNH-4 
φMR299-2 

Myoviridae 
Podoviridae 

MOI 10 

(1 to 2.108pfu) 
Decreased 

luminescence 
Intranasal 2h 

 
[46] 

Escherichia coli         

536 
PDP302 

536_P1, 536_P7 and adapted 

536_P7 
Myoviridae 

MOI 3 

(1-2.108pfu) 
75 to 100% survival Intranasal 2h Antibiotic comparison and combination [47] 

Klebsiella pneumoniae         

MDRKP 1513 1513 Siphoviridae 
MOI 10 

2.109pfu 
80% survival Intranasal 2h 

 
[48] 

B5055 SS Podoviridae 
MOI 100 

(2,5.109 to 11 pfu) 

Bacterial cleared 

in 5 days vs 10 days 
Intraperitoneal concomitant 

Toxicity tested 

Antibiotic comparison and combination 
[49] 

Burkholderia cepacia         

 
K56-2 

C6433 

KS12 

KS5 
KS4-M 

DC1 

Myoviridae 

Podoviridae 

 
MOI 5 to 120 

5-log reduction in lung 
bacterial load 

(72h p.i) 

Jet nebulization 
and 

intraperitoneal 

 
1 day 

 
Better protection with aerosol 

Neutropenic mouse model 

 
[50] 

 
AU0728 

 
BcepIL02 

 
Podoviridae 

MOI 100 

(1.109 to 10pfu) 

2-log reduction in lung 
bacterial load 

(72h p.i) 

Intraperitoneal 
and intranasal 

 
1 day 

 
Better protection with intraperitoneal 

 
[51] 

Staphylococcus aureus         

SA27 S13’ Podoviridae 
MOI 100 

(1.1010pfu) 
70% survival Intraperitoneal 6h Neutropenic mouse model [52] 

a
Minimal efficient dose depends on the tested phage and the targeted host 

 
Table 1. Experimental phage therapy on lung disease induced in mammal models. 



 

 

 

Process 
Stress(es) 

Nature Description 

 

Excipients Titer loss (log10) Reference 

 

Dilution Ionic strength 1:100 dilution in a sugar and amino acid mixture N/A 0.5 [63] 

 Interfacial adsorption Water/oil/water double emulsion (dichloromethane) PLGA + PVA + surfactant NS (qualitative) [64] 

Emulsification  Oil/water emulsion (DSPC phospholipid) Perfluorooctyl bromide, CaCl2 0.2 [57] 

 Shearing Homogenization with high-speed dispersers (14 000 rpm) PLGA + PVA + surfactant NS (qualitative) [64] 

Encapsulation Interfacial adsorption Water/oil/water double emulsion (dichloromethane) PLGA + PVA + surfactant NS (qualitative) [64] 

 Shearing Homogenization with high-speed dispersers (14 000 rpm) PLGA + PVA + surfactant NS (qualitative) [64] 

 Ionic strength Lyophilization (72h) PLGA + PVA + surfactant NS (qualitative) [64] 

      

   Proteins or saccharide [0.7 - 1.0] [65] 
 

Freeze-drying / 

Lyophilization 

Ionic strength 

Temperature 

Interfacial adsorption 

 

 
 

Freeze-drying duration: 30h Saccharide [0.5 - 2.0] [69] 
 

 
Saccharide [0.6 - 1.9] [70] 

High vibration energy Ultrasonic nozzle: high vibration frequency (48 kHz) Saccharide + leucine + mannitol 2.0 [63] 

Spraying Shearing Two-fluid nozzle: 12 L/min dry air inlet Saccharide + leucine + mannitol 0.7 [63] 
 

 Twin-fluid atomizer: 400 kPa atomizing gas  Oil/water emulsion 0.1 [57] 

 Spraying Drying  

Feed flow rate 
Atomizing air 

flow rate 

Air inlet flow 

rate 

Air inlet 

temperature 
 

 
Spray-drying 

Ionic strength 

Shearing forces 
0.33 mL/min 

 
100 L/min 75°C 

Sa
 
ccharide + leucine + surfactan 

casein 

t or 
[0.3 - 1.0] [71] 

(Two-fluid nozzle) Temperature 2.0 mL/min 6 L/min 300 L/min 85°C Saccharide [< 0.1 - 2.6] [72] 

 Interfacial adsorption    100°C Saccharide [< 0.3 - 4.7] [72] 

   12 L/min 300 L/min 85°C Saccharide [0.3 - 2.8] [72] 

     100°C Saccharide [0.7 - 3.7] [72] 

  1.8 mL/min 12.4 L/min 580 L/min 60°C Saccharide [0.5 - 1.0] [63] 
 

 

Spray freeze drying IS Lyophilization (72h) Saccharide < 0.5 [63] 

N/A: not appropriate 

PLGA: poly lactic-co-glycolic acid. PVA: polyvinyl alcohol 

 

Table 2. Stresses applied to phages during formulation processes 

Freezing + freeze-drying – Total duration: 120h None [0.8 - 2.0] [70] 

 Unspecified conditions None 1.3 [65] 

 
Primary & secondary drying – Total duration: 24 to 34h None [1.5 - 10] [66] 

 Saccharides [0.5 - 6.0] [66,67] 

 Others [0.7 - ≥ 8.0] [67,68] 
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Process Stress(es) 
 Excipients  

Titer loss (log10) Reference 
Name(s) Concentration(s) Diluent/Buffer 

  Standard buffers     

  None / Salt Magnesium (SM) buffer [0.8 - 10] [65,66,70] 

  None / Phosphate Buffer Saline (PBS) 2.0 [70] 

  Amino-acids and proteins     

  Glycine 0.1-0.5 M NaCl 0.9% ≥ 8.0 [67] 

  BSA 5% w/v SM buffer 1.0 [65] 

  Dry skimmed milk powder 5% w/v SM buffer 0.7 [65] 

 
Ionic strength 

Temperature 

Interfacial 

adsorption 

Sugars     

Freeze-drying / 

Lyophilization 

Sucrose 0.1 M SM buffer or NaCl 0.9% [0.6 - 2.5] [67,70] 

 0.3 M NaCl 0.9% or SM buffer or PBS 1.2 [67,70] 

 0.5-1.0 M NaCl 0.9% or SM buffer [0.5 - 1.6] [67,70] 

  Trehalose 0.1 M NaCl 0.9% 4.0 [67] 

   5% or 0.3-1.0 M SM buffer or NaCl 0.9% 0.5 [65-67] 

  Lactose / lactoferrin 60:40 w/w SM buffer [0.5 - 2.0] [69] 

  Mannitol 0.1-0.5 M NaCl 0.9% > 3.0 [67] 

  Other additives     

  HPMC + mannitol 1-2% + 0-1% SM buffer [0.7 - 1.3] [68] 

  PEG 6000 1% or 5% w/v NaCl 0.9% [1.5 - 5.0] [67] 

  PVP 1% or 5% w/v NaCl 0.9% ≥ 8.0 [67] 

  Saccharides and derivates     

 
Ionic strength 

Shearing 

Temperature 

Interfacial 

adsorption 

Dextran 35 4% w/v SM buffer [7.0 - 8.2] [72] 

 Lactose 4% w/v SM buffer [4.0 - 8.0] [72] 

Spray-drying 

(Two-fluid nozzle) 

Trehalose 4% w/v SM buffer [< 0.1 - 2.6] [72] 

Trehalose + leucine + mannitol 0.8% + 0.4% + 0.8% 

or 1.2% + 0.4% + 0.4% w/v 
SM buffer [0.5 - 1.0] [63] 

 

Trehalose + leucine + surfactant or 

casein 

    

  2.1% + 0.5% + 0.05% NS [0.3 - 1.0] [71] 

Spray freeze drying 

(Ultrasonic nozzle) 
Ionic strength 

Trehalose + leucine + mannitol 0.8% + 0.4% + 0.8% 

or 1.2% + 0.4% + 0.4% w/v 
SM buffer < 0.5 [63] 

Salt Magnesium buffer: contains [10-50] mM Tris-HCl pH 7.4-7.5, [90-150] mM NaCl,[8-10] mM MgSO4 ± 0.01% gelatin [63,65,66,69,70,72] 
BSA: bovine serum albumin. HPMC: hydroxyl propyl methyl cellulose. PEG 6000: poly ethylene glycol – molecular weight 6 kDa. PVP: polyvinyl pyrrolidone 

NS: not specified 

 

Table 3. Effect of cryo- and dessico-protective excipients on phages viability during drying processes 
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Aerosolization device Total nebulizate  
Inhaled fraction 

(particles with diameter < 5.0 µm) 
     Pharmaceutical formulation Reference 

Category Brand name 
MMAD 

(µm) 

Phage 

titer loss (log10) 

Phage 

titer loss (log10) 

Total formulation 

loss 

 Lyophilised powder NS NS [0.2-1.0] 67% [69] 

Dry Powder Inhaler 

(DPI) 

Spray-dried powder [2.5-2.8] NS 0.5 30% [71] 

 
Spray freeze-dried powder NS NS [0.6-0.7] [50-80]% [63] 

 

Pressurized 

Metered-Dose 

Inhaler (pMDI) 

 
NS 

 
Reverse emulsion 

 
NS 

 
[0.5-0.9] 

 
NS 

 
NS 

 
[57] 

 
Jet nebulizer 

Pari LC Star 
Isotonic suspension 4.98 0.7 1.25 (called “alveolar fraction”) NS [79] 

AeroEclipse Suspension NS [0.8-2.0] [0.9-2.3] NS [80] 
 

Static mesh 

nebulizer 
Omron MicroAir U22 Suspension NS 1.9 2.1 NS [80] 

Vibrating mesh 
Pari eFlow 

Isotonic suspension 5.83 0.7 1.25 (called “alveolar fraction”) NS [79] 

 

NS: not specified 

 

Table 4. Summary of recent in vitro phages aerosol performance studies 

 Spray-dried powder NS NS [0.8-1.0] 50% [63] 

 

 Hypotonic suspension NS 1.15 NS NS [79] 

 

nebulizer Hypotonic suspension NS 1.15 NS NS [79] 
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Figure 1. Lung infections: anatomical characteristics (A) and risk factors for multidrug-resistant 

bacteria acquisition (B). 

 
Figure 2. Caudovirales phages belong to three families: A. Myoviridae, with a contractile tail. B. 

Podoviridae, short-tailed viruses. C. Siphoviridae, bearing a long non-contractile tail. 

 
 

Figure 3. Efficacy of local (pulmonary) vs systemic administration of phage therapy in a murine 

model of acute P. aeruginosa lung infection. Ten-week-old male balb/c mice were infected 

intranasally with 10
7
 cfu of the PAK lux P. aeruginosa strain as previously described [43]. A phage 

cocktail was administered at MOI 10 (i.e. 10
8
 pfu) 2 hours post-infection (p.i.), when bacteria where 

already detected in the lungs, either intravenously (i.v., n=6) or through the pulmonary route using a 

Microsprayer™ Aerosolizer (PennCentury, n=6). The infection was followed by bioluminescent 

imaging at 2h and 14h p.i. A. Bioluminescent counts in the defined Region Of Interest (ROI), i.e. lungs. 

For each group, a representative bioluminescence picture illustrates the data shown in the graph. n=6 in 

each group, except i.v. group at 14h p.i. (n=4, because 2 animals died before 14 hours in the i.v. group). 

Statistical analysis: Mann-Whitney test. B. Kaplan-Meier survival curve of infected mice. The 

experimental endpoint was set at 24h p.i., where all surviving animals were sacrificed. This study was 

approved by the ethics committee for animal experiments under Protocol APAFIS#2920- 

2015113011225044 V3. 


