
ABSTRACT

Bacteriophages (phages) are natural predators of bacteria and are becoming increasingly 
attractive due to the increase of multidrug-resistant organisms (MDROs), especially prev-
alent among transplant recipients. Antibiotic resistance is the biggest current threat to 
global health. An increasing number of infections is becoming harder or almost impossible 
to treat, carrying high morbidity, mortality and financial cost. The therapeutic use of bac-
teriophages, viruses that infect and kill bacteria, is well suited to be part of the strategies 
to combat antibiotic resistance. Infections, in particular those due to bacterial pathogens, 
are common among transplant candidates and recipients. For lung transplant (LTx) patients 
this is of paramount relevance, since some of the underlying diseases in LTx present 
recurrent infection and complex colonization (such as cystic fibrosis or bronchiectasis). 
Individual case reports and small case series suggest the possible efficacy of phage ther-
apy for the treatment in pre- and posttransplant patients. Importantly, there have been no 
serious safety concerns in the reported cases, so it is reasonable to pursue phage therapy 
for difficult infections on a compassionate basis. 
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INTRODUCTION 

Phage therapy has been available for over a 
century and has had widespread clinical use 
in the pre-antibiotic era. It was effectively 
abandoned once penicillin was discovered, 
though there has been continued clinical use 
in Eastern Europe and Russia. The rapid spread 
of antimicrobial resistance is a major and in-
creasing global health problem. In Europe, 
growing levels of antibiotic resistance are be-
ing reported, particularly in countries with 
existing high levels of multidrug-resistance, 
thereby limiting therapeutic options1. The pos-
sibility of developing therapeutic products that 
are alternatives to antibiotics could be a great 
help in the fight against antibiotic resistance. 
Since the first USA-based intravenous (iv) ad-
ministration of phage for multidrug-resistant 
organisms (MDROs) for Acinetobacter bauman-
nii infection in 2016, there have been numer-
ous cases of compassionate phage use in the 
United States and globally2. 

Bacteriophages are viruses capable of infecting 
and replicating within bacterial cells. Phages 
are in every environment containing their 
bacterial hosts and play an important role in 
many biological processes; they are supposed 
to be the most abundant organisms on the 
planet. Phages replicate through two primary 
life cycles, the dynamics of which have im-
portant implications for their therapeutic ap-
plication. Virulent or obligate lytic phages 
infect and quickly kill their bacterial host cell, 
whereas temperate or lysogenic phages may 
either stably integrate into the host’s genome 
or enter into the lytic life cycle. Temperate 
phages are capable of protecting their host 
from phage reinfection and may change the 
bacterial phenotype through the expression 

of viral genes, a process known as lysogenic 
conversion1. Lysogeny and prophages can be 
beneficial to bacteria as they can encode genes 
for antibiotic resistance or other virulence fac-
tors1. For that reason, only lytic phages should 
be used for bacteriophage therapy. The main 
differences between the lytic and the lysogen-
ic life cycle can be seen in figure 1. 

Bacteriophage life cycles 

Phage therapy is currently being used for mul-
tidrug-resistant and biofilm infections but also 
for non-infectious conditions potentially re-
lated to alterations in the microbiome such as 
inflammatory bowel disease and sclerosing 
cholangitis3. Phage therapy can be based on 
off-the-shelf combinations of phages designed 
to have sufficient breath to cover a high per-
centage of pathogenic strains for a given indi-
cation. A personalized phage cocktail can also 
be devised that is specific to a patient’s bacte-
rial isolates. Currently, in the USA, treatment 
authorization is usually sought under com-
passionate grounds via the Emergency Inves-
tigational New Drug mechanism at the FDA. 

MULTIDRUG-RESISTANT  
INFECTIONS IN LUNG TRANSPLANT 
RECIPIENTS

Infections, in particular those due to bacterial 
pathogens, are common in transplant candi-
dates and recipients. They have anatomic res-
ervoirs and extensive experience with antibi-
otic treatment and tend to have MDROs. 
Prevalence and identity of MDROs are vari-
able depending upon the transplant center 
and local epidemiology as well as the type of 
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organ dysfunction. Infection with carbapen-
em-resistant Enterobacteriaceae can range from 
1 to 18% among solid organ transplant recip-
ients and 16-24% in stem cell transplant re-
cipients. Addressing MDROs among lung pa-
tients is especially important: cystic patients 
waiting for LTx present high rates of MDR 
Pseudomonas and Mycobacterium abscessus, while 
many centers list the presence of Burkholderia 
cepacia complex as a contraindication to lung 
transplant. Thus, the presence of MDROs be-
fore the LTx is associated with worse illness, 
and increased mortality and morbidity while 
awaiting transplant. Treating these infec-
tions can be very challenging, and recently, 
phages have been used to attempt to treat 
the most resistant and complex cases and, in 
some cases, allow the challenge of the LTx 
procedure to diminish and improve LTx out-
comes. 

APPROACH TO PHAGE THERAPY  
IN LUNG TRANSPLANT 

Lung transplant patients are frequently colo-
nized with MDROs, especially cystic fibro-
sis patients or those transplanted because of 
bronchiectasis. Besides, frequent lung infec-
tious episodes are well-known risk factors 
for chronic lung allograft dysfunction. Many 
times, these episodes are treated with long 
antibiotic therapy and strategies for decreased 
immunosuppression. Non-tuberculous myco-
bacteria infections such as Mycobacterium Ab-
scessus or Burkholderia cepacia complex are as-
sociated with high mortality. Phages therapy 
could represent a treatment alternative joined 
to antibiotic therapy. We find few cases in the 
literature of LTx patients where phage therapy 
has been treated. There are published few cas-
es of LTx treated with phages for Pseudomonas 

Synthesis of new 
viral genomes 
and proteins

The phage 
injects its 
DNA into 
the host cell

The phage attaches 
to the bacterial 
cell wall

The phage DNA 
integrates within the 
bacterial genome and 
becomes a prophage

The prophage is replicated 
along with the bacterial 
chromosome at each cell 
division
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Figure 1. Overview of the main differences between the lytic and the lysogenic bacteriophage life cycle (adapted from Kakasis  
and Panitsa, 2009)1.
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aeruginosa infection, Achromobacter spp, Burk-
holderia dolora and Mycobacterium infections or 
specifically Mycobacterium abscessus. Favor-
able responses were observed in more than 
half of the patients, including complete reso-
lution of some infections, and successful lung 
transplantation after cultures negatives. 

One case report described the development 
of phage resistance in the setting of recurrent 
Pseudomonas infections, and in this case, the 
subsequent course of phage therapy was adapt-
ed with new phage active against the new 
pathogen. In addition, in two lung transplant 

recipients with P. aeruginosa pneumonia, the 
use of phage therapy was associated with a 
change in antimicrobial resistance patterns of 
subsequent P. aeruginosa isolates. In these cas-
es, subsequent bacterial isolates were suscep-
tible to a wider selection of antibiotics that 
were not previously applicable4-6. Thus a ma-
jor issue concerning the safety and efficacy of 
phage therapy is the immunological response 
towards bacteriophages, which comprises the 
adaptive and the innate immune responses1. 
No major life-threatening immune reactions 
have been described with this therapy; how-
ever, immune system reactions can neutralize 

Table 1. Summary of recent phage therapy cases in LTx recipients and pretransplant patients

Patient Organism Clinical syndrome Phage treatment Ref

Lung transplant Pseudomonas aeruginosa Pneumonia Phage cocktail (iv and nebulized)
Outcome success
AE: none 

4
5,6

Lung transplant Pseudomonas aeruginosa Pneumonia Phage cocktail iv 
Outcome success
AE: none 

5

Lung transplant Burkholderia dolosa Pneumonia Phage single iv
Outcome failed
AE: none 

5,6

Lung transplant Achromobacter xylooxidans Pneumonia Phage cocktail nebulized
Outcome success
AE: none 

7

Lung transplant Mycobacterium abscessus 
subsp massiliense

Pneumonia/
disseminated

Phage cocktail with one engineered phage  
(iv and topical)

Outcome success
AE: none 

8

Lung transplant Pseudomonas aeruginosa Wound infection Phage cocktail
Otucome success
AE: none 

9

Cystic fibrosis Achromobacter spp Pneumonia Phage single 
Outcome Success
AE: none 

10

Cystic fibrosis Achromobacter xylosidans Pneumonia Phage cocktail iv and po
Outcome success
AE: none mentioned

11

Pre-lung transplant Pseudomonas aeruginosa Pneumonia Phage cocktail iv
Outcome success (transplant)
AE: none 

12

AE: adverse events.
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phages and thus reduce their antibacterial ef-
ficacy. On the other hand, phages can be rel-
evant in the treatment of biofilms5,13. Indeed, 
some bacteria can create biofilms in which 
antibiotics are inefficacious, even against ge-
netically sensitive targets. Phages have been 
reported to disrupt biofilms and to kill bacte-
ria present inside the structure, as a result of 
active penetration into the bacterial biofilm6. 
Rubalsky et al.14 described their experience 
treating a postoperative infection by P. aeru-
ginosa of the sternal wound after LTx. A de-
bridement, antibiotics and local phage appli-
cation were performed in order to treat the 
patient. This resulted in a clinical and mi-
crobiological cure of the infection. In this 
case, fibrin scaffolds were capable of protect-
ing the bacteriophages from degradation and 
gave a sustained release of high titre phage 
over 11 days. Such topical applications with 
prolonged release phage may offer hope for 
complex, non-healing surgical wounds. 

The first report using engineered phage was 
published in 20198. A case of M. abscessus 
with pulmonary and disseminated infection 
was treated with salvage phage therapy with 
concurrent antibiotics yielded a clinical im-
provement. Phage therapy for a mycobacteri-
al disease is complicated by the prevalence 
of lysogenic phages and the slow growth 
rate of the mycobacteria. Recently, the same 
group has published their experience using 
phage therapy for Mycobacterium infections in 
20 patients15. Two of them were LTx patients 
from the Vall d’Hebron hospital. No adverse 
reactions attributed to the therapy were seen 
in any patient regardless of the pathogen, phag-
es administered or the route of delivery.  Fa-
vorable clinical or microbiological responses 
were observed in 11 patients. In this paper, 

the authors identified neutralizing antibodies 
after initiation of phage delivery intrave-
nously in eight patients, potentially contrib-
uting to the lack of treatment response in four 
cases but they were not consistently associat-
ed with unfavorable responses in others. No 
phage resistance was observed in any of these 
11 patients. 

PHAGE THERAPY SAFETY AND 
IMMUNE RESPONSE TO PHAGE 
THERAPY 

Phages are generally considered safe, based 
on their abundant nature and our constant 
exposure to them in the environment, and 
because they have been used extensively in 
some parts of the world with no reports of 
harmful events. Despite this optimistic point 
of view, the safety of phage therapy must be 
verified by modern scientific experiments16. 
The therapeutic use of phages for treating drug-
resistant bacterial infections has received re-
cent attention but the types of infections and 
pathogens deemed suitable, routes, dosage and 
frequency of administration, interactions with 
antibiotics, and pharmacokinetics remain un-
clear. The safety concerns of phage therapy 
include the possible impact of bacteriophages 
on body tissues and non-target microbiota. 
Bacteriophages can modify their bacterial 
targets by expressing virulence genes or by 
transducing DNA between bacteria. Phages 
also may induce immunological reactions17. 
Thus another issue to be addressed is the im-
munological response towards bacteriophages, 
which comprises the adaptative and the in-
nate immune responses1. Immune system re-
actions can neutralize phages and thus reduce 
their antibacterial efficacy. The production of 
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anti-phage antibodies in patients receiving 
phage therapy has resulted in phage inactiva-
tion1, although a high rate of phage inacti-
vation does not necessarily mean treatment 
failure. Another issue is the route of admin-
istration that seems to be important for the 
impact of antiphage activity of sera, where 
the local route of administration shows high-
er anti-phage activity than the oral18. Dedrick 
et al.15, in 20 patients treated with phages, 
identified neutralizing antibodies in serum 
after initiation of phage delivery intravenous-
ly in eight of them, potentially contributing to 
lack of treatment response in four cases. This 
issue is of paramount importance among LTx 
patients. Immunocompromised patients may 
tolerate extended phage administration with-
out antibody-mediated neutralization maybe 
due to immunosuppression. However, little 
is known about intracellular penetration or 
uptake of phages, particularly by macro-
phages, where most replicating mycobacteria 
are found. 

Therefore phages, like other viruses, can be 
recognized by the immune system as invad-
ing elements and be rapidly eliminated from 
the circulatory system by the reticuloendo-
thelial system or innate immunity before they 
reach infected tissues, thereby decreasing their 
effectiveness, especially in repeated and pro-
longed administrations. However, the devel-
opment of this type of antibodies is not a 
significant problem in the initial phase of 
treatment of acute infections since the phage 
kinetics is much faster than the production of 
these antibodies. However, its presence can 
be an obstacle if subsequent administrations 
or chronic treatments are required. Thus, an-
other issue to be addressed is how long the 
treatment should be maintained. 

CONCLUSIONS 

The potential of bacteriophage applications in 
the fight against bacterial pathogens can be 
expanded beyond their utilization as natural-
ly occurring phages and recent studies have 
proved its safety. There is increasing evidence 
from case reports and case series that demon-
strates the potential for the success of phage 
therapeutics in transplant candidates and re-
cipients with MDROs or antibiotic recalcitrant 
infections. There are few ongoing clinical tri-
als assessing the use of phage therapy in 
non-immunocompromised patients2, though 
much work remains to be done. 

Phages are already present in large amounts in 
our body forming the phageome13, knowing the 
natural relationship between them and human 
cells shows that despite millions of years of 
intimate cohabitation, phages are not able to in-
fect human cells. One of the interesting points 
in phage therapy is its limited cost. Phages are 
indeed easy to isolate and cheap and quick to 
produce. Furthermore, phages replicate only 
in the presence of their specific host, meaning 
that they proliferate according to the bacteri-
al (infectious) load after administration. 

In conclusion, it seems now that the success 
of phage therapy depends on part on the ac-
ceptance by the general public, as well as the 
knowledge of the professionals who see this 
profile of patients. Thus, the creation of ade-
quate regulatory, oversight and safety proto-
cols supervising their future utilization with-
in the framework of carefully carried clinical 
trials shall help in this aim.

Despite the promising reports of phage thera-
py in certain parts of the world, more modern 
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randomized double-blind controlled clinical 
trials are needed to prove the safety and effi-
cacy of phage therapy. Issues like bacteriophage 
choice, isolation, preparation, purification, stor-
age and pharmacology should be addressed 
individually and researched in depth. Bacte-
riophages are potentially suitable alternatives 
for treatment of bacterial infections in the era 
of rising antimicrobial resistance. 
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