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OBJECTIVE: Bacterial infections caused by antibiotic-resistant patho-
gens are a major problem for patients requiring critical care. An approach 
to combat resistance is the use of bacterial viruses known as “phage 
therapy.” This review provides a brief “clinicians guide” to phage biology 
and discusses recent applications in the context of common infections 
encountered in ICUs.

DATA SOURCES: Research articles were sourced from PubMed using 
search term combinations of “bacteriophages” or “phage therapy” with 
either “lung,” “pneumonia,” “bloodstream,” “abdominal,” “urinary tract,” or 
“burn wound.”

STUDY SELECTION: Preclinical trials using animal models, case studies 
detailing compassionate use of phage therapy in humans, and randomized 
controlled trials were included.

DATA EXTRACTION: We systematically extracted: 1) the infection set-
ting, 2) the causative bacterial pathogen and its antibiotic resistance pro-
file, 3) the nature of the phage therapeutic and how it was administered, 4) 
outcomes of the therapy, and 5) adverse events.

DATA SYNTHESIS: Phage therapy for the treatment of experimental 
infections in animal models and in cases of compassionate use in humans 
has been associated with largely positive outcomes. These findings, how-
ever, have failed to translate into positive patient outcomes in the limited 
number of randomized controlled trails that have been performed to date.

CONCLUSIONS: Widespread clinical implementation of phage therapy 
depends on success in randomized controlled trials. Additional translational 
and reverse translational studies aimed at overcoming phage resistance, 
exploiting phage-antibiotic synergies, and optimizing phage administration 
will likely improve the design and outcome of future trials.
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Infections due to antibiotic-resistant bacterial pathogens are a major cause 
of morbidity and mortality (1); the Centers for Disease Control and 
Prevention estimates that greater than 2.8 million antibiotic-resistant infec-

tions occur in the United States each year, and of these, 35,000 result in death 
(2). Despite the need, pharmaceutical companies continue to abandon anti-
biotic development, largely due to high costs and poor returns on investment 
(3). Given these challenges, antibiotic alternatives that kill bacteria in distinct 
ways warrant investigation. One approach is the use of bacterial viruses (bac-
teriophages/phages) known as “phage therapy (PT).” Promising results from 
laboratory studies, however, have failed to translate into improved outcomes in 
the few controlled human trials performed to date (4–7). The purpose of this 
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review is to highlight the progress of PT in the context 
of common infections encountered in ICUs and to de-
fine the challenges that need to be overcome in future 
laboratory and clinical trials.

BASICS OF PHAGE BIOLOGY

Phages are naturally occurring viruses that infect 
and lyse bacteria. Phages are ubiquitous, diverse, and 
thought to shape the composition of virtually all mi-
crobial niches. In humans, phages are present in many 
tissues and are particularly abundant in the gut (8). 
Bacterial surface molecules and phage receptor bind-
ing proteins determine an individual phages tropism 
(9). Some phages may have relatively broad bacte-
rial host ranges, capable of infecting strains from a 
few closely related species, whereas others may have 
narrow host ranges, limited to a few isolates within a 
single species.

Once adsorbed to the surface of a susceptible bacte-
rium, phage DNA is injected into the cell, at which point 
the phage can undergo two prototypical lifecycles; the 
lytic cycle, where phages propagate inside the bacteria, 
induces lysis and can then infect additional cells upon 
release, or the lysogenic cycle, where the phage genome 
is incorporated into that of the host bacteria (Fig. 1). 
“Temperate phages” can switch between the lysogenic 
and lytic lifecycles based on situational cues. The in-
tegration of temperate phages into bacterial genomes 

poses a threat for the transfer of potentially harmful 
genes (i.e., toxins and antibiotic resistance) between 
the strains, and as such, temperate phages are rarely 
considered for therapy. In contrast, “lytic phages” do 
not have the genetic capability to exercise a lysogenic 
cycle and are more appropriate for PT. Of note, early 
bacterial lysis can occur in the absence of phage rep-
lication (termed “lysis from without”) either when 
a large number of phage particles are absorbed onto 
the bacteria or as a consequence of the activity of ex-
ogenous phage products (10). In this context, phage-
encoded lysins are also currently being considered for 
therapeutic application (11).

PHAGES FOR THE TREATMENT OF 
ANTIBIOTIC-RESISTANT INFECTIONS

Antibiotics are relied upon not only to treat bacterial 
infections, but also to facilitate modern medical prac-
tices including invasive surgeries, organ transplan-
tations, and chemotherapy. Bacteria, however, have 
evolved to overcome antibiotics. The bacterial cell en-
velop is an imposing barrier that restricts the entry 
of toxic compounds. Antibiotics that penetrate can 
be extruded via resistance pumps, degraded or mod-
ified by specific enzymes, or lose activity due to muta-
tion/modification of the compounds target. Common 
sources of antibiotics were overmined midway 
through the 20th century, and recently, the antibiotic 

Figure 1. Prototypical phage lifecycles. Phages (red) recognize specific receptors on the surface of susceptible bacterial cells (blue). 
Following attachment, the phage genome is injected into the bacterial cell. Two prototypical phage lifecycles are illustrated. The lytic 
cycle involves phage replication, followed by cell lysis, liberating phages for subsequent infection. The lysogenic cycle involves integration 
of phage DNA into the bacterial chromosome. Lysogeny may facilitate the spread of harmful genes between bacteria. “Temperate 
phages” can switch between lysogenic and lytic cycles, and as such, they are not typically considered for therapy. “Lytic phages” can only 
use the lytic cycle and are more commonly used for phage therapy.
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development pipeline is running dry (12). Thus, there 
is an urgent need to develop alternative strategies to 
combat antibiotic-resistant bacterial infections.

Phages were first considered for therapy over 100 
years ago based on their ability to lyse bacterial cells 
(13) and have seen continued use in countries such as 
Georgia, Poland, and Russia (14, 15). Early clinical data 
about their efficacy were conflicting (16, 17) and often 
attributed to a poor understanding of fundamental 
phage biology. This, coupled with the early success of 
antibiotics saw phages, falls out of favor in most other 
countries. Phages, however, have characteristics that 
may be advantageous in the age of antibiotic resistance 
and equipped with an improved understanding of how 
they work, they warrant reconsideration. They enter 
and destroy bacterial cells using a mechanism that is 
distinct from traditional antibiotics, suggesting that 
the threat of phage-antibiotic cross-resistance is low. 
They may produce enzymes that can degrade biofilms 
(bacterial communities encased within a protective 
extracellular matrix) (18). Biofilms are notorious for 
challenging antibiotic therapy, particularly in the cases 
of foreign body infection. Phages replicate in the pres-
ence of susceptible bacteria (termed “autodosing”), 
which is desirable when considering PT for high bac-
terial load infections (19). Finally, they can be highly 
pathogen-specific, limiting the potential for off-target 
microbiome disruption, which has been associated 
with broad-spectrum antibiotic use (20) (Fig. 2).

PT is not without its own caveats. Most notably, PT 
may be complicated by “phage resistance,” where the 
therapeutic phage is unable to kill the target bacteria 
(akin to antibiotic resistance). Phage resistance may be 
intrinsic and present at the onset of therapy (4), or it 
may evolve during therapy (21). Bacteria may not have 

the appropriate surface receptor or may code for mo-
lecular systems that destroy phage DNA upon entry 
into the cell (i.e., clustered regularly interspaced short 
palindromic repeats-cas) (22) (Fig.  2). Importantly, 
phage resistance mechanisms are often highly specific; 
the emergence of resistance to one phage does not nec-
essarily result in resistance to a second, distinct phage. 
The sheer abundance and diversity of phages in nature 
should ensure that alternative phages are found to mit-
igate phage resistance (21). Additionally, “cocktails” 
consisting of a mixture of different phages are com-
monly used when treating patients.

In preparation for PT, phages should be genome-
sequenced to ensure that they are not temperate and 
do not code for harmful genes. The susceptibility of the 
infective bacteria to the phages should be confirmed 
in vitro, and the therapeutic product should be puri-
fied to eliminate residual bacterial components carried 
over from production (i.e., endotoxin) (23) (Fig. 3).

PHAGE THERAPY IN CRITICAL CARE 
SITUATIONS

Respiratory Tract Infections

Animal Reports. Pulmonary infections are an enor-
mous clinical challenge within the ICU (24). Using 
small animal models of respiratory infection, PT has 
consistently improved outcomes when compared with 
untreated controls (Table S1, http://links.lww.com/
CCX/A511). In an experimental model of ventilator-
associated pneumonia due to methicillin-resistant 
Staphylococcus aureus (MRSA), IV application of 
phages was as effective as standard-of-care antibiot-
ics (25). Local administration has also shown promise 
in the context of lung infection. Inhaled phages 

Figure 2. The pearls and perils of phage therapy. Phages have many beneficial characteristics to suggest they could be effective 
against antibiotic-resistant bacterial infections. Many obstacles, however, need to be circumvented in order for phage therapy to reach its 
clinical potential.
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