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The golden age of antibiotics, which lasted 
from the 1930s until 2005, brought a brisk clip 
of antibiotic discovery and fueled optimism 
about the victory of modern medicine over 
bacterial infections. Since then, however, with 
a stalled antibiotic discovery effort and wide-
spread antibiotic use, antimicrobial resistance 
has emerged as a major global health threat. 
Bacteriophages, or phages (literally viruses 
that infect certain bacteria), have coevolved 
with bacteria for almost 4 billion years and are 
the most abundant organisms on the earth. 
Substantial progress is being made such that 
selection, engineering, and synthetic produc-
tion of phages may make it possible for these 
lethal enemies of bacteria to be harnessed as 
potent allies in our battle against antimicrobial 
resistance.    
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Introduction
The golden age of antibiotics began in the 1930s 
with the introduction of sulfonamides into clinical 
medicine and ended in 2005 with the appearance 
of daptomycin. Since then, no truly novel anti- 
biotics have been brought to the bedside. Through-
out the golden age, the brisk clip of antibiotic 
discovery fueled optimism about the victory of 
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modern medicine over bacterial infections. In large 
part because of the successful antibiotic discovery 
effort, the growing evidence that resistant microor-
ganisms were emerging at an accelerating rate was 
not seen as a major threat, and investments in an-
tibiotic discovery waned. With a stalled antibiotic  
discovery effort and widespread antibiotic use, anti- 
microbial resistance (AMR) has emerged as a major 
global health threat over the past 2 decades. 

In a comprehensive assessment of the global im-
pact of AMR published in 2022, it was estimated 
that in 2019, nearly 5 million deaths were associ-
ated with AMR and that 25% of these deaths were 
directly attributable to antibiotic-resistant patho-
gens.1 The largest burden of morbidity and mortality 
from AMR was borne by lower- and middle-income 
countries, especially those in sub-Saharan Africa.  
Emerging data indicate that the incidence of AMR 
has further accelerated during the COVID-19 pan-
demic.2 Modeling suggests that AMR-related deaths 
may increase to 10 million people per year and 
that the economic costs from lost productivity will 
be as high as $1 trillion yearly by 2050 unless cur-
rent trends are reversed.3 These alarming trends 
have stimulated interest in alternative modalities for 
tackling the problem of AMR. Bacteriophages (or 
phages), literally “bacteria eaters,” have coevolved 
with bacteria for almost 4 billion years and are the 
most abundant organisms on the earth.4 This article 
outlines the current evidence that these lethal en-
emies of bacteria can be harnessed as potent allies 
in our battle against AMR.

Phage Discovery and Early Development
Beginning in the last decade of the 19th century, 
researchers noted that there were “factors” in the 
environment that were capable of lysing bacteria. 
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programs flourished throughout the last half of the 
20th century.7 Phage therapy has emerged in the  
West over the last half-decade as the failure of anti- 
biotics to keep up with AMR has led to a broad 
awareness that new tools to address AMR are sorely 
needed. Advances in the understanding of phage 
biology and improved phage selection and produc-
tion technologies, coupled with several high-profile 
anecdotal case reports of the use of phage therapy 
to cure infections for which antibiotics had failed, 
have led to a renaissance of interest in phage ther-
apy in the US and Europe.8,9

Phage Biology
Defined most simply, phages are viruses that infect 
bacteria. They are ubiquitous in nature, immensely 
diverse, and highly selective in their bacterial prey. 
The genomes of most, but not all, phages consist of 
double-stranded DNA. This DNA is tightly packed 
into the phage capsid and is usually attached to a 
“tail” of varying length (see Figure 1). The tips of 
the tail bind with high specificity to structures on 
the bacterial cell surface and play a major role in 
defining the breadth (or range) of bacteria that a  
given phage can infect. Some phages can infect 
a large proportion of bacterial strains in a given 
species. These phages are said to have a “broad” 
host range. Conversely, some phages may infect 
only a small fraction of bacteria within a species; 
these are designated as having a “narrow” host 

The recognition that these “factors” were parasites 
of bacteria is attributable to the French microbi-
ologist Félix d'Hérelle, who announced in 1917 
that he had discovered an “invisible microbe” that 
lysed bacteria causing dysentery.5 This agent could 
be propagated in bacteria and then passed through 
filters with pores that were too small for bacteria 
after the bacterial population had been destroyed. 
He recognized the potential for these agents to be 
used therapeutically, and by 1919 he had begun 
to experiment with them in humans. Although he 
was convinced that the agents he was working 
with were reproducing biologic organisms, others 
believed that the bacterial lysis was being caused 
by enzymes harbored within the bacteria. With the 
advent of electron microscopy, Helmut Ruska dem-
onstrated that phages were actually viruses.6 

The use of phages in medicine became wide-
spread throughout Europe, North America, and 
the Soviet republics in the 1920s and 1930s and 
was central to Sinclair Lewis’s novel Arrowsmith.7 A 
failure to fully appreciate the narrow antimicrobial 
spectrum of phages and the lack of clinical investiga-
tions with rigorous microbiologic underpinnings led 
to an erosion of the phage fervor in the West. When 
penicillin emerged during World War II, the broader 
spectrum of penicillin and the antibiotics that fol-
lowed resulted in the eclipse of phage therapy by 
antibiotics in the United States and Europe. Interest 
in phage therapy continued unabated in Eastern Eu-
rope and the Soviet republics, where phage therapy 

Figure 1. Electron micrographs of the myoviral (left), siphoviral (center), and podoviral (right) bacteriophage morphotypes. Photographs 
courtesy of Pooja Ghatbale and David Pride, IPATH Translational Research Laboratory, University of California San Diego School of Medicine.
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range. The breadth of host range of a phage is de-
pendent on cell-binding specificities as well as its 
resistance to intracellular bacterial defenses and is 
defined by millions of years of coevolution.10 Phages  
of certain bacterial species such as Staphylococcus 
aureus may have a broad host range, whereas 
most phages of other species such as Acinetobacter 
baumannii have narrow host ranges. 

Phage replication begins with binding of the  
phage tail to a ligand on the cell surface (Figure 2). 
Once the tail has bound to the cell surface, the nu-
cleic acid of the phage is injected into the cytoplasm 
of the host bacterium and the phage can proceed 
with 1 of its 2 developmental programs, or “life-
styles.” Based on which of these 2 pathways the 
phage pursues, a phage is classified as being lytic 
or temperate. Lytic phages quickly take over the 
host cell’s metabolic machinery to initiate the phage 
genome expression, nucleic acid replication, and as-
sembly of hundreds (or more) of progeny phages 
in as little as 20 minutes. When phage production 
is complete, lytic proteins are produced and the 
phages burst through the bacterial cell wall to re-
peat the process in additional bacteria. 

Phages that follow a temperate development pro-
gram can also follow the lytic pathway; however, at 
varying frequencies depending on the phage, the 
bacterium, and growth conditions, the genes essen-
tial for the lytic pathway can be turned off and the 
phage can establish “lysogeny.”11 In this situation  
the phage genome becomes a “prophage” and ex-
ists within the host bacterium as integrated DNA or 
as a plasmid. From time to time under the appro-
priate conditions, these prophages can be activated 
and resume a lytic lifestyle by creating a burst of  
progeny phages and lysing their bacterial hosts. 
When this occurs, phages may incorporate compo-
nents of the bacterial genome and transfer these 
genetic elements to bacteria they infect. This 
transfer of bacterial DNA may enable lateral transfer 
of deleterious genes encoding antibiotic resistance 
or pathogenetic properties. In addition to the pos-
sibility of transferring deleterious genetic elements, 
prophages may encode repressors that inhibit the 
ability of lytic phages to infect their bacterial hosts. 
Because the primary goal of phage therapy is to kill 
bacterial hosts rather than to transfer genetic mate-
rial and render bacteria less susceptible to infection 
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by other phages, temperate phages are not suitable 
for clinical use.

Sourcing and Characterizing Phages and 
Preparing Them for Clinical Use
Phages are ubiquitous in the environment and can 
be found essentially anywhere bacteria are found. 
Until recently, most phages used in clinical medi-
cine have been sourced and used “as is” from the 
environment after being prepared for clinical use, 
although substantial progress is being made in the 
area of phage engineering and synthetic phage 
construction.12-14 Environmental phage searches are 
generally undertaken by passing extracts of water, 
soil, or another potential phage source through 
0.22-μm filters, plating dilutions of the filtrate onto 
lawns of the bacterium of interest, and looking for 
holes in the lawn indicative of lytic activity.15 

The likelihood of finding phages that are active 
against a given bacterial species may be enhanced 
by sampling from environmental sources where 
their host bacteria are likely to be found.16 Such 
sources might, for example, include sewage treat-
ment plants for phages active against enteric flora 
or discarded bandages if the target is a phage with 
antistaphylococcal activity. Phages can be plucked 
from regions of the agar where the bacterial lawn 
has been disrupted, passaged on their intended 
host for amplification, and then fully characterized. 
In non-emergency circumstances, this characteriza-
tion should include whole-genome sequencing to 
search for genetic sequences indicative of lysogenic 
potential or genes conferring antibiotic resistance 
or pathogenetic factors.17 After passing the ge-
netic search for deleterious sequences, phages are 
amplified on prophage-free host strains and then 
purified using approaches that approximate good 
manufacturing practice conditions.18 The process of 
identifying and purifying lytic phages remains one 
of the rate-limiting features for emergency use of 
phages. Fortunately, over the past decade a number 
of well-annotated phage banks have been devel-
oped in commercial and academic laboratories that 
contain phages covering broad spectra of individual 
bacterial species. When these phage banks can be 

used as a starting point, the process of preparing 
phages for clinical use can be substantially abridged.

Principles of Phage Therapy
The development of the principles of phage ther-
apy is a work in progress. A recent review of animal 
and human experiences with phage administra-
tion identified very few safety concerns.19 Although 
much has been learned from case reports, a more 
systematic approach to phage therapy will require 
the conduct of rigorous clinical trials based on the 
same paradigms that have been applied to antibi-
otic development over the past 80 years.20,21 

Pharmacology

In perhaps the biggest departure from the ex-
perience with traditional antibiotics, phages will 
propagate on the pathogen at which they are 
directed once they are delivered to the site of 
infection. Advances in phage preparation and puri-
fication have made it possible to administer phages 
parenterally, and the clinical use of phages is in-
creasingly shifting to intravenous administration 
for the treatment of systemic or deep infections. 

Phages are also administered topically for open 
wounds and burns, by nebulization for pulmonary 
infection, orally for gastrointestinal infection, and 
into the bladder for urinary infections. Phage dos-
age is expressed as “plaque-forming units” (PFUs), a 
measure of how many phage particles in a dose are 
capable of infecting the pathogen of interest in the 
laboratory. Depending on the dose administered, 
intravenously administered phages are removed 
from the circulation by the reticuloendothelial sys-
tem and sequestered in the liver and spleen over 1 
or 2 hours. 

Regardless of the route of administration, a pri- 
mary goal of therapy is to deliver a sufficiently  
large dose of phage to the site of infection to ini- 
tiate self-propagating phage replication within the 
pathogen population. From a practical perspec-
tive, most phage regimens feature individual doses 
in the range of 109 PFUs per dose. Doses in this 
range have been associated with treatment suc-
cess in a number of published case reports. With 
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current approaches to the removal of endotoxin in 
the phage production process, higher doses can 
be difficult to achieve without exceeding US Food 
and Drug Administration (FDA)-recommended lim-
its on endotoxin administration (5 endotoxin units 
[EU]/kg/h). 

Phage Resistance

As with all antimicrobial agents, phages can select 
for organisms with lower levels of susceptibility.8 
Phage resistance can require a substantial tradeoff 
on the part of the bacterium in terms of fitness. This 
loss of fitness can come in the form of greatly re-
duced capsule formation, which can result in less 
invasiveness and more susceptibility to host im-
mune responses.8,22 Phages can also be targeted to 
bacterial efflux pumps that pump antibiotics out 
of the bacterial cytoplasm. In this case, resistance 
confers a major disadvantage to the pathogen by re-
sensitizing it to antibiotics to which it was previously 
resistant.23 Although phages are often administered 
as “cocktails” to mitigate this challenge, much 
additional knowledge is required to advance combi-
nation design from empiricism to a scientific basis. 
Solutions proposed include efforts to compose 
cocktails of phages with different receptor specific-
ity or orthogonal resistance pathways.

Human Immune Responses to Phages

Phages can be immunogenic and have been used  
experimentally for decades to study host immune  

responses.24 Humoral and cel-
lular immune responses have 
been detected in patients re- 
ceiving phage therapy.25 Case  
reports have appeared that 
link treatment failure to the 
advent of phage-specific anti- 
bodies in an immunocompe-
tent patient.26 The same phage 
was used in the treatment of 
a lung transplant recipient for 
more than 2 years without im-
mune-based loss of activity.27 

The frequency and clinical 
significance of this issue are 

not yet fully understood, but currently available 
evidence suggests that it may be more problematic 
in the immunocompetent population. Replace-
ment of phages inducing an immune response with 
phages capable of lysing the target bacterium but 
not sharing the epitopes of the strain inducing the 
immune response has been suggested as a strategy 
to enable extension of therapy should immune re-
sponses to the original phage or phages limit their 
efficacy. 

Phage Susceptibility Testing

Development of tools for the assessment of phage 
susceptibility in the clinical microbiology labora-
tory is still in its infancy. The most commonly used 
approaches to determine phage susceptibility are 
the agar overlay technique, in which the ability of 
phages to create visible spots of lysis is assessed, 
and liquid methods, in which the ability of phages 
to block bacterial growth is assessed by quantifying 
bacterial metabolism.28 The agar overlay method is 
a classic method for assessing phage susceptibil-
ity that has been in use for a century. It requires 
no specialized equipment, but the readout is sub-
jective. Liquid-based assays can be mechanized for 
higher throughput and provide quantitative read-
outs. Efforts to standardize these assays within and 
across laboratories are in early stages.29 Very little in-
formation is currently available about the extent to 
which either assay platform predicts clinical activity. 
As was the case with traditional antibiotics, clinical 

Figure 3. Steps required to identify and prepare phages for clinical use (top). Steps required for regula-
tory approval for clinical use of phages in the United States (bottom).  
Abbreviations: IND, investigational new drug; eIND, emergency investigational new drug; IRB, 
institutional review board; FDA, Food and Drug Administration.
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correlations will evolve over time in the context of 
clinical trials and clinical experience.

Practical Aspects of Phage Therapy
Phages have several major properties that make 
them particularly attractive as antimicrobial agents. 
Among them is that they are virtually limitless in na-
ture yet highly targeted individually in terms of host 
range, resulting in potent antimicrobial activity with 
limited disruption of the microbiome. The ability to 
disrupt biofilms provides opportunities to dislodge 
bacteria from implanted prosthetic devices and 
from biofilms at mucosal surfaces or in wounds.30 
Phages can restore the susceptibility of bacteria to 
antimicrobial agents by disabling cellular antibiotic 
efflux pumps.23 

A wider appreciation of these properties, coupled 
with advances in biotechnology that have enabled 
better access to phages suitable for clinical use, has 
resulted in an accelerating number of case reports 
of phage therapy in the peer-reviewed medical lit-
erature. Case reports of phage therapy that have 
appeared since 2017 largely reflect these proper-
ties.31 Roughly one-third of the cases have involved 
implanted prosthetic devices including joints and 
cardiac devices. Twenty percent of the case re-
ports have focused on pneumonia (mostly involving 
drug-resistant organisms), and 10% each have been 
about the treatment of osteomyelitis and urinary 
tract infections. Modern case series reflecting this 
diversity of clinical indications for phage therapy are 
consistent in focus with the distribution of case re-
ports.32,33 As with other clinical conditions, it is likely 
that selection bias results in overreporting of courses 
of therapy that were perceived to be successful. The 
fact that there has been so much perceived success 
in these areas, however, has driven interest in clini-
cal trials to the same areas.

When a physician believes that a patient is a can- 
didate for phage therapy, the first step is to find 
phages that are active against the patient’s organism 
(see Figure 3). This requires that the organism be 
retrieved from the clinical laboratory where it was 
isolated. Because clinical laboratories discard organ-
isms relatively quickly after they are characterized, it 

is important that the laboratory be asked to save any 
isolates for which phage therapy might be indicated. 
The organism then must be sent to a laboratory with 
access to phages for organisms of that species. This 
can be a confusing task for physicians who have 
not been closely following the field; assistance with 
identifying a laboratory with the correct microbial 
focus and a willingness to screen the isolate for 
active phages can be obtained from University of  
California San Diego’s Center for Innovative Phage 
Applications and Therapeutics (IPATH; https://med-
school.ucsd.edu/som/medicine/divisions/idgph/
research/center-innovative-phage-applications-and-
therapeutics/Pages/default.aspx). Physicians and 
staff members at IPATH are willing to give advice 
about the suitability of the patient for phage ther-
apy, provide assistance with locating laboratories 
willing to screen for phages, provide assistance with 
the regulatory aspects of phage therapy, and dis-
cuss possible treatment plans. Over the past 5 years, 
IPATH has fielded more than 1500 phage therapy 
consultations.

In the US, phage therapy is still considered to be 
experimental by regulatory bodies and must be ad-
ministered under the supervision of the FDA Office 
of Vaccines Research and Review in the Center for 
Biologics Evaluation and Research. Individual can-
didates for phage therapy are treated under the 
FDA’s investigator-initiated investigational new drug 
(IND) regulations. The FDA should be contacted 
through its website (https://www.fda.gov/about-
fda/center-drug-evaluation-and-research-cder/
physician-request-single-patient-ind-compassion-
ate-or-emergency-use) or, in emergency situations, 
by telephone. The FDA scientist requests informa-
tion about the case, the phage preparation to be 
used, and a description of the treatment plan. In 
emergency situations under the emergency IND 
(eIND) program, approval can be obtained on the 
same day. In this case, the patient (or an autho-
rized patient representative) must provide informed 
consent, but review by a local institutional review 
board (IRB) is not required. The local IRB must sub-
sequently be notified within 5 days of the initiation 
of therapy. In less emergent situations, the time-
line is a bit longer because more details about the 
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phage preparation and treatment plan are required 
and the local IRB must also opine before the initia-
tion of therapy. 

Summary and Conclusions
Over the past several years, phage therapy has be-
come recognized as one of the more promising 
approaches to the challenge of AMR. Developments 
in biotechnology have greatly simplified isolation 
and preparation of phages for clinical use. Phages 
are being increasingly used in the clinic in the treat-
ment of difficult-to-treat bacterial infections under 
FDA supervision. Various clinical trials have been 
launched in the US and Europe that are expected to 
provide much more detailed knowledge about the 
principles and practice of phage therapeutics over 
the years to come. �
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