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ABSTRACT Increasing antimicrobial resistance and medical device-related infections
have led to a renewed interest in phage therapy as an alternative or adjunct to con-
ventional antimicrobials. Expanded access and compassionate use cases have risen
exponentially but have varied widely in approach, methodology, and clinical situations
in which phage therapy might be considered. Large gaps in knowledge contribute to
heterogeneity in approach and lack of consensus in many important clinical areas. The
Antibacterial Resistance Leadership Group (ARLG) has convened a panel of experts in
phage therapy, clinical microbiology, infectious diseases, and pharmacology, who
worked with regulatory experts and a funding agency to identify questions based on a
clinical framework and divided them into three themes: potential clinical situations in
which phage therapy might be considered, laboratory testing, and pharmacokinetic con-
siderations. Suggestions are provided as answers to a series of questions intended to
inform clinicians considering experimental phage therapy for patients in their clinical
practices.

KEYWORDS Staphylococcus aureus, Pseudomonas aeruginosa, biofilms, phages

Phage (bacteriophage) therapy has gained resurgent interest in recent years due to
the lack of therapeutic options for patients unresponsive to conventional antimi-

crobials. Antimicrobial resistance and increasing use of implantable devices, which are
prone to biofilm-mediated infections, have contributed to decreased effectiveness of
antibiotics. Patients with infected medical devices are sometimes unable to undergo
surgical source control due to dependence on a life-sustaining device, as in the case of
left ventricular assist device infections, or due to devastating consequences of removal
of devices on functional capacity, as in the case of periprosthetic joint infection (PJI).
Such patients may be left with a chronically infected indwelling device. Other infec-
tions, such as urinary tract infections (UTIs), respiratory infections in patients with
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chronic lung disease, or skin and skin structure infections, may recur despite treatment
with appropriate antibiotics. As such, clinicians are increasingly seeking new options
for their patients with infections refractory to antibiotic therapy, one of which is phage
therapy.

In late 2020, the National Institute of Allergy and Infectious Diseases (NIAID) and
the Antibacterial Resistance Leadership Group (ARLG), funded by NIAID, convened a
task force comprised of experts in the field of phage therapy, clinical microbiology,
antimicrobial resistance, and pharmacology who worked with regulatory experts and a
funding agency to develop a series of questions addressing issues surrounding experi-
mental use of phage therapy in clinical practice. These recommendations are not the
positions of the National Institutes of Health (NIH) or NIAID; however, several NIAID sci-
entists with expertise in phage therapy contributed to this work. A review of the litera-
ture was conducted and each question answered, with gaps in knowledge identified,
where applicable, by consensus of ARLG Phage Taskforce members. The ESKAPE
(Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter bau-
mannii, Pseudomonas aeruginosa, and Enterobacter species) bacteria alongside resistant
Gram-positive bacteria were prioritized to maintain alignment with the primary mis-
sion of ARLG. The ARLG Phage Taskforce was divided into three subgroups, clinical,
laboratory testing, and pharmacokinetic subgroups, with representation from NIAID
staff on each; each subgroup met regularly to identify relevant questions and examine
the associated literature. This report is the product of these efforts, offered as a
resource to familiarize clinicians with issues surrounding clinical use of phage therapy
and provide an evidence-based evaluation of circumstances where this experimental
therapy might be considered, acknowledging that at this point, no recommendation
can be made to support routine clinical use of phage therapy under any circumstance.

METHODOLOGY

Each subgroup of the ARLG Phage Taskforce came up with clinically relevant ques-
tions surrounding phage therapy. Questions were answered by performing a literature
review. A professional medical librarian conducted an electronic search of the litera-
ture. Medline (Ovid), Embase (Elsevier), and Cochrane Central Registry of Controlled
Trials (Wiley) were searched to identify studies investigating phage therapy from a clin-
ical standpoint. The search was limited to years 2000 to 2020 and included only
English language studies; editorials, comments, letters, and conference abstracts were
excluded. The search returned 14,841 abstracts, which were screened by taskforce
members, yielding 968 manuscripts that were reviewed for the document. Important
questions, themes, and gaps in knowledge were identified and divided into three sec-
tions, clinical situations in which phage therapy might be considered, laboratory test-
ing, and pharmacokinetics, each of which was handled by separate subgroups. Each
subgroup met regularly via virtual meetings, and a consensus was reached on sugges-
tions. Given gaps in knowledge and scarcity of data in the field, this document is
intended to provide considerations to clinicians considering use of experimental phage
therapy based on extensive literature review, clinical experience, and expert opinion.
The literature search was subsequently updated to include papers published as of 9
August 2021.

QUESTION 1: FOR WHICH INFECTIONS CAN PHAGE THERAPY BE CONSIDERED?
Suggestion. The ARLG Phage Taskforce suggests that experimental phage therapy

can be considered for a variety of infections refractory to conventional antibiotics,
including respiratory tract infections, infections involving devices that cannot be
removed, osteoarticular infections, UTIs, gastrointestinal infections, endovascular infec-
tions, and other source infections. Bacteriophage therapy is a consideration for bacte-
rial but not fungal, viral, or parasitic infection.

Rationale. Phage therapy is an investigational anti-infective treatment for refractory,
multidrug-resistant (MDR), and/or biofilm-mediated infections. These situations include
chronic and recurrent infections such as UTIs, rhinosinusitis, skin and soft-tissue infections,
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and MDR respiratory infections, as described below. Biofilm-associated infections include
PJI, osteomyelitis involving hardware, cardiac device infection, and respiratory infections
in the setting of cystic fibrosis (CF). In general, phage therapy should be limited to treat-
ment of infections after intolerance or ineffectiveness of antibiotic therapy has been dem-
onstrated. These scenarios generally occur in the setting of MDR infections and/or hard-
ware-associated infections not amenable to source control. Phages with activity against
Staphylococcus aureus and Pseudomonas aeruginosa are most readily available from aca-
demic as well as some commercial entities. Phages with activity against organisms such
as Klebsiella pneumoniae, Enterococcus faecalis and faecium, Acinetobacter baumannii,
Escherichia coli, Proteus mirabilis, Burkholderia species, and nontuberculous mycobacteria,
among others, are less readily available but have been used to treat human infections.
Phage therapy is currently limited to treatment of bacterial infections; however, data are
emerging to indicate that nonbacterial organisms such as Aspergillus species can be
treated in the future; this is not the subject of this work (1, 2). Members of the ARLG
Phage Taskforce reviewed available data on experience with phage therapy for treatment
of specific infection types. Table 1 summarizes published clinical experiences from case
reports and case series on the use of phage therapy to treat human infections in recent
years. Gleaning the potential benefit of phage therapy from the published literature is
challenging for several reasons. First, most clinical publications do not include a control
group. Second, there is heterogeneity in the route of administration, dose of phage, num-
ber of phages (i.e., monotherapy versus cocktail), and duration of phage therapy adminis-
tered across studies. Third, phages are almost universally administered in addition to anti-
biotics, making an understanding of the specific role of phages in impacting clinical
outcomes difficult to discern. Fourth, the use of phage susceptibility testing (PST) to
ensure the phages administered are indeed active against the bacterial pathogen has
been inconsistent and is nonstandardized (see Question 7). Finally, publication bias exists,
with reports of unfavorable outcomes being less likely to be published than those with
favorable outcomes. Below we summarize some of the most common infection types for
which phage therapy has been used to date.

Recurrent UTIs. There are anecdotal, uncontrolled reports of successful use of
phage therapy (in combination with antibiotics) for treatment of patients with recur-
rent UTIs. Gut, vaginal, and urinary microbiomes are important reservoirs of uropatho-
gens and likely contribute to the pathophysiology of recurrent UTIs (3, 4). In a patient
with recurrent UTI secondary to MDR-K. pneumoniae, oral and intrarectally adminis-
tered phage resulted in microbiologic clearance in urine and stool (5). In addition to
potentially decreasing the gut reservoir of uropathogens, phages may decrease uro-
pathogen colonization of urinary catheters. In vitro data suggest that phage-treated
catheters can be protected from colonization with common uropathogens (6). Other
case reports showing successful treatment of UTI using phages include a liver trans-
plant recipient with recurrent extended-spectrum beta-lactamase (ESBL)-producing E.
coli UTIs (7), a kidney transplant recipient with an ESBL-producing K. pneumoniae UTI
(8), an extensively drug-resistant (XDR) K. pneumoniae UTI (9), and a refractory P. aeru-
ginosa UTI in the setting of ureteral stents (10). A single randomized controlled trial
investigating phage therapy in men presenting for transurethral resection of the pros-
tate with complicated or recurrent UTI yielded unfavorable results (11). In this trial, 28
patients received intravesicular phage, 32 received placebo mechanical irrigations, and
37 received systemic antibiotics, with no differences in urine culture sterilization across
the three groups. Phage therapy was not inferior to standard-of-care antibiotic treat-
ment, and it also was not superior to placebo bladder irrigation. Absolute success rates
were lowest in the phage (18% success) compared to the placebo (28% success) and
antibiotic (35% success) groups. Low concentrations of phages (104 to 105 PFU per
dose) and insufficient coverage of bacterial pathogens due to use of a fixed cocktail
and/or poor phage survival in urine (influenced by pH and temperature) may have
impacted this study.

Chronic rhinosinusitis and otitis media. Chronic and recurrent bacterial rhinosinu-
sitis can be difficult to cure with conventional antibiotic approaches secondary to
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biofilm formation and pathogens with difficult-to-treat resistance patterns (12). In a
pilot uncontrolled clinical trial of nine patients with chronic rhinosinusitis, intranasal
phages were administered for up to 14 days. Treatment was well tolerated, and infec-
tion was eradicated in two patients (12). A phase I/II double-blinded, placebo-con-
trolled trial was conducted in 2009 randomizing 24 patients with drug-resistant chronic
refractory P. aeruginosa otitis media into phage or placebo arms; three patients in the
phage arm had undetectable P. aeruginosa compared with none in the placebo group
(13). A follow-up phase III study has not been conducted.

Skin and soft-tissue infections. Like rhinosinusitis, skin infections offer the possi-
bility for topical phage administration (14, 15). However, in a clinical trial including 13
patients randomized to phage therapy alone and 14 randomized to standard of care
alone, phage decreased the bacterial bioburden but at a slower rate than standard of
care in P. aeruginosa-infected burn wounds. Low phage concentrations, lack of base-
line PST, and poor adherence of phage to the dressings used may have contributed to
the negative trial results (16). Radiation burn wounds infected with S. aureus (a highly
specific infection type) were successfully treated with topical phage (Table 1) (17).

Respiratory infections. Recurrent infections with MDR Gram-negative bacilli are
common in patients with CF as well as lung transplant recipients. There are case reports
of phage therapy in CF patients with respiratory infections caused by MDR Gram-negative
bacteria (18–22) (Table 1). In one such case, a patient with CF and worsening acute-on-
chronic respiratory failure due to MDR P. aeruginosa despite antibiotic therapy improved
with concomitant addition of four intravenous (i.v.) phages for 8 weeks, enabling the
patient to undergo successful bilateral lung transplantation (20). Hoyle et al. published
the experience of a teenager with CF and an MDR Achromobacter spp. pulmonary infec-
tion who received both nebulized phages once daily as well as oral phage twice daily
periodically over a year, with improved lung function (22). Several other cases of apparent
successful use of prolonged courses of i.v. and inhaled phage to treat respiratory infec-
tions in lung transplant patients have been reported (23–25) (Table 1). For example, a 15-
year-old female with CF who had undergone bilateral lung transplantation and devel-
oped disseminated M. abscessus infection, including skin and soft-tissue and respiratory
infection, was successfully treated using a three-phage cocktail, including an engineered
phage, in addition to traditional anti-infective therapy (23). However, clinical failure was
observed in an immunocompetent 81-year-old patient with refractory M. abscessus pul-
monary disease in the setting of bronchiectasis, associated with development of a strong
neutralizing antibody response (see Question 9) (25). A series of four patients with coro-
navirus disease 2019 (COVID-19) and secondary infection with A. baumannii were treated
with nebulized phages, with clinical cure in two cases (26) (Table 1). Another non-CF case
involved a patient with refractory P. aeruginosa pneumonia and empyema treated with
i.v. and nebulized phages for 7 days, with clinical cure (27).

Bone and joint infections. Bacteria in biofilms possess a variety of mechanisms for
immune and antibiotic evasion, making biofilm-related infections both difficult to
detect and eradicate. Phages are a potential approach for treating biofilm-mediated
musculoskeletal infections, especially when hardware cannot be removed. In vitro data
indicate that some phages are active against biofilms of different ages (28) and with
different extracellular matrix types (29).

Prior to the 21st century, there were several case series, primarily from Poland and
the Republic of Georgia, describing use of phages for treatment of musculoskeletal
infections, generally in conjunction with antibiotics, with clinical success described in
upwards of 90% of cases (30, 31). Several clinical phage treatment experiences with
musculoskeletal infections from diverse parts of the world have been published in
recent years (Table 1). Specific musculoskeletal infections for which phage therapy has
been used include PJI, spinal hardware infection, trauma-related injury associated with
infected hardware, and craniectomy-related infection. Phage therapy has been admin-
istered both i.v. (7, 32–35) and locally to treat musculoskeletal infections (36–40). To
highlight one case series, Onsea et al. describe their experience using phage therapy
to treat four orthopedic infections, using a standardized treatment approach to locally
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administer phage (36). Phages were administered intra- and postoperatively three
times daily for a maximum of 10 days. All patients also received antibiotics; their clini-
cal status was monitored daily during phage therapy. There were no recurrences of
infection over 8 to 16 months of follow-up (36).

PJI. Several case reports employed local instillations of phages in patients with
chronic S. aureus, Staphylococcus epidermidis, or P. aeruginosa PJI, with phages adminis-
tered in conjunction with debridement, antibiotics, and implant retention (DAIR). This
approach has yielded successful outcomes (Table 1) in patients who were not candi-
dates for resection arthroplasty, allowing implant salvage while controlling or curing
the infection (37–39, 41–43). Another case reported clinical cure of chronic K. pneumo-
niae PJI with an i.v. phage without surgical debridement (34). Other reports describe
successful treatment of chronic S. aureus PJI with resection arthroplasty (44, 45).

Cardiac device-associated infection. Cardiac infections for which phage therapy
have been administered include infections associated with cardiovascular implantable
electronic devices (CIEDs) (46), ventricular assist devices (VADs) (7, 47–50), vascular
grafts (50, 51), and prosthetic valves (52). Several reports of CIED infections treated
with phages have been described, generally due to S. aureus or P. aeruginosa (Table 1).
A series of eight cases reported by Rubalskii et al. included infected vascular grafts,
infected VADs, and sternotomy infections postcardiac surgery, caused by S. aureus, K.
pneumoniae, E. coli, and P. aeruginosa; clinical resolution was achieved in seven of eight
cases (50). In other reports, two cases of S. aureus and one case of P. aeruginosa VAD
infection were successfully resolved with phage therapy in conjunction with antibiotics
(47–49); one patient with S. aureus infection was treated with i.v. phages for 4 weeks in
addition to systemic antibiotics and the other with local instillation of phage through
an indwelling drain for 10 days, alongside systemic antibiotics, following debridement.
The patient infected with P. aeruginosa was given a 7-h i.v. infusion of phages, followed
by local application during surgical debridement, and then local instillation through an
indwelling drain every 12 h for 5 days. Another patient with extensive local CIED infec-
tion caused by S. aureus associated with a bypass graft infection was successfully
treated with debridement followed by local phage instillation for 2 weeks (46).
However, two patients with P. aeruginosa VAD infections treated with i.v. phages for
six to eight weeks, along with i.v. antibiotics, experienced infection recurrence (7).
Gilbey et al. reported treating a patient with S. aureus aortic valve endocarditis with i.v.
phages for 14 days in addition to antibiotics; he recovered and was discharged but
returned 3 months later with progressive heart failure, potential vegetations, and nega-
tive blood cultures (52).

Sepsis. As with all infections, the role of phage therapy in acute sepsis is unclear. In
2003, Weber-Dabrowska et al. reported observations in 94 septic patients failing antibi-
otic therapy with a mixture of monomicrobial and polymicrobial infections from a vari-
ety of syndromes, including UTI, skin and soft-tissue infection, respiratory infection,
and intra-abdominal infection (53). Phage therapy was generally administered orally
three times per day for a median of 29 days and was given with antibiotics in 71 sub-
jects. Recovery was achieved in approximately 85% of cases; there was no statistically
significant difference between the antibiotics plus phage and phage monotherapy
groups (53). In a separate study, a 68-year-old diabetic patient received phage therapy
to treat necrotizing pancreatitis complicated by an MDR A. baumannii-infected pancre-
atic pseudocyst. The patient, who was comatose and septic, was successfully treated
with phage therapy administered both i.v. and via percutaneous catheters directly into
the infected cavities, showing significant improvement within 48 h of phage adminis-
tration (54). A 2-year-old patient with DiGeorge syndrome (Table 1) who had a mycotic
aneurysm due to P. aeruginosa was given i.v. phage therapy with sterilization of blood
cultures but ultimately succumbed to sepsis, attributed to undrained fluid collections
and lack of surgical source control (55).

Gaps in knowledge. There is a near-total lack of randomized controlled trials of
phage therapy; such trials, which should use standardized dosing regimens, are
urgently needed. Further analysis of factors associated with success and failure will be
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necessary to develop an understanding of the role of phages as treatments for bacte-
rial infections. Analysis and publication of studies with negative outcomes is essential
for advancement of this understanding. Many questions remain about selection of
cases, treatment indications, stages of illness, and acuity/chronicity of illness. In addi-
tion to clinical trials, a systematic approach to data collection from compassionate use
cases and availability of such data to clinicians, including clinical failures, would be
helpful.

QUESTION 2: SHOULD ANTIBIOTICS BE ADMINISTERED CONCURRENTLY WITH
PHAGES?

Suggestion. The ARLG Phage Taskforce suggests that if phage therapy is used, it
should be in conjunction with conventional antibiotics.

Rationale. Recent clinical data on phage therapy has been generated primarily in
compassionate use settings in conjunction with antibiotic therapy (7, 9, 20–27, 32–35,
37–39, 41–47, 50, 51, 54, 56–58). Many cases were associated with apparent successful
response of MDR and/or biofilm-associated infections that were not resolving with
antibiotics alone, suggesting that in those cases, there may have been an additive or
synergistic effect of the phage-antibiotic combination (9). An additional benefit of
using phages in combination with antibiotics is the potential to reinstate susceptibility
of the targeted bacteria to antibiotics by manipulating bacterium-phage coevolution-
ary strategies. In one study, the investigators collected bacterial isolates before and af-
ter phage treatment and observed changes in antibiotic susceptibility patterns and a
reduction in pathogen fitness after treatment with phages (54). Chan et al. used a
phage known to effect an evolutionary trade-off between phage resistance and antibi-
otic susceptibility in vitro (59) to successfully treat a patient with a P. aeruginosa-
infected aortic graft (51). These clinical findings are supported by in vitro and animal
model data demonstrating phage-antibiotic synergy in some circumstances (see
Question 8).

Gaps in knowledge. There is a paucity of controlled clinical trial data on the effec-
tiveness of phage-antibiotic combinations. The panel suggests that bacterial isolates
before and after phage therapy be tested for antibiotic and phage susceptibility, de-
spite limitations of the latter (see Question 7). Further research is needed to investigate
the potential for attenuated bacterial virulence after initiation of phage therapy.
Clinical trials comparing antibiotic alone versus antibiotic plus phages are needed to
determine the value of phage therapy over antibiotic therapy alone; assuming phage
plus antibiotic therapy is demonstrated to be active in such trials, subsequent trials
might consider assessing phage plus antibiotics versus phage alone.

QUESTION 3: IS PHAGE THERAPY SAFE FOR CLINICAL USE AS AN ANTI-INFECTIVE?
Suggestion. The ARLG Phage Taskforce determined that phage therapy is generally

safe to administer, with adverse events rarely reported. Taskforce members suggest
that patients receiving their first dose of phages be observed for allergic and other
adverse reactions and that monitoring of renal and liver function, as well as a complete
blood count (CBC), take place on a weekly basis at minimum until robust safety data
are established.

Rationale. Phage therapy is considered generally safe, with relatively few reported
adverse events (AEs), provided that the phage preparation administered meets Good
Manufacturing Practice (GMP) or similar regulatory criteria (60, 61). Most published
accounts of phage therapy report no AEs after phage administration via oral (5, 8, 22, 50,
62), local (9, 36–42, 46, 48, 50, 51, 54, 57, 63, 64), inhaled (22, 24, 26, 27, 50), or i.v. (7, 20,
21, 25, 27, 32, 34, 44, 47, 52, 56, 65) administration. During clinical use of phages, tran-
sient AEs have been observed, but their association with the administered phages has
oftentimes been unclear. AEs reported in the literature include the following. An 82-
year-old male developed fever, shortness of breath, and wheezing after two infusions of
high doses (1 � 1011 PFU/ml) of phages; symptoms resolved with acetaminophen, meth-
ylprednisolone, nebulized albuterol, and diphenhydramine, and he continued phage
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therapy at a lower dose without further incident (7). In a separate report, 2 h after a first
phage therapy dose, a patient with an infected craniotomy site became briefly hypoten-
sive; no treatment was required, and the hypotension resolved spontaneously (33). A
patient with disseminated M. abscessus treated with engineered phage had sweats and
flushing for the first 2 days of therapy but continued therapy without event (23). A 72-
year-old male patient with S. aureus PJI developed reversible transaminitis after three
doses of an i.v. phage (45). A 42-year-old male with P. aeruginosa bacteremia experi-
enced fever and chills on the third day of therapy for a UTI, which resolved 48 h after
phage therapy was discontinued (66). Finally, a 7-year-old girl developed fever and tran-
sient increase of pain at the infected site (her heel) after receiving a first dose of i.v.
phage (35).

Phage therapy clinical trials provide further AE data. In a single-arm safety trial of
i.v. staphylococcal phage cocktail conducted in Australia, 13 patients with S. aureus
bacteremia received phage therapy with no AEs reported (56). In a clinical trial assess-
ing outcomes of topical phage therapy versus sulfadiazine silver on infected burn
wounds, one death occurred in each study arm and mild AEs were observed but were
deemed unrelated to phage treatment (16). In a randomized, double-blinded, placebo-
controlled trial of chronic otitis media (Question 1), no serious adverse events were
reported and all treatment-emergent adverse events were mild to moderate and con-
sidered not related to phage administration (13). Finally, in an open-label, uncontrolled
trial of phage nasal irrigation, six mild, treatment-emergent, self-resolving AEs were
observed, including diarrhea, epistaxis, oropharyngeal pain, cough, rhinalgia, and
decreased blood bicarbonate. Taken together, the evidence suggests that phage ther-
apy is generally safe, but because of incomplete data as to the safety profile of phage
therapy, the ARLG Phage Taskforce suggests that patients be monitored, at least dur-
ing the first dose of phage administration, for allergic or other reactions, as further
described in Question 4.

QUESTION 4: WHAT ARE SOME PRACTICAL CONSIDERATIONS WHEN CONSIDERING
PHAGES AS ANTI-INFECTIVE THERAPY?

Suggestion. The ARLG Phage Taskforce suggests that a detailed plan outlining
uncertain clinical outcomes, lack of proven efficacy, lack of standardized dosing or
administration, potential adverse events, costs, and other logistics be discussed with
patients as part of the informed consent process before administering phage therapy.

Rationale. Several commercial and academic entities can potentially source, char-
acterize, and biomanufacture phages for compassionate use. When engaging with
these entities, two key considerations determine whether a patient is a phage candi-
date. First, the bacterial isolate is needed to identify phage(s) with lytic activity against
the isolate. Asking the clinical microbiology laboratory to store the patient’s bacterial
isolate(s) allows the possibility of subsequent screening for identification of appropri-
ate phages.

Second, the clinical status of the patient is important in determining eligibility for
expanded access to phage therapy. Critically ill patients in an intensive care setting
generally need therapy within hours or days, and this is not frequently possible with
phage therapy, given the delay between candidate identification to delivery of a clini-
cal-grade phage preparation. The median time from request to phage administration
ranges from 28 to 386 days, with a median of 171 days (7). However, the process can
possibly be expedited for administration of phages to critically ill patients, as shown in
a study of secondary bacterial pneumonia as a sequela of COVID-19 infection (26).

Since phage therapy is not U.S. Food and Drug Administration (FDA) approved, it is
not reimbursable by insurance. In the expanded-access pathway, phage preparations
are frequently provided pro bono. However, due to rapidly rising requests for phage
therapy, several academic laboratories are now charging for phage preparation. Costs
may be associated with administration at outpatient infusion centers, including admin-
istration fees, travel, and board. Costs such as those of a peripherally inserted central
catheter (PICC) or a nebulizer, if indicated, as well as of concomitant antibiotic
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administration and routine blood tests, are generally billed to the patient’s medical in-
surance, as they are considered standard of care.

As discussed in Question 3, the first dose of phage therapy should be administered
in the presence of a health care provider so that a careful assessment for immediate
AEs, such as flushing, rash, and breathing difficulties, can be recognized and appropri-
ately treated. Safe administration by the patient (or a trained companion) has been
documented for i.v. (7) and nebulized (67) phages. In the home setting, extensive
patient education is needed, with clear instructions on phage storage and use.
Additionally, there should be a plan for prospectively managing AEs and ongoing sur-
veillance of renal and liver function, as well as a CBC, on at least a weekly schedule. For
i.v. phage administration, central line or PICC placement is not a requirement but is of-
ten convenient for long treatment courses.

A detailed discussion as to the experimental nature of phage therapy and the lack
of efficacy data in clinical trials should take place with the patient before initiation of
phage therapy. The conversation should address what the patient hopes to achieve
from phage therapy and can frame the discussion regarding goals of care. Phage ther-
apy has not been proven to provide a therapeutic benefit; thus, it should be reinforced
that there is a likelihood that patients may experience no improvement in their clinical
outcome with phage therapy. A dialog about the safety record of phages should be
factored into a risk-benefit discussion. The optimal clinical indications, duration of ther-
apy, dose, frequency of dosing, and concurrent use of antibiotics have yet to be
defined. Clinical trials are ongoing to lend clarity to these unresolved questions, but
until they are completed, patients should be aware of the highly experimental nature
and unproven success of phage therapy.

QUESTION 5: WHICH REGULATIONS GOVERNUSE OF PHAGES IN CLINICAL SETTINGS?
Suggestion. The ARLG Phage Taskforce suggests that expanded access (commonly

known as compassionate use) is a viable regulatory pathway for treatment of individ-
ual patients with phage therapy. The ARLG Phage Taskforce also endorses the concept
of a common database to collect systematic data on patients who receive phage ther-
apy under the expanded-access pathway until and if FDA approval of a licensed phage
therapy is achieved.

Rationale. In the United States, phages intended for clinical therapeutic use are
regulated as biological products by the Center for Biologics Evaluation and Research
(CBER) at the FDA (68, 69). Currently, the FDA has not approved any phage product for
clinical use, including treatment of bacterial infections. Therefore, with limited excep-
tions, United States investigators or clinicians who intend to administer phage to
patients must first submit an investigational new drug (IND) application to the FDA.

INDs may be submitted by industry or research sponsors as part of prelicensure clin-
ical trials. IND submissions must include extensive data on animal studies and toxicity;
manufacturing, chemistry, and controls; data from any prior human research; investiga-
tor information; and study protocols for the intended clinical trial(s) (70). The IND must
contain sufficient information to ensure “proper identification, quality, purity, and
strength” of the investigational drug (71). At the time of this writing, multiple phase I and
II clinical phage trials are or will soon be recruiting patients at U.S. study sites (https://
www.clinicaltrials.gov/ct2/results?term=bacteriophage1AND1bacteriophage1therapy&
cntry=US).

In the United States, the primary route for a patient to access an investigational
product such as phage therapy is to enroll in a clinical trial. For patients who cannot
access or do not qualify for clinical trials, there are other pathways for accessing inves-
tigational products. The most common pathway is expanded access, which encom-
passes the use of an investigational product such as phages, where the primary pur-
pose is to monitor, diagnose, or treat patient(s) rather than to obtain effectiveness and
safety data to support licensure. The expanded-access pathway is often referred to in
the clinical literature as compassionate use. Expanded access requires that (i) a patient
have a serious or immediately life-threatening condition or disease; (ii) no comparable
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or satisfactory alternative therapy options are available; (iii) the potential benefit justi-
fies the potential risks of use; and (iv) providing the product through the expanded
access pathway would not interfere with or otherwise compromise necessary clinical
investigations of the product to support licensure (73).

Multiple categories of expanded access exist and are based on the size of the
intended treatment population. The first category, individual patient expanded access,
is the mechanism used in most published case studies of phage therapy. Physicians
applying to treat patients under the expanded-access pathway submit FDA Form 3926,
available online (74). Necessary data include a summary of the patient’s clinical history
and rationale for expanded-access treatment; intended treatment plan; product manu-
facturing information; and safety and adverse event monitoring plans (73). For phages
specifically, the FDA recommends the following information be provided: phage
source, titer, endotoxin content, sterility, and test results of the preparation’s activity
against the patient’s bacterial strain or strains (60). Assuming the FDA does not place a
clinical hold on the application, treatment can begin 30 days after the application is
received by the FDA or upon earlier notification (73). In emergency situations, the FDA
may authorize expanded-access use (including by telephone) without a prior written
submission. While institutional review board (IRB) approval is not required before
emergency treatment, the IRB must be notified within five working days of treatment
initiation. A full written submission must also be submitted to the FDA within 15 work-
ing days of emergency authorization (75). Following expanded-access treatment, a
written summary of the results of expanded-access use, including AEs, must be submit-
ted to the FDA, along with a brief annual report (73, 75–77). Additionally, any unex-
pected fatal or life-threatening suspected adverse reactions of treatment must be
reported within 7 days (73, 75–77). Historically, the FDA has allowed .99% of
expanded-access treatment applications for individual patients to proceed (78).
Although expanded access plays a role in providing seriously ill patients with other-
wise unavailable therapies, it is not a substitute for rigorous clinical testing and regula-
tory approval. To ultimately approve products for phage therapy, the FDA will need to
determine that they are “safe, pure, and potent” (69), in other words, that they are safe
and effective for their proposed use (79).

QUESTION 6: UNDER WHICH CONDITIONS SHOULD PST BE USED TO SELECT
PHAGES FOR THERAPEUTIC USE?

Suggestion.While it would be ideal to perform PST before phage administration so
that a phage or phages active against the infecting bacterium is or are selected for use,
standardized, accurate, and reproducible methods, reported with validated interpretive
criteria are lacking (see Question 7). Once such methods are available, their routine use
is suggested before phage administration, when possible.

Rationale. Phages do not have reliable activity against all strains of any bacterial
species, underscoring the potential importance of PST to identify phages active against
the infecting pathogen before administration. Once standardized PST methodologies
become available, members of the ARLG Phage Taskforce suggest that attempts be
made to perform PST before phage administration where possible. Furthermore,
because of the potential for resistance to develop to phage during treatment (26, 54),
confirmation of the continued activity of phages against the bacterial pathogen is
likely to be helpful to determine whether clinical failures may be due to emergence of
phage resistance or alternative reasons, such as a need for source control. Evidence
suggests that infections caused by pathogens that develop resistance to a phage cock-
tail are not effectively treated unless a new phage or phage cocktail that shows activity
against the resistant isolate is administered (26, 54).

PST may involve testing of a panel of phages (sometimes referred to as generating
a phagogram [7]) to select one or more phage for therapeutic use. Current approaches
to determining phage susceptibility are described in Question 7. There is potential
dynamic tension with the time testing may take to perform, especially as there is no
available method that can be easily incorporated into clinical microbiology laboratory
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workflows and because testing may need to occur offsite. Phage cocktails or phages
with broad host ranges may allow empirical phage therapy in some emergency situa-
tions; however, confirming phage activity is still considered ideal before initiation of
therapy, once suitable PST methods become available.

Gaps in knowledge. There is a lack of a standardized clinically available method for
PST and correlation between in vitro activity and clinical efficacy. This is unfortunately
at odds with making a recommendation to perform PST, since interpretation of results
of such testing is not standardized. When phage cocktails are administered,
approaches to testing for potential synergy or antagonism between phages may be
helpful, although with conventional antibiotics, this type of testing is rarely performed
clinically. Further, there is a need to understand phage activity against bacteria in bio-
films (80); whether or not biofilm PST might be clinically useful is unknown (as there
are no standardized methods), but notably this type of testing is not performed with
conventional antibiotics.

QUESTION 7: WHICH PARAMETERS SHOULD EMERGING PST PLATFORMS CONSIDER?
Suggestion. The ARLG Phage Taskforce identified several laboratory testing strat-

egies for assessing phage activity against individual bacterial isolates, with no refer-
ence gold standard method identified. Methods ideally need to be standardized, accu-
rate, reproducible, rapid, test multiple phages at a time, and report out using
interpretive criteria that predict clinical activity; no such criteria yet exist. The ARLG
Taskforce suggests that methods that demonstrate lack of in vitro phage activity
against the targeted bacterium be shown to correlate with unlikely in vivo activity.

Rationale. Members of the ARLG Phage Taskforce reviewed common laboratory
methods used for PST (sometimes referred to as host range testing), which have been
applied to identify lytic phages potentially suitable for phage therapy. Two common
approaches are double-layer agar and liquid testing methods.

With the double-layer agar method, a bacterium-phage mixture in melted low-con-
centration agar is spread over a solid agar nutrient medium in a petri dish (81). The
semisolid state of the bacterium-phage layer restricts movement of bacteria and
phages. The plate is incubated at a defined temperature for a defined period, depend-
ent on the bacterial species tested (e.g., 18 to 24 h), although such criteria have not
been standardized. Bacteria multiply, producing a confluent lawn of bacteria in the top
agar layer. Lytic phages can infect the bacteria, replicate, cause cell lysis, and produce
progeny, which infect neighboring bacterial cells. The cycle of infection and lysis con-
tinues, killing bacteria in localized areas and ultimately creating plaques, with each pla-
que typically being the result of infective proliferation of one lytic phage (82). While
larger clear plaques may represent greater effects than smaller plaques, plaque size
may vary by phage and/or host. Turbid plaques may result from slight growth or for-
mation of lysogens (Question 10). Limitations to this method include poor reproduci-
bility, protracted turnaround time (83, 84), and inability to assess individual members
of a phage cocktail (if tested together). Further, microbiological detection of phage ac-
tivity only reflects the number of phages able to infect the host under select time con-
straints and to generate plaques visible to the naked eye, potentially missing phage
subpopulations with clinically relevant biological or immunologic properties, such as
phage immunoreactivity (85). Ion and metal content, agar concentration, the presence
of organic compounds or detergents, specific antibodies, complement system ele-
ments, other phages, bacterial host age and growth phase, incubation temperature,
and storage vessel may affect a phage’s infection capability (84–87). The spot test is a
modification of the double-layer agar method that involves spotting a phage suspen-
sion onto a solidified agar base over which bacteria in melted low-concentration agar
has been placed (88). After overnight incubation, susceptibility to phage is determined
by observing plaques at sites of spotting. A limitation of this approach is that plaques
on the spot test can result from “lysis from without” due to phage lysins in phage
lysate material and therefore may not necessarily reflect phage propagation (or “lysis

Minireview Antimicrobial Agents and Chemotherapy

March 2022 Volume 66 Issue 3 e02071-21 aac.asm.org 15

https://aac.asm.org


from within”) (89). Although these methods require minimal instrumentation and
equipment, they can be time and material intensive.

Another approach to PST involves liquid testing, with phage added to a bacterial
inoculum, ideally at a defined ratio (known as the multiplicity of infection [MOI]).
Liquid-based testing captures longitudinal, semiquantitative data addressing phage-
mediated changes to bacteria (e.g., bacterial metabolism or bacterial abundance assessed
by optical density). Susceptibility is determined by comparison to behavior of the bacte-
rium without phage. This approach may be amenable to standardized, automated, scal-
able testing of phage activity and theoretically may be used to simultaneously test antibi-
otics and even to assess synergism or antagonism of combination therapies. Liquid-based
assays furnish time-based measurements; theoretically, the longer the phage affects a
bacterium, the greater the phage effect and/or the lower the chance for emergence of
phage resistance may be. If this is the case, the ideal length of time needed to carry out
such assays needs to be defined. That said, these theoretical possibilities have yet to be
shown to be clinically relevant.

Gaps in knowledge. There is no reference standard method for PST. In vitro param-
eters that will predict undefined clinical efficacy are unknown. There is a need for
standardized, reproducible, rapid, high-throughput methods for PST. Assays that mea-
sure plaque formation or growth profiles of bacteria in the presence of phages have
been used; whether differences in plaque morphology or growth profiles can assess
degrees of activity in a clinically meaningful way is undefined, as are thresholds for ac-
tivity versus no activity. Whether liquid-based tests will have a greater ability than agar
methods to identify phages or phage cocktails capable of mitigating phage resistance
remains to be determined.

Whether results of PST should be reported as “active” and “inactive” or possibly, like
antibiotics, “susceptible,” “intermediate,” and “resistant” is undefined. Further, it is
unclear whether universal breakpoints can be applied for all phage-bacterium combi-
nations or whether criteria might vary by bacterial species and/or phage type. Whether
different testing or interpretive criteria should be applied for initial versus on-therapy
testing is also unknown. Whether there exist benefits to testing cocktails versus mono-
phage is unknown, as is how to test phage cocktails and whether custom versus fixed
cocktails should be tested; for phage cocktail testing, each combination may be unique
(to the individual patient’s bacterium) so that generalization may prove challenging.

Standardization of phage concentrations, media and agar compositions and con-
centrations (if relevant), incubation temperatures and durations thereof, bacterial den-
sities and growth phases, quality control, and results interpretation are needed so that
reproducible, accurate methods can be applied in clinical microbiology laboratories.
Ideal phage relative to bacterial host concentrations deserve consideration in emerg-
ing methods assessing phage activity. Methods to quantify phages used for laboratory
testing ideally should be able to distinguish viable from nonviable phages. Idealized
quality control processes for testing phage activity have yet to be established; this is
particularly challenging given the biological nature (and potential for evolution) of
phages. Phages assessed must be standardized (e.g., from a phage bank stock of
known titer) and processes put into place to mitigate changes in that stock (e.g., viabil-
ity, concentration, mutation) over time. This may be particularly challenging in the
case of newly isolated phages. Phages, like certain antibiotics, adsorb to certain surface
types, such that labware used to handle them may affect their amounts, an effect
potentially mitigated by the addition of surfactant (Tween 20) or plasma (90).

With all approaches, storage conditions may adversely affect phage enumeration
(91–93), and specificity needs to be considered, as phages can be present naturally.
Ideally, novel assays of phage activity will identify improved phage storage conditions
to optimize their stability and exhibit low between- and within-run variability inde-
pendent of reagent brands and temperatures. Moreover, improved assays should
account for the impact of relative phage concentration on observed bacterial reduc-
tion, such that in vitro results can be extrapolated to predict clinical effect.
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Bacterial and phage sequencing as a proxy for phenotypic testing could be explored.
Genetic testing potentially can open new avenues for selection of appropriate therapeutic
phages or cocktails, including methods to test for the likelihood of emergence of resist-
ance, such as those described in reference 94.

Finally, although it might be assumed that lack of in vitro phage activity against a
particular bacterium will imply poor clinical outcome, phages may have enhanced ac-
tivity in particular microenvironments in which they interact with their bacterial hosts,
and such environments may not be adequately represented in vitro (95). This could
involve phage adaptations that specifically contend with the microenvironment and/or
a physiologic state of the bacteria that may be more conducive to being predated by
lytic phages in particular microenvironments. Conversely, demonstration of in vitro ac-
tivity may not be predictive of in vivo activity because of the complex biology
involved.

QUESTION 8: WHICH PARAMETERS SHOULD TEST METHODS FOR ASSESSMENT OF
PHAGE ACTIVITY IN COMBINATIONWITH ANTIBIOTICS CONSIDER?

Suggestion. As with PST, the ARLG Phage Taskforce found no standard method for
phage-antibiotic combination testing. Such an assay may be helpful to predict effects
of specific phage-antibiotic combinations on bacterial population reductions, address-
ing synergy and antagonism.

Rationale. As discussed in Question 2, most recent clinical data on phage therapy
have been generated when used in conjunction with antibiotics, making it difficult to
draw conclusions as to the relative contributions of phages and antibiotics to out-
comes. In vitro studies indicate that some phages lower some antibiotics’ MICs (96, 97),
with phage-antibiotic synergy demonstrated under certain circumstances (98–100).
Thus, methods for ascertaining combination activity may inform selection of specific
phage-antibiotic combinations.

A systematic assessment of activity of phages combined with antibiotics against E.
coli revealed diverse responses, ranging from additive to synergistic to antagonistic
effects, dependent on antibiotic class and resistance profile of the bacterial strain (9,
101). Some studies examining phage-antibiotic interactions in the presence of host fac-
tors such as urine and bile salts demonstrate synergy (102), whereas others do not
(101, 103). Animal studies have demonstrated additive or even synergistic effects of
certain phage-antibiotic combinations (104–107). Phage-adjuvanted antibiotic effects
were observed in an E. faecalis sepsis model, suggesting that, under some circumstan-
ces, lower doses of antibiotics are acceptable when combined with phages (104). In
the case of antagonism, phage sequencing may be useful to compare the similarity of
ribosomal genes or DNA polymerase to those of the bacterial host; if they are similar,
antibiotics that inhibit these may impact the phage life cycle.

There is evidence that phage-antibiotic combinations can reduce the likelihood of
emergence of antibiotic- and phage resistant-bacteria and decrease bacterial fitness
(54). In a study using over 400 A. baumannii isolates, there was a correlation between
antibiotic resistance and phage susceptibility, suggesting evolutionary trade-offs (108).
Phage-plus-antibiotic combinations reduced phage and/or antibiotic resistance of S.
aureus, E. coli, P. aeruginosa, and Enterococcus species in vitro (101, 109–114). Phage
specificity is related to phage-receptor interactions (115), with internal bacterial cellular
functions (e.g., gene expression and DNA replication) also playing a role (115). Some
phages use virulence factors (116) or antibiotic resistance proteins (59) as receptors,
such that bacteria that develop resistance to the phages via receptor mutation may be
less virulent or more antibiotic susceptible, respectively.

Phage-antibiotic synergy has also been observed in biofilms. When tested against
monospecies or mixed biofilms, phages combined with antibiotics reduced bacterial
densities of P. aeruginosa, S. aureus, and enterococcal biofilms in vitro (117–121), with
enhanced activity if treatment with phages preceded antibiotics (98, 122). Similar
results were observed against P. aeruginosa from CF airways and wounds (123). In an
animal model of orthopedic implant-related infection, S. aureus but not P. aeruginosa
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biofilm thickness was reduced following phage-antibiotic combinations more so than
either alone, suggesting that bacterial species, alongside infection type or site, impacts
effects of combination activity (124).

Emerging methods might consider consolidating phage and antibiotic susceptibility
testing methods in a way that could allow for combination testing, for example, using a
checkerboard assay in which various antibiotics are added to wells of a liquid testing
plate (see Question 7); this may allow exposure of targeted bacteria to variable concen-
trations of antimicrobials and single or multiple phages (16, 125, 126). Gu Liu et al. offer
a method for phage-antibiotic testing using 96-well plates that could be developed for
use in clinical microbiology laboratories (101) to assess phage-antibiotic antagonism or
synergy. Results of such testing need to be correlated with successful versus unsuccess-
ful outcomes in clinical trials. Modified disk diffusion methods and time-kill analyses
have been used to assess potential phage-antibiotic synergy (127).

Gaps in knowledge. An absence of controlled clinical trials data that incorporate
phage-antibiotic testing was identified. Whereas there is evidence for phage-antibiotic
synergy or antagonism in some cases, molecular mechanisms underlying such interac-
tions are generally not well understood. It is unknown whether entire classes of antibi-
otics will demonstrate the same phage interactions as their constituent members.
Likewise, it is unclear which phage species might best be paired with distinct antibiotic
classes. As phage science progresses, presently unavailable mechanistic information
may facilitate more rational phage-antibiotic pairings. Ultimately, each phage-antibi-
otic combination effect may be so unique across clinical isolates that generalization
may be challenging. Additionally, whether testing of phage-antibiotic combinations (in
addition to phage and antibiotics individually) against biofilms should be performed
for biofilm-associated infections is undefined (Question 6).

QUESTION 9: WHICH IMMUNE SYSTEM COMPONENTS ARE LIKELY TO IMPACT
SAFETY AND EFFICACY OF PHAGE THERAPY, AND HOW CAN THESE BE TESTED?

Suggestion. The ARLG Phage Taskforce is unable to recommend specific assess-
ment of immunologic parameters that correlate with phage activity that should be
assessed due to a significant knowledge gap in this area but suggests considering tests
for neutralizing antibodies in the context of prolonged phage administration, with the
recognition that standardized assays for such measurements are unavailable. As indi-
cated in Question 3, monitoring of renal, liver, and hematologic function is recom-
mended; it may also be reasonable to monitor an inflammatory marker (e.g., C-reactive
protein).

Rationale. Although bacteria are the designated hosts of phages, a complex inter-
play between the human (superhost) immune system, phages, and bacteria likely
impacts phage activity and potentially larger aspects of human health and disease
(128, 129). Few reports in the English literature have explored the nature of the
immune response to phage therapy, although there is some evidence of synergy
between the innate immune system and phages during therapy, with phagocytosis
possessing a major role. Early work showed phages to be cleared by the reticuloendo-
thelial system, with deposition in the spleen (130). A recent study showed lower phage
concentrations in spleens of mice with extant LPS-induced systemic inflammatory
responses and more effective phage inactivation by splenocytes from these compared
to control mice (87). Roach et al. reported that neutrophils and innate immune cell sig-
naling impact effective phage treatment of acute pneumonia in mice (131). In a recent
report on the treatment of a 7-year-old girl with P. aeruginosa septic arthritis and oste-
omyelitis (see Question 1), there was upregulation of genes associated with innate and
adaptive immunity in response to i.v. phage therapy (35).

Phages have been observed to reduce markers of inflammation, such as C-reactive
protein, with treatment (132). Results of a recent study of severe S. aureus infection,
including infective endocarditis and septic shock in humans, suggest that phage ther-
apy induces an anti-inflammatory response; inflammatory markers decreased in 11 of
13 patients, and transcriptome analysis indicated changes in regulation of genes
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involved in the innate immune response in the blood of infective endocarditis patients
following phage administration (56). However, a separate study of cytokine expression
following human monocyte-derived dendritic cell treatment with S. aureus phage K
found that phages had little impact on pro- and anti-inflammatory cytokine or CD80/
CD86 and major histocompatibility complex class I/II protein expression (133). Because
phage preparations may contain remnants of bacteria used for phage propagation, it
may be difficult to distinguish immune responses elicited by phages from those eli-
cited by bacterial components in phage preparations. A reasonable approach is to con-
sider monitoring C-reactive protein with prolonged phage therapy, especially systemic
administration.

Antibody responses to phages have been reported to develop over the course of
phage therapy. Factors that contribute to levels and classes of antibodies generated
include the route, dose, and frequency of administration. Studies in mice and humans
have found weak antibody responses to be induced after oral administration (134–
136). Majewska et al. found that although phage-specific IgG antibodies were detected
in blood early during prolonged oral phage treatment, only secreted IgA in feces,
detected in late treatment, coincided with decreased phage levels (136). Arguably,
antibodies may not be highly relevant to topical phage applications. In mice treated in-
traperitoneally (i.p.) with phages, antibody responses appeared to have an impact on
phage levels, with a decrease in circulating phages in mice immunized with phages
before subsequent treatment (87, 137). However, despite decreased phage levels,
treatment was nonetheless effective in reducing bacterial burden and wound size in a
murine model, albeit not to the extent of unimmunized treated mice (137). Similarly,
the presence of phage-specific antibodies may not impede effective therapy in
humans, as reported in 20 patients who received an antistaphylococcal phage cocktail
(135). On the other hand, Dedrick et al. recently reported on a patient with bronchiec-
tasis and M. abscessus pulmonary infection (see Question 1) who initially responded to
an i.v. 3-phage cocktail with decreased M. abscessus counts in sputum but, with contin-
ued treatment, developed a neutralizing antibody response that corresponded to
increased disease burden and treatment failure (25). The ARLG Phage Taskforce sug-
gests considering measurement of neutralizing antibodies with prolonged courses of
phage therapy but recognizes that no standardized assays exist to measure neutraliz-
ing antibodies.

Gaps in knowledge. Although immune responses, such as changes in inflamma-
tory responses and antiphage antibodies, have been observed in some studies, con-
trolled clinical studies are needed to determine whether these phenomena are consis-
tently observed during human phage therapy and whether they vary depending on
immune status of the patient and are clinically relevant. Further, the impact of immune
response on therapeutic efficacy needs to be assessed in patients receiving phage
therapy. Another factor to consider is that the diversity of phages used therapeutically
may result in variable immune responses from one phage to another. Whether immu-
nologic effects are relevant in various types of immunocompromised patients is
unclear, although immunocompromised patients have undergone treatment with
phages with no observed adverse events and apparent clinical success (138). While
concern has been expressed about the potential effect of preexisting immunity to
phages due to environmental phage exposure, there is insufficient evidence to deter-
mine whether this will have an impact on phage therapy.

If assessing for evidence of phage neutralization in patient specimens (serum for
systemic administration and possibly respiratory secretions for inhaled administration)
in the context of prolonged phage administration in clinical trials, testing might be
conducted before treatment initiation (or early on, e.g., before 2 weeks of therapy) and
after two or more weeks of therapy to assess whether phage treatment failure in later
weeks might be due to neutralization of phage activity in the patient. If no evidence of
neutralization is observed, phage therapy could continue with the same phage prepa-
ration. If phage neutralization is observed, a secondary phage preparation distinct
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from the original phage preparation (as determined by genomic comparison and neu-
tralization testing) might be considered. Such findings could be correlated with phage
levels and clinical outcomes. Notably, there are no standardized assays for measure-
ment of neutralizing phage antibodies available, so if such testing is ultimately shown
to be clinically helpful, standardized assays will be needed.

Whether or not allergic responses occur in association with phage therapy is
unknown (but does not appear to be common); if allergic responses become a con-
cern, measurement of biomarkers that predict such responses could be considered for
study.

QUESTION 10: WHAT ARE CURRENT ACCEPTABLE STANDARDS NEEDED FOR SAFE
PHAGE ADMINISTRATION?

Suggestion. The ARLG Phage Taskforce suggests that phages used for phage ther-
apy should not encode antibiotic resistance or toxin genes in their genomes and
should not be capable of undergoing lysogeny. Phages should be sequenced to dem-
onstrate absence of identifiable antibiotic resistance elements, bacterial toxin genes,
integrase genes, regulators of integrase genes, and integrase-like genomic elements in
their genome. Bacterial hosts used for phage propagation should also ideally be
sequenced and shown not to harbor toxin and antibiotic resistance genes. Phage ther-
apy formulations should be sterile according to U.S. Pharmacopeia (USP) 71 and tested
in College of American Pathologists (CAP)- or Clinical Laboratory Improvement
Amendments (CLIA)-certified laboratories to confirm the presence of low levels of en-
dotoxin and secreted bacterial products.

Rationale. As with any medical intervention, the first consideration is safety.
Primary safety concerns include phage predilection to lysogeny and formulation steril-
ity and mitigation of secreted bacterial products.

The history of the phage and bacterial propagation host should be well-docu-
mented. Ideally, annotated whole-genome sequences of the phage and host bacterial
strain used for its propagation should be used to interrogate for known therapeutically
deleterious elements (e.g., antibiotic resistance elements, toxin genes, prophages, inte-
grase genes, regulators of integrase genes, and integrase-like genomic elements) in
their genomes. Sequenced bacterial propagation hosts that do not produce toxins or
harbor antibiotic resistance genes are preferred. Absent a trusted bacterial propagation
host, the patient isolate itself may be considered a phage propagation host. In such
cases, the isolate could be sequenced to show that it does not harbor toxin genes or
antibiotic resistance genes, although given that phage therapy is often targeted at
drug-resistant bacteria, this may not be possible. If there is no time to sequence the
patient isolate’s genome, testing for specific toxins characteristic of the species (e.g.,
Shiga toxin for E. coli, toxic shock syndrome toxin 1 for S. aureus) may be considered,
but it should be noted that bacterial species may encode toxins traditionally harbored
in other species because of genetic exchange.

Phages may mediate transfer of genes to bacteria by lysogeny (or generalized trans-
duction). Lysogeny (also known as lysogenic conversion) involves integration of a tem-
perate phage genome into a bacterium’s genome. Phages that undergo lysogenic con-
version are not ideal for therapeutic use, as they can render bacteria more virulent if
the phage harbors deleterious genes. The ability of phages to undergo lysogeny may
be assessed phenotypically and genotypically, with neither method being perfect.
Genotypic methods involve sequencing phage DNA and analyzing sequence data for
genomic elements involved in lysogeny (i.e., integrases, enzymes that mediate incor-
poration of phage DNA into bacterial DNA; integrase-like genomic elements; and regu-
lators of lytic genes, such as repressor genes that help maintain prophages in a quies-
cent state). Phage genomes can also be examined for homology to known temperate
phages, which suggests a lysogenic lifestyle. For example, a bioinformatics tool for
computational evaluation of phage lifestyle such as the Phage Classification Tool Set
(PHACTS) can be used (139). Integrase genes are diverse, so relying on sequence simi-
larity to published genomes may be insufficient to accurately predict phage lifestyle.
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The annotation tool PHASTER, for example, detected only half of 147 integrase genes
in prophages from 49 Salmonella enterica isolates (140). In addition, integrase genes
are not necessary for a lysogenic lifestyle, with some phages replicating as plasmids in
the lysogen. Further, mutations in single amino acid residues may render integrases
inactive (141); thus, functional capacity of an integrase cannot be definitively known
unless it is identical to an experimentally confirmed annotation. PHACTS does not uni-
versally provide clear classifications, and some differences are explained by specialized
host-phage interactions that govern lifestyle by way of interference of integrases or
other repressor genes (142). Philipson et al. recently described a multiplexed bioinfor-
matics workflow to produce a fully assembled phage genome and to demonstrate that
phages appear to be lytic and to not encode therapeutically deleterious genes (143).
They propose that generated phage genomes be considered “finished” when they con-
tain a single consensus sequence representing 100% of the genome with all open
reading frames identified and a lack of population diversity, indicating purity of the
sequence and verified via deep sequence coverage. PhageTerm is an example of a tool
for determining genomic termini and phage packaging strategy (144). Sequences are
evaluated for toxins and resistance genes, host, and laboratory contamination.

For phenotypic testing, phage plaques may be visualized to assess turbidity, which
suggests that lysogeny may have occurred. This method is neither perfectly sensitive
nor specific; even if plaques are clear, lysogeny may have happened but not be notice-
able by eye. A sterile pipette tip touched to the plaque may be streaked on a plate of
appropriate medium; bacteria that grow may be lysogens. These colonies can be
retested for resistance to the phage; if resistant, they can be confirmed as lysogens if
phages are detected after spontaneous excision or following induction with bacterial
stressors or mutagens (e.g., mitomycin C, UV radiation, carbadox, peroxide, tempera-
ture stress). Caution is needed, however, as spontaneous phage resistance coupled
with imprecise technique carrying over phage particles from plaques could appear to
be a lysogen by this approach. Alternately, the genome sequence of a putative lysogen
could be examined for the presence of a prophage absent from the parent. If the abil-
ity of a particular phage being evaluated to undergo lysogeny varies with the host bac-
terium assessed, definitive prediction of absence of lysogeny may be impossible.

Generalized transduction is another mechanism by which phages can mediate
genetic transfer as segments of host DNA become incorporated into phage capsids by
chance during the assembly phase of replication. Generalized transduction is an unde-
sirable potential outcome of phage therapy, although it is impossible to completely
mitigate. When recombinant phages encounter subsequent hosts, DNA may be incor-
porated into the bacterial genome through homologous recombination, resulting in
transfer of DNA from one bacterium to another. Because of the stochasticity of phage
assembly, most chromosomal sequences are transduced with roughly equal frequency.

Regarding phage formulation, preparations should be labeled with information on
phage identity, purity, strength, stock expiration date, and storage conditions (115). An
issue with phage stability is the occurrence of mutations that can impair viral fitness in
phage stocks stored for long periods or accumulated during manufacturing and phage
production. Development of manufacturing processes that minimize mutation of
phage genomes is needed. Phage preparations should also be free of viable bacteria
and fungi and contain minimal amounts of bacterial secreted products/debris (e.g.,
spores, endotoxin, exotoxins). Due to their classification as biological therapeutics,
phage products used in the United States need to be manufactured under current
good manufacturing practice (GMP) and adhere to USP requirements based on the
type of application before administration. FDA guidance for GMP for phase I investiga-
tional products is available (145). Endotoxin levels in phage products need to be below
acceptable limits set by the FDA and vary based on the route of administration.
Methods to quantify endotoxin have been described (146); endotoxin requirements
are ,0.5 endotoxin units (EU)/ml for subcutaneous injections, ,5 EU/kg of body
weight/h for i.v. injections, and ,0.2 EU/kg for intrathecal injections (147, 148). In
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industry and molecular biology applications, phage purification has often been carried
out using polyethylene glycol precipitation followed by serial chloroform extractions,
ultracentrifugation on a cesium chloride (CsCl) gradient, and subsequent dialysis to
remove CsCl. Chloroform concentrations are regulated in medical products; therefore,
the use of chloroform necessitates analysis of residual solvent concentration. CsCl is a
theoretical safety risk (149), although residual CsCl concentrations in phage products
would be unlikely to be significant (150). Other methods have been described to
deplete endotoxin from phage preparations, such as polyethylene glycol, ultrafiltra-
tion, ultracentrifugation, gel filtration, anion-exchange chromatography, octanol
extraction, deoxycholate extraction, endotoxin removal columns, and combinations
thereof (151–156); not all work equally well for all bacterial species. Phage purification
studies to date have mostly focused on phage yield and endotoxin removal, with little
focus on removal of other bacterial toxins during phage purification. Gram-positive
bacteria do not have endotoxin, but some may have other intrinsic toxigenic material,
such as cell wall teichoic acid, which can be immunostimulatory.

Many pathogenic bacteria excrete toxins into their environment (e.g., S. aureus
enterotoxins); although there are no strict limits on concentrations of staphylococcal
enterotoxins in medical products, such toxins could be present at clinically relevant
concentrations in phage products. A strategy to avoid toxins produced by pathogenic
bacteria would be to propagate phages in nonpathogenic species if possible (e.g.,
propagation of phages targeted at S. aureus using Staphylococcus xylosus [157],
although this potentially reduces the number of available therapeutic phages, as not
all phages possess such broad-range activity). Another approach is to assess phage
preparation effects on viability of a eukaryotic cell line, although how this might be
used to include or exclude a particular preparation is unclear (158).

Gaps in knowledge. Computational tools to definitively exclude lysogeny based on
phage genome sequence analysis require further development, as do criteria for defin-
ing the safety of phage formulations beyond endotoxin assessment.

QUESTION 11: UNDER WHICH CONDITIONS SHOULD PHAGE BE QUANTIFIED IN
CLINICAL SPECIMENS AND WHICH PARAMETERS MIGHT BE IMPORTANT FEATURES
OF ASSAYS TOQUANTIFY PHAGE IN CLINICAL SPECIMENS?

Suggestion. Given the uncertainty as to the number of phages required at the
infection site for maximal effect, the ARLG Phage Taskforce was unable to make a rec-
ommendation as to the circumstances under which phage concentrations should be
measured in clinical samples. At this time, the ARLG Phage Taskforce suggests that
determination of phage concentrations at sites of infection be limited to animal and
clinical research studies and that such studies seek to determine the amount of phage
required at the infection site for ideal effects. The ARLG Phage Taskforce was also
unable to recommend a standard method for phage enumeration in clinical speci-
mens; absent a standard method, considerations for attempting to quantify phages in
clinical specimens are addressed below.

Rationale. As with antibiotics, there may be a need for accurate and reproducible
methods that detect and quantify phages in complex clinical samples obtained from
infection sites (84). Such data may be helpful to determine optimal dose, route of
administration, dosing frequency, and treatment duration. However, few studies have
assessed phage concentrations at infection sites. Ideally, assays that quantify phages in
clinical specimens should be designed such that naturally present (nontherapeutic)
phages are not detected.

The double agar overlay method and spot modification thereof (Question 7) may
be reconfigured to quantitative assays to determine phage titers by using serial dilu-
tions of known concentrations of phage as a comparator to unknown amounts of
phage, with phage concentrations expressed as PFU per milliliter of the assayed prepa-
ration. This may underrepresent the number of active phages if a single plaque reflects
activity of multiple phage particles, which, though theoretically possible, is likely rare.
Likewise, liquid-based methods (Question 7) can be reconfigured to quantitative
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assays. Quantitative (including digital droplet) PCR can be used to enumerate phages
based on detection of phage nucleic acid (84). In most cases, phage quantitative PCR
platforms use probes for specificity (91, 159). Quantitative PCR may be sensitive and re-
producible and, while accurate and potentially configurable as a high-throughput test,
may be expensive and technically challenging. Upfront equipment costs, sample
nucleic acid extraction, the need for specific primer and, if used, probe design for each
phage species (or related phages) based on a priori sequencing results, and assay vali-
dation are among the complexities. Finally, quantitative PCR-based viral quantitation
cannot discriminate between viable and nonviable phages and may therefore overesti-
mate functional phage concentrations.

The ARLG Phage Taskforce was unable to recommend a standard method for phage
enumeration in clinical specimens but favored the double agar overlay method as it
measures viable phages, which is the primary interest with use of lytic phages.
However, the members of the ARLG Phage Taskforce suggest that it is reasonable to
perform both double-agar overlay and quantitative PCR on the same clinical specimen
for enumeration of phage where possible, given that there is no clear gold standard. If
a rapid high-throughput assay is needed to quantify a specific phage in multiple sam-
ples, the ARLG Phage Taskforce suggests that it may be possible to use quantitative
PCR with the addition of a double-agar overlay method correction coefficient (if shown
to be accurate) to translate results to viable phage counts. Even if correlations can be
established, the ARLG Phage Taskforce suggests that it is prudent to continue to use
the double-agar overlay method alongside quantitative PCR until the relationship
between results of the two approaches and reproducibility of testing are established
with certainty for the phage under investigation.

In addition to methods to quantify phage preliminarily introduced in Question 7
and above, phage particles have been enumerated in other ways. Transmission elec-
tron microscopy (TEM) after negative staining and epifluorescence microscopy after
staining with DNA fluorochromes have been used to enumerate phage but are labor-
intensive, time-consuming, and expensive. TEM is impractical for processing many
samples concurrently and cannot be used for complex clinical samples (84, 160). Flow
cytometry and nanoparticle detection by laser-illuminated optical microscopy, mass
spectrometry, and next-generation sequencing also have been used but are likely
unsuitable for routine use (84, 91, 161, 162).

New detection and enumeration methods should address diverse specimen types,
ranging from blood, tissue, synovial fluid, and urine to cerebrospinal fluid; have a suita-
ble turnaround time; be easy to use in clinical laboratories; address the myriad of
phages likely to be used, and have an ability to detect more than one phage in the
same sample (relevant to cocktail administration). Finally, the clinical utility of such
assays would need to be demonstrated; further animal and clinical research studies are
needed. To this end, there are no existing clinical data that demonstrate phage con-
centrations that predict optimal net bacterial killing at an infection site, with clinical
outcome potentially dependent on many factors, including, but not limited to, admin-
istration route, bacterial burden, phage density, bacterial phage susceptibility, bacterial
doubling time, presence of biofilm, efficiency of phage adsorption and infection, la-
tency period (i.e., time required for phage replication), burst size (i.e., number of
phages released from a single lysed bacterial cell), and phage removal rates (163–166)
(see Question 13).

If there is a critical need to determine phage concentrations in a specimen for clini-
cal purposes, the ARLG Phage Taskforce suggests only measuring phage concentra-
tions in patients with active infections, given the potential for self-amplification in the
presence of bacteria. The ARLG Phage Taskforce was unable to identify the optimal
time for phage enumeration postadministration but suggests a lag time between
phage administration and quantification of at least a day to allow for self-amplification.

Gaps in knowledge. The clinical utility of bioassays or molecular detection meth-
ods for enumerating phages in clinical samples is not yet clear, and there is no

Minireview Antimicrobial Agents and Chemotherapy

March 2022 Volume 66 Issue 3 e02071-21 aac.asm.org 23

https://aac.asm.org


understanding as to how well these methods correlate with one another or how they
should be used in clinical practice. There is a need to better understand phage concen-
trations associated with optimal net bacterial killing in vitro and in vivo, not unlike the
relationship between antibiotic concentrations and bacterial killing. To facilitate com-
parison across available quantification methods, standardized methods are needed;
correlation between bioassays and molecular detection methods needs to be estab-
lished. Advances in phage basic science, especially phage metagenomics, may facilitate
identification of conserved genomic features as candidates for broad-range quantita-
tive PCR detection assays that detect multiple different phages.

QUESTION 12: WHAT TYPES OF PHAGE PRODUCTS ARE AVAILABLE, AND WHICH
ARE PREFERRED FOR TREATMENT OF PATIENTS WITH ACUTE AND CHRONIC
BACTERIAL INFECTIONS?

Suggestion. Phage have been used as monophage and in cocktails, prebiomanu-
factured (defined here as biomanufactured in advance), or biomanufactured in real
time based on patient need (defined here as biomanufactured on demand). In addi-
tion, both natural and bioengineered phages have been used. Clinical data defining
the optimal phage product type(s) are lacking. Like the situation for antibiotics, the
ARLG Phage Taskforce endorses the use of a phage product that has been shown to
have microbiologic activity against the targeted bacterial pathogen(s) and encourages
clinicians to send the bacterial pathogen(s) to a phage testing center to identify spe-
cific phage(s) for a given patient isolate for development of an individualized phage
product (with the caveats noted in Questions 6 and 7).

Rationale. In clinical practice, lytic phages may be administered as a cocktail or a
single phage (54). Cocktails may be preferred to maximize the number of phages that
target a specific bacterium and/or to broaden the spectrum of bacterial activity (i.e.,
target multiple bacteria in polymicrobial infections). Cocktails are also a strategy to
optimize bacterial killing over time and minimize the potential for resistance emer-
gence, as component phages may target different bacterial receptors with independ-
ent mutations in each receptor required to achieve resistance (26, 163, 167, 168).
However, the theoretical benefits of this approach to maximize net bacterial killing
and minimize resistance development have not been substantiated and require clinical
validation. A drawback with cocktails is that individual phages usually require a
decrease in concentration when mixed into a single dose. There is also the potential
that component phages agglomerate (169) or interfere with one another by compet-
ing for the same bacterial receptor or drive cross-resistance (51, 169–172). Phages can
be given sequentially, potentially avoiding antagonism among phages or driving of
cross-resistance (51). Phages are often concurrently used with antibiotics, so antibiotic
effects on phage therapy bear consideration.

Two primary paradigms exist to produce phage therapeutics: prebiomanufactured
and on-demand biomanufactured based on individual patient need (173, 174).
Prebiomanufactured phage products are prepared in advance and are available off the
shelf for administration. Prebiomanufactured phage products are used for either em-
pirical use (as discussed, empirical treatment is generally discouraged for compassion-
ate use cases) or personalized use. Prebiomanufactured phage preparations can be
personalized by selecting the most appropriate phages based on PST among an array
of already-made phages (see limitations in Questions 6 and 7). Prebiomanufactured
products may be comprised of one or many phages, with selection of phages based
on the combined susceptibility of phages against a panel of representative clinical iso-
lates, including multidrug-resistant isolates. In the United States, prebiomanufactured
phage products are manufactured under current GMP regulations (175) and meet
defined quality and uniformity specifications (see Question 10) (176).

It is possible to biomanufacture personalized phage products on demand; these are
typically comprised of one or more phages with confirmed activity against an individ-
ual patient’s isolate(s) (54). With on-demand biomanufactured phage products, there is
the potential to modify the phage product based on clinical response and/or
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emergence of phage resistance. The major drawback of on-demand biomanufactured
phage products is the extended (i.e., weeks to months) associated manufacturing and
regulatory timelines (177).

The Magistral Phage system is a regulatory framework developed in Belgium in
which on-demand phages are prepared for individual patients in local compounding
pharmacies (174). Typically, a pharmacist with a physician's prescription prepares such
phage products by selecting phages from phage banks and incorporating them into a
designated administration vehicle (174, 178). This decentralized strategy allows for
nimble manufacturing of individualized therapies for patients as they need them (typi-
cally within hours to days), with no case-by-case approval required. There are some
considerations with the use of magistral or compounded phage products. Phage selec-
tion criteria from a phage bank and appropriate library sizes have yet to be identified
for compounded products (178). Preparations of magistral or compounded phage
products do not have to necessarily adhere to GMP production requirements, as regu-
lations for clinical production of phages have not been established in some Western
countries (179).

Gaps in knowledge. Optimal phage products for empirical and personalized use
against groups of common bacterial pathogen(s) should be developed and evaluated,
preferably in well-designed, controlled clinical trials. Clinical studies are required to
determine if single phage versus cocktails should be used. As with antibiotics, there
likely is not one best practice for all clinical settings and infection types. To minimize
production time of on-demand biomanufactured phages, there is a need to develop
rapid screening methods to identify optimal phage(s) against patients’ bacterial patho-
gens (see Questions 6 and 7 for limitations of PST).

QUESTION 13: WHAT ARE THE KEY PHARMACOKINETIC AND PHARMACODYNAMIC
CONSIDERATIONSWITH SELECTING INITIAL PHAGE DOSES?

Recommendation. The ARLG Phage Taskforce suggests using the highest safe and
tolerated dose of a phage product with endotoxin levels below the acceptable limits
set by the FDA to maximize phage concentrations at the site of infection and infect as
many host cells as possible with the first dose. Nevertheless, clinical outcomes are not
always improved with higher relative to lower doses, reflecting the complexity of effec-
tive phage dosing. Phages with high microbiological susceptibility, high adsorption
rates, large burst sizes, and short latency periods should be selected, where possible.
To ensure adequate concentrations at the infection site, members of the ARLG Phage
Taskforce favor repeated dosing over single-dose therapy based on currently available
data. The ARLG Phage Taskforce favors relying on single-dose therapy only if repeated
dosing is impractical (e.g., intraoperatively), in which case phages should be adminis-
tered as a high-titer preparation directly to the infection site to maximize delivery to
the infected site (see Question 11), and the possibility of adsorption to bacteria and
self-amplification.

Rationale. Phages possess pharmacokinetic properties distinct from small-molecule
antibiotics due to their large size, protein content, and self-replicating nature (180).
Such size constraints may limit phage concentrations that can be attained per unit vol-
ume as well as phage uptake and transport across and into tissues in situ. Their pro-
tein-rich composition results in rapid elimination by the mononuclear phagocytic sys-
tem and potential neutralization by antiphage antibodies (181, 182). Thus, phage
concentrations at sites of infection, especially when systemically administered, are
assumed to be substantially lower than the initial dose for most phage treatments
before phage replication.

Preclinical and mathematical modeling studies suggest that factors responsible for
net bacterial killing at the infection site include (i) density of bacterial cells (susceptible
and resistant populations) and (ii) their growth rates, (iii) numbers of phages present,
(iv) adsorption or infectivity rate of phages, (v) latency periods, and (vi) burst sizes and
phage killing/removal/inactivation rates at sites of infection (163–166). A special fea-
ture of phage therapy is the potential for low-dose phage treatments, as phages are
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biologically replicating therapeutic agents. In contrast to antibiotics, small numbers of
phages may result in profound increases in phage densities at infection sites “if the tar-
get population of bacteria is sufficiently dense and physiologically, and genetically,
amenable to phage replication” (163). Based on data generated from preclinical infec-
tion models, it has been proposed that target bacterial cell densities need to be over a
replication or proliferation threshold of 104 CFU/ml for self-amplification to occur (165,
183).

Numbers of phages at sites of infection achieved by self-amplification or passive treat-
ment required for optimal net bacterial killing and phage resistance prevention have not
been established. Currently, the actual multiplicity of infection (MOIactual) ratio, which is the
ratio of adsorbed phages to targeted bacteria, is the expression used to reflect the desired
or targeted number of phages at infection sites relative to bacterial burden (164, 165). The
target MOIactual has been proposed to be 10 (165), with some clinical data suggesting that
failure to achieve an MOIactual of $10 is associated with treatment failure (11, 13, 16).
Importantly, clinical trials data supporting the importance of this MOIactual target are
unavailable. Recent modeling data indicate that the MOIactual should result in phage den-
sities that far exceed the inundation threshold, which is the minimum phage concentra-
tion above which the bacterial population declines (184). When phage concentrations are
substantially above the inundation threshold (i.e., inundative densities), phages are
expected to infect all susceptible host cells in a relatively short time and bacterial counts
to decline exponentially. Regardless of bacterial densities, several investigators suggest
that a reasonable phage density capable of maximizing net bacterial killing at the infection
site in a timely manner is 108 PFU/ml (164, 166, 170, 184, 185).

It is important to note that reported MOIactual and inundative phage density targets
are based on mathematical modeling of preclinical infection model data (164–166,
184). Mathematical and simulation models are useful in quantifying conditions that
optimize net bacterial killing by phages at infection sites, but their utility is restricted
by validity of model assumptions and input parameter values (186). For example, ratios
of viable to nonviable phage particles and numbers of absorbed phages to numbers of
bacteria at infection sites are difficult to quantify and likely variable over a treatment
course, making it difficult to estimate the MOIactual. Phages may bind bacterial debris
from lysed bacteria and are heterogeneously distributed at infection sites, making it
difficult to determine the actual number of active phages at an infection site that can
infect bacterial cells (186, 187). Estimation of desired phage densities across modeling
and simulation studies does not account for contributions of the immune system, bac-
terial host defense mechanisms [e.g., bacterial membrane vesicle production, which
reduces phage virulence], concurrent receipt of antibiotics, and local host environ-
ments, all of which affect phage therapy outcomes (114, 185). Finally, modeling studies
performed to support the development of phage therapy require clinical validation.

Gaps in knowledge. Studies examining the pharmacokinetic and pharmacodynamic
properties of phages are scarce. Thus, standardization of pharmacokinetic and pharmaco-
dynamic methodologies and their evaluations are required to enable informed clinical de-
velopment of phages (164). Since phages require bacteria for self-amplification, further
pharmacokinetic studies are needed to characterize phage abundance and concentration
at common infection sites in infected patients with various dispositions (e.g., critically ill
versus noncritically ill, immunocompromised versus immunocompetent, young versus
old). Pharmacodynamic studies are needed to define optimal phage concentrations at
infection sites to maximize net bacterial killing in infected patients. Studies are needed to
determine whether the initial phage dose or phage replication most influences phage
titers at infection sites (or whether both must be optimized) (170).

QUESTION 14: WHAT ARE POTENTIAL ROUTES OF ADMINISTRATION FOR PHAGE
THERAPY AND HOW SHOULD THEY BE SELECTED?

Suggestion. The best method for administering phage has not been established.
Based on available data, the ARLG Phage Taskforce endorses i.v. phage administration
for treatment of patients with infections that involve organs or systems in which
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phages have been shown to achieve titers/concentrate if benefits outweigh the risks.
The ARLG Phage Taskforce also endorses direct administration when available data
indicate the specific direct administration modality with a given phage product
achieves viable phage titers at the intended infection site. While orally delivered
phages hold promise, the ARLG Phage Taskforce suggests limiting their use to infec-
tions of the gastrointestinal tract or in combination with other routes of phage admin-
istration until more clinical data, especially with novel oral administration formulations,
are available.

Rationale. The route of administration is likely to affect outcomes of treatment
since efficacy is dependent on phage concentrations at the site of infection. Common
routes of administration for patients with acute and chronic infections include systemic
injection (e.g., i.v., i.p., intramuscular, and subcutaneous), oral, and direct administra-
tion (e.g., topical, intra-articular, intravesicular, inhalation, and bladder irrigation) (see
Question 1) (173, 181). Use of phage for prevention and treatment of biofilm formation
on medical devices has also been studied (188). Selection of administration routes for
patients with acute and chronic infections has been largely empirical, with most pub-
lished clinical data describing i.v., direct administration, or oral administration of
phages (173).

Systemic injection routes are efficient ways to deliver phages and treat intravascular
as well as a broad range of infections (181). Following systemic injection, phages are
typically observed in the circulation shortly after administration. Due to rapid clearance
from the bloodstream by the mononuclear phagocyte system, systemic phage concen-
trations decline exponentially within 8 to 12 h (189). Phages are also subject to inacti-
vation by the complement system and circulating neutralizing antibodies (see
Question 9) (181, 182). If phage therapy occurs over an extended period of time such
that the generation of antiphage antibodies is possible, consideration should be given
to adding or substituting a phage that does not cross-react serologically (185) (see
Question 9). Generation of neutralizing antibodies appears to be most robust with the
i.v. route of administration (182), which may be mitigated by specific dosing strategies
(25). In addition to liver and spleen (part of the mononuclear phagocyte system), avail-
able data indicate that phages distribute into heart, skeletal muscles, bone marrow,
thymus, kidneys, and bladder after systemic delivery and that their ability to concen-
trate in certain organs/systems is dose dependent. The lungs and brain are other
organs where phages have been detected; “backwards” penetration of phages from
the bloodstream to the gastrointestinal tract has also been demonstrated in animal
studies (181).

Direct (e.g., intravesicular, intra-articular) or topical administration has been used to
treat patients with PJI, VAD infection, osteomyelitis, and other infections (see Question
1). With systemic injections, only a fraction of the phage dose administered reaches
nonvascular infection sites due to dilution, translocation inefficiencies, and phage loss
or inactivation (190). In contrast, direct administration to infection sites may ensure a
high titer of phages at the intended target site; however, results of direct administra-
tion have been mixed and best practices have not been established. One challenge
with direct administration is that phages are nonmotile, proteinaceous particles that
follow Bowman collision dynamics and have reduced efficacy when the selected route
of administration does not facilitate timely and sustained distribution within spatially
structured bacterial populations at the infection site (191). Another consideration is
that components of direct administration applications may inactivate phages, limiting
clinical utility (192).

Inhaled administration, a form of direct administration, has been used clinically for
treatment of patients with respiratory tract infections, but the ability of inhaled phages
to concentrate in anatomic components of the respiratory tract (e.g., bronchi, bron-
chioles, and alveoli) has not yet been systematically characterized in humans. In animal
studies, phage titers achieved in the respiratory tract vary based on delivery method
(e.g., inhaler, nebulization via jet, ultrasonic or vibrating mesh, aerosolization) (193–
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195), device, formulation (e.g., liquid, freeze-drying powder, spray-drying powder, aero-
sol), and phage (194). When delivering phages via aerosolization, care must be taken
to ensure that the aerosolization method chosen does not reduce phage viability
(193–195). Nevertheless, inhaled phage delivery, so long as active phages reach tar-
geted bacteria at the infection site, may be an effective route of administration.
Systems that aim to circumvent delivery challenges (e.g., controlled-release formula-
tions) are under development (169, 171, 172).

Topical delivery has also been explored to deliver systemic titers of phages (196).
Compared to systemic injection, direct or topical administration results in lower sys-
temic concentrations, especially when applied to intact skin (181, 197). Further data
with novel transdermal delivery systems are needed to determine future clinical utility.

Lastly, the oral route of administration has been long studied as a means for deliver-
ing phages both locally and systemically and is attractive due to convenience (181).
Transcytosis, the transport of molecules from one side of a cell to the other via endocy-
tosis and exocytosis, has been proposed as a mechanism for systemic absorption from
gut epithelial cells (198). However, degrees of survival in the human gastrointestinal
tract and systemic absorption are uncertain, and oral administration is a less efficient
means for achieving systemic therapeutic phage concentrations relative to other
administration routes. Factors that may affect passage through the gastrointestinal
tract include acidity of the stomach, host immune responses, and inhibitory effects of
intestinal mucins (95, 181). Recovery of phages in feces can be used as a marker of sur-
vival in the gastrointestinal tract. Strategies to enhance stability of phages at unfavora-
ble pH or temperatures and avoid phage elimination from the body to maintain active
phages at infective doses are being pursued (e.g., encapsulation of phages in various
matrices) (199). To date, phages have been detected in blood, urine, and feces in a
dose-dependent manner in animal models following oral phage administration (200,
201). However, recovery of phages was inconsistent and, in some cases, not detectable
in blood (202).

Gaps in knowledge. Additional human and animal studies are needed to character-
ize the distribution of phages in the central and peripheral tissues/organs/systems/
compartments of interest (i.e., common sites of infection) in infected patients after
injection and oral administration. Data on the ability of specific direct administration
modalities to achieve therapeutic phage titers at infection sites are required. Oral
administration systems that optimize systemic phage delivery would be ideal.
Additional studies will be critical to inform dosing in terms of phage concentration, fre-
quency, and duration of treatment. Given the diversity of phages and their bacterial
hosts, quantitative pharmacokinetic and pharmacodynamic assessments will ideally
need to be completed for each phage product, each host (the patient's bacterial
pathogen), and each patient.

QUESTION 15: WHAT DOSING FREQUENCY AND DURATION FOR PHAGE THERAPY
SHOULD BE USED?

Suggestion. There are insufficient data for the ARLG Phage Taskforce to make de-
finitive suggestions on the optimal dosing frequency and duration of phage therapy
for any route of administration or any specific infection type. Available data suggest
that phages need to be redosed to maximize phage concentrations at sites of infec-
tion, but ideal frequencies and durations of administration are unclear. The literature
regarding the clinical use of phage therapy has not indicated clear safety concerns,
supporting the use of repeated dosing for extended durations, especially to maximize
concentrations at infection sites. Members of the ARLG Phage Taskforce hypothesize
that the required dosing frequency and duration may vary as a function of several fac-
tors, including the phage product, pathogen, disease burden, and location of the infec-
tion. Until more data are available, members of the ARLG Phage Taskforce suggest that
patient responses inform durations of therapy.

Rationale. Phage dosing, irrespective of route of administration, thus far has been
largely empirical. In most published cases, phage formulations have been administered

Minireview Antimicrobial Agents and Chemotherapy

March 2022 Volume 66 Issue 3 e02071-21 aac.asm.org 28

https://aac.asm.org


daily (8, 9, 21, 22, 24, 34, 45, 50), twice-daily (5, 8, 23, 25, 27, 35, 44, 47–50, 52, 58, 62,
138), every 6 to 8 h (7, 20, 32, 36, 40, 46, 48, 54, 55, 57), or by extended infusion over
hours (49) (Table 1). Iredell et al. detected phage DNA in blood up to 12 h after dosing
with staphylococcal phages in humans with bloodstream infections (56). This served,
in part, as the rationale for 12-h dosing. Many patients are treated via more than one
route of administration (e.g., i.v. and direct application) (5, 7, 44, 45, 49, 57, 58, 62, 138)
(Table 1). Durations of therapy have spanned from 1 day (17, 37, 38, 41–43, 50, 51, 64)
to months (7, 8, 20, 23, 25, 34, 54, 62, 173) (Table 1). Limited studies in humans and ani-
mals show recovery of phages from feces and blood after oral administration to be
dose and duration dependent (181). In vitro and animal direct administration studies
have shown a spectrum of efficacy based on dose and duration (107, 203–213).
Independent of administration route, resistance to phages is more likely to occur with
repeated dosing and prolonged treatment courses (14, 214, 215). While phage resist-
ance emergence is undesirable, there are limited clinical data indicating that in some
scenarios, bacteria may become more susceptible to antibiotics and less virulent when
they develop phage resistance (9, 51, 54) (see Question 2).

Gaps in knowledge. Substantial dosing-related knowledge gaps exist for all routes
of phage administration. Validated preclinical infection pharmacokinetic/pharmacody-
namic models and controlled clinical trials are necessary to determine optimal phage
dosing regimens and durations of therapy for patients with acute and chronic bacterial
infections. Through such studies, optimal phage therapy practices can be established.
As part of these studies, it will be important to determine when phages should be
administered with respect to dosing specific antibiotics.

CONCLUSIONS

Phage therapy has reemerged as a potential treatment for refractory infections in
recent decades due to the increasing need for alternative or adjunctive anti-infectives
to conventional antibiotics. Several uncontrolled case studies report successful clinical
outcomes. On the other hand, clinical failures are likely underreported, and the few
randomized controlled trials that have been conducted have failed to show benefit.
Thus, no recommendation can be made to support routine clinical use of phage ther-
apy under any circumstance; much is unknown about the efficacy of phage therapy
and potential reasons for failure, such as dosing, frequency of dosing, duration of ther-
apy, routes of administration, interactions with antibiotics, interactions with other
phages, emergence of phage resistance, inadequate phage delivery, and superhost
immune response, to name a few. While more clinical research studies are needed, this
document is intended to identify the key questions for clinicians to address when con-
sidering phage therapy for individual experimental clinical use. The wide spectrum of
potential clinical indications, the safety and tolerability of phages, the requirements for
safe administration of phage therapy, current regulatory pathways for expanded
access, and a lack of (and need for) standardized assays for PST and phage quantifica-
tion methods are highlighted. The importance of individualized therapy and confirma-
tion of lytic activity before treatment, whenever possible, are highlighted, recognizing
a need to develop standardized, accurate methods for the latter. Synergies that may
occur when antibiotics are used with phage therapy are underscored. Although phage
therapy is currently reserved as salvage therapy, ultimately the hope is that phages, if
shown to be beneficial, will be able to be utilized earlier during infection, perhaps
reducing up-front use of antibiotics, helping to preserve them. By no means compre-
hensive or final, it is hoped that this document can lay the groundwork for rational
phage selection and dosing as more research is done to enhance understanding of the
complexities of the phage-bacterium-human interplay.

ACKNOWLEDGMENTS
Preparation of this document was funded in part by the National Institute of Allergy and

Infectious Diseases of the National Institutes of Health under award number UM1 AI104681.

Minireview Antimicrobial Agents and Chemotherapy

March 2022 Volume 66 Issue 3 e02071-21 aac.asm.org 29

https://aac.asm.org


The content is solely the responsibility of the authors and does not necessarily
represent the official views of the National Institutes of Health.

REFERENCES
1. Górski A, Bollyky PL, Przybylski M, Borysowski J, Międzybrodzki R,

Jo�nczyk-Matysiak E, Weber-Dąbrowska B. 2018. Perspectives of phage
therapy in non-bacterial infections. Front Microbiol 9:3306. https://doi
.org/10.3389/fmicb.2018.03306.

2. van de Sande WWJ, Vonk AG. 2019. Mycovirus therapy for invasive pul-
monary aspergillosis? Med Mycol 57:S179–S188. https://doi.org/10.1093/
mmy/myy073.

3. Mestrovic T, Matijasic M, Peric M, Cipcic Paljetak H, Baresic A, Verbanac
D. 2020. The role of gut, vaginal, and urinary microbiome in urinary tract
infections: from bench to bedside. Diagnostics (Basel) 11:7. https://doi
.org/10.3390/diagnostics11010007.

4. Chandran A, Pradhan SK, Heinonen-Tanski H. 2009. Survival of enteric
bacteria and coliphage MS2 in pure human urine. J Appl Microbiol 107:
1651–1657. https://doi.org/10.1111/j.1365-2672.2009.04353.x.

5. Corbellino M, Kieffer N, Kutateladze M, Balarjishvili N, Leshkasheli L,
Askilashvili L, Tsertsvadze G, Rimoldi SG, Nizharadze D, Hoyle N,
Nadareishvili L, Antinori S, Pagani C, Scorza DG, Romanò ALL, Ardizzone
S, Danelli P, Gismondo MR, Galli M, Nordmann P, Poire L. 2020. Eradica-
tion of a multidrug-resistant, carbapenemase-producing Klebsiella pneu-
moniae isolate following oral and intra-rectal therapy with a custom
made, lytic bacteriophage preparation. Clin Infect Dis 70:1998–2001.
https://doi.org/10.1093/cid/ciz782.

6. Liao KS, Lehman SM, Tweardy DJ, Donlan RM, Trautner BW. 2012. Bacterio-
phages are synergistic with bacterial interference for the prevention of Pseu-
domonas aeruginosa biofilm formation on urinary catheters. J Appl Microbiol
113:1530–1539. https://doi.org/10.1111/j.1365-2672.2012.05432.x.

7. Aslam S, Lampley E, Wooten D, Karris M, Benson C, Strathdee S, Schooley
RT. 2020. Lessons learned from the first 10 consecutive cases of intrave-
nous bacteriophage therapy to treat multidrug-resistant bacterial infec-
tions at a single center in the United States. Open Forum Infect Dis 7:
ofaa389. https://doi.org/10.1093/ofid/ofaa389.

8. Kuipers S, Ruth MM, Mientjes M, de Sévaux RGL, van Ingen J. 2019. A
Dutch case report of successful treatment of chronic relapsing urinary
tract infection with bacteriophages in a renal transplant patient. Antimi-
crob Agents Chemother 64:e01281-19. https://doi.org/10.1128/AAC
.01281-19.

9. Bao J, Wu N, Zeng Y, Chen L, Li L, Yang L, Zhang Y, Guo M, Li L, Li J, Tan
D, Cheng M, Gu J, Qin J, Liu J, Li S, Pan G, Jin X, Yao B, Guo X, Zhu T, Le S.
2020. Non-active antibiotic and bacteriophage synergism to successfully
treat recurrent urinary tract infection caused by extensively drug-resist-
ant Klebsiella pneumoniae. Emerg Microbes Infect 9:771–774. https://doi
.org/10.1080/22221751.2020.1747950.

10. Khawaldeh A, Morales S, Dillon B, Alavidze Z, Ginn AN, Thomas L,
Chapman SJ, Dublanchet A, Smithyman A, Iredell JR. 2011. Bacterio-
phage therapy for refractory Pseudomonas aeruginosa urinary tract infec-
tion. J Med Microbiol 60:1697–1700. https://doi.org/10.1099/jmm.0
.029744-0.

11. Leitner L, Ujmajuridze A, Chanishvili N, Goderdzishvili M, Chkonia I,
Rigvava S, Chkhotua A, Changashvili G, McCallin S, Schneider MP, Liechti
MD, Mehnert U, Bachmann LM, Sybesma W, Kessler TM. 2020. Intravesi-
cal bacteriophages for treating urinary tract infections in patients under-
going transurethral resection of the prostate: a randomised, placebo-
controlled, double-blind clinical trial. Lancet Infect Dis https://doi.org/10
.1016/S1473-3099(20)30330-3.

12. Ooi ML, Drilling AJ, Morales S, Fong S, Moraitis S, Macias-Valle L, Vreugde
S, Psaltis AJ, Wormald P-J. 2019. Safety and tolerability of bacteriophage
therapy for chronic rhinosinusitis due to Staphylococcus aureus. JAMA
Otolaryngol Head Neck Surg https://doi.org/10.1001/jamaoto.2019.1191.

13. Wright A, Hawkins CH, Anggard EE, Harper DR. 2009. A controlled clinical
trial of a therapeutic bacteriophage preparation in chronic otitis due to
antibiotic-resistant Pseudomonas aeruginosa; a preliminary report of effi-
cacy. Clin Otolaryngol 34:349–357. https://doi.org/10.1111/j.1749-4486
.2009.01973.x.

14. Morozova VV, Vlassov VV, Tikunova NV. 2018. Applications of bacterio-
phages in the treatment of localized infections in humans. Front Micro-
biol 9:1696. https://doi.org/10.3389/fmicb.2018.01696.

15. Duplessis CA, Biswas B. 2020. A review of topical phage therapy for
chronically infected wounds and preparations for a randomized

adaptive clinical trial evaluating topical phage therapy in chronically
infected diabetic foot ulcers. Antibiotics (Basel, Switzerland) 9:377.
https://doi.org/10.3390/antibiotics9070377.

16. Jault P, Leclerc T, Jennes S, Pirnay JP, Que Y-A, Resch G, Rousseau AF,
Ravat F, Carsin H, Le Floch R, Schaal JV, Soler C, Fevre C, Arnaud I,
Bretaudeau L, Gabard J. 2019. Efficacy and tolerability of a cocktail of bac-
teriophages to treat burn wounds infected by Pseudomonas aeruginosa
(PhagoBurn): a randomised, controlled, double-blind phase 1/2 trial. Lan-
cet Infect Dis 19:35–45. https://doi.org/10.1016/S1473-3099(18)30482-1.

17. Jikia D, Chkhaidze N, Imedashvili E, Mgaloblishvili I, Tsitlanadze G,
Katsarava R, Glenn Morris J, Jr, Sulakvelidze A. 2005. The use of a novel
biodegradable preparation capable of the sustained release of bacterio-
phages and ciprofloxacin, in the complex treatment of multidrug-resist-
ant Staphylococcus aureus-infected local radiation injuries caused by ex-
posure to Sr90. Clin Exp Dermatol 30:23–26. https://doi.org/10.1111/j
.1365-2230.2004.01600.x.

18. Kutateladze M, Adamia R. 2008. Phage therapy experience at the Eliava
Institute. Med Mal Infect 38:426–430. https://doi.org/10.1016/j.medmal
.2008.06.023.

19. Kvachadze L, Balarjishvili N, Meskhi T, Tevdoradze E, Skhirtladze N,
Pataridze T, Adamia R, Topuria T, Kutter E, Rohde C, Kutateladze M. 2011.
Evaluation of lytic activity of staphylococcal bacteriophage Sb-1 against
freshly isolated clinical pathogens. Microb Biotechnol 4:643–650. https://
doi.org/10.1111/j.1751-7915.2011.00259.x.

20. Law N, Logan C, Yung G, Furr C-LL, Lehman SM, Morales S, Rosas F,
Gaidamaka A, Bilinsky I, Grint P, Schooley RT, Aslam S. 2019. Successful
adjunctive use of bacteriophage therapy for treatment of multidrug-re-
sistant Pseudomonas aeruginosa infection in a cystic fibrosis patient.
Infection 47:665–668. https://doi.org/10.1007/s15010-019-01319-0.

21. Gainey AB, Burch A-K, Brownstein MJ, Brown DE, Fackler J, Horne BA,
Biswas B, Bivens BN, Malagon F, Daniels R. 2020. Combining bacterio-
phages with cefiderocol and meropenem/vaborbactam to treat a pan-
drug resistant Achromobacter species infection in a pediatric cystic fibro-
sis patient. Pediatr Pulmonol 55:2990–2994. https://doi.org/10.1002/
ppul.24945.

22. Hoyle N, Zhvaniya P, Balarjishvili N, Bolkvadze D, Nadareishvili L,
Nizharadze D, Wittmann J, Rohde C, Kutateladze M. 2018. Phage therapy
against Achromobacter xylosoxidans lung infection in a patient with
cystic fibrosis: a case report. Res Microbiol 169:540–542. https://doi.org/
10.1016/j.resmic.2018.05.001.

23. Dedrick RM, Guerrero-Bustamante CA, Garlena RA, Russell DA, Ford K,
Harris K, Gilmour KC, Soothill J, Jacobs-Sera D, Schooley RT, Hatfull GF,
Spencer H. 2019. Engineered bacteriophages for treatment of a patient
with a disseminated drug-resistant Mycobacterium abscessus. Nat Med
25:730–733. https://doi.org/10.1038/s41591-019-0437-z.

24. Aslam S, Courtwright AM, Koval C, Lehman SM, Morales S, Furr C-LL,
Rosas F, Brownstein MJ, Fackler JR, Sisson BM, Biswas B, Henry M, Luu T,
Bivens BN, Hamilton T, Duplessis C, Logan C, Law N, Yung G, Turowski J,
Anesi J, Strathdee SA, Schooley RT. 2019. Early clinical experience of bac-
teriophage therapy in 3 lung transplant recipients. Am J Transplant 19:
2631–2639. https://doi.org/10.1111/ajt.15503.

25. Dedrick RM, Freeman KG, Nguyen JA, Bahadirli-Talbott A, Smith BE, Wu
AE, Ong AS, Lin CT, Ruppel LC, Parrish NM, Hatfull GF, Cohen KA. 2021.
Potent antibody-mediated neutralization limits bacteriophage treat-
ment of a pulmonary Mycobacterium abscessus infection. Nat Med 27:
1357–1361. https://doi.org/10.1038/s41591-021-01403-9.

26. Wu N, Dai J, Guo M, Li J, Zhou X, Li F, Gao Y, Qu H, Lu H, Jin J, Li T, Shi L,
Wu Q, Tan R, Zhu M, Yang L, Ling Y, Xing S, Zhang J, Yao B, Le S, Gu J, Qin
J, Li J, Cheng M, Tan D, Li L, Zhang Y, Zhu Z, Cai J, Song Z, Guo X, Chen LK,
Zhu T. 2021. Pre-optimized phage therapy on secondary Acinetobacter
baumannii infection in four critical COVID-19 patients. Emerg Microbes
Infect 10:612–618. https://doi.org/10.1080/22221751.2021.1902754.

27. Maddocks S, Fabijan AP, Ho J, Lin RCY, Ben Zakour NL, Dugan C, Kliman I,
Branston S, Morales S, Iredell JR. 2019. Bacteriophage therapy of ventila-
tor-associated pneumonia and empyema caused by Pseudomonas aeru-
ginosa. Am J Respir Crit Care Med 200:1179–1181. https://doi.org/10
.1164/rccm.201904-0839LE.

Minireview Antimicrobial Agents and Chemotherapy

March 2022 Volume 66 Issue 3 e02071-21 aac.asm.org 30

https://doi.org/10.3389/fmicb.2018.03306
https://doi.org/10.3389/fmicb.2018.03306
https://doi.org/10.1093/mmy/myy073
https://doi.org/10.1093/mmy/myy073
https://doi.org/10.3390/diagnostics11010007
https://doi.org/10.3390/diagnostics11010007
https://doi.org/10.1111/j.1365-2672.2009.04353.x
https://doi.org/10.1093/cid/ciz782
https://doi.org/10.1111/j.1365-2672.2012.05432.x
https://doi.org/10.1093/ofid/ofaa389
https://doi.org/10.1128/AAC.01281-19
https://doi.org/10.1128/AAC.01281-19
https://doi.org/10.1080/22221751.2020.1747950
https://doi.org/10.1080/22221751.2020.1747950
https://doi.org/10.1099/jmm.0.029744-0
https://doi.org/10.1099/jmm.0.029744-0
https://doi.org/10.1016/S1473-3099(20)30330-3
https://doi.org/10.1016/S1473-3099(20)30330-3
https://doi.org/10.1001/jamaoto.2019.1191
https://doi.org/10.1111/j.1749-4486.2009.01973.x
https://doi.org/10.1111/j.1749-4486.2009.01973.x
https://doi.org/10.3389/fmicb.2018.01696
https://doi.org/10.3390/antibiotics9070377
https://doi.org/10.1016/S1473-3099(18)30482-1
https://doi.org/10.1111/j.1365-2230.2004.01600.x
https://doi.org/10.1111/j.1365-2230.2004.01600.x
https://doi.org/10.1016/j.medmal.2008.06.023
https://doi.org/10.1016/j.medmal.2008.06.023
https://doi.org/10.1111/j.1751-7915.2011.00259.x
https://doi.org/10.1111/j.1751-7915.2011.00259.x
https://doi.org/10.1007/s15010-019-01319-0
https://doi.org/10.1002/ppul.24945
https://doi.org/10.1002/ppul.24945
https://doi.org/10.1016/j.resmic.2018.05.001
https://doi.org/10.1016/j.resmic.2018.05.001
https://doi.org/10.1038/s41591-019-0437-z
https://doi.org/10.1111/ajt.15503
https://doi.org/10.1038/s41591-021-01403-9
https://doi.org/10.1080/22221751.2021.1902754
https://doi.org/10.1164/rccm.201904-0839LE
https://doi.org/10.1164/rccm.201904-0839LE
https://aac.asm.org


28. Abedon ST. 2016. Bacteriophage exploitation of bacterial biofilms:
phage preference for less mature targets? FEMS Microbiol Lett 363:
fnv246. https://doi.org/10.1093/femsle/fnv246.

29. Vidakovic L, Singh PK, Hartmann R, Nadell CD, Drescher K. 2018. Dynamic
biofilm architecture confers individual and collective mechanisms of vi-
ral protection. Nat Microbiol 3:26–31. https://doi.org/10.1038/s41564
-017-0050-1.

30. Slopek S, Weber-Dabrowska B, Dabrowski M, Kucharewicz-Krukowska A.
1987. Results of bacteriophage treatment of suppurative bacterial infec-
tions in the years 1981–1986. Arch Immunol Ther Exp (Warsz) 35:569–583.

31. Weber-Dabrowska B, Mulczyk M, Gorski A. 2000. Bacteriophage therapy
of bacterial infections: an update of our institute's experience. Arch
Immunol Ther Exp (Warsz) 48:547–551.

32. Nir-Paz R, Gelman D, Khouri A, Sisson BM, Fackler J, Alkalay-Oren S,
Khalifa L, Rimon A, Yerushalmy O, Bader R, Amit S, Coppenhagen-Glazer
S, Henry M, Quinones J, Malagon F, Biswas B, Moses AE, Merril G,
Schooley RT, Brownstein MJ, Weil YA, Hazan R. 2019. Successful treat-
ment of antibiotic-resistant, poly-microbial bone infection with bacterio-
phages and antibiotics combination. Clin Infect Dis 69:2015–2018.
https://doi.org/10.1093/cid/ciz222.

33. LaVergne S, Hamilton T, Biswas B, Kumaraswamy M, Schooley RT,
Wooten D. 2018. Phage therapy for a multidrug-resistant Acinetobacter
baumannii craniectomy site infection. Open Forum Infect Dis 5:ofy064.
https://doi.org/10.1093/ofid/ofy064.

34. Cano EJ, Caflisch KM, Bollyky PL, Van Belleghem JD, Patel R, Fackler J,
Brownstein MJ, Horne B, Biswas B, Henry M, Malagon F, Lewallen DG,
Suh GA. 2021. Phage therapy for limb-threatening prosthetic knee Kleb-
siella pneumoniae infection: case report and in vitro characterization of
anti-biofilm activity. Clin Infect Dis 73:e144–e151. https://doi.org/10
.1093/cid/ciaa705.

35. Khatami A, Lin RCY, Petrovic-Fabijan A, Alkalay-Oren S, Almuzam S,
Britton PN, Brownstein MJ, Dao Q, Fackler J, Hazan R, Horne B, Nir-Paz R,
Iredell JR. 2021. Bacterial lysis, autophagy and innate immune responses
during adjunctive phage therapy in a child. EMBO Mol Med 13:e13936.
https://doi.org/10.15252/emmm.202113936.

36. Onsea J, Soentjens P, Djebara S, Merabishvili M, Depypere M, Spriet I, De
Munter P, Debaveye Y, Nijs S, Vanderschot P, Wagemans J, Pirnay J-P,
Lavigne R, Metsemakers W-J. 2019. Bacteriophage application for diffi-
cult-to-treat musculoskeletal infections: development of a standardized
multidisciplinary treatment protocol. Viruses 11:891. https://doi.org/10
.3390/v11100891.

37. Ferry T, Batailler C, Petitjean C, Chateau J, Fevre C, Forestier E, Brosset S,
Leboucher G, Kolenda C, Laurent F, Lustig S. 2020. The potential innova-
tive use of bacteriophages within the DAC hydrogel to treat patients
with knee megaprosthesis infection requiring “debridement antibiotics
and implant retention” and soft tissue coverage as salvage therapy.
Front Med (Lausanne) 7:342. https://doi.org/10.3389/fmed.2020.00342.

38. Ferry T, Leboucher G, Fevre C, Herry Y, Conrad A, Josse J, Batailler C,
Chidiac C, Medina M, Lustig S, Laurent F, Ferry T, Ferry T, Valour F,
Perpoint T, Boibieux A, Biron F, Miailhes P, Ader F, Becker A, Roux S,
Triffault-Fillit C, Conrad A, Bosch A, Daoud F, Lippman J, Braun E, Chidiac
C, Lustig S, Servien E, Gaillard R, Schneider A, Gunst S, Batailler C, Fessy
M-H, Besse J-L, Herry Y, Viste A, Chaudier P, Courtin C, Louboutin L,
Martres S, Trouillet F, Barrey C, Jouanneau E, Jacquesson T, Mojallal A,
Boucher F, Shipkov H, Chateau J, Lyon BJI Study Group, et al. 2018. Sal-
vage debridement, antibiotics and implant retention (“dair”) with local
injection of a selected cocktail of bacteriophages: is it an option for an el-
derly patient with relapsing Staphylococcus aureus prosthetic-joint infec-
tion? Open Forum Infect Dis https://doi.org/10.1093/ofid/ofy269.

39. Ferry T, Boucher F, Fevre C, Perpoint T, Chateau J, Petitjean C, Josse J,
Chidiac C, L'Hostis G, Leboucher G, Laurent F, Lyon B, Joint Infection
Study G, Lyon Bone and Joint Infection Study Group. 2018. Innovations
for the treatment of a complex bone and joint infection due to XDR Pseu-
domonas aeruginosa including local application of a selected cocktail of
bacteriophages. J Antimicrob Chemother 73:2901–2903. https://doi.org/
10.1093/jac/dky263.

40. Tkhilaishvili T, Winkler T, Muller M, Perka C, Trampuz A. 2019. Bacterio-
phages as adjuvant to antibiotics for the treatment of periprosthetic
joint infection caused by multidrug-resistant Pseudomonas aeruginosa.
Antimicrob Agents Chemother 64:e00924-19. https://doi.org/10.1128/
AAC.00924-19.

41. Ferry T, Kolenda C, Batailler C, Gaillard R, Gustave CA, Lustig S, Fevre C,
Petitjean C, Leboucher G, Laurent F, Lyon B, Lyon BJI Study group. 2021.
Case report: arthroscopic “debridement antibiotics and implant retention”

with local injection of personalized phage therapy to salvage a relapsing
Pseudomonas aeruginosa prosthetic knee infection. Front Med (Lausanne)
8:569159. https://doi.org/10.3389/fmed.2021.569159.

42. Ferry T, Kolenda C, Batailler C, Gustave CA, Lustig S, Malatray M, Fevre C,
Josse J, Petitjean C, Chidiac C, Leboucher G, Laurent F. 2020. Phage ther-
apy as adjuvant to conservative surgery and antibiotics to salvage
patients with relapsing S. aureus prosthetic knee infection. Front Med
(Lausanne) 7:570572. https://doi.org/10.3389/fmed.2020.570572.

43. Doub JB, Ng VY, Wilson E, Corsini L, Chan BK. 2021. Successful treatment
of a recalcitrant Staphylococcus epidermidis prosthetic knee infection with
intraoperative bacteriophage therapy. Pharmaceuticals 14:231. https://doi
.org/10.3390/ph14030231.

44. Ramirez-Sanchez C, Gonzales F, Buckley M, Biswas B, Henry M,
Deschenes MV, Horne B, Fackler J, Brownstein MJ, Schooley RT, Aslam S.
2021. Successful treatment of Staphylococcus aureus prosthetic joint
infection with bacteriophage therapy. Viruses 13:1182. https://doi.org/
10.3390/v13061182.

45. Doub JB, Ng VY, Johnson AJ, Slomka M, Fackler J, Horne B, Brownstein
MJ, Henry M, Malagon F, Biswas B. 2020. Salvage bacteriophage therapy
for a chronic MRSA prosthetic joint infection. Antibiotics 9:241. https://
doi.org/10.3390/antibiotics9050241.

46. Exarchos V, Tkhilaishvili T, Potapov E, Starck C, Trampuz A, Schoenrath F.
2020. Successful bacteriophage treatment of infection involving cardiac
implantable electronic device and aortic graft: a Trojan horse concept.
Europace: European pacing, arrhythmias, and cardiac electrophysiology:
journal of the working groups on cardiac pacing, arrhythmias, and car-
diac cellular electrophysiology of the. Eur Soc Cardiol 22:597.

47. Aslam S, Pretorius V, Lehman SM, Morales S, Schooley RT. 2019. Novel
bacteriophage therapy for treatment of left ventricular assist device
infection. J Heart Lung Transplant 38:475–476. https://doi.org/10.1016/j
.healun.2019.01.001.

48. Mulzer J, Trampuz A, Potapov EV. 2020. Treatment of chronic left ventric-
ular assist device infection with local application of bacteriophages. Eur
J Cardiothorac Surg 57:1003–1004. https://doi.org/10.1093/ejcts/ezz295.

49. Tkhilaishvili T, Merabishvili M, Pirnay JP, Starck C, Potapov E, Falk V,
Schoenrath F. 2021. Successful case of adjunctive intravenous bacterio-
phage therapy to treat left ventricular assist device infection. J Infect 83:
e1–e3. https://doi.org/10.1016/j.jinf.2021.05.027.

50. Rubalskii E, Ruemke S, Salmoukas C, Boyle EC, Warnecke G, Tudorache I,
Shrestha M, Schmitto JD, Martens A, Rojas SV, Ziesing S, Bochkareva S,
Kuehn C, Haverich A. 2020. Bacteriophage therapy for critical infections
related to cardiothoracic surgery. Antibiotics (Basel, Switzerland) 9:232.
https://doi.org/10.3390/antibiotics9050232.

51. Chan BK, Turner PE, Kim S, Mojibian HR, Elefteriades JA, Narayan D. 2018.
Phage treatment of an aortic graft infected with Pseudomonas aeruginosa.
Evol Med Public Health 2018:60–66. https://doi.org/10.1093/emph/eoy005.

52. Gilbey T, Ho J, Cooley LA, Petrovic Fabijan A, Iredell JR. 2019. Adjunctive
bacteriophage therapy for prosthetic valve endocarditis due to Staphylo-
coccus aureus. Med J Aust 211:142–143. https://doi.org/10.5694/mja2
.50274.

53. Weber-Dabrowska B, Mulczyk M, Gorski A. 2003. Bacteriophages as an ef-
ficient therapy for antibiotic-resistant septicemia in man. Transplant
Proc 35:1385–1386. https://doi.org/10.1016/s0041-1345(03)00525-6.

54. Schooley RT, Biswas B, Gill JJ, Hernandez-Morales A, Lancaster J, Lessor L,
Barr JJ, Reed SL, Rohwer F, Benler S, Segall AM, Taplitz R, Smith DM, Kerr
K, Kumaraswamy M, Nizet V, Lin L, McCauley MD, Strathdee SA, Benson
CA, Pope RK, Leroux BM, Picel AC, Mateczun AJ, Cilwa KE, Regeimbal JM,
Estrella LA, Wolfe DM, Henry MS, Quinones J, Salka S, Bishop-Lilly KA,
Young R, Hamilton T. 2017. Development and use of personalized bacte-
riophage-based therapeutic cocktails to treat a patient with a dissemi-
nated resistant Acinetobacter baumannii infection. Antimicrob Agents
Chemother 61:e00954-17. https://doi.org/10.1128/AAC.00954-17.

55. Duplessis C, Biswas B, Hanisch B, Perkins M, Henry M, Quinones J, Wolfe
D, Estrella L, Hamilton T. 2018. Refractory Pseudomonas bacteremia in a
2-year-old sterilized by bacteriophage therapy. J Pediatric Infect Dis Soc
7:253–256. https://doi.org/10.1093/jpids/pix056.

56. Petrovic Fabijan A, Lin RCY, Ho J, Maddocks S, Ben Zakour NL, Iredell JR,
Khalid A, Venturini C, Chard R, Morales S, Sandaradura I, Gilbey T, West-
mead Bacteriophage Therapy Team. 2020. Safety of bacteriophage ther-
apy in severe Staphylococcus aureus infection. Nat Microbiol 5:465–472.
https://doi.org/10.1038/s41564-019-0634-z.

57. Jennes S, Merabishvili M, Soentjens P, Pang KW, Rose T, Keersebilck E,
Soete O, Francois PM, Teodorescu S, Verween G, Verbeken G, De Vos D,
Pirnay JP. 2017. Use of bacteriophages in the treatment of colistin-only-

Minireview Antimicrobial Agents and Chemotherapy

March 2022 Volume 66 Issue 3 e02071-21 aac.asm.org 31

https://doi.org/10.1093/femsle/fnv246
https://doi.org/10.1038/s41564-017-0050-1
https://doi.org/10.1038/s41564-017-0050-1
https://doi.org/10.1093/cid/ciz222
https://doi.org/10.1093/ofid/ofy064
https://doi.org/10.1093/cid/ciaa705
https://doi.org/10.1093/cid/ciaa705
https://doi.org/10.15252/emmm.202113936
https://doi.org/10.3390/v11100891
https://doi.org/10.3390/v11100891
https://doi.org/10.3389/fmed.2020.00342
https://doi.org/10.1093/ofid/ofy269
https://doi.org/10.1093/jac/dky263
https://doi.org/10.1093/jac/dky263
https://doi.org/10.1128/AAC.00924-19
https://doi.org/10.1128/AAC.00924-19
https://doi.org/10.3389/fmed.2021.569159
https://doi.org/10.3389/fmed.2020.570572
https://doi.org/10.3390/ph14030231
https://doi.org/10.3390/ph14030231
https://doi.org/10.3390/v13061182
https://doi.org/10.3390/v13061182
https://doi.org/10.3390/antibiotics9050241
https://doi.org/10.3390/antibiotics9050241
https://doi.org/10.1016/j.healun.2019.01.001
https://doi.org/10.1016/j.healun.2019.01.001
https://doi.org/10.1093/ejcts/ezz295
https://doi.org/10.1016/j.jinf.2021.05.027
https://doi.org/10.3390/antibiotics9050232
https://doi.org/10.1093/emph/eoy005
https://doi.org/10.5694/mja2.50274
https://doi.org/10.5694/mja2.50274
https://doi.org/10.1016/s0041-1345(03)00525-6
https://doi.org/10.1128/AAC.00954-17
https://doi.org/10.1093/jpids/pix056
https://doi.org/10.1038/s41564-019-0634-z
https://aac.asm.org


sensitive Pseudomonas aeruginosa septicaemia in a patient with acute
kidney injury-a case report. Crit Care 21:129. https://doi.org/10.1186/
s13054-017-1709-y.

58. Fadlallah A, Chelala E, Legeais JM. 2015. Corneal infection therapy with
topical bacteriophage administration. Open Ophthalmol J 9:167–168.
https://doi.org/10.2174/1874364101509010167.

59. Chan BK, Sistrom M, Wertz JE, Kortright KE, Narayan D, Turner PE. 2016.
Phage selection restores antibiotic sensitivity in MDR Pseudomonas aeru-
ginosa. Sci Rep 6:26717. https://doi.org/10.1038/srep26717.

60. Plaut S. 2019. Regulatory considerations for bacteriophage products, p
342. In Gorski AMR, Borysowski J (ed), Phage therapy: a practical
approach. Springer, Berlin, Germany.

61. Liu D, Van Belleghem JD, de Vries CR, Burgener E, Chen Q, Manasherob
R, Aronson JR, Amanatullah DF, Tamma PD, Suh GA. 2021. The safety
and toxicity of phage therapy: a review of animal and clinical studies.
Viruses 13:1268. https://doi.org/10.3390/v13071268.

62. Johri AV, Johri P, Hoyle N, Pipia L, Nadareishvili L, Nizharadze D. 2021.
Case report: chronic bacterial prostatitis treated with phage therapy af-
ter multiple failed antibiotic treatments. Front Pharmacol 12:692614.
https://doi.org/10.3389/fphar.2021.692614.

63. Fish R, Kutter E, Wheat G, Blasdel B, Kutateladze M, Kuhl S. 2018. Compas-
sionate use of bacteriophage therapy for foot ulcer treatment as an
effective step for moving toward clinical trials. Methods Mol Biol (Clifton,
NJ) 1693:159–170. https://doi.org/10.1007/978-1-4939-7395-8_14.

64. Marza JAS, Soothill JS, Boydell P, Collyns TA. 2006. Multiplication of ther-
apeutically administered bacteriophages in Pseudomonas aeruginosa
infected patients. Burns 32:644–646. https://doi.org/10.1016/j.burns
.2006.02.012.

65. Duplessis CASM, Hamilton T, Merril G, Brownstein M, et al. 2019. A case
series of emergency investigational new drug applications for bacterio-
phages treating recalcitrant multi-drug resistant bacterial infections:
confirmed safety and a signal of efficacy. J Intensive Crit Care 5:11.

66. Ujmajuridze A, Chanishvili N, Goderdzishvili M, Leitner L, Mehnert U,
Chkhotua A, Kessler TM, Sybesma W. 2018. Adapted bacteriophages for
treating urinary tract infections. Front Microbiol 9:1832. https://doi.org/
10.3389/fmicb.2018.01832.

67. Chan BK, Stanley G, Modak M, Koff JL, Turner PE. 2021. Bacteriophage
therapy for infections in CF. Pediatr Pulmonol 56(Suppl 1):S4–S9. https://
doi.org/10.1002/ppul.25190.

68. United States Code. 2018. Title 21. Food and drugs. Chapter 9. Federal
food, drug, and cosmetics act. Subchapter V. Drugs and devices. Part A.
Drugs and devices. https://www.law.cornell.edu/uscode/text/21/chapter
-9/subchapter-V/part-A.

69. United States Code. 2018. Title 42. The public health and welfare. Chap-
ter 6A. Public Health Service. Subchapter II. General powers and duties.
Part F. Licensing of biological products and clinical laboratories. Subpart
1. Biological products. Section 262. Regulation of biological products.
https://www.law.cornell.edu/uscode/text/42/262.

70. Code of Federal Regulations. 2021. Title 21. Food and drugs. Chapter I.
Food and Drug Administration. Subchapter D. Drugs for human use. Part
312. Investigational new drug application. http://www.accessdata.fda
.gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?fr=312.

71. Code of Federal Regulations. 2021. Title 21. Food and drugs. Chapter I. Food
and Drug Administration. Subchapter D. Drugs for human use. Part 312.
Investigational new drug application. Section 312.23(7). IND content and for-
mat. http://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm
?fr=312.23.

72. Reference deleted.
73. Code of Federal Regulations. 2021. Title 21. Food and drugs. Chapter I.

Food and Drug Administration. Subchapter D. Drugs for human use. Part
312. Investigational new drug application. Section 312.305. Require-
ments for all expanded access uses. http://www.accessdata.fda.gov/
scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?fr=312.305.

74. Food and Drug Administration. Expanded access. How to submit a
request (forms). Food and Drug Administration, Washington, DC. https://
www.fda.gov/news-events/expanded-access/expanded-access-how-submit-
request-forms.

75. Code of Federal Regulations. 2021. Title 21. Food and drugs. Chapter I.
Food and Drug Administration. Subchapter D. Drugs for human use. Part
312. Investigational new drug application. Section 312.310. Individual
patients, including for emergency use. http://www.accessdata.fda.gov/
scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?fr=312.310.

76. Code of Federal Regulations. 2021. Title 21. Food and drugs. Chapter I. Food
and Drug Administration. Subchapter D. Drugs for human use. Part 312.

Investigational new drug application. Section 312.32. IND safety reporting.
http://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?fr=
312.32.

77. Code of Federal Regulations. 2021. Title 21. Food and drugs. Chapter I.
Food and Drug Administration. Subchapter D. Drugs for human use. Part
312. Investigational new drug application. Section 312.33. Annual reports.
http://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?fr=
312.33.

78. Food and Drug Administration. For physicians: how to request single
patient expanded access (“compassionate use”). Food and Drug Admin-
istration, Washington, DC. https://www.fda.gov/drugs/investigational-new
-drug-ind-application/physicians-how-request-single-patient-expanded-access
-compassionate-use.

79. Food and Drug Administration. Demonstrating substantial evidence of effec-
tiveness for human drug and biological products. Food and Drug Adminis-
tration, Washington, DC. https://www.fda.gov/regulatory-information/search
-fda-guidance-documents/demonstrating-substantial-evidence-effectiveness
-human-drug-and-biological-products.

80. Cerca N, Oliveira R, Azeredo J. 2007. Susceptibility of Staphylococcus epi-
dermidis planktonic cells and biofilms to the lytic action of staphylococ-
cus bacteriophage K. Lett Appl Microbiol 45:313–317. https://doi.org/10
.1111/j.1472-765X.2007.02190.x.

81. Caflisch KM, Patel R. 2019. Implications of bacteriophage- and bacterio-
phage component-based therapies for the clinical microbiology labora-
tory. J Clin Microbiol 57:e00229-19. https://doi.org/10.1128/JCM.00229-19.

82. Cormier J, Janes M. 2014. A double layer plaque assay using spread plate
technique for enumeration of bacteriophage MS2. J Virol Methods 196:
86–92. https://doi.org/10.1016/j.jviromet.2013.10.034.

83. Carlson K. 2004. Bacteriophages: biology and Application. CRC Press,
Boca Raton, FL.

84. Anderson B, Rashid MH, Carter C, Pasternack G, Rajanna C, Revazishvili T,
Dean T, Senecal A, Sulakvelidze A. 2011. Enumeration of bacteriophage
particles: comparative analysis of the traditional plaque assay and real-
time qPCR- and nanosight-based assays. Bacteriophage 1:86–93. https://
doi.org/10.4161/bact.1.2.15456.

85. Kłopot A, Zakrzewska A, Lecion D, Majewska JM, Harhala MA, Lahutta K,
Ka�zmierczak Z, Łaczma�nski Ł, Kłak M, Dąbrowska K. 2017. Real-time qPCR
as a method for detection of antibody-neutralized phage particles. Front
Microbiol 8:2170. https://doi.org/10.3389/fmicb.2017.02170.

86. Szermer-Olearnik B, Drab M, Mąkosa M, Zembala M, Barbasz J, Dąbrowska
K, Boraty�nski J. 2017. Aggregation/dispersion transitions of T4 phage trig-
gered by environmental ion availability. J Nanobiotechnol 15:32. https://
doi.org/10.1186/s12951-017-0266-5.

87. Hodyra-Stefaniak K, Miernikiewicz P, Drapała J, Drab M, Jo�nczyk-
Matysiak E, Lecion D, Ka�zmierczak Z, Beta W, Majewska J, Harhala M,
Bubak B, Kłopot A, Górski A, Dąbrowska K. 2015. Mammalian host-ver-
sus-phage immune response determines phage fate in vivo. Sci Rep 5:
14802. https://doi.org/10.1038/srep14802.

88. Kutter E. 2009. Phage host range and efficiency of plating. Methods Mol
Biol 501:141–149. https://doi.org/10.1007/978-1-60327-164-6_14.

89. Abedon ST. 2011. Lysis from without. Bacteriophage 1:46–49. https://doi
.org/10.4161/bact.1.1.13980.

90. Richter Ł, Księ_zarczyk K, Paszkowska K, Janczuk-Richter M, Niedziółka-
Jönsson J, Gapi�nski J, Ło�s M, Hołyst R, Paczesny J. 2021. Adsorption of
bacteriophages on polypropylene labware affects the reproducibility of
phage research. Sci Rep 11:7387. https://doi.org/10.1038/s41598-021
-86571-x.

91. Acs N, Gambino M, Brondsted L. 2020. Bacteriophage enumeration and
detection methods. Front Microbiol 11:594868. https://doi.org/10.3389/
fmicb.2020.594868.

92. Radstrom P, Knutsson R, Wolffs P, Lovenklev M, Lofstrom C. 2004. Pre-
PCR processing: strategies to generate PCR-compatible samples. Mol
Biotechnol 26:133–146. https://doi.org/10.1385/MB:26:2:133.

93. Conceicao-Neto N, Zeller M, Lefrere H, De Bruyn P, Beller L, Deboutte W,
Yinda CK, Lavigne R, Maes P, Van Ranst M, Heylen E, Matthijnssens J.
2015. Modular approach to customise sample preparation procedures
for viral metagenomics: a reproducible protocol for virome analysis. Sci
Rep 5:16532. https://doi.org/10.1038/srep16532.

94. Salazar KC, Ma L, Green SI, Zulk JJ, Trautner BW, Ramig RF, Clark JR,
Terwilliger AL, Maresso AW. 2021. Antiviral resistance and phage counter
adaptation to antibiotic-resistant extraintestinal pathogenic Escherichia
coli. mBio 12:e00211-21. https://doi.org/10.1128/mBio.00211-21.

95. Green SI, Gu Liu C, Yu X, Gibson S, Salmen W, Rajan A, Carter HE, Clark JR,
Song X, Ramig RF, Trautner BW, Kaplan HB, Maresso AW. 2021. Targeting

Minireview Antimicrobial Agents and Chemotherapy

March 2022 Volume 66 Issue 3 e02071-21 aac.asm.org 32

https://doi.org/10.1186/s13054-017-1709-y
https://doi.org/10.1186/s13054-017-1709-y
https://doi.org/10.2174/1874364101509010167
https://doi.org/10.1038/srep26717
https://doi.org/10.3390/v13071268
https://doi.org/10.3389/fphar.2021.692614
https://doi.org/10.1007/978-1-4939-7395-8_14
https://doi.org/10.1016/j.burns.2006.02.012
https://doi.org/10.1016/j.burns.2006.02.012
https://doi.org/10.3389/fmicb.2018.01832
https://doi.org/10.3389/fmicb.2018.01832
https://doi.org/10.1002/ppul.25190
https://doi.org/10.1002/ppul.25190
https://www.law.cornell.edu/uscode/text/21/chapter-9/subchapter-V/part-A
https://www.law.cornell.edu/uscode/text/21/chapter-9/subchapter-V/part-A
https://www.law.cornell.edu/uscode/text/42/262
http://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?fr=312
http://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?fr=312
http://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?fr=312.23
http://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?fr=312.23
http://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?fr=312.305
http://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?fr=312.305
https://www.fda.gov/news-events/expanded-access/expanded-access-how-submit-request-forms
https://www.fda.gov/news-events/expanded-access/expanded-access-how-submit-request-forms
https://www.fda.gov/news-events/expanded-access/expanded-access-how-submit-request-forms
http://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?fr=312.310
http://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?fr=312.310
http://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?fr=312.32
http://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?fr=312.32
http://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?fr=312.33
http://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?fr=312.33
https://www.fda.gov/drugs/investigational-new-drug-ind-application/physicians-how-request-single-patient-expanded-access-compassionate-use
https://www.fda.gov/drugs/investigational-new-drug-ind-application/physicians-how-request-single-patient-expanded-access-compassionate-use
https://www.fda.gov/drugs/investigational-new-drug-ind-application/physicians-how-request-single-patient-expanded-access-compassionate-use
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/demonstrating-substantial-evidence-effectiveness-human-drug-and-biological-products
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/demonstrating-substantial-evidence-effectiveness-human-drug-and-biological-products
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/demonstrating-substantial-evidence-effectiveness-human-drug-and-biological-products
https://doi.org/10.1111/j.1472-765X.2007.02190.x
https://doi.org/10.1111/j.1472-765X.2007.02190.x
https://doi.org/10.1128/JCM.00229-19
https://doi.org/10.1016/j.jviromet.2013.10.034
https://doi.org/10.4161/bact.1.2.15456
https://doi.org/10.4161/bact.1.2.15456
https://doi.org/10.3389/fmicb.2017.02170
https://doi.org/10.1186/s12951-017-0266-5
https://doi.org/10.1186/s12951-017-0266-5
https://doi.org/10.1038/srep14802
https://doi.org/10.1007/978-1-60327-164-6_14
https://doi.org/10.4161/bact.1.1.13980
https://doi.org/10.4161/bact.1.1.13980
https://doi.org/10.1038/s41598-021-86571-x
https://doi.org/10.1038/s41598-021-86571-x
https://doi.org/10.3389/fmicb.2020.594868
https://doi.org/10.3389/fmicb.2020.594868
https://doi.org/10.1385/MB:26:2:133
https://doi.org/10.1038/srep16532
https://doi.org/10.1128/mBio.00211-21
https://aac.asm.org


of mammalian glycans enhances phage predation in the gastrointestinal
tract. mBio 12:e03474-20. https://doi.org/10.1128/mBio.03474-20.

96. Abdul-Jabar HH, Abd AH, Abdulamir AS. 2020. Efficacy of combinations
of piperacilline/tazobactam, ceftazidime, amikacin and bacteriophage
against Enterobacteriaceae sepsis in neonates: in vitro study. Syst Rev
Pharm 11:165–170.

97. Ali HMH, Abd AKH, Abdulameer AS, Taha RN. 2015. Efficacy of bacterio-
phage-antibiotic combinations against Staphylococcus aureus infection:
in vitro study. Int J Pharm Sci Rev Res 30:186–189.

98. Chaudhry WN, Concepcion-Acevedo J, Park T, Andleeb S, Bull JJ, Levin
BR. 2017. Synergy and order effects of antibiotics and phages in killing
Pseudomonas aeruginosa biofilms. PLoS One 12:e0168615. https://doi
.org/10.1371/journal.pone.0168615.

99. Jansen M, Wahida A, Latz S, Kruttgen A, Hafner H, Buhl EM, Ritter K, Horz
H-P. 2018. Enhanced antibacterial effect of the novel T4-like bacterio-
phage KARL-1 in combination with antibiotics against multi-drug resist-
ant Acinetobacter baumannii. Sci Rep 8:14140. https://doi.org/10.1038/
s41598-018-32344-y.

100. Knezevic P, Curcin S, Aleksic V, Petrusic M, Vlaski L. 2013. Phage-antibi-
otic synergism: a possible approach to combatting Pseudomonas aerugi-
nosa. Res Microbiol 164:55–60. https://doi.org/10.1016/j.resmic.2012.08
.008.

101. Gu Liu C, Green SI, Min L, Clark JR, Salazar KC, Terwilliger AL, Kaplan HB,
Trautner BW, Ramig RF, Maresso AW. 2020. Phage-antibiotic synergy is
driven by a unique combination of antibacterial mechanism of action and
stoichiometry. mBio 11:e01462-20. https://doi.org/10.1128/mBio.01462-20.

102. Grygorcewicz B, Wojciuk B, Roszak M, Łubowska N, Bła_zejczak P, Jursa-
Kulesza J, Rakoczy R, Masiuk H, Dołęgowska B. 2021. Environmental
phage-based cocktail and antibiotic combination effects on Acineto-
bacter baumannii biofilm in a human urine model. Microb Drug Resist
27:25–35. https://doi.org/10.1089/mdr.2020.0083.

103. Scanlan PD, Bischofberger AM, Hall AR. 2017. Modification of Escherichia
coli-bacteriophage interactions by surfactants and antibiotics in vitro.
FEMS Microbiol Ecol 93:fiw211. https://doi.org/10.1093/femsec/fiw211.

104. Gelman D, Beyth S, Lerer V, Adler K, Poradosu-Cohen R, Coppenhagen-
Glazer S, Hazan R. 2018. Combined bacteriophages and antibiotics as an
efficient therapy against VRE Enterococcus faecalis in a mouse model. Res
Microbiol 169:531–539. https://doi.org/10.1016/j.resmic.2018.04.008.

105. Kamal F, Dennis JJ. 2015. Burkholderia cepacia complex phage-antibiotic
synergy (PAS): antibiotics stimulate lytic phage activity. Appl Environ
Microbiol 81:1132–1138. https://doi.org/10.1128/AEM.02850-14.

106. Oechslin F, Piccardi P, Mancini S, Gabard J, Moreillon P, Entenza JM,
Resch G, Que Y-A. 2016. Synergistic interaction between phage therapy
and antibiotics clears Pseudomonas aeruginosa infection in endocarditis
and reduces virulence. INFDIS 215:jiw632–jiw712. https://doi.org/10
.1093/infdis/jiw632.

107. Chhibber S, Kaur T, Kaur S. 2013. Co-therapy using lytic bacteriophage
and linezolid: effective treatment in eliminating methicillin resistant
Staphylococcus aureus (MRSA) from diabetic foot infections. PLoS One 8:
e0056022. https://doi.org/10.1371/journal.pone.0056022.

108. Chen L-K, Kuo S-C, Chang K-C, Cheng C-C, Yu P-Y, Chang C-H, Chen T-Y,
Tseng C-C. 2017. Clinical antibiotic-resistant Acinetobacter baumannii
strains with higher susceptibility to environmental phages than antibi-
otic-sensitive strains. Sci Rep 7:6319. https://doi.org/10.1038/s41598
-017-06688-w.

109. Coulter LB, McLean RJC, Rohde RE, Aron GM. 2014. Effect of bacterio-
phage infection in combination with tobramycin on the emergence of
resistance in Escherichia coli and Pseudomonas aeruginosa biofilms.
Viruses 6:3778–3786. https://doi.org/10.3390/v6103778.

110. Kebriaei R, Lev K, Morrisette T, Stamper KC, Abdul-Mutakabbir JC,
Lehman SM, Morales S, Rybak MJ. 2020. Bacteriophage-antibiotic combi-
nation strategy: an alternative against methicillin-resistant phenotypes
of Staphylococcus aureus. Antimicrob Agents Chemother 64:e00461-20.
https://doi.org/10.1128/AAC.00461-20.

111. Torres-Barcelo C, Franzon B, Vasse M, Hochberg ME. 2016. Long-term
effects of single and combined introductions of antibiotics and bacterio-
phages on populations of Pseudomonas aeruginosa. Evol Appl 9:
583–595. https://doi.org/10.1111/eva.12364.

112. Escobar-Paramo P, Gougat-Barbera C, Hochberg ME. 2012. Evolutionary
dynamics of separate and combined exposure of Pseudomonas fluores-
cens SBW25 to antibiotics and bacteriophage. Evol Appl 5:583–592.
https://doi.org/10.1111/j.1752-4571.2012.00248.x.

113. Kirby AE. 2012. Synergistic action of gentamicin and bacteriophage in a
continuous culture population of Staphylococcus aureus. PLoS One 7:
e51017. https://doi.org/10.1371/journal.pone.0051017.

114. Morrisette T, Lev KL, Kebriaei R, Abdul-Mutakabbir JC, Stamper KC,
Morales S, Lehman SM, Canfield GS, Duerkop BA, Arias CA, Rybak MJ.
2020. Bacteriophage-antibiotic combinations for Enterococcus faecium
with varying bacteriophage and daptomycin susceptibilities. Antimicrob
Agents Chemother 64:e00993-20. https://doi.org/10.1128/AAC.00993-20.

115. Plaut RD, Stibitz S. 2020. Regulatory considerations for bacteriophage
therapy products: USA, p 1–13. In Harper DR, Abedon ST, Burrowes BH,
McConville ML (ed), Bacteriophages: biology, technology, therapy.
Springer International Publishing, Cham, Switzerland. https://doi.org/10
.1007/978-3-319-40598-8_52-1.

116. Yen M, Camilli A. 2017. Mechanisms of the evolutionary arms race
between Vibrio cholerae and vibriophage clinical isolates. Int Microbiol
20:116–120. https://doi.org/10.2436/20.1501.01.292.

117. Akturk E, Oliveira H, Santos SB, Costa S, Kuyumcu S, Melo LDR, Azeredo J.
2019. Synergistic action of phage and antibiotics: parameters to enhance
the killing efficacy against mono and dual-species biofilms. Antibiotics
(Basel, Switzerland) 8:103. https://doi.org/10.3390/antibiotics8030103.

118. Kolenda C, Josse J, Medina M, Fevre C, Lustig S, Ferry T, Laurent F. 2020.
Evaluation of the activity of a combination of three bacteriophages
alone or in association with antibiotics on Staphylococcus aureus embed-
ded in biofilm or internalized in osteoblasts. Antimicrob Agents Chemo-
ther 64:e02231-19. https://doi.org/10.1128/AAC.02231-19.

119. Sagar SS, Kumar R, Kaistha SD. 2017. Efficacy of phage and ciprofloxacin
co-therapy on the formation and eradication of Pseudomonas aerugi-
nosa biofilms. Arab J Sci Eng 42:95–103. https://doi.org/10.1007/s13369
-016-2194-3.

120. Wang L, Tkhilaishvili T, Trampuz A. 2020. Adjunctive use of phage Sb-1
in antibiotics enhances inhibitory biofilm growth activity versus rifam-
pin-resistant Staphylococcus aureus strains. Antibiotics (Basel, Switzer-
land) 9:749. https://doi.org/10.3390/antibiotics9110749.

121. Shlezinger M, Coppenhagen-Glazer S, Gelman D, Beyth N, Hazan R. 2019.
Eradication of vancomycin-resistant enterococci by combining phage
and vancomycin. Viruses 11:954. https://doi.org/10.3390/v11100954.

122. Kumaran D, Taha M, Yi Q, Ramirez-Arcos S, Diallo J-S, Carli A, Abdelbary H.
2018. Does treatment order matter? Investigating the ability of bacterio-
phage to augment antibiotic activity against Staphylococcus aureus bio-
films. Front Microbiol 9:127. https://doi.org/10.3389/fmicb.2018.00127.

123. Chang RYK, Das T, Manos J, Kutter E, Morales S, Chan H-K. 2019. Bacterio-
phage PEV20 and ciprofloxacin combination treatment enhances re-
moval of Pseudomonas aeruginosa biofilm isolated from cystic fibrosis
and wound patients. AAPS J 21:49. https://doi.org/10.1208/s12248-019
-0315-0.

124. Yilmaz C, Colak M, Yilmaz BC, Ersoz G, Kutateladze M, Gozlugol M. 2013.
Bacteriophage therapy in implant-related infections an experimental
study. J Bone Joint Surg Am 95:117–125. https://doi.org/10.2106/JBJS.K
.01135.

125. Rajnovic D, Munoz-Berbel X, Mas J. 2019. Fast phage detection and quan-
tification: an optical density-based approach. PLoS One 14:e0216292.
https://doi.org/10.1371/journal.pone.0216292.

126. Bernasconi OJ, Dona V, Tinguely R, Endimiani A. 2017. In vitro activity of
three commercial bacteriophage cocktails against multidrug-resistant
Escherichia coli and Proteus spp. strains of human and non-human ori-
gin. J Glob Antimicrob Resist 8:179–185. https://doi.org/10.1016/j.jgar
.2016.12.013.

127. Torres-Barcelo C. 2018. The disparate effects of bacteriophages on anti-
biotic-resistant bacteria. Emerg Microbes Infect 7:168. https://doi.org/10
.1038/s41426-018-0169-z.

128. Popescu M, Van Belleghem JD, Khosravi A, Bollyky PL. 2021. Bacterio-
phages and the immune system. Annu Rev Virol https://doi.org/10.1146/
annurev-virology-091919-074551.

129. Van Belleghem J, Dąbrowska K, Vaneechoutte M, Barr J, Bollyky P. 2018.
Interactions between bacteriophage, bacteria, and the mammalian
immune system. Viruses 11:10. https://doi.org/10.3390/v11010010.

130. Geier MR, Trigg ME, Merril CR. 1973. Fate of bacteriophage lambda in
non-immune germ-free mice. Nature 246:221–223. https://doi.org/10
.1038/246221a0.

131. Roach DR, Leung CY, Henry M, Morello E, Singh D, Di Santo JP, Weitz JS,
Debarbieux L. 2017. Synergy between the host immune system and bac-
teriophage is essential for successful phage therapy against an acute re-
spiratory pathogen. Cell Host Microbe 22:38–47. https://doi.org/10
.1016/j.chom.2017.06.018.

Minireview Antimicrobial Agents and Chemotherapy

March 2022 Volume 66 Issue 3 e02071-21 aac.asm.org 33

https://doi.org/10.1128/mBio.03474-20
https://doi.org/10.1371/journal.pone.0168615
https://doi.org/10.1371/journal.pone.0168615
https://doi.org/10.1038/s41598-018-32344-y
https://doi.org/10.1038/s41598-018-32344-y
https://doi.org/10.1016/j.resmic.2012.08.008
https://doi.org/10.1016/j.resmic.2012.08.008
https://doi.org/10.1128/mBio.01462-20
https://doi.org/10.1089/mdr.2020.0083
https://doi.org/10.1093/femsec/fiw211
https://doi.org/10.1016/j.resmic.2018.04.008
https://doi.org/10.1128/AEM.02850-14
https://doi.org/10.1093/infdis/jiw632
https://doi.org/10.1093/infdis/jiw632
https://doi.org/10.1371/journal.pone.0056022
https://doi.org/10.1038/s41598-017-06688-w
https://doi.org/10.1038/s41598-017-06688-w
https://doi.org/10.3390/v6103778
https://doi.org/10.1128/AAC.00461-20
https://doi.org/10.1111/eva.12364
https://doi.org/10.1111/j.1752-4571.2012.00248.x
https://doi.org/10.1371/journal.pone.0051017
https://doi.org/10.1128/AAC.00993-20
https://doi.org/10.1007/978-3-319-40598-8_52-1
https://doi.org/10.1007/978-3-319-40598-8_52-1
https://doi.org/10.2436/20.1501.01.292
https://doi.org/10.3390/antibiotics8030103
https://doi.org/10.1128/AAC.02231-19
https://doi.org/10.1007/s13369-016-2194-3
https://doi.org/10.1007/s13369-016-2194-3
https://doi.org/10.3390/antibiotics9110749
https://doi.org/10.3390/v11100954
https://doi.org/10.3389/fmicb.2018.00127
https://doi.org/10.1208/s12248-019-0315-0
https://doi.org/10.1208/s12248-019-0315-0
https://doi.org/10.2106/JBJS.K.01135
https://doi.org/10.2106/JBJS.K.01135
https://doi.org/10.1371/journal.pone.0216292
https://doi.org/10.1016/j.jgar.2016.12.013
https://doi.org/10.1016/j.jgar.2016.12.013
https://doi.org/10.1038/s41426-018-0169-z
https://doi.org/10.1038/s41426-018-0169-z
https://doi.org/10.1146/annurev-virology-091919-074551
https://doi.org/10.1146/annurev-virology-091919-074551
https://doi.org/10.3390/v11010010
https://doi.org/10.1038/246221a0
https://doi.org/10.1038/246221a0
https://doi.org/10.1016/j.chom.2017.06.018
https://doi.org/10.1016/j.chom.2017.06.018
https://aac.asm.org


132. Międzybrodzki R, Fortuna W, Weber-Dąbrowska B, Górski A. 2009. A ret-
rospective analysis of changes in inflammatory markers in patients
treated with bacterial viruses. Clin Exp Med 9:303–312. https://doi.org/
10.1007/s10238-009-0044-2.

133. Freyberger HR, He Y, Roth AJ, Nikolich MP, Filippov AA. 2018. Effects of
Staphylococcus aureus bacteriophage K on expression of cytokines and
activation markers by human dendritic cells in vitro. Viruses 10:617.
https://doi.org/10.3390/v10110617.

134. Bruttin A, Brussow H. 2005. Human volunteers receiving Escherichia coli
phage T4 orally: a safety test of phage therapy. Antimicrob Agents Che-
mother 49:2874–2878. https://doi.org/10.1128/AAC.49.7.2874-2878.2005.

135. _Zaczek M, Łusiak-Szelachowska M, Jo�nczyk-Matysiak E, Weber-Dąbrowska
B, Międzybrodzki R, Owczarek B, Kopciuch A, Fortuna W, Rogó_z P, Górski
A. 2016. Antibody production in response to staphylococcal MS-1 phage
cocktail in patients undergoing phage therapy. Front Microbiol 7:1681.
https://doi.org/10.3389/fmicb.2016.01681.

136. Majewska J, Ka�zmierczak Z, Lahutta K, Lecion D, Szymczak A, Miernikiewicz
P, Drapała J, Harhala M, Marek-Bukowiec K, Jędruchniewicz N, Owczarek B,
Górski A, Dąbrowska K. 2019. Induction of phage-specific antibodies by
two therapeutic staphylococcal bacteriophages administered per os. Front
Immunol 10:2607. https://doi.org/10.3389/fimmu.2019.02607.

137. Rouse MD, Stanbro J, Roman JA, Lipinski MA, Jacobs A, Biswas B,
Regeimbal J, Henry M, Stockelman MG, Simons MP. 2020. Impact of fre-
quent administration of bacteriophage on therapeutic efficacy in an A.
baumannii mouse wound infection model. Front Microbiol 11:414.
https://doi.org/10.3389/fmicb.2020.00414.

138. Aslam S. 2020. Bacteriophage therapy as a treatment option for trans-
plant infections. Curr Opin Infect Dis 33:298–303. https://doi.org/10
.1097/QCO.0000000000000658.

139. McNair K, Bailey BA, Edwards RA. 2012. PHACTS, a computational
approach to classifying the lifestyle of phages. Bioinformatics 28:614–618.
https://doi.org/10.1093/bioinformatics/bts014.

140. Colavecchio A, D'Souza Y, Tompkins E, Jeukens J, Freschi L, Emond-
Rheault JG, Kukavica-Ibrulj I, Boyle B, Bekal S, Tamber S, Levesque RC,
Goodridge LD. 2017. Prophage integrase typing is a useful indicator of
genomic diversity in Salmonella enterica. Front Microbiol 8:1283. https://
doi.org/10.3389/fmicb.2017.01283.

141. Bankhead T, Segall AM. 2000. Characterization of a mutation of bacterio-
phage lambda integrase. Putative role in core binding and strand
exchange for a conserved residue. J Biol Chem 275:36949–36956. https://
doi.org/10.1074/jbc.M004679200.

142. Feiner R, Argov T, Rabinovich L, Sigal N, Borovok I, Herskovits AA. 2015.
A new perspective on lysogeny: prophages as active regulatory switches
of bacteria. Nat Rev Microbiol 13:641–650. https://doi.org/10.1038/
nrmicro3527.

143. Philipson CW, Voegtly LJ, Lueder MR, Long KA, Rice GK, Frey KG, Biswas
B, Cer RZ, Hamilton T, Bishop-Lilly KA. 2018. Characterizing phage
genomes for therapeutic applications. Viruses 10:188. https://doi.org/10
.3390/v10040188.

144. Garneau JR, Depardieu F, Fortier LC, Bikard D, Monot M. 2017. Phage-
Term: a tool for fast and accurate determination of phage termini and
packaging mechanism using next-generation sequencing data. Sci Rep
7:8292. https://doi.org/10.1038/s41598-017-07910-5.

145. United States Food and Drug Administration. 2008. Guidance for industry.
CGMP for phase 1 investigational drugs. https://www.fda.gov/media/70975/
download.

146. United States Food and Drug Administration. 2012. Guidance of indus-
try: pyrogen and endotoxin testing: questions and answers. https://
www.fda.gov/media/83477/download.

147. Cooper CJ, Mirzaei MK, Nilsson AS. 2016. Adapting drug approval path-
ways for bacteriophage-based therapeutics. Front Microbiol 7:1209.
https://doi.org/10.3389/fmicb.2016.01209.

148. American Pharmaceutical Review. 2018. Setting endotoxin acceptance
criteria for biologics intravenous (IV) and subcutaneous (SC) mono- and
combination therapies. https://www.americanpharmaceuticalreview.com/
Featured-Articles/353671-Setting-Endotoxin-Acceptance-Criteria-for-Biologics-
Intravenous-IV-and-Subcutaneous-SC-Mono-and-Combination-Therapies/#:;:
text=Drug%20product%20endotoxin%20acceptance%20criteria,%2Fhour%
20for%20intrathecal%20administration.

149. United States Food and Drug Administration. 2018. FDA alerts health care
professionals of significant safety risks associated with cesium chloride.
https://www.fda.gov/Drugs/GuidanceComplianceRegulatoryInformation/
PharmacyCompounding/ucm614211.htm.

150. Guerin K, Choi V, Aranda J, Demirs J, Li H, Yang JZ, Nguyen N, Bottega S,
Jaffee B, Dryja T, Police S. 2015. Residual cesium chloride in AAV vectors
purified by CsCl gradient centrifugation does not cause obvious inflamma-
tion or retinal degeneration in C57Bl6/J mice following subretinal injection.
Mol Ther 23:S240. https://doi.org/10.1016/S1525-0016(16)34214-9.

151. Boraty�nski J, Syper D, Weber-Dabrowska B, Łusiak-Szelachowska M,
Po�zniak G, Górski A. 2004. Preparation of endotoxin-free bacteriophages.
Cell Mol Biol Lett 9:253–259.

152. Hietala V, Horsma-Heikkinen J, Carron A, Skurnik M, Kiljunen S. 2019. The
removal of endo- and enterotoxins from bacteriophage preparations.
Front Microbiol 10:1674. https://doi.org/10.3389/fmicb.2019.01674.

153. Adriaenssens EM, Lehman SM, Vandersteegen K, Vandenheuvel D,
Philippe DL, Cornelissen A, Clokie MRJ, Garcia AJ, De Proft M, Maes M,
Lavigne R. 2012. CIM monolithic anion-exchange chromatography as a
useful alternative to CsCl gradient purification of bacteriophage par-
ticles. Virology 434:265–270. https://doi.org/10.1016/j.virol.2012.09.018.

154. Smrekar F, Ciringer M, Peterka M, Podgornik A, Strancar A. 2008. Purifica-
tion and concentration of bacteriophage T4 using monolithic chromato-
graphic supports. J Chromatogr B Analyt Technol Biomed Life Sci 861:
177–180. https://doi.org/10.1016/j.jchromb.2007.05.048.

155. Smrekar F, Ciringer M, Strancar A, Podgornik A. 2011. Characterisation of
methacrylate monoliths for bacteriophage purification. J Chromatogr A
1218:2438–2444. https://doi.org/10.1016/j.chroma.2010.12.083.

156. Szermer-Olearnik B, Boraty�nski J. 2015. Removal of endotoxins from bac-
teriophage preparations by extraction with organic solvents. PLoS One
10:e0122672. https://doi.org/10.1371/journal.pone.0122672.

157. El Haddad L, Abdallah NB, Plante PL, Dumaresq J, Katsarava R, Labrie S,
Corbeil J, St-Gelais D, Moineau S. 2014. Improving the safety of Staphylo-
coccus aureus polyvalent phages by their production on a Staphylococ-
cus xylosus strain. PLoS One 9:e102600. https://doi.org/10.1371/journal
.pone.0102600.

158. Henein AE, Hanlon GW, Cooper CJ, Denyer SP, Maillard J-Y. 2016. A par-
tially purified Acinetobacter baumannii phage preparation exhibits no cy-
totoxicity in 3T3 mouse fibroblast cells. Front Microbiol 7:1198. https://doi
.org/10.3389/fmicb.2016.01198.

159. Mackay IM, Arden KE, Nitsche A. 2002. Real-time PCR in virology. Nucleic
Acids Res 30:1292–1305. https://doi.org/10.1093/nar/30.6.1292.

160. Ackermann HW. 2012. Bacteriophage electron microscopy. Adv Virus
Res 82:1–32. https://doi.org/10.1016/B978-0-12-394621-8.00017-0.

161. Asouzu MU, Nonidez WK, Ho MH. 1990. Flow injection analysis of L-lac-
tate with enzyme amplification and amperometric detection. Anal
Chem 62:708–712. https://doi.org/10.1021/ac00206a012.

162. Wang T, Nguyen A, Zhang L, Turko IV. 2019. Mass spectrometry enumer-
ation of filamentous M13 bacteriophage. Anal Biochem 582:113354.
https://doi.org/10.1016/j.ab.2019.113354.

163. Levin BR, Bull JJ. 2004. Population and evolutionary dynamics of phage
therapy. Nat Rev Microbiol 2:166–173. https://doi.org/10.1038/nrmicro822.

164. Danis-Wlodarczyk K, Dąbrowska K, Abedon ST. 2021. Phage therapy: the
pharmacology of antibacterial viruses. Curr Issues Mol Biol 40:81–164.
https://doi.org/10.21775/cimb.040.081.

165. Kasman LM, Kasman A, Westwater C, Dolan J, Schmidt MG, Norris JS.
2002. Overcoming the phage replication threshold: a mathematical
model with implications for phage therapy. J Virol 76:5557–5564.
https://doi.org/10.1128/jvi.76.11.5557-5564.2002.

166. Payne RJ, Phil D, Jansen VA. 2000. Phage therapy: the peculiar kinetics of
self-replicating pharmaceuticals. Clin Pharmacol Ther 68:225–230.
https://doi.org/10.1067/mcp.2000.109520.

167. Ross A, Ward S, Hyman P. 2016. More is better: selecting for broad host
range bacteriophages. Front Microbiol 7:1352. https://doi.org/10.3389/
fmicb.2016.01352.

168. Schmerer M, Molineux IJ, Bull JJ. 2014. Synergy as a rationale for phage
therapy using phage cocktails. PeerJ 2:e590. https://doi.org/10.7717/
peerj.590.

169. Rotman SG, Sumrall E, Ziadlou R, Grijpma DW, Richards RG, Eglin D,
Moriarty TF. 2020. Local bacteriophage delivery for treatment and pre-
vention of bacterial infections. Front Microbiol 11:538060. https://doi
.org/10.3389/fmicb.2020.538060.

170. Abedon ST, Thomas-Abedon C. 2010. Phage therapy pharmacology. Curr
Pharm Biotechnol 11:28–47. https://doi.org/10.2174/138920110790725410.

171. Milo S, Hathaway H, Nzakizwanayo J, Alves DR, Esteban PP, Jones BV,
Jenkins ATA. 2017. Prevention of encrustation and blockage of urinary
catheters by Proteus mirabilis via pH-triggered release of bacteriophage.
J Mater Chem B 5:5403–5411. https://doi.org/10.1039/C7TB01302G.

Minireview Antimicrobial Agents and Chemotherapy

March 2022 Volume 66 Issue 3 e02071-21 aac.asm.org 34

https://doi.org/10.1007/s10238-009-0044-2
https://doi.org/10.1007/s10238-009-0044-2
https://doi.org/10.3390/v10110617
https://doi.org/10.1128/AAC.49.7.2874-2878.2005
https://doi.org/10.3389/fmicb.2016.01681
https://doi.org/10.3389/fimmu.2019.02607
https://doi.org/10.3389/fmicb.2020.00414
https://doi.org/10.1097/QCO.0000000000000658
https://doi.org/10.1097/QCO.0000000000000658
https://doi.org/10.1093/bioinformatics/bts014
https://doi.org/10.3389/fmicb.2017.01283
https://doi.org/10.3389/fmicb.2017.01283
https://doi.org/10.1074/jbc.M004679200
https://doi.org/10.1074/jbc.M004679200
https://doi.org/10.1038/nrmicro3527
https://doi.org/10.1038/nrmicro3527
https://doi.org/10.3390/v10040188
https://doi.org/10.3390/v10040188
https://doi.org/10.1038/s41598-017-07910-5
https://www.fda.gov/media/70975/download
https://www.fda.gov/media/70975/download
https://www.fda.gov/media/83477/download
https://www.fda.gov/media/83477/download
https://doi.org/10.3389/fmicb.2016.01209
https://www.americanpharmaceuticalreview.com/Featured-Articles/353671-Setting-Endotoxin-Acceptance-Criteria-for-Biologics-Intravenous-IV-and-Subcutaneous-SC-Mono-and-Combination-Therapies/#:~:text=Drug%20product%20endotoxin%20acceptance%20criteria,%2Fhour%20for%20intrathecal%20administration
https://www.americanpharmaceuticalreview.com/Featured-Articles/353671-Setting-Endotoxin-Acceptance-Criteria-for-Biologics-Intravenous-IV-and-Subcutaneous-SC-Mono-and-Combination-Therapies/#:~:text=Drug%20product%20endotoxin%20acceptance%20criteria,%2Fhour%20for%20intrathecal%20administration
https://www.americanpharmaceuticalreview.com/Featured-Articles/353671-Setting-Endotoxin-Acceptance-Criteria-for-Biologics-Intravenous-IV-and-Subcutaneous-SC-Mono-and-Combination-Therapies/#:~:text=Drug%20product%20endotoxin%20acceptance%20criteria,%2Fhour%20for%20intrathecal%20administration
https://www.americanpharmaceuticalreview.com/Featured-Articles/353671-Setting-Endotoxin-Acceptance-Criteria-for-Biologics-Intravenous-IV-and-Subcutaneous-SC-Mono-and-Combination-Therapies/#:~:text=Drug%20product%20endotoxin%20acceptance%20criteria,%2Fhour%20for%20intrathecal%20administration
https://www.americanpharmaceuticalreview.com/Featured-Articles/353671-Setting-Endotoxin-Acceptance-Criteria-for-Biologics-Intravenous-IV-and-Subcutaneous-SC-Mono-and-Combination-Therapies/#:~:text=Drug%20product%20endotoxin%20acceptance%20criteria,%2Fhour%20for%20intrathecal%20administration
https://www.fda.gov/Drugs/GuidanceComplianceRegulatoryInformation/PharmacyCompounding/ucm614211.htm
https://www.fda.gov/Drugs/GuidanceComplianceRegulatoryInformation/PharmacyCompounding/ucm614211.htm
https://doi.org/10.1016/S1525-0016(16)34214-9
https://doi.org/10.3389/fmicb.2019.01674
https://doi.org/10.1016/j.virol.2012.09.018
https://doi.org/10.1016/j.jchromb.2007.05.048
https://doi.org/10.1016/j.chroma.2010.12.083
https://doi.org/10.1371/journal.pone.0122672
https://doi.org/10.1371/journal.pone.0102600
https://doi.org/10.1371/journal.pone.0102600
https://doi.org/10.3389/fmicb.2016.01198
https://doi.org/10.3389/fmicb.2016.01198
https://doi.org/10.1093/nar/30.6.1292
https://doi.org/10.1016/B978-0-12-394621-8.00017-0
https://doi.org/10.1021/ac00206a012
https://doi.org/10.1016/j.ab.2019.113354
https://doi.org/10.1038/nrmicro822
https://doi.org/10.21775/cimb.040.081
https://doi.org/10.1128/jvi.76.11.5557-5564.2002
https://doi.org/10.1067/mcp.2000.109520
https://doi.org/10.3389/fmicb.2016.01352
https://doi.org/10.3389/fmicb.2016.01352
https://doi.org/10.7717/peerj.590
https://doi.org/10.7717/peerj.590
https://doi.org/10.3389/fmicb.2020.538060
https://doi.org/10.3389/fmicb.2020.538060
https://doi.org/10.2174/138920110790725410
https://doi.org/10.1039/C7TB01302G
https://aac.asm.org


172. Alfadhel M, Puapermpoonsiri U, Ford SJ, McInnes FJ, van der Walle CF.
2011. Lyophilized inserts for nasal administration harboring bacterio-
phage selective for Staphylococcus aureus: in vitro evaluation. Int J
Pharm 416:280–287. https://doi.org/10.1016/j.ijpharm.2011.07.006.

173. Luong T, Salabarria AC, Roach DR. 2020. Phage therapy in the resistance
era: where do we stand and where are we going? Clin Ther 42:1659–1680.
https://doi.org/10.1016/j.clinthera.2020.07.014.

174. Pirnay JP, Verbeken G, Ceyssens PJ, Huys I, De Vos D, Ameloot C,
Fauconnier A. 2018. The magistral phage. Viruses 10:64. https://doi.org/
10.3390/v10020064.

175. Bretaudeau L, Tremblais K, Aubrit F, Meichenin M, Arnaud I. 2020.
Good manufacturing practice (GMP) compliance for phage therapy
medicinal products. Front Microbiol 11:1161. https://doi.org/10.3389/
fmicb.2020.01161.

176. Fauconnier A. 2019. Phage therapy regulation: from night to dawn.
Viruses 11:352. https://doi.org/10.3390/v11040352.

177. Luong T, Salabarria AC, Edwards RA, Roach DR. 2020. Standardized bac-
teriophage purification for personalized phage therapy. Nat Protoc 15:
2867–2890. https://doi.org/10.1038/s41596-020-0346-0.

178. Gibson SB, Green SI, Liu CG, Salazar KC, Clark JR, Terwilliger AL, Kaplan
HB, Maresso AW, Trautner BW, Ramig RF. 2019. Constructing and charac-
terizing bacteriophage libraries for phage therapy of human infections.
Front Microbiol 10:2537. https://doi.org/10.3389/fmicb.2019.02537.

179. Pelfrene E, Willebrand E, Cavaleiro Sanches A, Sebris Z, Cavaleri M. 2016.
Bacteriophage therapy: a regulatory perspective. J Antimicrob Chemo-
ther 71:2071–2074. https://doi.org/10.1093/jac/dkw083.

180. Dąbrowska K, Abedon ST. 2019. Pharmacologically aware phage ther-
apy: pharmacodynamic and pharmacokinetic obstacles to phage anti-
bacterial action in animal and human bodies. Microbiol Mol Biol Rev 83:
e00012-19. https://doi.org/10.1128/MMBR.00012-19.

181. Dabrowska K. 2019. Phage therapy: what factors shape phage pharma-
cokinetics and bioavailability? Systematic and critical review. Med Res
Rev 39:2000–2025. https://doi.org/10.1002/med.21572.

182. Łusiak-Szelachowska M, Zaczek M, Weber-Dąbrowska B, Międzybrodzki
R, Kłak M, Fortuna W, Letkiewicz S, Rogó_z P, Szufnarowski K, Jo�nczyk-
Matysiak E, Owczarek B, Górski A. 2014. Phage neutralization by sera of
patients receiving phage therapy. Viral Immunol 27:295–304. https://doi
.org/10.1089/vim.2013.0128.

183. Wiggins BA, Alexander M. 1985. Minimum bacterial density for bacterio-
phage replication: implications for significance of bacteriophages in nat-
ural ecosystems. Appl Environ Microbiol 49:19–23. https://doi.org/10
.1128/aem.49.1.19-23.1985.

184. Abedon ST. 2016. Phage therapy dosing: the problem(s) with multiplic-
ity of infection (MOI). Bacteriophage 6:e1220348. https://doi.org/10
.1080/21597081.2016.1220348.

185. Abedon S. 2011. Phage therapy pharmacology: calculating phage dos-
ing. Adv Appl Microbiol 77:1–40. https://doi.org/10.1016/B978-0-12
-387044-5.00001-7.

186. Nilsson AS. 2019. Pharmacological limitations of phage therapy. Ups J
Med Sci 124:218–227. https://doi.org/10.1080/03009734.2019.1688433.

187. Aviram I, Rabinovitch A. 2008. Dynamical types of bacteria and bacterio-
phages interaction: shielding by debris. J Theor Biol 251:121–136. https://
doi.org/10.1016/j.jtbi.2007.11.003.

188. O'Sullivan L, Buttimer C, McAuliffe O, Bolton D, Coffey A. 2016. Bacterio-
phage-based tools: recent advances and novel applications. F1000Res 5:
2782. https://doi.org/10.12688/f1000research.9705.1.

189. Uchiyama J, Maeda Y, Takemura I, Chess-Williams R, Wakiguchi H,
Matsuzaki S. 2009. Blood kinetics of four intraperitoneally administered
therapeutic candidate bacteriophages in healthy and neutropenic mice.
Microbiol Immunol 53:301–304. https://doi.org/10.1111/j.1348-0421
.2009.00125.x.

190. Donlan RM. 2009. Preventing biofilms of clinically relevant organisms
using bacteriophage. Trends Microbiol 17:66–72. https://doi.org/10.1016/j
.tim.2008.11.002.

191. Cobb LH, McCabe EM, Priddy LB. 2020. Therapeutics and delivery vehicles
for local treatment of osteomyelitis. J Orthop Res 38:2091–2103. https://
doi.org/10.1002/jor.24689.

192. Brown TL, Thomas T, Odgers J, Petrovski S, Spark MJ, Tucci J. 2017. Bac-
teriophage formulated into a range of semisolid and solid dosage forms
maintain lytic capacity against isolated cutaneous and opportunistic
oral bacteria. J Pharm Pharmacol 69:244–253. https://doi.org/10.1111/
jphp.12673.

193. Carrigy NB, Chang RY, Leung SSY, Harrison M, Petrova Z, Pope WH, Hatfull
GF, Britton WJ, Chan HK, Sauvageau D, Finlay WH, Vehring R. 2017. Anti-

tuberculosis bacteriophage D29 delivery with a vibrating mesh nebulizer,
jet nebulizer, and soft mist inhaler. Pharm Res 34:2084–2096. https://doi
.org/10.1007/s11095-017-2213-4.

194. Golshahi L, Seed KD, Dennis JJ, Finlay WH. 2008. Toward modern inhala-
tional bacteriophage therapy: nebulization of bacteriophages of Bur-
kholderia cepacia complex. J Aerosol Med Pulm Drug Deliv 21:351–360.
https://doi.org/10.1089/jamp.2008.0701.

195. Nadithe V, Rahamatalla M, Finlay WH, Mercer JR, Samuel J. 2003. Evaluation
of nose-only aerosol inhalation chamber and comparison of experimental
results with mathematical simulation of aerosol deposition in mouse lungs.
J Pharm Sci 92:1066–1076. https://doi.org/10.1002/jps.10379.

196. Ryan E, Garland MJ, Singh TR, Bambury E, O'Dea J, Migalska K, Gorman
SP, McCarthy HO, Gilmore BF, Donnelly RF. 2012. Microneedle-mediated
transdermal bacteriophage delivery. Eur J Pharm Sci 47:297–304.
https://doi.org/10.1016/j.ejps.2012.06.012.

197. Chen Y, Shen Y, Guo X, Zhang C, Yang W, Ma M, Liu S, Zhang M, Wen LP.
2006. Transdermal protein delivery by a coadministered peptide identi-
fied via phage display. Nat Biotechnol 24:455–460. https://doi.org/10
.1038/nbt1193.

198. Nguyen S, Baker K, Padman BS, Patwa R, Dunstan RA, Weston TA, Schlosser
K, Bailey B, Lithgow T, Lazarou M, Luque A, Rohwer F, Blumberg RS, Barr JJ.
2017. Bacteriophage transcytosis provides a mechanism to cross epithelial
cell layers. mBio 8:e01874-17. https://doi.org/10.1128/mBio.01874-17.

199. Malik DJ, Sokolov IJ, Vinner GK, Mancuso F, Cinquerrui S, Vladisavljevic GT,
Clokie MRJ, Garton NJ, Stapley AGF, Kirpichnikova A. 2017. Formulation, sta-
bilisation and encapsulation of bacteriophage for phage therapy. Adv Col-
loid Interface Sci 249:100–133. https://doi.org/10.1016/j.cis.2017.05.014.

200. Bakhrushina EO, Anurova MN, Aleshkin AV, Kiseleva IA, Bochkareva SS,
Vorobev AM, Bagandova KM, Demina NB. 2020. Development of the
composition and pharmacokinetic studies of suppositories with com-
bined substance of bacteriophages. J Drug Deliv Sci Technol 59:101841.
https://doi.org/10.1016/j.jddst.2020.101841.

201. Bochkareva SS, Karaulov AV, Aleshkin AV, Novikova LI, Kiseleva IA,
Rubal'skii EO, Mekhtiev ER, Styshnev AO, Zul'karneev ER, Anurova MN,
Bakhrushina EO, Letarov AV. 2020. Analysis of the pharmacokinetics of
suppository forms of bacteriophages. Bull Exp Biol Med 168:748–752.
https://doi.org/10.1007/s10517-020-04794-w.

202. Denou E, Bruttin A, Barretto C, Ngom-Bru C, Brüssow H, Zuber S. 2009.
T4 phages against Escherichia coli diarrhea: potential and problems. Vi-
rology 388:21–30. https://doi.org/10.1016/j.virol.2009.03.009.

203. Rastogi V, Yadav P, Verma A, Pandit J. 2017. Ex vivo and in vivo evalua-
tion of microemulsion based transdermal delivery of E. coli specific T4
bacteriophage: a rationale approach to treat bacterial infection. Eur J
Pharm Sci 107:168–182. https://doi.org/10.1016/j.ejps.2017.07.014.

204. Abd El-Aziz AM, Elgaml A, Ali YM. 2019. Bacteriophage therapy increases
complement-mediated lysis of bacteria and enhances bacterial clearance
after acute lung infection with multidrug-resistant Pseudomonas aerugi-
nosa. J Infect Dis 219:1439–1447. https://doi.org/10.1093/infdis/jiy678.

205. Hawkins C, Harper D, Burch D, Anggård E, Soothill J. 2010. Topical treat-
ment of Pseudomonas aeruginosa otitis of dogs with a bacteriophage
mixture: a before/after clinical trial. Vet Microbiol 146:309–313. https://
doi.org/10.1016/j.vetmic.2010.05.014.

206. Fukuda K, Ishida W, Uchiyama J, Rashel M, Kato S-i, Morita T, Muraoka A,
Sumi T, Matsuzaki S, Daibata M, Fukushima A. 2012. Pseudomonas aerugi-
nosa keratitis in mice: effects of topical bacteriophage KPP12 administra-
tion. PLoS One 7:e47742. https://doi.org/10.1371/journal.pone.0047742.

207. Vieira A, Silva YJ, Cunha A, Gomes NC, Ackermann HW, Almeida A. 2012.
Phage therapy to control multidrug-resistant Pseudomonas aeruginosa
skin infections: in vitro and ex vivo experiments. Eur J Clin Microbiol
Infect Dis 31:3241–3249. https://doi.org/10.1007/s10096-012-1691-x.

208. Kumari S, Harjai K, Chhibber S. 2011. Bacteriophage versus antimicrobial
agents for the treatment of murine burn wound infection caused by
Klebsiella pneumoniae B5055. J Med Microbiol 60:205–210. https://doi
.org/10.1099/jmm.0.018580-0.

209. Malik R, Chhibber S. 2009. Protection with bacteriophage KØ1 against
fatal Klebsiella pneumoniae-induced burn wound infection in mice. J
Microbiol Immunol Infect 42:134–140.

210. Cobb LH, Park J, Swanson EA, Beard MC, McCabe EM, Rourke AS, Seo KS,
Olivier AK, Priddy LB. 2019. CRISPR-Cas9 modified bacteriophage for treat-
ment of Staphylococcus aureus induced osteomyelitis and soft tissue infec-
tion. PLoS One 14:e0220421. https://doi.org/10.1371/journal.pone.0220421.

211. Fothergill JL, Mowat E, Walshaw MJ, Ledson MJ, James CE, Winstanley C.
2011. Effect of antibiotic treatment on bacteriophage production by a

Minireview Antimicrobial Agents and Chemotherapy

March 2022 Volume 66 Issue 3 e02071-21 aac.asm.org 35

https://doi.org/10.1016/j.ijpharm.2011.07.006
https://doi.org/10.1016/j.clinthera.2020.07.014
https://doi.org/10.3390/v10020064
https://doi.org/10.3390/v10020064
https://doi.org/10.3389/fmicb.2020.01161
https://doi.org/10.3389/fmicb.2020.01161
https://doi.org/10.3390/v11040352
https://doi.org/10.1038/s41596-020-0346-0
https://doi.org/10.3389/fmicb.2019.02537
https://doi.org/10.1093/jac/dkw083
https://doi.org/10.1128/MMBR.00012-19
https://doi.org/10.1002/med.21572
https://doi.org/10.1089/vim.2013.0128
https://doi.org/10.1089/vim.2013.0128
https://doi.org/10.1128/aem.49.1.19-23.1985
https://doi.org/10.1128/aem.49.1.19-23.1985
https://doi.org/10.1080/21597081.2016.1220348
https://doi.org/10.1080/21597081.2016.1220348
https://doi.org/10.1016/B978-0-12-387044-5.00001-7
https://doi.org/10.1016/B978-0-12-387044-5.00001-7
https://doi.org/10.1080/03009734.2019.1688433
https://doi.org/10.1016/j.jtbi.2007.11.003
https://doi.org/10.1016/j.jtbi.2007.11.003
https://doi.org/10.12688/f1000research.9705.1
https://doi.org/10.1111/j.1348-0421.2009.00125.x
https://doi.org/10.1111/j.1348-0421.2009.00125.x
https://doi.org/10.1016/j.tim.2008.11.002
https://doi.org/10.1016/j.tim.2008.11.002
https://doi.org/10.1002/jor.24689
https://doi.org/10.1002/jor.24689
https://doi.org/10.1111/jphp.12673
https://doi.org/10.1111/jphp.12673
https://doi.org/10.1007/s11095-017-2213-4
https://doi.org/10.1007/s11095-017-2213-4
https://doi.org/10.1089/jamp.2008.0701
https://doi.org/10.1002/jps.10379
https://doi.org/10.1016/j.ejps.2012.06.012
https://doi.org/10.1038/nbt1193
https://doi.org/10.1038/nbt1193
https://doi.org/10.1128/mBio.01874-17
https://doi.org/10.1016/j.cis.2017.05.014
https://doi.org/10.1016/j.jddst.2020.101841
https://doi.org/10.1007/s10517-020-04794-w
https://doi.org/10.1016/j.virol.2009.03.009
https://doi.org/10.1016/j.ejps.2017.07.014
https://doi.org/10.1093/infdis/jiy678
https://doi.org/10.1016/j.vetmic.2010.05.014
https://doi.org/10.1016/j.vetmic.2010.05.014
https://doi.org/10.1371/journal.pone.0047742
https://doi.org/10.1007/s10096-012-1691-x
https://doi.org/10.1099/jmm.0.018580-0
https://doi.org/10.1099/jmm.0.018580-0
https://doi.org/10.1371/journal.pone.0220421
https://aac.asm.org


cystic fibrosis epidemic strain of Pseudomonas aeruginosa. Antimicrob
Agents Chemother 55:426–428. https://doi.org/10.1128/AAC.01257-10.

212. Kishor C, Mishra RR, Saraf SK, Kumar M, Srivastav AK, Nath G. 2016. Phage
therapy of staphylococcal chronic osteomyelitis in experimental animal
model. Indian J Med Res 143:87–94. https://doi.org/10.4103/0971-5916
.178615.

213. Kumari S, Harjai K, Chhibber S. 2010. Topical treatment of Klebsiella
pneumoniae B5055 induced burn wound infection in mice using natural
products. J Infect Dev Ctries 4:367–377. https://doi.org/10.3855/jidc.312.

214. Majewska J, Beta W, Lecion D, Hodyra-Stefaniak K, Kłopot A, Ka�zmierczak
Z, Miernikiewicz P, Piotrowicz A, Ciekot J, Owczarek B, Kopciuch A,
Wojtyna K, Harhala M, Mąkosa M, Dąbrowska K. 2015. Oral application of
T4 phage induces weak antibody production in the gut and in the blood.
Viruses 7:4783–4799. https://doi.org/10.3390/v7082845.

215. El Haddad L, Harb CP, Gebara MA, Stibich MA, Chemaly RF. 2019. A sys-
tematic and critical review of bacteriophage therapy against multidrug-
resistant ESKAPE organisms in humans. Clin Infect Dis 69:167–178.
https://doi.org/10.1093/cid/ciy947.

Minireview Antimicrobial Agents and Chemotherapy

March 2022 Volume 66 Issue 3 e02071-21 aac.asm.org 36

https://doi.org/10.1128/AAC.01257-10
https://doi.org/10.4103/0971-5916.178615
https://doi.org/10.4103/0971-5916.178615
https://doi.org/10.3855/jidc.312
https://doi.org/10.3390/v7082845
https://doi.org/10.1093/cid/ciy947
https://aac.asm.org

	METHODOLOGY
	QUESTION 1: FOR WHICH INFECTIONS CAN PHAGE THERAPY BE CONSIDERED?
	Suggestion.
	Rationale.
	Recurrent UTIs.
	Chronic rhinosinusitis and otitis media.
	Skin and soft-tissue infections.
	Respiratory infections.
	Bone and joint infections.
	PJI.
	Cardiac device-associated infection.
	Sepsis.
	Gaps in knowledge.

	QUESTION 2: SHOULD ANTIBIOTICS BE ADMINISTERED CONCURRENTLY WITH PHAGES?
	Suggestion.
	Rationale.
	Gaps in knowledge.

	QUESTION 3: IS PHAGE THERAPY SAFE FOR CLINICAL USE AS AN ANTI-INFECTIVE?
	Suggestion.
	Rationale.

	QUESTION 4: WHAT ARE SOME PRACTICAL CONSIDERATIONS WHEN CONSIDERING PHAGES AS ANTI-INFECTIVE THERAPY?
	Suggestion.
	Rationale.

	QUESTION 5: WHICH REGULATIONS GOVERN USE OF PHAGES IN CLINICAL SETTINGS?
	Suggestion.
	Rationale.

	QUESTION 6: UNDER WHICH CONDITIONS SHOULD PST BE USED TO SELECT PHAGES FOR THERAPEUTIC USE?
	Suggestion.
	Rationale.
	Gaps in knowledge.

	QUESTION 7: WHICH PARAMETERS SHOULD EMERGING PST PLATFORMS CONSIDER?
	Suggestion.
	Rationale.
	Gaps in knowledge.

	QUESTION 8: WHICH PARAMETERS SHOULD TEST METHODS FOR ASSESSMENT OF PHAGE ACTIVITY IN COMBINATION WITH ANTIBIOTICS CONSIDER?
	Suggestion.
	Rationale.
	Gaps in knowledge.

	QUESTION 9: WHICH IMMUNE SYSTEM COMPONENTS ARE LIKELY TO IMPACT SAFETY AND EFFICACY OF PHAGE THERAPY, AND HOW CAN THESE BE TESTED?
	Suggestion.
	Rationale.
	Gaps in knowledge.

	QUESTION 10: WHAT ARE CURRENT ACCEPTABLE STANDARDS NEEDED FOR SAFE PHAGE ADMINISTRATION?
	Suggestion.
	Rationale.
	Gaps in knowledge.

	QUESTION 11: UNDER WHICH CONDITIONS SHOULD PHAGE BE QUANTIFIED IN CLINICAL SPECIMENS AND WHICH PARAMETERS MIGHT BE IMPORTANT FEATURES OF ASSAYS TO QUANTIFY PHAGE IN CLINIC ...
	Suggestion.
	Rationale.
	Gaps in knowledge.

	QUESTION 12: WHAT TYPES OF PHAGE PRODUCTS ARE AVAILABLE, AND WHICH ARE PREFERRED FOR TREATMENT OF PATIENTS WITH ACUTE AND CHRONIC BACTERIAL INFECTIONS?
	Suggestion.
	Rationale.
	Gaps in knowledge.

	QUESTION 13: WHAT ARE THE KEY PHARMACOKINETIC AND PHARMACODYNAMIC CONSIDERATIONS WITH SELECTING INITIAL PHAGE DOSES?
	Recommendation.
	Rationale.
	Gaps in knowledge.

	QUESTION 14: WHAT ARE POTENTIAL ROUTES OF ADMINISTRATION FOR PHAGE THERAPY AND HOW SHOULD THEY BE SELECTED?
	Suggestion.
	Rationale.
	Gaps in knowledge.

	QUESTION 15: WHAT DOSING FREQUENCY AND DURATION FOR PHAGE THERAPY SHOULD BE USED?
	Suggestion.
	Rationale.
	Gaps in knowledge.

	CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES

