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Background: Antimicrobial resistance (AMR) is a major global health challenge re-
quiring innovative therapeutic strategies. Phage—antibiotic combination therapy has
emerged as a potential approach for treating multidrug-resistant (MDR) bacterial in-
fections. This systematic review summarizes reported synergistic effects and clinical
outcomes of this combined strategy.

Methods: This review was conducted according to PRISMA guidelines. PubMed,
Scopus, Web of Science, and the Cochrane Library were searched for studies published
between January 2000 and December 2024 assessing combined bacteriophage and an-
tibiotic therapy against MDR bacteria. Eligible studies focused on therapeutic synergy,
bacterial resensitization, and clinical outcomes, with results synthesized narratively.
Results: A total of 25 studies were included, comprising 10 in vitro studies, 7 in vivo
animal studies, and 8 clinical investigations. Phage—antibiotic combinations demon-
strated synergistic effects in more than 70% of cases, resulting in enhanced bacterial
eradication, improved biofilm disruption, and reduced resistance development com-
pared with monotherapy. The mean Fractional Inhibitory Concentration Index (FIC-I)
for synergistic combinations in in vitro studies was 0.29+0.11. Animal studies reported
protection or survival rates ranging from 64% to 100%. Clinical reports, including case
studies and one phase 2 trial, documented successful treatment of refractory MDR in-
fections without major safety concerns, although adverse events were inconsistently
reported.

Conclusion: Phage-antibiotic combination therapy appears to be a promising ap-
proach for managing MDR bacterial infections. Despite encouraging evidence of en-
hanced efficacy, challenges such as phage resistance, host immune responses, and var-
iability in interactions remain. Larger, well-designed clinical trials and individualized
testing are necessary to confirm clinical efficacy and optimize therapeutic application.

Keywords: Phage-antibiotic combination, Antimicrobial resistance, Synergy, Multi-
drug-resistant bacteria, Bacteriophage therapy, Resensitization
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Introduction

AMR is one of today's most serious threats to
public health in the 21st century (1). According
to the WHO, Millions of people die each year
from infections caused by antibiotic-resistant
bacteria, with an estimated 1.27 million direct
deaths globally in 2019 (2). At the same time
AMR creates significant economic costs to
global healthcare systems (2). Increased and of-
ten inappropriate use of antimicrobial drugs has
rapidly increased this problem, such that many
standard treatments are no longer effective (1).
To further complicate the situation, medical in-
novation and new classes of antibiotics has
slowed dramatically in recent years because of
exorbitant research and development costs and
low profitability (3). Considering this economic
pressure, and that there are limited avenues to re-
vitalize drugs, the need for alternative therapeu-
tic approaches, like phage-antibiotic combina-
tion therapy, to revive existing drugs or create
new ways of attacking infections is crucial. Pub-
lic health legislation, such as the PASTEUR Act
in the United States, reinforces the importance of
working with the public sector to make this
change and continue to innovate towards the de-
velopment of sustainable antimicrobial thera-
peutic options (4).

Bacteriophages (phages), which are viruses that
specifically attack and lyse bacteria, have re-
gained a reputation as therapeutic agents despite
the limitations of traditional antibiotics (1,5).
The history of phage therapy goes back to the
20th century when Felix d'Hérelle's discovery of
bacteriophages provided new optimism for in-
fection treatment. However, with the discovery
and subsequent widespread use of antibiotics,
phage therapy receded into the background until
recently, when the rise of AMR allowed phage
therapy to be brought back into the light.
Phages have unique advantages; their specificity
for pathogenic cells also allows for the protec-
tive and beneficial microbiota to be spared, un-
like broad-spectrum antibiotics (1). They also

replicate at the site of infection as they lyse path-
ogenic cells, decreasing the amount required and
potentially limiting the necessary doses, as well
as having few side effects (6). Perhaps the most
significant feature of phages is that they work on
MDR bacteria, making them a fundamental op-
tion for treating infections where the therapeutic
options may unfortunately be limited (1). Recent
clinical successes and current trials once again
support their viability as therapeutic options (3).
Phage-antibiotic synergy (PAS) merges phages
with antibiotics to enhance their effect and com-
bat antibiotic resistance (2). This combination
provides increased bacterial clearance, penetra-
tion of biofilms, and reduces the chance of re-
sistance development (7,8). The "dual selective
pressure™ hypothesis contends that when phages
and antibiotics are administered simultaneously,
there is more than one selective pressure on path-
ogenic bacteria that acts through different lethal
mechanisms.

Resistance to both phages and antibiotics is less
likely for bacteria due to the risk of developing
resistance to one agent at the expense of suscep-
tibility and/or infectivity to the other agent (10).
For example, a bacteria's phage resistance may
reduce sensitivity to the antibiotic while the an-
tibiotic treatment could promote phage infectiv-
ity creating an evolutionary dilemma for the bac-
teria (11).

We aimed to systematically evaluate the evi-
dence for phage-antibiotic synergy, key mecha-
nisms of action, and clinical efficacy/safety out-
comes based on studies published between
2000-2024. Crucially, this review distinguishes
itself by providing a structured synthesis of the
heterogeneous evidence base, focusing specifi-
cally on the interplay between synergistic mech-
anisms (mechanistic heterogeneity) and the re-
sulting clinical/safety outcomes, addressing the
current knowledge gap regarding translational
barriers (e.g., pharmacokinetics and immune re-
sponses).
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Methods

This systematic review followed the PRISMA
guidelines. The research question was stated us-
ing the PICO framework :

Intervention: Combined use of bacteriophage
and antibiotic therapy .

Comparison: Phages or antibiotics alone as
monotherapy .

Outcomes: Synergy (for example, fractional in-
hibitory concentration index <0.5), resensitiza-
tion (e.g. reduction in MIC), eradication of in-
fection, reduced emergence of resistance, and
clinical outcomes (e.g. survival, symptom reso-
lution).

Search Strategy

A comprehensive literature search was con-
ducted across PubMed, Scopus, Web of Science,
and Cochrane Library, targeting studies pub-
lished between January 2000 and December
2024. Keywords included “bacteriophage,”
"phage," "antibiotic," "synergy," "resistance,"
and "MDR," combined using Boolean operators.
An example search string for PubMed was:
("bacteriophage” OR "phage™) AND ("antibi-
otic" OR "antimicrobial”) AND ("synergy" OR
"combination” OR "resensitization™) AND ("re-
sistance” OR "MDR" OR "multidrug-resistant™)
AND ("bacteria” OR "infection"). Analogous
adapted strings were used for other databases,
tailoring controlled vocabulary (e.g., MeSH
terms in PubMed, Subject Headings in Scopus)
where applicable. The search was limited to ar-
ticles published in English and without geo-
graphical restriction. Other databases had analo-
gous adapted strings which produced a total of
1,456 records (after deduplication). The search
yielded: PubMed (601), Scopus (450), Web of
Science (380), and Cochrane Library (25). Ad-
ditionally, we supplemented our search with

hand-searching relevant articles from the refer-
ence lists of key reviews.

Study Selection

he selection process entailed two steps: an initial
screening of titles and abstracts followed by a
full-text review, conducted independently by
two reviewers (Reviewer A [Javad Rasouli] and
Reviewer B [Rahim Nejadrahim]).
Disagreements  were  resolved  through
discussion, or by consultation with a third
reviewer when necessary. Inter-rater reliability
(IRR) was calculated using Cohen’s Kappa (x),
yielding values of 0.82 for title/abstract
screening and 0.91 for full-text review,
indicating strong agreement. When consensus
was not achieved, a third reviewer (Reviewer C
[Hasan Habibpour-Fattahi]) was consulted, and
their decision was considered final. This process
is illustrated in the PRISMA flow diagram
(Figure 1).

A total of 1,456 records were identified across
the databases and grey literature. Before
screening, 777 records were removed (743
duplicates, 18 automatically marked as
ineligible by automation tools, and 16 removed
for other reasons). The remaining 679 records
were screened by title and abstract, of which 539
were excluded. This resulted in 140 potentially
eligible records. Of these 140, 58 records were
not pursued for full-text retrieval because they
were either conference abstracts, books, or
protocols that did not represent complete
primary research data. This left 82 full-text
reports sought for retrieval, with 11 not
retrieved, leaving 71 articles assessed for
eligibility. Of these, 51 were excluded (16 not of
appropriate study design, 19 not involving
phage—antibiotic combination therapy, and 16
for other reasons), resulting in 25 studies
included in the final qualitative synthesis.
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Figure 1: PRISMA flow diagram
Inclusion Criteria * In vitro, in vivo (animal), and clinical studies
» Studies on combined phage and antibiotic ther- (case reports or trials).
apy for antibiotic-resistant bacteria.
* Investigations of synergy, resensitization, or Exclusion Criteria
related interactions. * Studies on monotherapy with phages or antibi-

otics alone.
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» Non-systematic reviews (except for back-
ground context).
» Studies on antibiotic-sensitive bacteria.

Data Extraction and Quality Assessment

Data were extracted from studies using a stand-
ardized extraction form that included study char-
acteristics, bacterial pathogens, antibiotics and
phages used, and key findings. The extraction
form was piloted on five randomly selected in-
cluded studies and refined accordingly. All ex-
tracted data were subsequently cross-verified by
a second reviewer, and any discrepancies were
resolved by consensus. The quality of the in-
cluded literature was assessed with the appro-
priate tool for study type (e.g., Cochrane Risk of
Bias 2 (RoB 2) (clinical trials), SYRCLE's Risk
of Bias tool (animal studies), or self-designed
checklist (in vitro studies)) and the quality as-
sessment in the RoB 2 tool focused on risk of
bias judging randomization, deviations from in-
tended interventions, missing data, outcome
measurement, and reported results; SYRCLE's
tool addressed selection, performance, and de-
tection bias; and the checklist for in vitro studies
levels of reproducibility, controls, and relation-
ship to statistics, and assessed quality using a
ten-point scale.

The self-designed checklist for in vitro studies
assessed quality based on: 1) Defined study aim,
2) Appropriate control groups, 3) Defined
Phage/Antibiotic concentrations, 4) Statistical
power/reproducibility, 5) Use of clinical isolates
(MDR), 6) Defined synergy metric (e.g., FICI),
7) Evaluation of resistance emergence, 8) Clarity
of statistical methods, 9) Adequate presentation
of results, and 10) Suitability for the research
question. This systematic and rigorous quality
assessment ensured high quality studies were
evaluated, and to represent the review findings
on the overall quality of evidence, the individual
quality assessment scores and risk of bias judg-
ments were incorporated into an expanded Table
1.

Data Synthesis

Due to the high heterogeneity in study designs,
bacterial strains, antibiotic—phage combinations,
and reported outcomes, a quantitative meta-anal-
ysis: was not feasible. The primary obstacles to
meta-analysis were the variability in synergy
metrics (e.g., FICI vs. fractional killing), diverse
phage formulations (single vs. cocktail), and,
most critically, the lack of standardized report-
ing on outcomes (e.g., survival rates were re-
ported across different animal species and mod-
els, precluding pooling of effect sizes). There-
fore, a narrative synthesis was employed, group-
ing studies by methodologies for synergy assess-
ment, types of bacteria, and clinical applications.
A summary table (Table 1) was prepared to pro-
vide comparative reference across studies. Pub-
lication bias was evaluated qualitatively by ex-
amining the distribution of study types and their
reported outcomes, with an indication of poten-
tial bias towards positive results due to the prev-
alence of case reports and non-randomized stud-
ies. This qualitative assessment was based on the
prevalence of small studies (case reports and in
vitro studies with low statistical power) that re-
ported overwhelmingly successful outcomes
(synergy >70%), a classic indicator of potential
reporting bias.

Results

Twenty-five primary research articles were in-
cluded. These articles, all published between
January 2000 and December 2024, encompassed
in vitro studies, in vivo animal studies, and clin-
ical studies, and collectively demonstrated the
efficacy and mechanisms of phage-antibiotic
combination therapy for MDR bacteria. To
avoid double counting, studies were primarily
categorized based on the highest level of evi-
dence provided, although full data from all 25
studies were synthesized (Table 1).



Mousavi, et al. Afghanistan Journal of Infectious Diseases. 2026, 4(1):1-15

Quality Assessment Summary

Overall quality was moderate to high. In as-
sessing the 5 clinical studies (including trials and
case reports), Cochrane RoB 2 showed low risk
in 2 and high risk in 3 (primarily due to the lack
of randomization and blinding in case reports,
which constituted 62.5% of the clinical studies).
In the 10 animal studies, SYRCLE assessments
showed unclear risk in selection bias for 6 (e.g.,

inconclusive randomization) but low risk in re-
porting outcomes. The 10 in vitro studies scored
7-9/10 on the checklist we customized. Overall,
these study assessments indicated good quality
controls for modest efficacy, except for several
in vitro studies with low statistical power. Initial
assessments for effectiveness should be viewed
cautiously since low-quality studies (i.e. case re-
ports) often overestimate effects based on lack

of study size with low-level findings.

Table 1: Summary of selected studies

Reference | Study Type Bacterial Antibiotic(s) Phage(s) Key Findings (Synergy/Re-  Quality Score

No. Pathogen(s) Used Used sensitization/Interactions)  / RoB Judge-

ment

29 In Vivo Escherichia Enrofloxacin 2 phages  Total protection with com- SYRCLE:

(Broilers) coli bination, significant syn- Low RoB
ergy, superior to monother- (Veterinary
apy. Model)

27 InVitro & In  Burkholderia Meropenem, KS12, PAS observed; antibiotics SYRCLE:

Vivo (Gal- cenocepacia Ciprofloxacin, KS14 stimulated increased phage Low RoB
leria Tetracycline production/activity; in- (Clear Syner-
mellonella) creased plague diameters, gistic Mecha-
phage titers; increased sur- nism)
vival in Galleria mellonella
larvae with combination
therapy.
26 InVitro & In  Pseudomonas Ciprofloxacin PP1131  High synergy, cleared infec- SYRCLE:
Vivo (Rats) aeruginosa cocktail  tion, reduced virulence (fit- Low RoB
ness cost of resistance). (Complex In-
fection
Model)
13 In Vitro Pseudomonas Ciprofloxacin PEV20 Significant synergy, main-  7/10 (Moder-
aeruginosa tained after nebulization, ate Quality,
suppressed regrowth. Single
Phage/Antibi-
otic)

14 In Vitro MDR Aci- Meropenem, KARL-1 Synergy with mero- 8/10 (High
netobacter Ciprofloxacin, penem/colistin, negative in- Quality,
baumannii Colistin teraction with ciprofloxacin.  Comparative

Assessment)

16 In Vitro MDR Polymyxin SH- Phage-encoded depolymer- 9/10 (High

Klebsiella KP1522 ase degraded capsule/bio- Quality, De-

pneumoniae 26 films; enhanced polymyxin polymerase
(biofilm- (Dep42) activity. Mechanism)
forming)

36 Clinical MDR Pseudo-  Systemic antibi- Phage Successful adjunctive use RoB 2: High

(Case Re- monas aeru- otics therapy with systemic antibiotics; RoB (Case
port) ginosa clinical resolution of infec- Report)
tion; no adverse events.
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18

11

37

28

38

33

34

17

19

10

Clinical
(Case Re-
port) & In

Vitro

In Vitro & In
Vivo
(Zebrafish,
Mice)

In Vitro

Clinical
(Case Re-
port)

In Vivo
(Mice)

Clinical
(Case Re-
port)

In Vivo
(Mice)

InVitro & In
Vivo (Gal-
leria
mellonella)
In Vitro & In
Vivo (Gal-
leria
mellonella)
In Vitro

In Vitro

Extensively
Drug-Re-
sistant
Klebsiella
pneumoniae

Antibiotic-re-
sistant Esche-
richia coli

Extraintestinal
Escherichia

coli (ExXPEC,

drug-resistant)

ESBL-pro-
ducing Esche-
richia coli

MDR
Klebsiella
pneumoniae

Pandrug-re-
sistant Pseu-
domonas ae-
ruginosa
Yersinia pes-
tis

CRAB Aci-
netobacter
baumannii

MDR Aci-
netobacter
baumannii

MDR Entero-
coccus fae-
cium (biofilm-
embedded)

MDR Aci-
netobacter
baumannii

Sulfamethoxa- Cocktail
zole-trime- Il
thoprim (non-ac-
tive)
Kanamycin, ®EcSw
Chlorampheni-
col, Ampicillin
Various antibiot-  ®HP3
ics
Ertapenem Four-
phage
cocktail
Gentamicin vB_Kpn
M_P-
KP2
Systemic antibi-  Person-
otics alized
phage
cocktail
Ceftriaxone Phage
cocktail
Colistin vWU200
1
Colistin Dpo71
(depoly-
merase)
Daptomycin, 3-or 4-
Ampicillin phage
cocktails
Colistin vB_Aba
M-IME-
AB2

Non-active antibiotic +
phage synergism (NABS)
inhibited emergence of
phage-resistant mutants in
vitro; successfully cured re-
current UTI in patient.
Synergistic Iytic activity
with kanamycin/chloram-
phenicol; ampicillin did not
inhibit phage titre; in vivo
control of MDR E. coli.
Phages lowered MIC for
drug-resistant strains; syn-
ergy/antagonism dependent
on antibiotic class and stoi-
chiometry; suppressed
emergence of resistant cells.
Patient tolerated phage ther-
apy without adverse events,
symptom resolution; addi-
tive effects observed.
Completely rescued mice,
bacterial elimination, inhib-
ited inflammation; superior
to monotherapy.
Successful management of
spinal abscess; patient
healed with local and 1V
phages as adjuvant therapy.
Significantly improved out-
comes (100% survival),
complete clearance of path-
ogens.
Significantly higher inhibi-
tion/clearance, synergistic
effect.

Depolymerase sensitized
bacteria to colistin, en-
hanced antibiofilm activity,
improved survival.
Significant killing of bio-
film-embedded E. faecium;
antibiotic resistance stabili-
zation; prevention/reduction
of phage resistance.
Phage first for greatest syn-
ergy but failed to prevent
resistance; simultaneous/an-
tibiotic first suppressed/de-
layed resistance.

RoB 2: High
RoB (Case
Report)

SYRCLE:
Unclear RoB
(Complexity

of Models)

8/10 (High
Quality, Fo-
cus on Stoi-
chiometry)

RoB 2: High
RoB (Case
Report)

SYRCLE:
Low RoB
(Clear Out-
come)
RoB 2: High
RoB (Case
Report)

SYRCLE:
Low RoB
(Clear Out-
come)
SYRCLE:
Low RoB
(Clear Syner-
gistic Effect)
SYRCLE:
Low RoB
(High Quality
Lab Study)
8/10 (High
Quality, Fo-
cus on Bio-
film)

9/10 (High
Quality, Fo-
cus on Evolu-
tion)
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41 Clinical Vancomycin-  Systemic antibi- ~ ©9184, Clinical improvement, re- RoB 2: High
(Case Re- resistant E. otics ®Hi3 duced bacterial burden; in RoB (Case
port) & In faecium vitro improved bacterial Report, Anti-

Vitro growth suppression; anti- phage Re-
phage antibody response sponse)
emerged limiting efficacy.

40 Clinical Drug-resistant Oral trime- LBPECO  Safe, rapid bacterial reduc- RoB 2: Low

(Phase 2 Escherichia thoprim/sulfa- 1 tion, symptom-free. RoB (Ran-
Clinical coli methoxazole (CRISP domized
Trial) R-Cas3- Trial)
en-
hanced)
39 Clinical MDR Pseudo- Ceftazidime ®PASB Successful personalized RoB 2: High
(Case Report  monas aeru- 7 phage-antibiotic treatment;  RoB (Veteri-
- Veterinary) ginosa complete wound closure. nary Case)

25 Clinical Various MDR  Concomitant an-  Various Patients without concomi- RoB 2: High
(Retrospec- bacteria tibiotics phages/c  tant antibiotics had a 70% RoB (Retro-
tive Obser- ocktails  lower chance of eradication spective,

vational Confounding)
Study)
21 InVitro & In MRSA Fosfomycin, vB_Sau_ Synergistic effect (FIC < SYRCLE:
Vivo (Gal-  (Staphylococ- Vancomycin, S90 0.5); sequential therapy Low RoB
leria Cus aureus) Oxacillin, (phage before antibiotic) (Clear Com-
mellonella) Ciprofloxacin more effective. parison of Se-
guence)
24 In Vitro Escherichia Chlorampheni- ®X174  Antibiotics influence phage 8/10 (High
coliC col, Gentamicin resistance evolution; sup- Quality, Evo-
pressed mutants, specific lutionary Fo-
concentrations for synergy. Ccus)

9 Invitroex-  Enterococcus  B-lactam antibi- vB_Efa2  Phage-antibiotic combina- 8/10 (High
perimental faecalis (33 otics (including 9212 2e tions enhance bacterial kill- ~ Quality, De-

study clinical iso- ampicillin and and ing, reduce resistance, and  fined Metrics)
lates) related com- vB_Efa2 improve antibiotic effec-
pounds) 9212 3e tiveness through mutual re-
inforcement of phage activ-
ity and drug penetration.
Results three categories: 1) Phage-mediated outer mem-

In Vitro Findings

In vitro work has uniformly demonstrated that
phage-antibiotic combinations lead to increased
bacterial killing, biofilm degradation, and varia-
ble results. Overall, 18 of the 25 included studies
(72%) explicitly reported synergistic interac-
tions (FIC-1 <0.5) or significant enhancement in
bacterial killing, while 8 studies specifically
noted biofilm reduction, mostly facilitated by
phage-encoded depolymerase activity (16, 17).
The underlying synergy mechanisms identified
across the included studies typically fell into

brane permeabilization, enhancing antibiotic up-
take (e.g., increased penetration of aminoglyco-
sides/colistin by phages targeting LPS/capsule)
(16, 17); 2) Antibiotic-mediated stress, increas-
ing phage susceptibility (e.g., sub-inhibitory
concentrations of B-lactams altering cell mor-
phology to favor phage adsorption) (27); and 3)
Phage-induced evolutionary trade-offs, where
resistance to one agent resensitizes the bacteria
to the other (22, 26).

For instance, studies looking at MDR P. aeru-
ginosa have utilized phage-meropenem and
phage-ciprofloxacin-colistin combinations with

8
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notable reductions in colony forming units (cfu)
(12). The study by Oechslin et al. however,
where they combined ciprofloxacin with the
PP1131 cocktail, reported the entire clearance of
the infection and reduction of bacterial viru-
lence, and demonstrated the possibility of de-
creased dosages of antibiotics and reduction in
side effects (26). Phage PEV20 synergized with
ciprofloxacin, which exhibited this synergy
post-nebulization, and as such was identified as
a promising method of delivery for respiratory
infections (13). As for interactions between bac-
teriophage and antibiotics, it was variable; the
KARL-1 phage was reported as being synergis-
tic with meropenem and colistin, but anti-syner-
gistic when paired with ciprofloxacin (14).

Phage-derived depolymerases, such as Dep42
from SH-KP152226, effectively degraded K.
pneumoniae biofilm and act synergistically with
polymyxins (16), and Dpo71 sensitized A. bau-
mannii to colistin (17). Notably, another study
demonstrated that utilizing a combined NABS

strategy with sulfamethoxazole-trimethoprim
and a phage cocktail inhibited the phage-re-
sistant K. pneumoniae mutants, and thus demon-
strated a novel way of managing resistant organ-
isms (22). The diversity of bacterial species
studied, including E. coli, K. pneumoniae, and A.
baumannii, underscores the broad applicability
of this therapeutic strategy. However, antagonis-
tic effects in some pairings (e.g., (14)) where
ciprofloxacin inhibited phage replication high-
light the need for case-by-case evaluation to
avoid suboptimal outcomes.

Figure 2 compares the efficacy (log CFU reduc-
tion) of phage therapy, antibiotic therapy, and
their combinations against P. aeruginosa and A.
baumannii. The results demonstrate a synergis-
tic effect for P. aeruginosa but an antagonistic
interaction for A. baumannii, as indicated by the
combination group's lower reduction compared
to the monotherapies, highlighting the species-
dependent outcomes of phage-antibiotic combi-
nations.

Log Reduction in CFU

P. aeruginosa

Phage alone

Antibiotic alone
Combination (synergistic)
Combination (antagonistic)

A. baumannii

Bacterial Species
Figure 2: Mechanisms and outcomes of phage-antibiotic combinations against select MDR bacteria

In Vivo (Animal) Findings
Animal studies supported the in vitro studies,
further validating that combination treatment

9

yielded better clinical outcomes, but they had
their limitations as the models can only be trans-
lated to a limited degree. In a murine model of
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P. aeruginosa ventilator-associated pneumonia,
the mice who received phage-meropenem ther-
apy had faster clinical improvement and re-
quired fewer doses (30). In a study involving
broilers infected with E. coli, total protection
was achieved with phage-enrofloxacin therapy,
and the study measured synergy (29). In a rat
model of P. aeruginosa endocarditis, the appli-
cation of a phage-ciprofloxacin cocktail yielded
clearance rates of 64% (a positive result consid-
ering the refractoriness of this infection type)
(26). In another study, phage-gentamicin rescu-
ing mice from pneumonia due to a multi-drug re-
sistant K. pneumoniae (28), and phage-ceftriax-
one achieved 100% survival in mice infected
with Yersinia pestis (33). A phage-colistin treat-
ment achieved similar outcomes in Galleria

mellonella infected with A. baumannii (34). Col-
lectively, the studies in animal models with dif-
ferent bacterial species provided strong preclini-
cal evidence to transition combination therapy
into the clinic, but some noted challenges related
to inter-species differences in immune responses
were potentially important to their findings (e.g.,
42).

Preclinical evidence across different animal
models suggests the consistent synergy between
phages and antibiotics leads to greater bacterial
clearance, survival, or reduction in drug use.
These findings are further evidence for the trans-
lational viability of combination therapy for re-
sistant infections (Table 2); however, higher fi-
delity models still need to be tested, as limita-
tions remain related to variable dosing regimens.

Table 2: Efficacy of phage-antibiotic combination therapy in animal models of bacterial infections

Animal Model Pathogen Combination Key Clinical Outcome Ref.
Therapy
Mouse P. aeruginosa (VAP)  Phage + mero-  Faster clinical improvement, (30)
penem reduced dosage
Broiler chickens E. coli Phage + en- 100% protection (significant  (29)
rofloxacin synergy)
Rat P. aeruginosa (endo-  Phage + ciprof-  64% infection clearance (un-  (26)
carditis) loxacin precedented)
Mouse MDR K. pneumoniae Phage + gen- Rescue from lethal infection  (28)
(pneumonia) tamicin
Mouse Yersinia pestis Phage + ceftri- 100% survival (33)

Galleria mellonella (wax A. baumannii

moth larvae)

Phage + colistin

axone
Comparable efficacy to (34)
mammalian models

Clinical Findings

Although clinical studies are limited to case
studies or small studies, the results are very en-
couraging in their clinical application for refrac-
tory infections, however the evidence is low
(non-randomized studies, etc.). Phage therapy
combined with antibiotics eliminated a multi-
drug resistant (MDR) P. aeruginosa infection in
a patient with cystic fibrosis and made lung
transplantation possible (36). The NABS

method was successful in a recurrent K. pneu-
moniae urinary tract infection (UTI) because the
phage inhibited both the pathogen and phage-re-
sistant variants (22). A retrospective study of
100 personalized phage therapy cases found that
patients without concomitant antibiotics had
70% lower odds of bacterial eradication (Odds
Ratio of 0.30) compared to those receiving com-
bination therapy (25). The ELIMINATE Phase 2
trial demonstrated both safety and efficacy of a
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CRISPR-enhanced phage cocktail with trime-
thoprim/sulfamethoxazole for E. coli UTlIs, and
is the first step toward clinical validation (40).
Phage resistance and immune neutralization
were seen in 43.8% and 38.5% of cases, respec-
tively, sourced from the clinical cohort in (25)
and the review (42), yet clinical benefits are of-
ten still noted (25, 42).

These findings demonstrate that combination
therapy has great potential in clinical practice,
but more research should be conducted, with
larger cohorts to reduce selection bias, to answer

Positive Clinical Findings

1] J0 o 0
Percentage %)

other clinically relevant questions as well as how
to address phage resistance and immune neutral-
ization.

Combination phage-antibiotic therapy demon-
strates high in vitro efficacy (90% sensitivity)
and significantly enhanced bacterial eradication
(70% improvement over phage monotherapy),
yet faces critical barriers including immune neu-
tralization (38.5%) and phage resistance devel-
opment (43.8%), sourced from the clinical co-
hort in (25) and the review (42), underscoring
the need for strategic optimization (Figure 3).

Clinical Challenges
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Figure 3: Efficacy and challenges of phage-antibiotic combination therapy in resistant infections

Discussion

This systematic review provides encouraging yet
preliminary evidence for the possibility of
phage-antibiotic combination therapy to combat
the global AMR crisis. The synergy observed in
18 of the 25 included studies (72%) increased the
extent of bacterial killing, as well as disrupted
biofilms and influenced resistance by methods
such as cellular wall disruption, metabolic alter-
ation, and evolutionary cost factors (1, 6). The
range of bacterial species studied (e.g., E. coli,
K. pneumoniae, A. baumannii) indicates the po-
tential for broader applicability. However, inter-
preting the current evidence faces limitations,
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primarily due to the reliance on small-scale stud-
ies and case reports (inherently high risk of bias)
and the high potential for publication bias, as ev-
idenced by the consistent reporting of successful
outcomes and lack of detailed PK/PD data (35).
These inconsistencies and variability to the de-
gree that some phage-antibiotic combinations
were antagonistic (14, 42), highlight that deter-
mining therapeutic design is not necessarily
straightforward, or clear-cut, and ultimately
needs to be an individualized process.

A critical gap remains in the clinical translation
regarding safety and dosing. While case reports
generally cite 'no significant safety concerns,'
formal monitoring of adverse events (AEs) and
long-term immunogenicity are inconsistent. The
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emergence of anti-phage antibody response (41)
and the lack of human PK/PD data—specifically
how phages distribute and persist in specific in-
fection sites relative to antibiotics—are major
hurdles that must be addressed in future Phase
2/3 trials to establish optimal dosing and timing.
A deeper discussion is warranted regarding the
translational feasibility of personalized phage
therapy (PPT). While PPT shows promise (as
seen in (36, 38)), it faces significant regulatory
and manufacturing hurdles, particularly in non-
compassionate use settings, where standardiza-
tion is mandated. The lack of clarity on Phage
Pharmacokinetics (PK) (e.g., tissue penetration
and clearance rates) for different delivery routes
is arguably the most substantial scientific barrier
to establishing standardized clinical protocols.
To promote originality, we propose a conceptual
model to predict phage-antibiotic synergies: a
"synergy matrix" model that will consider mul-
tiple parameters, including antibiotic class (e.qg.,
cell wall inhibitors versus protein-synthesis in-
hibitors), phage lifecycle (e.g., lytic or temper-
ate), and bacterial resistance mechanisms (e.g.,
efflux pumps). Crucially, this model must also
incorporate in vivo parameters such as Phage-
Half-Life(t1/2) and Maximum Tolerated Dose
(MTD) to integrate safety and pharmacological
profiles alongside microbiological outcomes.
This model could learn through machine learn-
ing based on in vitro data to predict patient out-
comes from phage and antibiotic therapy and
guide personalized therapy and reduce trial-and-
error methodologies. Our conceptual model
builds on existing hypotheses like dual selective
pressure (10) and could be tested for validity in
future studies.

Moreover, challenges regarding phage re-
sistance and host immune responses, clearly
seen in a lot of cases, need to be addressed
through adaptive treatment strategies and re-
search. For example, in some studies sequential
dosing (phage first) had some success (21) and
in others showed a failure to prevent resistance
(20), clearly illustrating a need for optimized

protocols. The systematic breakdown of limita-
tions includes: 1) The predominance of low-
level evidence (case reports), contributing to a
high risk of bias; 2) Significant potential for pub-
lication bias toward positive PAS outcomes; 3)
Variability in phage dosing, timing (sequenc-
ing), and heterogeneous formulations (cocktails
vs. single phages); and 4) Reliance on animal
models whose immune responses may not fully
reflect human infection dynamics (42).

Future studies should focus on the timing, dos-
ing, and engineering of phages (e.g., CRISPR-
enhanced phages (40)), which can improve effi-
cacy and decrease resistance. Specifically, future
research must prioritize: a) Standardization of
synergy testing methods (e.g., unifying the FICI
cutoff); b) Conducting Head-to-head compari-
sons to determine the optimal timing/sequencing
of phage—antibiotic administration; c) Develop-
ing large, multi-center randomized controlled
trials to address efficacy; and d) Establishing re-
gional Phage Banks and rapid susceptibility test-
ing platforms to support rational personalized
therapy. Predictive models to help identify syn-
ergistic pairs and comprehensive phage banks
may also help with rationally-complex treatment
and therapy design. Well powered randomized
controlled trials are required to generate regu-
lated and standardized protocols and to help ad-
dress the current evidence gap, including consid-
erations for long-term monitoring for emergence
of resistance, and cost-effectiveness.

Conclusion

This systematic review of 25 studies from 2000
to 2024 shows that phage-antibiotic combination
therapy offers significant potential to enhance
bacterial eradication, inhibit biofilm formation,
and minimize resistance for multi-drug resistant
infections. The potential for phage-antibiotic
combinations is particularly promising due to
the potential mechanisms of action, which can
provide a real tactical advantage over using ei-
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ther one as monotherapy. Pre-clinical and lim-
ited clinical studies provided strong evidence for
the phage-antibiotic combination approach for
treating MDRO infections. There will be hurdles
to be overcome including biodegradation, toler-
ant bacteria, immune responses, and the variabil-
ity in the studies that were reviewed, but there is
unique potential for this approach to counteract
AMR. It is important that researchers continue
to evaluate the mechanisms, optimize the com-
bination approach based on PK/PD modeling,
assess dose and route effects in setting up larger
clinical trials to allow for success with the prom-
ise of phage-antibiotic combination therapy for
all patients in the future.
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