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Abstract 

The emergence of carbapenem-resistant Acinetobacter baumannii (CRAB) has become a major 

health issue which requires new treatment methods because standard antibiotics stop working 

effectively. CRAB continues to multiply in hospital settings while evading multiple antibiotics which 

results in elevated patient mortality numbers. This review evaluates whether employing select virus 

agents that specifically destroy bacterial cells for bacteriophage therapy provides an effective defense 

against CRAB. Bacteriophages develop alongside bacterial mutant populations to neutralize the 

protective mechanisms that CRAB uses for resistance. The authors merge data from multiple in vitro and 

in vivo experiments which include studies on both individual phages and multi-phage treatments 

together with phage-antibiotic combination tests. The study results show that bacteriophage therapy 

possesses both beneficial security characteristics and excellent outcomes in the treatment of CRAB 

infections. CRAB strains which develop phage-resistant characteristics tend to reduce their pathogenicity 

levels until they recover their sensitivity to antibiotics that were previously ineffective.  
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resistance, phage-antibiotic synergy, biofilm disruption 

 

1. Introduction 

The emergence of multidrug-resistant (MDR) bacterial pathogens represents a profound threat to 

global public health, with Acinetobacter baumannii emerging as one of the most formidable due to its 

capacity to develop resistance to a broad spectrum of antibiotics (Rai & Kumar, 2022). Carbapenem-

resistant A. baumannii (CRAB) has been designated by the World Health Organization as a pathogen of 

utmost priority, necessitating the expedited development of innovative therapeutic approaches. 

Conventional antibiotics are progressively ineffective against CRAB, resulting in elevated morbidity 

and mortality, particularly within healthcare environments (Rathor et al., 2023; Song et al., 2023; Amat 

et al., 2018; Tian et al., 2022). In spite of the urgent demand, existing treatment options for CRAB 

infections remain scarce and frequently ineffectual (Tan et al., 2022). Both the specialized host range of 

phages and worries about phage-resistant bacterial strains need specific management approaches (Tu et 

al., 2023). The pathogen's capacity to form biofilms and assimilate resistance genes exacerbates the 

challenges in managing these infections (Rathor et al., 2023; Altınok et al., 2020; de Oliveira et al., 

2024). Acinetobacter baumannii is a severe nosocomial pathogen causing skin and soft tissue infections, 

wound infections, urinary tract infections, and secondary meningitis. It enters through open wounds, 

intravascular catheters, and mechanical ventilators, and is linked to prolonged hospitalization, male 

gender, and older age. Community-acquired infections include pneumonia, bacteremia, skin and soft 

tissue infections, ocular infections, secondary meningitis, and endocarditis. Acinetobacter baumannii 

infections are more severe than nosocomial pneumonia and can be associated with injuries in conflict 

zones or natural disasters. Antibiotic resistance has been noted in some strains (Antunes et al., 2014; 

Lee et al., 2017; Khawcharoenporn et al., 2014). A significant gap persists in the development of precise, 

targeted therapies capable of circumventing these resistance mechanisms without perpetuating the cycle 

of antibiotic resistance (Rai & Kumar, 2022; Douraghi et al., 2020). This strategy leverages 

bacteriophages-viruses that selectively infect and lyse bacterial cells to specifically target and eradicate 

bacterial infections (LaVergne et al., 2018). Multiple research studies confirm bacteriophage therapy as 

an effective method against carbapenem-resistant A. baumannii. Scientists discovered the lytic phage 

Βϕ-R2096 through their research because this phage expressed significant antibacterial properties 
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during both in vitro tests and in vivo trials that improved animal survival along with no harmful 

consequences (Jeon et al., 2019; Gordillo Altamirano et al., 2021; Vijayakumar et al., 2020; Niazi et al., 

2025).  

Furthermore, research suggests that the integration of phage therapy with antibiotics can potentiate 

therapeutic results. A 2022 study revealed synergistic effects when phage vB_AbaP_AGC01 was 

administered in conjunction with antibiotics such as gentamicin, ciprofloxacin, and meropenem, leading 

to enhanced survival rates in infection models (Table 1) (Tan et al., 2022; De Oliveira et al., 2022). The 

bacteriophage vB_AbaP_AGC01, exhibiting potent bactericidal activity against clinical isolates of 

Acinetobacter baumannii, holds promise as an adjuvant in combinatorial antibiotic therapy 

(Grygorcewicz et al., 2020; Karah et al., 2020; Huband et al., 2022). The success of phage therapy 

treatment becomes more evident through the presentation of medical case studies (Elshamy et al., 2025; 

Hsu et al., 2014). In 2018 researchers applied phage therapy to treat a multidrug-resistant A. baumannii 

infection at a craniectomy site with successful results that demonstrate phage therapy effectiveness for 

situations without available conventional antibiotic treatments (LaVergne et al., 2018). Choi et al. (2024) 

conducted a study identifying 21 bacteriophages targeting CRAB in hospital and nursing home settings. 

Of these, 11 demonstrated robust lytic activity against clinical CRAB isolates. The phages possess linear 

double-stranded DNA genomes ranging from 41,326 to 166,741 base pairs, with GC contents between 

34.4% and 35.6%, showing no phylogenetic correlation. These phages, lacking genetic correlation, 

could serve as potential candidates for phage therapy against CRAB infections, as indicated by genome-

wide phylogenetic analysis and single-gene-based phylogenetic tree construction (Choi et al., 2024; 

Adjei et al., 2021; Wang et al., 2023; Styles et al., 2020). Notwithstanding their pivotal role in modern 

medicine, antibiotics are increasingly undermined by the global escalation of antimicrobial resistance, 

driven by excessive utilization and stagnation in novel drug discovery necessitating immediate and 

coordinated action (Ventola, 2015; Aslam et al., 2018). 

Consequently, Antibiotic use in humans is escalating globally due to higher incomes, health 

insurance, and the persistent burden of infectious diseases. From 2000 to 2010, antibiotic consumption 

in 71 countries rose by 36%, with Brazil, Russia, India, China, and South Africa (BRICS) contributing 

to three-quarters of this growth. Antibiotic resistance jeopardizes child survival, with an estimated 

214,000 neonatal sepsis fatalities annually caused by resistant pathogens (Laxminarayan et al., 2016; 

Oliveira et al., 2019). And Phage therapy, introduced a decade prior to penicillin, remains a contentious 

approach to treating bacterial infections. Phages modulate bacterial populations, contributing to 20%-

40% of marine surface bacterial mortality every 24 hours (Lin et al., 2017; Song et al., 2023; Kortright 

et al., 2019; Zhang et al., 2020). MDR infections are increasing due to agricultural antibiotic use, 

inappropriate prescriptions, and enhanced selection of resistance. Acinetobacter baumannii, naturally 

competent organism, is a common MDR pathogen central to the antibiotic resistance crisis (Schooley et 

al., 2017). A 77-year-old man with an MDR A. baumannii infection was treated using bacteriophages 

(LaVergne et al., 2018) A.baumannii is a major cause of hospital-acquired infections, especially in 

intensive care units. The acquisition and upregulation of drug-resistant genetic elements have resulted 

in higher isolation rates of MDR strains, with carbapenems being the primary β-lactam antibiotics, 

although CRAB is a top priority pathogen demanding novel antibiotics (Wang et al., 2024; Ghaznavi-

Rad et al., 2022; Pei et al., 2023; Rastegar et al., 2024; Niazi, P. 2024). The rapid rise in A.baumannii 

resistance to carbapenems is mainly attributed to the production of OXA-type carbapenemases (Jeon et 

al., 2019; Jeon et al., 2015; Mathlouthi et al., 2018; Lukovic et al., 2020; Salehi et al., 2019). And a total 

of 45 CRAB isolates were recovered from clinical specimens between 2011 and 2014, with strain 

identification performed via the VITEK 32GN system and matrix-assisted laser desorption/ionization 

time-of-flight mass spectrometry (MALDI-TOF MS) (Jeon et al., 2016). The study isolated A. 

baumannii-specific lytic bacteriophages and assessed their therapeutic efficacy against clinical CRAB 

strains, demonstrating a combined lytic spectrum of 87.5% (42 out of 48 isolates) for the four phages 

(Hua et al., 2018; Jeon et al., 2016; Ghaznavi-Rad et al., 2022; Din et al., 2025). Therapeutic options for 

CRAB are constrained by pharmacokinetic limitations and considerable toxicity, underscoring the 

necessity of comprehending CRAB for the advancement of novel treatment and control strategies. 

Nevertheless, the global dissemination of CRAB endangers public health and healthcare infrastructures, 

necessitating a deeper understanding of carbapenems, their biochemical characteristics, and resistance 

mechanisms to mitigate outbreaks and curb resistance development (Thacharodi et al., 2024; Erol et al., 

2024; Wintachai et al., 2022; Zhang et al., 2024; Vital et al., 2024; Zhao et al., 2019). The research 

examines contemporary studies about bacteriophage therapy treatments of CRAB infections while 

examining its potential to serve as a targeted alternative to antibiotic treatments. The write-up explores 
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how phage therapy functions with antibiotics and investigates its practical application and confronts 

issues from phage resistance. This review combines research conducted in both vitro and in vivo to 

analyze bacteriophage treatment of MDR pathogens and proposes optimal phage therapy procedures 

along with research limitations for future investigators to consider. 

 

Table 1. Antibacterial properties of antibiotics, either in isolation or in conjunction with the phage 

vB_AbaSi_W9 (MOI 1000) (Choi et al., 2024; Boral et al., 2019; Baleivanualala et al., 2024; 

Baleivanualala et al., 2023; VanNatta et al., 2023). 

Antimicrobial 

against 

Bacteria 

(A.b.: A.baumannii) 

Antimicrobial Susceptibility with Phage 

Independent1MI

C (µg/mL) 

Combined 

MIC (µg/mL) 
2FC 

Effects 

of 3 PAS 

Meropenem 

A.b. ATCC17978 256 0.5 0.002 Synergy 

A.b. KBN10P04948 (ST191) 256 256 1.000 Indifferent 

A.b. LIS2013230 (ST208) 512 256 0.500 Indifferent 

A.b. KBN10P05982 (ST369) 256 0.5 0.002 Synergy 

A.b. KBN10P05231 (ST451) 256 128 0.500 Indifferent 

Colistin 

A.b. ATCC17978 4 2 0.500 Indifferent 

A.b. KBN10P04948 (ST191) 8 2 0.250 Indifferent 

A.b. LIS2013230 (ST208) 16 8 0.500 Indifferent 

A.b. KBN10P05982 (ST369) 4 1 0.250 Synergy 

A.b. KBN10P05231 (ST451) 128 64 0.500 Indifferent 

Ampicillin/ 

Sulbactam 

A.b. ATCC17978 128/64 2/1 0.016 Synergy 

A.b. KBN10P04948 (ST191) 256/128 128/64 0.500 Indifferent 

A.b. A.b. LIS2013230 (ST208) 256/128 128/64 0.500 Indifferent 

A.b. KBN10P05982 (ST369) 256/128 64/32 0.250 Synergy 

A.b. KBN10P05231 (ST451) 512/256 64/32 0.004 Synergy 

Tigecycline 

A.b. ATCC17978 4 0.25 0.063 Synergy 

A.b. KBN10P04948 (ST191) 16 2 0.125 Synergy 

A.b. LIS2013230 (ST208) 8 1 0.125 Synergy 

A.b. KBN10P05982 (ST369) 16 0.5 0.031 Synergy 

A.b. KBN10P05231 (ST451) 8 0.25 0.031 Synergy 

Rifampicin 

A.b. ATCC17978 16 2 0.125 Synergy 

A.b. KBN10P04948 (ST191) 256 2 0.008 Synergy 

A.b. LIS2013230 (ST208) 32 8 0.250 Synergy 

A.b. KBN10P05982 (ST369) 32 4 0.125 Synergy 

A.b. KBN10P05231 (ST451) 128 2 0.016 Synergy 
1MIC: Minimum Inhibitory Concentration; 2FIC: Fractional Inhibitory Concentration; 3Phage-antibiotic synergy 

(PAS); FIC values below 0.5 are considered ‘synergistic’, while values above 0.5 are labeled ‘indifferent’. 

 

2. Results and discussion 

This discussion integrates recent insights from clinical trials, animal models, and laboratory research 

to evaluate the potential, obstacles, and future prospects of phage therapy for CRAB. 

 

2.1. Effectiveness of Phage Therapy in Clinical and Preclinical Investigations 

Recent case reports have underscored the successful use of phage therapy in managing severe CRAB 

infections. For example, a critically ill patient suffering from necrotizing pancreatitis and a CRAB 

infection was treated with a combination of intravenous and intra-abdominal bacteriophages, leading to 

complete clinical resolution without recurrence over an eight-week period (Rao et al., 2022). Similarly, 
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a study involving a pan-drug-resistant CRAB strain showed that the phage ΦAb4B effectively impeded 

biofilm formation and eradicated mature biofilms, with no cytotoxic effects observed and improved 

survival rates in animal models (Wang et al., 2024; Thummeepak et al., 2016; Jasim et al., 2018). And 

Phage therapy has demonstrated efficacy against A. baumannii infections in animal models. In a murine 

lung infection model, administration of phages significantly increased survival from 10% in untreated 

controls to 90% across various phage dosages. Similarly, in a rat wound model, phage-treated animals 

exhibited 100% survival. In another murine model, intranasal infection with 1×10⁸ CFU of A. baumannii 

followed by daily intranasal phage administration (1×10⁹ PFU) for 7 days increased survival to 35%, 

compared to 15% in untreated infected mice (Bagińska et al., 2019; Jean et al., 2016; Tuttobene et al., 

2018). 

 

2.2. Synergistic Effects of Phage-Antibiotic Combination Therapy 

The integration of phage therapy with antibiotic treatment has demonstrated synergistic efficacy 

against CRAB (Table 2). Studies reveal that phage-antibiotic combinations can potentiate antimicrobial 

activity while mitigating the emergence of resistance. For instance, co-administration of phage 

vB_AbaP_AGC01 with antibiotics such as ciprofloxacin and meropenem significantly improved 

survival outcomes in infection models. This synergism is likely driven by phage-mediated bacterial 

lysis, which enhances antibiotic penetration and therapeutic effectiveness (Zhang et al., 2022; Wang et 

al., 2021; Jean et al., 2016; Lewis et al., 2024; Rastegar et al., 2024; Luo et al., 2023; Erol et al., 2023; 

Sisakhtpour et al., 2022). 

Phage-antibiotic combination (PAC) therapy represents a promising modality for addressing 

infections caused by pathogenic, particularly antibiotic-resistant, bacteria. Phage YC#06, isolated and 

characterized against extensively multidrug-resistant Acinetobacter baumannii, demonstrated phage-

antibiotic synergy (PAS) in vitro when combined with chloramphenicol, imipenem, and cefotaxime, 

thereby reducing the required antibiotic concentrations. The synergistic effect was dose-dependent, 

necessitating a moderate phage titer to achieve optimal efficacy. PAS markedly suppressed biofilm 

formation and facilitated the eradication of established biofilms. These findings indicate that PAC 

therapy may offer a compelling therapeutic alternative for managing infections induced by highly drug-

resistant or refractory bacterial strains (Luo et al., 2022; Deng et al., 2016; Hsieh et al., 2016). (Figure 

1) (Li et al., 2023; O'Donnell et al., 2024; Rothong et al., 2024; Bagińska et al., 2024; Zafer et al., 2021). 

 

 
Figure 1. The therapeutic promise of various bacteriophages against Acinetobacter baumannii 

encompasses several strategic modalities: monophage therapy, wherein a single, host-specific phage 

preferably exhibiting a narrow, precise lytic spectrum is employed; phage cocktail therapy, involving a 

consortium of diverse phages to collectively expand the lytic coverage; endolysin-based therapy, which 

utilizes phage-derived endolysins as potent bacteriolytic agents; and phage-antibiotic combination 

therapy, which synergistically augments antibacterial efficacy while mitigating the emergence of 

antimicrobial resistance. 
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Table 2. A comprehensive comparison of all identified bacteriophages targeting Acinetobacter 

baumannii (Peng et al., 2014; Shahari et al., 2025) 

Name Morphology 
Genetic 

material 

Genomic 

length 

G C 

content 

(%) 

Major protein 

sizes 

Adsorptio

n time 

(>99%) 

latent 

period 

Burst size 

(PFU/cel) 
Spectrum 

Published 

time 
Isolation Application 

IME-AB2 Myoviridae 
circular 

dsDNA 
43665 bp 37.5 

38 kDa (35-

130 kDa) 
9 min 20 min 62 3 of 22  

hospital 

sewage, 

Beijing,Chi

na 

 

AB1 Caudovirales 
circular 

dsDNA 
45159 bp 37.7 

33.1 kDa 

(14.4-

97.4 kDa) 

 85 min 232  2012 
Wenzhou,C

hina 
 

AP22 Myoviridae 
circular 

dsDNA 
46387 bp  

32 kDa (18–

87 kD) 
5 min 40 min 240 89 of 130 2012 

Clinical 

material, 

Russia 

 

 

phiAC-1 Myoviridae 
circular 

dsDNA 
43216 bp 38.5    

 

 

 

 

 
2012 

First phage 

infect A. 

soli, South 

Korea 

 

AB7-IBB2 Podoviridae dsDNA 170 kb   

 
4 min 25 min 

 

 
19 of 39 2012 India 

Inhibit host 

biofilm 

formation 

AB7-IBB1 Siphoviridae dsDNA 75 kb 
 

 
14.3-43 kDa 5 min 30 min 125 23 of 39 2012 India 

Inhibit host 

biofilm 

formation 

ZZ1 Myoviridae 
linear 

dsDNA 

166682 b

p 
34.3   

 
9 min 200 3 of 23 2012 

fishpond 

water, 

Zhenzhou, 

China 

 

 

Abp1 
Podoviridae,phiK

MV-like,T7 group 

linear 

dsDNA 
42185 bp 39.15 

29 kD–

116 kDa 
 10 min 350 narrow 2012 

Chongqing, 

China 
 

AB3 cubic phage 
linear 

dsDNA 
31185 bp 

 

 

35 kDa (35-

264 kDa) 

 

 
20 min 350 wide 2012 

Chongqing, 

China 

 

 

YMC/09/ 

02/B1251 

ABA BP 

Podoviridae 

 

linear 

dsDNA 
45364 bp 

39.05 

 

 

 

 

 

 

 

 

 

 

 

2012 

 

South Korea 

 
 

phikm18p cubic phage dsDNA 45 kb 
 

 
39 kDa 

 

 

 

 

 

 
wide 2012 Taiwan 

Cell survival 

test 

ABp53 Myoviridae dsDNA 95 kb 
 

 

47-kDa 

protein 

 

 
10 min 150 27% 2011 

Sputum,Tai

wan 

 

 

phiAB1 

Podoviridae, 

phiKMV-like 

phages 

linear 

dsDNA 
41526 bp 

 

 

 

 

 

 

 

 

 

 

 

 
2011 Taiwan 

 

 

Ac42, 

Acj61, 

Acj9,133 

T4 
linear 

dsDNA 
160 kb 

 

 

 

 

 

 

 

 

 

 

 

 
2010 USA 

 

 

AB1 
Siphoviridae 

family 
dsDNA 

45.2 kb 

to 

46.9 kb 

 14 to 80 kilo-

dalton 

 

 
18 min 409 narrow 2010 

Marine 

sediment, 

Taiwan 

 

 

phi AB2 

Podoviridae, 

phiKMV-like 

phages 

dsDNA 40 kb   8 min 10 min 200 wide 2010 Taiwan Lyase AB2 

 

2.3. Biology of Acinetobacter baumannii 

 

2.3.1. Taxonomy and Characteristics 

Acinetobacter baumannii is a Gram-negative, obligately aerobic, non-fermentative, non-motile, 

catalase-positive, and oxidase-negative bacterium (Nocera et al., 2021). It belongs to the Acinetobacter 

calcoaceticus–baumannii complex, which also encompasses A. calcoaceticus and Acinetobacter 

genomic species 13TU (Wikipedia, 2025). A. baumannii is predominantly found in soil and aquatic 

environments (Brady et al., 2023). Moreover, A. baumannii displays resistance to various antibiotics, 

complicating the management of infections caused by this pathogen Figure A (Almasaudi, 2018; Ye et 

al., 2016; Durand-Réville et al., 2017).  

 

2.4. Mechanisms of Antibiotic Resistance 

 

2.4.1. Antibiotic Resistance 

Antimicrobial resistance represents a profound threat to global public health, with the emergence of 

multidrug-resistant (MDR) bacterial strains largely attributed to the widespread and indiscriminate use 

of antibiotics. These MDR organisms are frequently implicated in healthcare-associated (nosocomial) 

infections and are closely linked to elevated morbidity and mortality, particularly within intensive care 

units (ICUs) housing critically ill patients (Nocera et al., 2021; Wu et al., 2023; Sarı et al., 2015; 

Firoozeh et al., 2023; Knirel et al., 2020; Seifert et al., 2020; Chen et al., 2024). Acinetobacter baumannii 
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has emerged as a principal pathogen in such clinical settings. Moreover, the interspecies transmission 

of antibiotic-resistant bacteria between animals and humans especially in the context of zoonotic agents 

further amplifies the complexity of the resistance crisis. The global dissemination of MDR A. baumannii 

and its remarkable aptitude for acquiring resistance determinants through horizontal gene transfer and 

genetic recombination have culminated in the emergence of pan-drug-resistant (PDR) strains, 

significantly narrowing viable treatment options and presenting a pressing therapeutic challenge. 

Although carbapenems remain the frontline agents against MDR A. baumannii, resistance to this class 

of antibiotics is escalating at an alarming rate, giving rise to extensively drug-resistant (XDR) variants. 

A. baumannii is among the most formidable MDR pathogens due to its arsenal of resistance mechanisms, 

which include the production of β-lactamases, activation of multidrug efflux systems, reduction of outer 

membrane permeability, and structural modifications of antimicrobial target sites. Alarmingly, over 

90% of isolates exhibit resistance to β-lactam/β-lactamase inhibitor combinations, cephalosporins, 

carbapenems, fluoroquinolones, and trimethoprim/sulfamethoxazole. Notably, colistin remains the only 

agent to which all tested isolates retain susceptibility, underscoring its critical role as a last-resort therapy 

(Table 3) (Nocera et al., 2021; Wintachai et al., 2022; El-Ghali et al., 2023; Sharma et al., 2023; 

Vázquez-Ucha et al., 2017; Barnes et al., 2019; Papp-Wallace et al., 2023; Alteri et al., 2024; Fonseca 

et al., 2020). 

For example, a study on A. baumannii NCTC 13420 indicated the absence of a CRISPR system, as 

no genomic matches were found with phages LemonAid or Tonic. Resistance variants exhibited a 

marked increase in the frequency of an 8 bp insertion mutation 66.7% in LemonAid-resistant and 62.1% 

in Tonic-resistant strains compared to 28.7% in the wild-type. This mutation introduced a premature 

stop codon 44 bp downstream, likely causing a frameshift and early truncation of a protein with 

unknown function. Further bioinformatic analysis yielded no insights into this protein's role, and no 

additional genes or plasmids were detected in resistant strains through unmapped read analysis (Manley 

et al., 2024; Squire et al., 2022; Geisinger & Isberg, 2017; Suvaithenamudhan et al., 2022; Lucaßen et 

al., 2021; Lari et al., 2018; Haeili et al., 2021; Rastegar et al., 2024; Słoczyńska et al., 2021). 

 

Table 3. A comprehensive analysis and comparative assessment of the antimicrobial resistance 

patterns exhibited by Acinetobacter baumannii isolates derived from animal sources 
Geographical 

Origin 
Animal Species Types of Infection 

MDR

* 

XDR

** 

PDR

*** 

Switzerland 
Dogs, cats, and 

horses 
Wound, pus, liver, catheter tip X - - 

Switzerland Dogs and cats 
Urine, abscesses, trachea, BAL, nostrils, 

blood 
X - - 

Reunion 

Island 

(France) 

Dogs and cats Healthy carriers (skin) - - - 

Germany Dogs and cats Hospitalized x - - 

Germany Cats Urine x X - 

Germany Dogs 
Skin, hairs, nostrils, throat, trachea, BAL, 

urine, abscesses, fistula 
x X - 

France Dogs Mouth, rectal swabs - X - 

Italy Dogs and cats Rectal swabs - X - 

Japan Dogs and cats 
Skin, pus, nasal secretions, urine, mouth 

mucosa, eye, vagina, ear, feces 
- - - 

UK Dogs Skin swabs - - - 

Italy Dog Auricular swabs - - - 

Belgium Horses Vascular catheters x - - 

Germany Cattle Fecal samples, nasal swabs, rectal swabs - - - 

Scotland Cattle and pigs 
Healthy carriers (fecal specimens, skin, 

nostril and ear swabs) 
- - - 

Croatia Pigs Manure - X - 

Germany and 

Poland 

Chicken, geese, 

wild birds 
Tracheal and rectal swabs x - - 

Iraq Turkey and chicken Raw meat samples x - - 

Iran 
Cattle, sheep, goats, 

camels, chickens 
Raw meat samples x - - 
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MDR*: Multi-drug resistant, that means resistance to at least three class of drug (all cephalosporins, 

fluoroquinolones, aminoglycosides); XDR**: Extensively-drug resistant that means non-susceptible to ≥1 agent 

in all but ≤ 2 categories or MDR + resistance to carbapenems; PDR*** = Pan-drug resistant that means strains 

resistant to all antimicrobial agents or XDR + resistance to polymyxins; papers reporting strains with resistance to 

less than 3 different antimicrobial classes are those indicated by the symbol “-” in the MDR, XDR, and PDR 

columns. 

 

2.5.  Clinical Significance and Infection Types of Acinetobacter baumannii 

Acinetobacter, historically regarded as a mere opportunistic microorganism, has recently emerged 

as a globally significant nosocomial pathogen, predominantly affecting individuals with compromised 

immune defenses. Species within the Acinetobacter genus are increasingly implicated in healthcare-

associated infections, particularly among patients reliant on respiratory support systems and indwelling 

catheters. The spectrum of infections attributed to this pathogen encompasses pneumonia, septicemia, 

wound infections, urinary tract infections, endocarditis, and meningitis. Notably, Acinetobacter 

baumannii has gained clinical prominence due to its involvement in a wide array of infections, including 

ventilator-associated pneumonia, bloodstream infections, urinary tract infections, and infections of 

wounds and soft tissues. Its prevalence is markedly elevated in critically ill patients and those with 

impaired immune function. Key predisposing factors for A. baumannii infection include mechanical 

ventilation, extended hospitalization, underlying conditions such as diabetes mellitus, and invasive 

interventions like catheterization (Rebic et al., 2018; Bostanghadiri et al., 2024; Jain et al., 2019; Yang 

et al., 2016; Hamidian & Nigro, 2019; Brito et al., 2022). The most frequent Acinetobacter infection 

was abscess and wound infection (26.4%), followed by pneumonia (20.8%), septicemia (15.2%), and 

urinary tract infection (11.2%) (Table 2). Infections were more prevalent in males (54.20%) than in 

females (45.80%). Principal risk factors included post-surgical state (48%), diabetes mellitus (11%), 

intravenous catheterization (25%), prolonged hospitalization (21%), and mechanical ventilation (92%). 

The predominant isolate was Acinetobacter baumannii (84.8%) (Table 4). A. baumannii was the leading 

species in wound infections (84.8%), pneumonia (96.15%), abscesses (72.7%), urinary tract infections 

(85.7%), and septicemia (89.5%) (Rebic et al., 2018; Inchai et al., 2015; Diao et al., 2024). And 

Multidrug-resistant A. baumannii (MDR A. baumannii) has led to a marked rise in diverse infections, 

notably skin and soft tissue infections (SSTIs), culminating in conditions such as pyoderma, surgical 

debridement, and necrotizing fasciitis (Wintachai et al., 2022; Ganjo et al., 2016; Lagadinou et al., 2024; 

Serwacki et al., 2024).  

 

Table 4. Distribution of Acinetobacter species, predominant risk factors, and associated infections  

(n = 125). *Includes antibiotics such as third-generation cephalosporins. 

Acinetobacter 

infections 
Associated risk factor (%) 

A.baumannii 

(%) 

Other 

A.species (%) 
Total (%) 

Septicemia 
IV catheter (25) 

Surgery (9) 
17 (89,5) 2 (10,5) 19 (15,2) 

Wound infection 
Trauma (8) 

Previous infection (14) 
28 (84,8) 5 (15,2) 33 (26,4) 

Abscess 
Post-surgical (48) 

Diabetes mellitus (11) 
24 (72,7) 9 (27,27) 33 (26,4) 

Pneumonia/ventilator 

associated pneumonia 

Mechanical ventilation (92) 

Chronic obstructive pulmonary 

Disease (5) 

25 (96,15) 1 (3,84) 26 (20,8) 

Urinary tract 

infection 

Catheterization (47) 

Prolonged antibiotic use* 

andhospital stay (>10days) (21) 

12 (85,7) 2 (14,28) 14 (11,2) 

Total 106 (84,8) 19 (15,2) 125 (100) 

 

 

2.5.1. Integrated Overview of Current Insights into A. baumannii Pathogenesis 

The pathogenicity of A. baumannii is partially ascribed to its capacity to evade the host immune 

response (Figure 2), especially via mechanisms that thwart phagocytosis and complement-mediated 

destruction. Furthermore, the synthesis of lipopolysaccharide (LPS) enhances its virulence by inducing 

inflammatory reactions that may result in sepsis (Wong et al., 2017; Zeighami et al., 2019; Oliveira et 

al., 2019; Evseev et al., 2024; Dahdouh et al., 2017; Li et al., 2024). 
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Figure 2. Host outcomes during Acinetobacter infection occur in two stages: (A) Early clearance by 

innate effectors complement, neutrophils, and macrophages prevents prolonged LPS-TLR4 activation 

and cytokine storm. (B) If the pathogen evades clearance and replicates, sustained LPS-TLR4 activation 

leads to cytokine storm and sepsis. One evasion mechanism is the expression of an altered capsule that 

resists complement and phagocytosis. 

 

2.5.2. Immunological Defense Mechanisms 

The immune responses activated against Acinetobacter infection are gradually being delineated. In 

early investigations, intranasal pneumonia in mice led to rapid neutrophil infiltration in the lungs, which 

subsided as the innate immune system cleared the infection, resulting in swift resolution of 

inflammation. Neutrophil depletion via antibody intervention significantly elevated pulmonary bacterial 

load and facilitated systemic dissemination. However, the infection remained nonlethal, and the ensuing 

inflammation was relatively moderate. This attenuated pathogenicity may be attributed to the use of the 

laboratory-adapted A. baumannii strain ATCC 17961 in inherently resistant C57BL/6 and BALB/c 

mouse models (Wong et al., 2017; Valcek et al., 2022; Leshkasheli et al., 2019). 

 

3. Bacteriophage Therapy: Mechanism of Action – Phage Replication Cycle 

Bacteriophages, or phages, are viruses that selectively infect and lyse bacterial cells (Howard-

Varona et al., 2017). Their bactericidal properties are governed by their replication mechanisms, which 

are principally classified into two distinct pathways: the lytic cycle and the lysogenic cycle (Chae, 2023). 

Lytic Cycle: During the lytic cycle, a bacteriophage binds to a susceptible bacterial host and injects 

its genetic material into the cytoplasm. The phage genome subsequently hijacks the host's biosynthetic 

machinery to replicate its nucleic acid and produce structural proteins (Kasman et al., 2022). These 

components are then assembled into mature phage particles (Wikipedia 2025). Ultimately, the bacterial 

cell undergoes lysis, liberating the progeny phages to infect adjacent bacteria. This cycle is marked by 

swift host cell destruction and prolific generation of new viral particles (Chae, 2023). ysogenic Cycle: 

Lysogeny is a multifaceted process where phages integrate into bacterial chromosomes via site-specific 

recombination or random transposition. Certain phages, such as λ and Mu, necessitate the presence of 

other phages to complete their infection cycles (Howard-Varona et al., 2017). Alternatively, in the 

lysogenic cycle, the phage incorporates its genome into the bacterial chromosome, forming a prophage. 

In this latent state, the prophage is passively propagated alongside the host genome during cellular 

replication. This cycle enables the phage to persist within the host without eliciting immediate cytopathic 

effects. However, specific environmental stimuli such as cellular stress or genotoxic damage can activate 

the prophage, prompting its transition from lysogeny to the lytic cycle, thereby initiating phage 

replication and culminating in host cell lysis (Zhang et al., 2022; Hamed et al., 2023). Acinetobacter 

baumannii, a pathogenic bacterium, utilizes BlsA, a blue-light-activated flavin adenine dinucleotide 

(FAD)-binding photoreceptor of the BLUF (blue light using FAD) type, to regulate motility at low to 

moderate temperatures. The study demonstrates that BlsA's photoactivity diminishes at 25°C and is 

completely absent above 28°C. The FAD binding site exhibits greater susceptibility to temperature-

induced structural alterations compared to other protein regions. At temperatures exceeding 30°C, BlsA 

undergoes significant structural instability and experiences substantial aggregation (Figure 3) (Golic et 

al., 2019; Abatedaga et al., 2022; Ramírez et al., 2015; Tuttobene et al., 2021). 
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Figure 3. Illustrates the bactericidal efficacy of varying phage concentrations over a 24-hour timeframe. 

Elevated phage dosages correlate with accelerated and more pronounced bacterial eradication. The 

graph elucidates the temporal dynamics of phage-mediated bacterial killing (Foerster et al., 2015). 

 

3.1. Host Specificity and Bacterial Targeting 

 

3.1.1. Adherence and Invasion Mechanisms 

Acinetobacter baumannii employs surface-expressed proteins, notably outer membrane protein A 

(OmpA), to establish attachment to host epithelial cells. This interaction is crucial for its subsequent 

invasion and intracellular survival, thereby augmenting its virulence. Furthermore, A. baumannii 

demonstrates a pronounced capacity to form biofilms on both living tissues and synthetic surfaces, 

which significantly bolsters its resilience and confers resistance to host immune defenses as well as 

antimicrobial therapies (García-Patiño et al., 2017; Ndiaye et al., 2024; Liu et al., 2016). 

 

3.1.2. Immune Evasion Strategies 

Acinetobacter baumannii employs several mechanisms to escape host immune detection. It can alter 

its lipopolysaccharide (LPS) structures, thereby diminishing recognition by pattern recognition receptors 

(PRRs) and attenuating immune responses (Li et al., 2018). Additionally, A. baumannii secretes outer 

membrane vesicles (OMVs) and utilizes type VI secretion systems to manipulate host immune signaling 

pathways, thereby enhancing bacterial survival (Jeffreys et al., 2022).  

 

3.2. Interaction with the Immune System  

The host immune response to Acinetobacter baumannii infection engages a coordinated interplay 

between innate and adaptive immune pathways (Chen, 2020), and the study isolated and characterized 

eight novel bacteriophages-APK2, APK32, APK37, APK44, APK48, APK87, APK89, and APK116-

that specifically infect A. baumannii strains of various capsular types. Genomic analysis showed these 

phages belong to the Influzavirus genus of the Autographiviridae family. Phage genomes exhibited high 

nucleotide identity, except for genes encoding structural depolymerases or tailspikes, which determine 

host specificity. Deletion mutations lacking N-terminal domains of tailspike proteins were cloned, 

expressed, and purified. Structurally defined CPSs of phage bacterial hosts were cleaved by specific 

recombinant depolymerases, producing oligosaccharides corresponding to CPS monomers or dimers 

(K-units) (Popova et al., 2021; Timoshina et al., 2023; Timoshina et al., 2023; Kasimova et al., 2023; 

Drobiazko et al., 2022; Hamed et al., 2022; Gupta et al., 2025). 

 

 

 

0

50000000

100000000

150000000

200000000

250000000

0 2 4 6 8 12 24

C
F

U
/m

L

Time (hours)

Time-Kill Curve

Control Low Dose Medium Dose High Dose



Hejran et al.                                                                                  9th International Students Science Congress 

537 

3.2.1. Innate Immune Response 

Upon infection, Acinetobacter baumannii is detected by host pattern recognition receptors (PRRs), 

initiating the activation of innate immune defenses (Sabatini et al., 2024). This triggers the release of 

proinflammatory cytokines and chemokines, which facilitate the recruitment of neutrophils and 

macrophages to the site of infection (Chen, 2020). Nevertheless, A. baumannii has developed 

sophisticated strategies to circumvent these immune responses, including structural modifications of its 

lipopolysaccharide (LPS) and the secretion of immunomodulatory molecules (Figure 4) (Li et al., 2018). 

And the pathogenicity of Acinetobacter is primarily attributed to its capacity to evade swift elimination 

by the innate immune system, thereby facilitating the accumulation of high bacterial loads that activate 

LPS–Toll-like receptor 4 (TLR4) signaling, culminating in sepsis. The capsular polysaccharide serves 

as a pivotal virulence determinant, conferring resistance to immune detection, whereas LPS acts as a 

potent inducer of septic shock (Wong et al., 2017; Arbatsky et al., 2022). A study examined the virulence 

profiles and innate immune responses to A. baumannii isolates, emphasizing their survival capacity 

within the hospital environment. The findings revealed that most isolates survived at rates between 1-

25%, with others exhibiting survival rates of 26-50%, 51-75%, and 61-60%. Additionally, the study 

observed that A. baumannii isolates triggered the production of over 1500 pg/ml of TNFα, suggesting 

their potential to provoke an inflammatory immune response (Rosales-Reyes et al., 2017; Xu et al., 

2024). 

 

 
Figure 4. Host Innate Immune Responses to A. baumannii Infection: Upon the initial interaction between 

host cells and Acinetobacter baumannii, signaling is initiated through the recognition by Toll-like 

receptors (TLR) such as TLR4/CD14, TLR2, or TLR9 within the endosome. This triggers downstream 

activation of mitogen-activated protein kinases (MAPK) and nuclear factor kappa B (NF-κB), leading 

to the secretion of pro-inflammatory cytokines and chemokines. Pro-IL-1β undergoes cleavage by 

activated caspase-1 or caspase-11, converting it into its mature form, IL-1β, which is subsequently 

released to promote systemic inflammation. The recruitment of neutrophils, monocytes, and 

macrophages further contributes to bacterial elimination through the production of reactive oxygen 

species (ROS) and phagocytic activity. IL: interleukin; TNFα: tumor necrosis factor α. The red lightning 

bolt denotes A. baumannii-targeting effectors. Figure not to scale. 

 

3.2.2. Adaptive Immune Response 

The adaptive immune system plays a pivotal role in combating Acinetobacter baumannii through 

humoral immunity, particularly via antibody-mediated mechanisms. Empirical evidence from animal 

models demonstrates that passive immunization with A. baumannii-specific antibodies significantly 

diminishes bacterial burden and enhances survival outcomes. These findings highlight the therapeutic 
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promise of antibody-based interventions in the management of A. baumannii infections (Jeffreys et al., 

2022).  

 

3.3. Phage Therapy for Carbapenem-Resistant Acinetobacter baumannii 

The rising prevalence of CRAB underscores the need for alternative treatments, with phage therapy 

emerging as a promising approach, despite challenges in its practical use. 

 

3.4. Case studies and Clinical Trials 

Clinical case studies have illustrated the promising efficacy of bacteriophage therapy in the 

treatment of CRAB infections. For example, an 88-year-old patient suffering from hospital-acquired 

pneumonia induced by CRAB showed notable clinical improvement following administration of a 

tailored lytic phage formulation via nebulization, in conjunction with tigecycline and polymyxin E, with 

no reported adverse effects (Tan et al., 2021; Pei et al., 2023; Oyejobi et al., 2022; Mukhopadhyay et 

al., 2023; Liu et al., 2024; Zheng et al., 2023; Jo & Ko, 2021). And a study of 60 patients with ventilator-

associated pneumonia (VAP) caused by drug-resistant Acinetobacter baumannii in medical-surgical 

ICUs found that higher SAPS II scores, prolonged hospital stay before ICU admission, and mechanical 

ventilation were linked to a more resistant A. baumannii profile. Carbapenem use was associated with 

the risk of multidrug-resistant A. baumannii VAP. While mortality from drug-resistant A. baumannii 

VAP was high, it was not correlated with the resistance profile (Table 5) (Čiginskienė et al., 2019; 

Brotfain et al., 2017; Diao et al., 2024; Vahhabi et al., 2021). And the total mortality rate reached 29.4%, 

with 16.7% directly attributable to Acinetobacter baumannii-related fatalities (Shi et al., 2020). 

Acinetobacter baumannii, a Gram-negative coccobacillus, is a predominant nosocomial pathogen 

attributed to its robust environmental persistence. It is responsible for 4%-7% of ventilator-associated 

pneumonia cases and 1%-2% of hospital-acquired bloodstream infections. Associated mortality rates 

range from 10%-43% in intensive care units and 7.8%-23% in non-ICU settings. Its pronounced capacity 

for antimicrobial resistance contributes to elevated therapeutic failure, particularly in cases of multidrug-

resistant A. baumannii bacteremia. A retrospective analysis was conducted at West China Hospital, 

Chengdu, to assess risk and prognostic determinants of MDRA.baumannii complex bacteremia (Liu et 

al., 2015; Kim et al., 2014; Chen et al., 2022; Liu et al., 2019; Han et al., 2022; Kabbara et al., 2025; 

Bello-López et al., 2024; Lavrinenko et al., 2021). And the study indicates a significant prevalence of 

biofilm-forming Acinetobacter baumannii isolates in the Americas, marked by considerable 

heterogeneity among subgroups. The biofilm detection assay employed demonstrated a low overall 

prevalence of biofilm-producing strains. The intensity of biofilm formation was minimal, with 41.34%, 

33.57%, and 27.63% of isolates classified as weak producers. Approximately 79% of patients were 

likely to develop biofilm-related infections, notably lower than the 90.5% observed in patients with poor 

biofilm outcomes potentially attributable to increased susceptibility among burn victims to systemic 

inflammatory responses (Gedefie et al., 2023; Elwakil et al., 2023; Benmahmod et al., 2019). 

Investigations conducted in Saudi Arabia have delineated key risk factors associated with Acinetobacter 

baumannii infection, encompassing mechanical ventilation, underlying comorbidities, surgical 

interventions, and exposure to contaminated ventilatory equipment. Additional predisposing variables 

include intensive care unit admission, advanced age, catheterization, previous surgical history, and 

extended hospitalization durations (Aldali, 2023; Aljindan et al., 2015; Son et al., 2020). The study 

revealed a significant prevalence of bla OXA-23-like producing CRAB in burn patients, with the 

majority of isolates belonging to ST136. However, multi-drug resistant international clones, such as 

ST1, and emerging lineages like ST25 and ST78, were also identified, while ST2 was absent. 

Acinetobacter baumannii poses a major threat as a hospital-acquired pathogen in burn patients, causing 

infections such as bacteremia, pneumonia, and urinary tract infections. The swift acquisition of multiple 

antibiotic resistance mechanisms has escalated its risk to hospitalized individuals (Firoozeh et al., 2023; 

Abhari et al., 2019; Nguyen & Joshi, 2021; Wang et al., 2018; De Oliveira & Walker, 2022; Lasarte-

Monterrubio et al., 2022; Tian et al., 2022; Wu et al., 2019; Hansen et al., 2023).  
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Table 5. The correlation between MDR, XDR, and pPDR A. baumannii as VAP pathogens and the 

associated risk factors for VAP. 

Variable 

All 

Cases n = 

60 

Drug Resistance Profiles of VAP 

Pathogen A. baumannii p Value 

MDR n = 8 XDR n =41 pPDR n =11 

Gender, n (%) 

Female 29 (48.3) 6 (75) 18 (43.9) 5 (45.5) 
0.201 

Male 31 (51.7) 2 (25) 23 (56.1) 6 (54.5) 

Age (years), mean (SD) 63.95 (15) 60 (18.4) 65.37 (15.3) 61.55 (11.1) 0.555 

Reintubation, n (%) 19 (31.7) 3 (37.5) 13 (31.7) 3 (27.3) 0.894 

Surgical intervention, n (%) 23 (38.3) 4 (50) 16 (39) 3 (27.3) 0.593 

Tracheostomy prior VAP, n (%) 8 (13.3) 0 (0) 5 (12.2) 3 (27.3) 0.209 

Severity score on ICU admission 

APACHE II, median (IQR) 
19 (13–

27.5) 

18 (13.3–

31.5) 
18 (12-24) 23 (18–30) 0.189 

SAPS II, mean (SD) 47.95 (13) 42.6 (13.8) 48.7(12.8) 49 (13.5) 0.048 

SOFA, mean (SD) 11.5 (4.3) 11.8 (4.3) 11.5 (4.6) 11.36 (3) 0.981 

Admission type, n (%) 

Surgery 17 (28.3) 2 (25) 10 (24.4) 5 (45.5) 

0.186 Medical 29 (48.3) 5 (62.5) 18 (43.9) 6 (54.5) 

Trauma 14 (23.3) 1 (12.5) 13 (31.7) 0 (0) 

Coma (GCS <9), n (%) 8 (13.3) 2 (25.0) 4 (9.8) 2 (18.2) 0.445 

Chronic disease, n (%) 43 (71.7) 7 (87.5) 29 (70.7) 7 (63.6) 0.508 

Sepsis status on ICU admission, n (%) 

Sepsis 54 (90) 8 (100) 36 (87.8) 10 (90.9) 0.572 

Shock 20 (33.3) 2 (25) 16 (39) 2 (18.2) 0.371 

RBC transfusion prior to 

VAP, n (%) 
36 (60) 4 (50) 24 (58.5) 8 (72.7) 0.573 

Antibiotic treatment prior to 

VAP (days), median (IQR) 
13 (7–18) 

10.5 (5.3–

13.8) 
13 (7.5–20) 14 (6–19) 0.475 

Antibiotic treatment prior to VAP (class), n (%) 

Cephalosporin 46 (76.7) 5 (62.5) 32 (78) 9 (76.7) 0.576 

Penicillin ± BLI 34 (56.7) 3 (37.5) 23 (56.1) 6 (54.5) 0.626 

Quinolone 6 (10) 0 (0) 5 (12.2) 1 (9.1) 0.572 

Aminoglycoside 3 (5) 1 (12.5) 1 (2.4) 1 (9.1) 0.387 

Carbapenem 18 (30) 4 (50) 12 (29.3) 2 (18.2) 0.036 

Other 8 (13.3) 1 (12.5) 4 (9.8) 3 (27.3) 0.315 

LOS (days), median (IQR) 

Hospital prior to ICU 1 (0–3.8) 0 (0–0.8) 1 (0–3.5) 2 (0–10) 0.036 

ICU prior to MV 0 (0–0) 0 (0–0) 0 (0–0) 0 (0–1) 0.406 

ICU prior to VAP 9 (6–13) 
9.5 (5.3–

13.5) 
9 (6–13) 8 (5–16) 0.974 

Hospital prior to MV 0 (0–2.7) 0 (0–0) 0 (0–2) 3 (0–6) 0.013 

Hospital prior to VAP 
11.5 (6–

16.5) 
10 (6–13.5) 12 (6–16) 14 (8–22) 0.424 

MV prior to VAP (days), median 

(IQR) 
8.50 (5–14) 10.5 (5–13.3) 8 (5.5–14) 7 (2–11) 0.845 

SD-standard deviation, IQR-interquartile range, VAP-ventilator associated pneumonia, ICU-intensive care unit, 

APACHE II-Acute Physiology and Chronic Health Evaluation score II, SAPS II-Simplified Acute Physiology 

Score, SOFA-Sequential Organ Failure Assessment, GCS-Glasgow coma scale, RBC-red blood cells, BLI-β-

lactamase inhibitors, LOS-length of stay, MV-mechanical ventilation. 

 

Likewise, amid the COVID-19 pandemic, compassionate phage therapy was implemented in four 

critically ill patients with CRAB-related pulmonary infections, yielding favorable clinical outcomes. 
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These instances emphasize the therapeutic potential of phage-based interventions in addressing 

multidrug-resistant bacterial infections (Table 6) (Wu et al., 2021; Karruli et al., 2023; Knirel et al., 

2023; Liang et al., 2018; Stewart et al., 2022; Introvigne et al., 2023; O'Donnell et al., 2024; Mann et 

al., 2022; Wienhold et al., 2021). 

 

 

Table 6. Baseline characteristics, therapeutic interventions, and clinical outcomes of the patients* 
 Patient 1 Patient 2 Patient 3 Patient 4 

Characteristics at baseline 

Age-year 62 64 81 78 

SARS-CoV-2 

status (RNA, 

Antibodies)a 

(Negative, Positive) (Negative, Positive) 
(Negative, 

Positive) 

(Negative, 

Positive) 

CRAB 

infections 

(days after 

admission to 

ICU) 

Respiratory tract (18) 
Respiratory 

tract (21) 

Wound 

(34)b 

Respiratory 

tract (40) 

Respiratory 

tract (18) 

Days before 

phage therapy 
11 38 1  6 50 

CRAB detected 

samples 

Sputum, 

BALF 

Sputum, 

BALF 
Secretion  Sputum, 

BALF 

Sputum, BALF, 

Urine 

Coexisting 

infections 

Candida 

albicans 

Candida 

albicans, 

Ralstonia 

mannitolilytica 

ND  

Candida 

albicans, 

Candida 

glabrata 

Candida 

albicans, 

CSKP, 

Sphingomonas 

paucimobilis 

Antibiotic and life-support treatment 

Principal 

antibiotics 

(Susceptibili) 

CFP/SUL (S/I) 

CFP/SUL (S/I), TGC 

(S), 

LEV (S/I) 

MPM (R), 

CFP/SUL 

(S/I) 

TGC (S), IPM 

(R), CFP/SUL 

(S/I) 

Life-support 

status 
MV, ECMO MV, ECMO 

MV, 

ECMO, 

CRRT 

MV 

Phage therapy 

Therapeutic 

phages 
1ɸ 2ɸ 2ɸ 2ɸ 2ɸ 2ɸ 

Administrated 

route 
Inhalation Inhalation Inhalation 

Wet 

compress 
Inhalation Inhalation 

Primary indicators 

Semi-

quantitative 

CRAB (24 h 

before, after)c 

(4+, 2+) (4+, 2+) (3+, 2+) 
(4+, 

Negativ) 

(4+, 

Negative) 
(4+, 2+) 

Phage 

resistance of 

evolved CRAB 

Yes Yes Yes NA NA Yes 

Adverse event 

fever, IL-

6&IL-8 

storm 

ND ND ND ND ND 

Outcome 
Discharged from 

hospital Day 30 

Discharged from 

hospital Day 9 

Died Day 

10 

Discharged 

from ICU Day 

7, Died Day 40 

*SARS-CoV-2, Severe acute respiratory syndrome coronavirus-2; CRAB, Carbapenem-resistant Acinetobacter 

baumanni; ICU, Intensive care unit; BALF, Bronchoalveolar lavage fluid; ND, Not detectable; CSKP, 

Carbapenem-resistant Klebsiella Pneumoniae; CFP/SUL, Cefoperazone-sulbactam; TGC, Tigecycline; LEV, 

Levofloxacin; MPM, Meropenem; IPM, Imipenem; S, Susceptible; R, Resistant; I, Intermediate; MV, Mechanical 

ventilation; ECMO, Extracorporeal membrane oxygenation; CRRT, Continuous Renal Replacement Therapy; 1ɸ, 

ɸ124; 2ɸ, ɸ124+ɸ121; NA, Not applicable. aSARS-CoV-2 RNA status in throat swab and IgG/IgM status in 

https://pmc.ncbi.nlm.nih.gov/articles/PMC8032346/table/T0001/#TF2
https://pmc.ncbi.nlm.nih.gov/articles/PMC8032346/table/T0001/#TF3
https://pmc.ncbi.nlm.nih.gov/articles/PMC8032346/table/T0001/#TF4
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serum. bWound infection on the jugular intubation site of ECMO. cSemi-quantitative burden of bacteria was 

measured by streak-plate method. 

 

3.5. Phage Cocktails and Engineered Phages 

To mitigate the swift rise of phage-resistant bacterial strains, the administration of phage cocktails 

comprising multiple phages targeting distinct bacterial receptors has been proposed. This strategy 

diminishes the probability of resistance emergence and augments antibacterial potency (Abedon et al., 

2021). Furthermore, progress in genetic engineering has enabled the creation of modified phages with 

expanded host specificity and superior bactericidal capabilities. Notably, some engineered phages have 

been tailored to deliver CRISPR-Cas systems into bacterial cells, precisely targeting and eradicating 

antibiotic resistance determinants (Guo et al., 2021; Dahdouh et al., 2016; Hamami et al., 2025; Sawant 

et al., 2022). These advancements offer significant potential to broaden the scope and enhance the 

therapeutic efficacy of phage-based interventions. A study demonstrated that a phage cocktail composed 

of virulent Acinetobacter baumannii phages vB_AbaS_D0 and vB_AbaP_D2 effectively mitigates 

phage resistance in multidrug-resistant A. baumannii. This combination was more efficacious than 

individual phages in preventing resistance, with the resistance mutation frequency in A. baumannii cells 

treated with the phage cocktail significantly lower than those treated with phage D2 alone. The 

occurrence of phage-resistant mutants was notably reduced in the phage D0 or cocktail treatment groups 

compared to the phage D2 group, suggesting that phage cocktails may serve as a promising alternative 

to antibiotics for controlling phage resistance in multidrug-resistant pathogens (Yuan et al., 2019; Tan 

et al., 2024; Li et al., 2024; Rastegar et al., 2024; McLeod et al., 2018). Acinetobacter baumannii is a 

prevalent clinical pathogen and a multidrug-resistant (MDR) bacterium. Given the rising incidence of 

drug-resistant A. baumannii infections, the development of novel therapeutic strategies, including phage 

therapy, is imperative. This paper examines the diverse resistance profiles of A. baumannii and explores 

the fundamental characteristics of A. baumannii-specific phages. It also analyzes the interaction between 

phages and their bacterial hosts, with a particular focus on phage-based therapeutic approaches for A. 

baumannii. (Figure 5) (Tu et al., 2023; Abouelfetouh et al., 2022).  

 

 
Figure 5. This figure delineates the comparative density of bacterial biofilms across various treatment 

modalities. The phage-antibiotic combination elicited the most pronounced diminution in biofilm 

biomass, underscoring the synergistic potency of adjunctive therapeutic intervention (Nazari et al., 

2024). 

 

3.6. Challenges in Phage Therapy (phage resistance, immune response) 

Despite its considerable promise, phage therapy is encumbered by multiple challenges (Oechslin, 

2018). The emergence of phage-resistant bacterial mutants presents a substantial threat to therapeutic 

efficacy (Weissfuss et al., 2023; Vázquez-Ucha et al., 2019). Moreover, the host immune system may 

detect and inactivate administered phages, thereby diminishing their potency and necessitating immune 

evasion strategies. Additional impediments include stringent regulatory frameworks, lack of 
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standardized phage formulations, and the imperative for robust clinical trials all of which hinder the 

broad implementation of phage therapy (Sahoo & Meshram, 2024). Overcoming these barriers is 

essential for its successful integration into conventional medical practice.  

 

3.7. Advances in Phage Therapy Development 

 

3.8. Genetic Engineering of Phages 

Genetic modifications have significantly augmented phage effectiveness against CRAB. 

Approaches like directed evolution have yielded specialized phages, such as P115, P711, and P577, 

which can effectively lyse CRAB strains, although stability concerns have arisen (Lewis et al., 2024). 

Additionally, CRISPR-Cas systems have been harnessed to engineer phages capable of delivering 

precise antimicrobial actions, thereby expanding their host spectrum and minimizing the risk of 

resistance development (Khambhati et al., 2022; Ibrahim, 2019). And Phage therapy has emerged as an 

alternative approach for combating antibiotic-resistant A. baumannii infections. One study isolated 22 

A. baumannii bacteriophages from hospital sewage, identifying Abp95 as a broad-host-range phage 

(29%; 58/200). Classified under the Myoviridae family, Abp95 possesses a genome of 43,176 bp with 

a G+C content of 37.85% and encodes 77 putative genes none linked to virulence, lysogeny, or antibiotic 

resistance. In a diabetic mouse wound infection model, Abp95 effectively cleared multidrug-resistant 

A. baumannii, accelerating wound healing (Huang et al., 2023; Islam et al., 2024; Sharma et al., 2021; 

Ranjbar & Farahani, 2019; Quyen et al., 2025). The investigation characterized lytic T4-like 

bacteriophages DLP1 and DLP2 targeting Acinetobacter baumannii, a pathogen notorious for its 

extensive antibiotic resistance mechanisms. These myoviruses were isolated from sewage-derived 

samples and demonstrated a restricted host range across 107 A. baumannii strains. Phage DLP1 

exhibited a substantial burst size, a latent phase of 20 minutes, and a high virulence index of 0.93, 

whereas DLP2 displayed a comparatively smaller burst size and a virulence index of 0.86 (Figure 6) 

(Peters et al., 2023; Wang et al., 2024; Rajangam & Narasimhan, 2024).  

 

 
Figure 6. This emulated figure illustrates the differential activity profiles of diverse bacteriophages 

against a spectrum of bacterial strains, functioning as a streamlined heatmap to convey host specificity 

and phage potency across clinical isolates (Foerster et al., 2015). 

 

3.9. Combination Therapies with Antibiotics 

The combination of phages and antibiotics has proven to yield synergistic effects against CRAB. 

Research indicates that phage-antibiotic combinations can effectively dismantle biofilms and lower 

bacterial load more efficiently than either treatment alone. For instance, the lytic phage pB23, when 

paired with meropenem, demonstrated heightened antibacterial efficacy against CRAB in both in vitro 

and in vivo models. This synergistic approach not only enhances therapeutic outcomes but also helps 
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prevent the emergence of phage-resistant bacterial strains (Luo et al., 2024; Jiang et al., 2024; Yang et 

al., 2023; Soontarach et al., 2022). And the Acinetobacter baumannii complex (CRAB) is a pathogenic 

bacterium responsible for pneumonia, bacteremia, and urinary tract infections. It constitutes 2% of 

healthcare-associated infections in the United States and Europe, with 45% of isolates exhibiting 

multidrug resistance. CRAB can develop antibiotic resistance through active efflux mechanisms or 

mutations at the drug target site. Treatment regimens vary across healthcare institutions, with colistin 

serving as the primary therapeutic option. Despite this, the mortality rate for CRAB infections remains 

elevated, ranging from 40-50%. Recent clinical investigations have explored combination therapies and 

novel antibiotics, leading to revised treatment guidelines (Choi & Kim, 2024; Khanjani et al., 2020; 

Cruz-López et al., 2022; Cheng et al., 2015; Nowak & Paluchowska, 2016; Novović et al., 2025; Halim 

et al., 2024). Cefiderocol, a pharmaceutical agent demonstrating in vitro efficacy against CRAB, has 

been regarded as a promising therapeutic option (Tiseo et al., 2023). A multicenter, randomized, active-

controlled, phase 3 non-inferiority clinical trial (ATTACK) evaluated the therapeutic efficacy and safety 

profile of sulbactam–durlobactam in comparison to colistin for the management of severe infections 

attributed to the Acinetobacter baumannii–calcoaceticus complex (ABC). Conducted across 59 clinical 

centers in 16 nations, the study enrolled 181 adult participants (≥18 years) diagnosed with ABC-

confirmed bacterial pneumonia, ventilator-associated bacterial pneumonia, ventilated pneumonia, or 

bloodstream infections. Findings demonstrated that sulbactam–durlobactam, administered alongside 

imipenem–cilastatin, was non-inferior to colistin (also combined with imipenem–cilastatin) in achieving 

the primary endpoint of 28-day all-cause mortality (Kaye et al., 2023; Principe et al., 2022; Fu et al., 

2025; Karlowsky et al., 2022; Petropoulou et al., 2022; Tamma et al., 2024; McLeod et al., 2020; 

Cakirlar et al., 2015; Kim et al., 2016; Shafiee et al., 2021). And the investigation demonstrated that 

SUL-DUR displayed potent activity against A. baumannii isolates, with susceptibility rates varying from 

18% to 71%. Of the 25 resistant isolates, 14 harbored substitutions in penicillin-binding protein 3 

(PBP3), previously linked to SUL-DUR resistance. The study revealed multiple resistance mechanisms, 

including PBP alterations and the expression of distinct beta-lactamases (Findlay et al., 2022; Keskin et 

al., 2014; Alcántar-Curiel et al., 2014). Sulbactam-durlobactam is an FDA-approved medication for 

treating hospital-acquired and ventilator-associated bacterial pneumonia caused by susceptible ABC 

isolates in patients aged 18 and older. This pathogen-specific β-lactam/β-lactamase inhibitor 

combination enhances sulbactam's efficacy against multidrug-resistant ABC (McLeod et al., 2024; 

August et al., 2024; Guo & Xiang, 2015; Mahdian et al., 2015; Vázquez-Ucha et al., 2017; Lasarte-

Monterrubio et al., 2021; O'Donnell et al., 2023; Li et al., 2024).  

 

3.10. Nanotechnology and Phage Delivery Systems 

Nanotechnology has transformed phage delivery, overcoming challenges related to stability, 

targeted distribution, and immune system evasion. Encapsulating phages within lipid-based 

nanocarriers, such as liposomes, shields them from degradation and enables precise delivery to infection 

sites. Advanced methods like electrospinning have been employed to fabricate nanofibers that enable 

controlled, sustained release of phages, thereby boosting therapeutic efficacy (Kaur et al., 2021; Wang 

et al., 2020; Yadav et al., 2025). Furthermore, phage-guided nanocarriers have been developed by 

combining phages with engineered nanomaterials, achieving targeted bacterial specificity, enhancing 

treatment precision, and minimizing off-target effects (Ahmed et al., 2024; Shchurova et al., 2021; 

Shamsoddini et al., 2024; Kostyanev et al., 2021). 

 

4. Regulatory and Ethical Considerations of Carbapenem-Resistant Acinetobacter 

baumannii 

4.1. Approval Challenges for Phage Therapy 

Phage therapy, while exhibiting substantial potential in combating multidrug-resistant pathogens 

such as Acinetobacter baumannii, is encumbered by formidable regulatory obstacles. Across numerous 

Western jurisdictions, including the United States and European Union member states, bacteriophage-

based interventions remain largely unapproved for routine clinical use and are predominantly 

administered under special access provisions—such as the U.S. Food and Drug Administration’s 

Investigational New Drug (IND) protocol or analogous pathways governed by the European Medicines 

Agency (EMA) (Zalewska-Piątek, 2023; Vukotic et al., 2020; Zhang et al., 2025). A principal 

impediment lies in the intrinsic heterogeneity and rapid evolutionary capacity of phages. Their high 

degree of specificity necessitates tailored production for individual bacterial strains, rendering the 

formulation of standardized therapeutic products particularly challenging. This biological variability 
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undermines efforts to comply with rigorous pharmaceutical regulations, which mandate uniformity in 

composition, stability, and quality control (Hitchcock et al., 2023). Furthermore, the absence of a 

dedicated regulatory infrastructure for phage-based therapeutics imposes an additional burden: each 

novel phage preparation or genetic modification often triggers a comprehensive reassessment and 

approval process. This regulatory redundancy significantly impedes the timely translation of phage 

therapy into widespread clinical practice (Figure 7) (Zalewska-Piątek, 2023; Baleivanualala et al., 2024; 

Sarhaddi et al., 2017; Huband et al., 2020; Correa et al., 2018). 

 

 
Figure 7. This line graph illustrates the survival rates of subjects administered phage therapy compared 

to a control group. It is frequently utilized in in vivo models to evaluate the therapeutic efficacy over a 

specified duration (Hesse et al., 2021). 

 

4.2. Safety Concerns and Potential Risks 

Although phage therapy has demonstrated a favorable safety profile in clinical contexts, certain 

safety-related considerations continue to warrant attention. A systematic analysis encompassing clinical 

trials and case studies reveals that severe adverse events are infrequent; nonetheless, there remains a 

notable deficiency in the systematic and standardized documentation of potential toxicological effects 

(Liu et al., 2021). A salient concern pertains to the immunogenicity of bacteriophages. These viral agents 

are capable of eliciting both innate and adaptive immune responses, which may culminate in the 

generation of neutralizing antibodies that compromise therapeutic efficacy. The magnitude and nature 

of these immune reactions are modulated by factors such as the route of administration and the duration 

of treatment, both of which can significantly influence the host’s immunological engagement with the 

phage agents (Zalewska-Piątek, 2023; Vázquez-Ucha et al., 2019). Moreover, phage formulations may 

harbor residual bacterial contaminants-including endotoxins, exotoxins, or extraneous bacterial DNA-

which possess the potential to incite deleterious inflammatory responses in recipients. To mitigate such 

immunogenic and toxicological risks, it is imperative to implement stringent purification protocols that 

ensure the high purity and safety of the final phage preparations (Liu et al., 2021). Another major issue 

regarding phage treatment arises from bacterial development of resistance. The development of phage-

resistant bacteria happens when bacteria evolve through mutations or phenotypic shifts which prevents 

them from responding to particular phages thus affecting the sustainability of phage therapy (Hitchcock 

et al., 2023; Teymouri et al., 2024; Jean et al., 2018; Heng et al., 2024). 

 

4.3. Future Directions for Clinical Implementation 

To facilitate the integration of phage therapy into conventional clinical practice, multiple strategic 

initiatives are currently under investigation: 

Standardization of Phage Formulations: The establishment of uniform protocols governing phage 

purification, storage, and delivery is imperative. Compliance with Good Manufacturing Practice (GMP) 

standards is essential to ensure the safety, reliability, and reproducibility of phage-based therapeutics 

(Chung et al., 2023). 
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Rigorous Clinical Evaluation: The execution of meticulously designed clinical trials employing 

harmonized criteria for assessing safety and therapeutic efficacy will yield high-quality evidence 

necessary for regulatory endorsement and widespread clinical implementation (Stacey et al., 2022; Liu 

et al., 2021; Fatima et al., 2025; Papadopoulou et al., 2024). 

Regulatory Infrastructure Development: The creation of dedicated regulatory frameworks 

tailored to the distinctive biological properties of bacteriophages would significantly expedite the 

approval process, addressing current bottlenecks and accommodating the dynamic nature of phage 

therapy (Hitchcock et al., 2023; Rafailidis et al., 2024; Bagińska et al., 2023). 

Phage Libraries and Precision Matching: The development of expansive, well-characterized 

phage repositories, coupled with rapid diagnostic methodologies to accurately pair phages with 

corresponding bacterial pathogens, will significantly enhance the practicality and precision of 

personalized phage therapy (McKenna, 2023; Marino et al., 2024).  

 

4.4. Highlights  

 Carbapenem-resistant Acinetobacter baumannii (CRAB): Represents a formidable global health 

challenge due to its extensive antimicrobial resistance and ability to persist within clinical 

environments. 

 Bacteriophage therapy: Emerges as a compelling alternative to conventional antibiotics by 

selectively eradicating multidrug-resistant A. baumannii strains. 

 Phage engineering and combinatorial strategies: Augment the therapeutic potency of 

bacteriophages while mitigating the risk of bacterial resistance development. 

 Obstacles in clinical implementation: Encompass bacterial adaptation against phages, host 

immune responses, and stringent regulatory constraints. 

 Prospective advancements: Emphasize large-scale clinical evaluations, refinement of phage 

formulations, and their strategic integration with established antimicrobial treatments. 

 

5. Conclusion 

Carbapenem-resistant Acinetobacter baumannii (CRAB) poses a major global healthcare challenge 

because of its strong antimicrobial resistance patterns and successful persistence in healthcare facilities 

which results in serious difficult-to-treat infections. Medical challenges caused by multidrug-resistant 

pathogens require new methods different from traditional antibiotics to combat these microorganisms 

efficiently. The use of bacteriophage therapy has shown promise through its infection site-specific 

targeting and its resistance-evading properties and its ability to reproduce within the affected area. This 

appraisal focuses on the biological procedures that drive bacteriophage therapy based on phage-host 

contacts and phage lifecycles and bacterial targeting approaches. Research showing the effectiveness of 

phage therapy has been proven through studies and clinical trials particularly in situations where other 

antibiotic treatments prove unsuccessful against A. baumannii. Engineered phages together with phage 

cocktails achieve better antibacterial effects which enhance treatment efficacy and minimize bacterial 

resistance potential. The implementation of bacteriophage therapy as a routine clinical practice faces 

various obstacles when moving from experimental studies. The main challenge when using phage 

therapy arises from bacterial resistance because microorganisms either evolve new mutations or change 

surface characteristics or activate CRISPR-Cas systems. Developing standardized treatments for A. 

baumannii strains becomes difficult because phage efficacy shows differential responses across different 

strains of this bacterium. Systemic infections become less effective due to the way therapeutic phages 

interact with the human immune response system. The integration of genetic engineering with 

encapsulation methods together with antibiotic combination therapies creates opportunities to make 

phage therapy an effective future treatment for antibiotic-resistant infections. 

The clinical adoption of phage therapy depends heavily on fulfilling regulatory requirements 

together with meeting ethical standards. Phages need a specific selection process and adaptation as well 

as formulation procedures that create difficulties for regulatory approval pathways. Both the absence of 

standardized manufacturing procedures and insufficient long-term safety information and inadequate 

clinical testing numbers impede global phage therapy adoption. New developments in regulatory 

processes through compassionate use programs have started to demonstrate rising levels of acceptance 

for phage-based medical treatments. Future research needs to concentrate on performing large-scale 

clinical tests to create standard treatment guidelines and enhance phage formulation therapy to achieve 

better clinical results. The combination of phage therapy with standard antibiotics and immune system 

regulators and nanotechnology-based drug delivery methods promises better therapeutic benefits 
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alongside better confrontation with current treatment constraints. Phage therapy presents an enticing 

avenue when it comes to incorporating antimicrobial stewardship programs for combatting antimicrobial 

resistance. Bacteriophage therapy promises to become a successful antibiotic substitute for treating 

CRAB infections although its clinical use remains under development. The complete realization of 

phage therapy requires interdisciplinary research with advanced regulations combined with modern 

technological breakthroughs to address current challenges. The development of continued phage-based 

treatments will change the management of hard-to-treat drug-resistant bacterial infections while 

providing essential solutions in the antimicrobial resistance fight. 
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