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Article Info ABSTRACT

Multidrug-resistant (MDR) bacterial infections are becoming increasingly
difficult to manage because the organisms involved can withstand several
commonly used antimicrobial classes. This problem is not caused by a single
mechanism; antibiotic exposure, selection pressure, horizontal transfer of
resistance genes, healthcare transmission and gaps in infection prevention all
contribute to it. Precision therapy aims to replace prolonged guesswork with

a more individualized process: identify the pathogen quickly, determine its
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resistance profile, consider patient-specific factors and then select the
narrowest effective treatment. Rapid molecular tests, whole-genome
sequencing, MALDI-TOF mass spectrometry, pharmacogenomics and
artificial intelligence can support this process. Alongside conventional
antibiotics, emerging approaches such as bacteriophage therapy, CRISPR-
based antimicrobials, antimicrobial peptides, monoclonal antibodies and
targeted nanomedicine are being investigated for difficult-to-treat infections.
The field is promising, but most of these technologies still require stronger
clinical validation, reliable delivery systems, standardized workflows and
affordable access. Therefore, precision therapy should be viewed not as a
replacement for antimicrobial stewardship, but as a way of making
stewardship more informed, faster and more patient-centred.

KEYWORDS: precision therapy; multidrug-resistant bacteria; antimicrobial
resistance; rapid diagnostics; pharmacogenomics; bacteriophage therapy;
CRISPR; antimicrobial stewardship.

1. INTRODUCTION

MDR infections are especially challenging because

Antibiotics changed the course of modern medicine, but
their effectiveness is being steadily reduced by
antimicrobial resistance (AMR). The global burden is
substantial: the large 2019 AMR analysis estimated that
bacterial AMR was directly responsible for at least 1.27
million deaths and was associated with nearly 5 million
deaths worldwide.®! WHO continues to identify resistant
bacterial pathogens as a major public-health priority,
particularly carbapenem-resistant Acinetobacter
baumannii, carbapenem-resistant Enterobacterales and
drug-resistant Mycobacterium tuberculosis.™*?

treatment decisions often have to be made before
complete  susceptibility information is available.
Empirical therapy remains important in seriously ill
patients, but unnecessarily broad treatment can expose
the patient and the surrounding microbial community to
avoidable antibiotic  pressure. Once laboratory
information becomes available, therapy should be refined
whenever clinically appropriate. Current IDSA guidance
similarly emphasizes pathogen identification,
susceptibility results and pathogen-specific treatment
strategies for resistant Gram-negative infections.*”
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Figure 1: Global burden of bacterial antimicrobial resistance in 2019. Data reported in reference.

Precision therapy takes this idea one step further. Instead
of asking only which antibiotic is usually recommended
for a syndrome, it asks which treatment is most
appropriate for this patient, this pathogen and this
resistance pattern. Modern diagnostics can identify
organisms and selected resistance determinants more
quickly, while genomic and computational tools can help
interpret complex data.**¥! The approach is therefore
best understood as an integrated clinical workflow rather
than as a single drug or technology.

. Objectives of the Review

e To explain the clinical significance and major
drivers of multidrug-resistant bacterial infections.

e To describe the concept and practical workflow of
precision antimicrobial therapy.

e To review rapid diagnostics,  genomics,
pharmacogenomics and artificial intelligence as tools
for individualized treatment.

e To discuss emerging targeted therapies, including
phages, CRISPR-based approaches, antimicrobial
peptides, antibodies and nanomedicine.

e To summarize current clinical
limitations and future directions.

applications,

3. Methodology

This narrative review was developed from peer-reviewed
literature and authoritative guidance identified through
PubMed-indexed publications, WHO reports, CDC
resources and infectious-disease guidance. The search
concepts  included  multidrug-resistant  bacteria,
antimicrobial resistance, precision medicine, rapid
diagnostics, whole-genome sequencing, MALDI-TOF,
pharmacogenomics, artificial intelligence, bacteriophage
therapy, CRISPR antimicrobials, antimicrobial peptides
and targeted nanomedicine. Priority was given to recent

Associated

evidence while retaining influential foundational
publications needed to define MDR and explain the
evolution of antimicrobial resistance. The final reference
list contains 25 sources, and statements in the review are
linked to the relevant references using Vancouver-style
numerical citations.

4.  Multidrug-Resistant Bacterial Infections

4.1 Definition
The widely used international definition describes MDR
bacteria as organisms that are non-susceptible to at least
one antimicrobial agent in three or more antimicrobial
categories.! This definition is useful for communication
and surveillance, although the exact resistance pattern
and its clinical meaning vary by organism, infection site
and available treatment options.

4.2 How resistance develops and spreads

Resistance emerges through a combination of bacterial
evolution and antimicrobial selection pressure. Mutations
can alter drug targets, reduce drug entry, increase efflux
or change metabolic pathways. Bacteria can also acquire
resistance determinants through mobile genetic elements
such as plasmids, transposons and integrons, allowing
resistance traits to move between bacterial populations.®
1 The problem is amplified when antibiotics are used
unnecessarily, at inappropriate doses or for longer than
needed. Transmission in hospitals, inadequate infection
control and antibiotic exposure in agriculture can further
increase the reservoir and spread of resistant
organisms.*
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4.3 Important MDR pathogens

Table 1: Important MDR bacterial pathogens highlighted in the review.
MDR pathogen group Representative organism  |Key resistance feature Refs.
MRSA Staphylococcus aureus Methicillin resistance [1.22.23]
VRE Enterococcus faecium \Vancomycin resistance 11.23]
ESBL-producing Extended-spectrum - 20
Enterobacterales lactamase
Enterobacterales ;
production
CRE Enterobacterales Carbapenem resistance (124,23
Difficult-to-treat / CRPA Pseudomonas aeruginosa Carbapenem or multidrug (1.24]
resistance
CRAB /Acinetobacter baumannii Carbapenem resistance (124,23
Drug-resistant TB Mycobacterium tuberculosis aRge;:i;ance to antitubercular [1242%]

e Methicillin-resistant Staphylococcus aureus (MRSA)
e Vancomycin-resistant Enterococcus faecium (VRE)

Extended-spectrum B-lactamase (ESBL)-producing
Enterobacterales

e  Carbapenem-resistant Enterobacterales (CRE)

o Difficult-to-treat or carbapenem-resistant
Pseudomonas aeruginosa

5. Precision Therapy: Concept and Clinical Logic

e Carbapenem-resistant ~ Acinetobacter  baumannii

(CRAB)
e Drug-resistant Mycobacterium tuberculosis
These pathogens are not equally important in every
setting, but several appear prominently in current global
priority lists and clinical treatment guidance.t**2*!

Table 2: Practical workflow for precision antimicrobial therapy.

Step Main action

Key information

1. Clinical assessment

/Assess syndrome, severity and infection
site; collect an appropriate specimen.

Clinical context

2. Rapid identification

Identify the organism and, where
feasible, resistance determinants.

Rapid molecular tests / MALDI-TOF

3. Susceptibility & patient factors
patient factors.

Combine susceptibility data with organ
function, prior exposure and other

Microbiology + clinical assessment

4. Individualized treatment

Select agent, dose, route and duration
appropriate to the patient and pathogen.

Precision dosing / stewardship

5. Monitoring & refinement

information appears.

Monitor response and toxicity; de-
escalate or modify therapy as new

Follow-up + stewardship

Precision therapy can be viewed as a stepwise attempt to
match treatment to the actual biology of an infection. The
first step is accurate clinical assessment and specimen
collection. The second is rapid identification of the
organism and, where feasible, its resistance determinants.
The third is interpretation of susceptibility data together
with the infection site, disease severity, organ function,
previous antimicrobial exposure and other patient
factors. The final step is selection, dosing and monitoring
of therapy, followed by de-escalation or modification
when new information becomes available.!*?

6. Major Components of Precision Therapy
6.1 Rapid Molecular Diagnostics

The main goals are to:

o identify the pathogen as early as possible;

o recognize clinically relevant resistance mechanisms;

o select an effective and appropriately narrow
antimicrobial regimen;

e individualize dose and duration when patient factors
require it;

e reduce avoidable toxicity and unnecessary antibiotic
exposure; and

e support antimicrobial stewardship while improving
clinical outcomes.

Table 3: Comparison of major diagnostic and genomic tools discussed in the review.

Tool Main role

Potential advantage Important limitation

PCR / multiplex molecular
assays

Rapid detection of bacterial
DNA and selected resistance
genes

Faster than conventional
culture

Interpretation must match
clinical context.['*!

Rapid phenotypic

Early assessment of

Can shorten time to targeted

IAvailability and validation
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susceptibility testing antimicrobial susceptibility

[I0.1I1]

therapy vary.

MALDI-TOF MS

Rapid organism identification;
IAMR applications developing

Routine AMR detection
remains under
development.i*!

Rapid identification

and resistance-associated
genes/mutations

\Whole-genome sequencing

Species, strain relationships

Comprehensive genomic
information

Genotype does not always
equal phenotype.*?

Detection and
Metagenomic approaches

characterization of microbial
DNA from clinical material

Cost, interpretation and
clinical validation remain

Potentially broad detection
important.['* 2

Traditional culture and susceptibility testing remain
essential, but they can take time. Rapid molecular
methods can detect bacterial DNA or specific resistance
genes earlier, which may help clinicians move from
empirical treatment toward targeted therapy sooner.**!
Their greatest value is achieved when the result is
connected to an antimicrobial stewardship team that can
interpret it in the clinical context. A rapid result by itself
does not automatically improve [prescribing; the result
must lead to an appropriate action.!%

Commonly used or developing tools include PCR-based
assays, multiplex panels, rapid phenotypic susceptibility
testing and metagenomic approaches. These methods
differ in the organisms and resistance determinants they
can detect, their turnaround time, cost and need for
confirmatory testing.

6.2 MALDI-TOF Mass Spectrometry

MALDI-TOF MS has become an important clinical
microbiology tool because it can identify many
organisms rapidly from characteristic protein spectra.
Research has also explored its use for detecting
antimicrobial resistance  through  growth-based
approaches, resistance-associated spectral patterns and
machine-learning interpretation.™™ At present, its role in
routine AMR detection is still developing, and laboratory
validation and standardized interpretation remain
important.

6.3 Whole-Genome Sequencing and Genomics

Whole-genome sequencing (WGS) can provide a
detailed view of bacterial species, strain relationships
and resistance-associated genes or mutations. This makes
it valuable for outbreak investigation and increasingly
relevant to antimicrobial susceptibility prediction.*
However, genomic prediction is not identical to a
conventional phenotypic susceptibility result. Some
resistance mechanisms are incompletely understood,
gene expression may vary and the clinical meaning of a
detected determinant can depend on the organism and
drug. Consequently, WGS is most useful when genomic
information is interpreted alongside microbiological and
clinical evidence.

6.4 Pharmacogenomics and

Individualization

Pharmacogenomics examines how inherited genetic
differences influence drug response. In antimicrobial

Therapeutic

treatment, the field is still less mature than in some other
areas of medicine, but it may help identify patients at
increased risk of specific adverse reactions or altered
drug handling.*® In practice, precision dosing currently
depends heavily on renal and hepatic function, age, body
size, critical illness, drug interactions, therapeutic drug
monitoring and infection characteristics.
Pharmacogenomics may complement these established
factors rather than replace them.

6.5 Artificial Intelligence and Machine Learning

Al and machine-learning systems can analyze large
clinical, microbiological and genomic datasets. Potential
applications include estimating the probability of
resistance before final susceptibility results, identifying
patterns in  MALDI-TOF spectra, supporting
antimicrobial selection and monitoring treatment
response.'"* Recent work highlights that the clinical
usefulness of these models depends not only on
predictive accuracy but also on data quality, external
validation, calibration, interpretability and integration
into real clinical workflows."* Al should therefore
support clinical judgment rather than function as an
unsupervised prescribing system.

6.6 Bacteriophage Therapy

Bacteriophages are viruses that infect bacteria and can
kill their bacterial hosts. Their specificity makes them
attractive for difficult infections because a selected phage
may attack the pathogen while causing less disruption to
unrelated members of the microbiota.>*®! Modern phage
therapy may involve naturally occurring phages, phage
cocktails or engineered phages selected according to the
patient's isolate. Clinical translation remains challenging
because phages often have a narrow host range, bacteria
can develop phage resistance, manufacturing and quality
control are demanding, and regulatory pathways differ
across countries.!>*"

6.7 CRISPR-Cas-Based Antimicrobials

CRISPR-Cas systems provide programmable nucleic-
acid targeting and have been investigated as a way to
selectively damage bacterial genomes or target resistance
determinants. The theoretical advantage is precision:
instead of broadly suppressing many bacteria, a CRISPR
construct can be designed around a sequence found in a
selected pathogen or resistance element.’® The main
translational problem is delivery. Getting the CRISPR
machinery into the correct bacterial population at the
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infection site, while avoiding unintended effects and
maintaining activity in vivo, remains a major
challenge.l*®

6.8 Antimicrobial Peptides

Antimicrobial peptides (AMPs) are a diverse group of
molecules that can act through membrane disruption,
intracellular effects and immune modulation. Their
mechanisms differ from many conventional antibiotics,
which makes them attractive against MDR organisms.™*
However, toxicity, stability, pharmacokinetics, peptide
degradation and the possibility of bacterial adaptation
can limit clinical use. Research is increasingly focused

6.10Nanotechnology-Based Delivery

on peptide engineering and combinations with existing
antibiotics to improve selectivity and efficacy.*%*"

6.9 Monoclonal Antibodies and

Immunotherapy

Monoclonal antibodies can recognize defined bacterial
surface structures or virulence-associated targets. This
approach may provide highly specific prevention or
adjunctive treatment while reducing reliance on broad-
spectrum antibiotics.*”! Evidence is still developing, and
success depends on identifying clinically useful targets,
achieving adequate tissue exposure and demonstrating
meaningful patient benefit.

Targeted

Table 4: Emerging precision-oriented therapies for MDR bacterial infections.

Approach Primary action

Potential value Key challenge

Bacteriophages Specific bacterial killing

Host range, phage resistance,
manufacturing and
regulation.™> 7

Narrow host targeting;
microbiota-sparing potential

Programmable targeting of
CRISPR-Cas antimicrobials
determinants

bacterial genomes/resistance

Delivery into the correct

High sequence specificity bacterial population.t

Membrane disruption,
intracellular effects and
immune modulation

Antimicrobial peptides

Mechanistically diverse
activity

Toxicity, stability and
pharmacokinetics.!?°!

Target bacterial surface Highly specific adjunctive
structures or virulence factors ftreatment/prevention

Target selection and adequate

Monoclonal antibodies - [21]
tissue exposure.

Safety, biodistribution, scale-

Improve antimicrobial
up and regulation.?*2!

Nanoparticle delivery stability, distribution or local

Targeted delivery potential

concentration

Nanoparticles and related delivery systems can be
designed to improve the stability, solubility, distribution
or local concentration of antimicrobial agents.
Liposomes, polymeric nanoparticles and metallic
nanomaterials have been investigated for targeted
delivery and activity against resistant bacteria.??**! The
concept is promising, but safety, reproducibility,
biodistribution, manufacturing scale-up and regulatory
requirements must be resolved before widespread
clinical use.

7. Clinical Applications

The practical value of precision therapy is most apparent

in infections where treatment delays are dangerous or the

probability of resistance is high. Potential and emerging
applications include:

e bloodstream infections and sepsis, where rapid
identification can shorten the period of uncertain
therapy.™”;

e hospital-acquired and
pneumonia caused by
bacteria;

e complicated urinary tract infections caused by
ESBL-producing or other MDR organisms;

e chronic wound and device-associated infections
where biofilms and repeated antimicrobial exposure
complicate treatment;

ventilator-associated
resistant Gram-negative

e tuberculosis, where resistance patterns directly
influence drug selection and treatment duration; and

e outbreak investigation, where genomic data can help
identify transmission links and resistance patterns.*?

Precision approaches do not eliminate the need for
empirical therapy in critically ill patients. Rather, they
aim to shorten the period of uncertainty and make
subsequent treatment more targeted. Current guidance
for resistant Gram-negative infections illustrates this
principle by linking treatment choices to the organism,
resistance mechanism and susceptibility profile.!?*

Advantages

Earlier identification of the causative organism and
selected resistance determinants.

e Faster movement from broad empirical treatment to
pathogen-directed therapy.

e Potential reduction in unnecessary antibiotic
exposure and collateral microbiome damage.

e More informed dose selection and monitoring for

patients with unusual pharmacokinetic
characteristics.
e Better outbreak detection and infection-control

decision making through genomic surveillance.

e Potential access to highly specific non-traditional
therapies for infections with few remaining options.
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9. Limitations and Challenges

Precision therapy is not automatically precise simply

because a test is technologically advanced. Several

barriers can prevent a laboratory result from becoming a

useful clinical decision.

e High cost of sequencing platforms, specialized
diagnostics and some targeted therapies.

e Unequal access to advanced laboratories, especially
in resource-limited settings.

e Need for trained microbiologists, pharmacists,
clinicians, bioinformaticians and data-science
support.

e Incomplete understanding of genotype—phenotype
relationships for some resistance mechanisms.™*

e Potential false-positive or clinically irrelevant
molecular findings when colonization is mistaken for
infection.

e Data privacy, cybersecurity, interoperability and
governance issues when genomic and clinical data
are combined.

e Regulatory uncertainty for phages, CRISPR-based
products, engineered biological agents and some
nanomedicines.

e Limited high-quality clinical trial evidence for many
emerging therapies compared with established
antibiotics.*> %]

e Risk of overreliance on Al models when datasets are
biased, poorly validated or not representative of the
local population.*!

10. Future Perspectives

The future of precision antimicrobial therapy is likely to
depend on combining several technologies rather than
relying on one diagnostic or therapeutic platform.
Routine WGS may become more practical as sequencing
and interpretation become faster and less expensive.!*
Al may help integrate laboratory, genomic and clinical
data, provided models are transparent and independently
validated.'!  Phage  engineering, CRISPR-based
antimicrobials, antimicrobial peptides, antibody-based
strategies and targeted drug-delivery systems may
expand the therapeutic options for infections in which
conventional antibiotics are failing.**%%!

Another important direction is precision antimicrobial
stewardship. The goal is not simply to prescribe a
'stronger' drug, but to choose the right agent, dose, route
and duration for the individual infection while preserving
future antibiotic effectiveness. WHO's recent work on
antibacterial development emphasizes the need for
innovation that addresses high-priority resistant
pathogens while also considering access and
affordability. 8!

11. CONCLUSION

Precision therapy offers a more individualized way to
manage MDR bacterial infections. By bringing together
rapid diagnostics, genomic information, clinical
assessment,  susceptibility testing, pharmacological

principles and targeted therapies, it can make
antimicrobial decisions more timely and better matched
to the pathogen and patient. The strongest current clinical
foundation remains rapid diagnosis combined with
expert antimicrobial stewardship, while technologies
such as phages, CRISPR, antimicrobial peptides,
antibodies and nanomedicine represent promising
extensions of this approach.'***?1 Most emerging
technologies still need stronger clinical evidence,
standardized manufacturing, regulatory clarity and wider
access. The long-term objective should therefore be a
practical, affordable precision workflow that improves
patient care without creating new forms of avoidable
antimicrobial pressure.
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