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Abstract
Antimicrobial resistance (AMR) has arisen as a paramount worldwide public health challenge of the
twenty-first century, with Klebsiella pneumoniae identified as a key priority pathogen by the World
Health Organization. This
opportunistic Gram-negative bacterium causes several healthcare-associated and community-acquired
illnesses, such as pneumonia, urinary tract infections, bloodstream infections, liver abscesses, and
sepsis. The swift emergence and spread of multidrug-resistant (MDR), extensively drug-resistant
(XDR), and carbapenem-resistant K. pneumoniae (CRKP) strains have significantly diminished the
efficacy of traditional antimicrobial treatments, leading to heightened morbidity, mortality, extended
hospital stays, and increased healthcare expenditures globally. The exceptional adaptability of K.
pneumoniae is due to various resistance mechanisms, such as the synthesis of extended-spectrum [3-
lactamases (ESBLs) and carbapenemases, biofilm formation, overexpression of efflux pumps, enzymatic
alteration of antibiotics, diminished membrane permeability, and horizontal gene transfer via mobile
genetic elements.
This review thoroughly analyzes the present state of antibiotic resistance in K. pneumoniae,
emphasizing the molecular and genetic processes behind its resistance phenotype and global
epidemiological patterns. The review additionally addresses current therapeutic problems and
assesses novel techniques designed to alleviate K. pneumoniae infections. These efforts encompass
the creation of  innovative  antibiotics, antimicrobial peptides, bacteriophage therapy,
immunotherapeutic methods, nanoparticle-based antimicrobial systems, CRISPR-Cas gene-editing
technologies, anti-biofilm agents, and antimicrobial stewardship initiatives. The amalgamation of
novel therapeutic strategies with efficient infection prevention, surveillance, and antibiotic stewardship
initiatives may yield enduring solutions to mitigate the proliferation of resistant K. pneumoniae
strains. Ongoing research and interdisciplinary collaboration are crucial for devising effective
strategies to address this progressively resistant pathogen and mitigate the worldwide impact of
antimicrobial resistance (AMR).
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Introduction resulting in heightened morbidity, death,

Antimicrobial resistance (AMR) has arisen
as a critical global public health issue of the
twenty-first century, jeopardizing decades of
advancements made through the discovery
and application of antibiotics. The swift
development and spread of resistant microbes
have markedly diminished the efficacy of
existing antimicrobial medicines,
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extended hospitalizations, and rising healthcare
costs globally. Recent global estimates indicate
that antimicrobial- resistant bacterial infections
directly caused over 1.27 million fatalities
and were related with approximately 5
million deaths worldwide in 2019, highlighting
the severity of this escalating epidemic. The
World Health Organization (WHO) has
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consistently recognized antimicrobial
resistance (AMR) as one of the foremost
global health challenges, requiring immediate
scientific, clinical, and policy responses.

Klebsiella pneumoniae is a  significant
priority pathogen contributing to the AMR
burden, noted for its exceptional capacity to
acquire and spread resistance determinants. K.
pneumoniae is a Gram- negative,
encapsulated, opportunistic bacterium within
the Enterobacteriaceae family. It frequently
inhabits the human gastrointestinal system
and nasopharynx but can induce serious
infections when host immunity is impaired.
The pathogen is commonly linked to
hospital-acquired  and healthcare-associated

infections, such as pneumonia, urinary
tract  infections, bloodstream infections,
wound infections, liver abscesses,

meningitis, and septicemia. Patients in intensive
care units (ICUs), those undergoing invasive
medical

operations,  transplant  recipients,  cancer
patients, and immunocompromised
individuals are more vulnerable to infections
caused by K. pneumoniae. In the last twenty
years, the epidemiology of K. preumoniae
infections has significantly changed due to
the rise of multidrug-resistant (MDR),
extensively  drug-resistant  (XDR), and
pandrug- resistant (PDR) strains. The rising
incidence of  carbapenem-resistant K.
pneumoniae (CRKP) is particularly alarming,
as it has emerged as a significant
contributor to healthcare-associated
outbreaks  globally.  Carbapenems  have
historically functioned as the final line of
defense against severe Gram-negative bacterial
infections; however, the extensive appearance
of carbapenemase-producing strains has
significantly undermined their efficacy. The
propagation of carbapenemase genes, including
blaKPC, blaNDM, blaOXA-48, blaVIM,
and blaIMP, via plasmids and other mobile
genetic elements has expedited the worldwide
transmission

of resistance, posing significant problems for

IJDDT Volume 16 Issue 78s 2026

infection management and control.

The efficacy of K. pneumoniac as a
multidrug- resistant pathogen is mostly due to
its remarkable genetic flexibility and
varied resistance mechanisms. These
methods  encompass  the synthesis  of
extended-spectrum B-lactamases (ESBLs),
carbapenems, heightened expression of efflux
pumps, enzymatic alteration of antimicrobial
drugs, diminished outer membrane permeability
via  porin modifications, and the
development of protective biofilms. Biofilm
development notably increases bacterial
persistence on medical devices and host tissues,
substantially diminishing antibiotic penetration
and fostering chronic infection. Moreover,
horizontal gene transfer facilitated by
plasmids, transposons, integrons,
and bacteriophages enables the  swift
acquisition and spread of resistance genes
throughout bacterial populations,
exacerbating the global AMR epidemic.
The rise of hypervirulent K. pneumoniae
(hvKP) strains, with antibiotic resistance, has
heightened worries. These strains exhibit
augmented virulence characteristics, including
as hyper capsule synthesis, siderophore-
mediated iron acquisition mechanisms, and
heightened mucoviscosity, allowing them to
induce severe invasive infections in
otherwise healthy persons. Recent findings
detailing the convergence of hypervirulence
and antibiotic resistance have heightened
apprehensions about the future therapeutic
management of K. pneumoniae infections.
These strains pose a significant danger due to
their increased pathogenicity and restricted
treatment alternatives.

Contemporary therapeutic = approaches for
resistant K. pneumoniae infections
predominantly utilize combination antibiotic
regimens, encompassing polymyxins,
tigecycline, aminoglycosides, fosfomycin,
and novel B-lactam/B-lactamase inhibitor
combos. The ongoing development of
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resistance  mechanisms has reduced the
effectiveness

of numerous traditional therapeutic strategies.
The rate of novel antibiotic development
has not matched the rise of resistant
bacterial strains, underscoring the critical
necessity for creative therapeutic alternatives
and thorough infection- control strategies.
Recent advancements in  microbiology,
molecular biology, nanotechnology,

immunology, and genetic engineering have

yielded potential strategies for addressing
antimicrobial-resistant K. pneumoniae.
Innovative strategies including

antimicrobial peptides, bacteriophage therapy,
nanoparticle-based antimicrobial systems,
immunotherapeutic interventions, anti-biofilm
agents, quorum-sensing inhibitors, CRISPR-
Cas gene-editing technologies, and novel
antimicrobial compounds are currently under
investigation as potential solutions to combat

resistance. Concurrently, antimicrobial
stewardship programs, surveillance
systems,  infection prevention strategies, and

public health initiatives are vital elements of a
holistic approach to curtail the dissemination of
resistant microorganisms.

Due to the rising global challenge of
antimicrobial- resistant K. pneumoniae and the
restricted efficacy

of  current treatment modalities, a
thorough  comprehension  of  resistance
mechanisms and novel therapeutic strategies is
necessary. This review seeks to assess the current
state of antimicrobial resistance in K.
pneumoniae, analyze the molecular and
genetic mechanisms contributing to
resistance  development, evaluate  recent
advancements in therapeutic and preventive
measures, and delineate future strategies for
addressing  this  increasingly  significant
pathogen. This review aims to synthesize current
information to inform the development of
effective interventions and enhance
clinical

outcomes in combating antibiotic resistance.
Mechanisms of Antimicrobial Resistance in
Klebsiella pneumoniae
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The remarkable ability of Klebsiella
pneumoniae to acquire, maintain, and
disseminate antimicrobial resistance

determinants has transformed this
opportunistic pathogen into one of the
most challenging microorganisms encountered
in modern clinical practice. The increasing
prevalence of multidrug-resistant (MDR),
extensively  drug- resistant (XDR), and
carbapenem-resistant K. pneumoniae (CRKP)
strains is largely attributed to a combination of
intrinsic and acquired resistance mechanisms.
These mechanisms not only reduce the efficacy
of conventional antimicrobial agents but also
facilitate the rapid evolution and global
dissemination of resistant clones. Understanding
the molecular basis of these resistance
mechanisms  is  essential for the
development of effective therapeutic and
preventive strategies.

Fig.1 Mechanisms of Antimicrobial
Resistance in Klebsiella Pneumoniae

FIGURE 1. MECHANISMS OF ANTIMICROBIAL RESISTANCE
IN KLEBSIELLA PNEUMONIAE
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Table 1. Major Antimicrobial cells to adhere firmly to biotic and abiotic
Resistance Mechanisms in Klebsiella surfaces, including  host tissues, urinary
pneumoniae catheters, endotracheal tubes, prosthetic
Resistanc | Majo | Antibiotic Clinic implants, and other medical devices.
€ r Classes al The biofilm matrix acts as a physical barrier
Mechanis | Gene Affecte Impac that limits the penetration of antimicrobial
m s d t agents and protects bacterial cells from host
Biofilm TuxS, Multiple | Chronic immune responses. Within biofilms, bacterial
Formatio mrkA classes and cells exhibit altered metabolic activity,
n ’ recurre reduceq growt'h rates, . and enhanced
kD it expression of resistance-associated genes, all of
. . which contribute to increased tolerance toward
’ infectio antibiotics. Studies have demonstrated that
fimH n bacteria embedded within  biofilms can
S exhibit resistance levels up to 1,000 times
ESBL [PaTEM,| Penicillins, | Treatm greater than their planktonic counterparts.
Productio | blaSH | Cephalospori | ent Several genes have been implicated in
n v, ns failure biofilm formation in K. pneumoniae, including
blaCT luxS, mrkA, mrkD, fimH, ompK36, and
X- ramA. These genes regulate  fimbrial
adhesion, quorum sensing, and extracellular
M matrix production, thereby facilitating biofilm
Carbapenem [plaKPC, | Carbapenems | High development and  persistence.  Biofilm-
asc. blaND mortalit associated infections are particularly difficult
Production | M y risk to eradicate and frequently result in chronic
> and recurrent infections.
blaOX Production of f-Lactamases
A -48, The production of B-lactamases is the most
blaVl prevalent resistance  mechanism in K
M, pneumoniae. - Lactamases are enzymes
blaIMP capable of hydrolyzing thep-lactam ring present
EffTux Pumps | AcrAB- | FluoroquinoloMultidru in penicillins, cephalosporins, monobactams,
TolC, nes, g and carbapenems, thereby rendering these
OqXA Tigecycline resistanc antibiotics ineffective.
B o iAmong the most clini((i:a(lily important E—
actamases  are extended-spectrum -
Porin Loss |OmpK3 | p-lactams, |Reduced lactamases (ESBLS), including TEM, SHV,
5, Carbapené drug anq CTX-M variants. These enzymes confer
OmpK ms entr resistance  to third- and foqrth— generation
3 cephalosporins and are widely distributed
y among clinical isolates worldwide. The rapid
AjC L : - ' spread of ESBL-producing K. pneumoniae has
Aminoglycos , |Aminoglycosid| Loss o
¢ yid ¢ APH ¢ antibiot
Modification| S ic
ANT activity

Biofilm Formation

Biofilm formation represents one of the
most  important virulence-associated
resistance mechanisms in K. pneumoniae.
Biofilms are structured microbial communities
enclosed within a self-produced extracellular

polymeric matrix composed of
polysaccharides, proteins, lipids, and
extracellular  DNA. These structures enable
bacterial
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significantly ~ reduced  the  utility  of
cephalosporins in treating severe infections.
Carbapenem resistance is primarily
mediated  through  the  production  of
carbapenemases. Major carbapenemases
identified in K. pneumoniae include:

. Klebsiella pneumoniae

carbapenemase (KPC)

*  New Delhi metallo-p-lactamase (NDM)
* Verona integron-encoded  metallo-
B- lactamase (VIM)

* Imipenemase (IMP)

*  Oxacillinase-48 (OXA-48)
These enzymes can hydrolyze nearly all (-
lactam antibiotics, including carbapenems,
which are often considered antibiotics of last
resort. The genes encoding these enzymes are
commonly located on plasmids, facilitating
rapid horizontal gene transfer among bacterial
populations.
Enzymatic Modification of Antibiotics

Another  significant resistance mechanism
involves  enzymatic modification or
inactivation of antimicrobial agents. K

pneumoniae produces a variety of modifying
enzymes capable of chemically altering
antibiotic molecules before they reach their
cellular targets.

Resistance to aminoglycosides is
commonly mediated through
aminoglycoside-modifying enzymes (AMEs),
including:
. Aminoglycoside
acetyltransferases (AACs)
. Aminoglycoside

phosphotransferases (APHs)

IJDDT Volume 16 Issue 78s 2026

. Aminoglycoside
nucleotidyltransferases (ANTs)

These enzymes catalyze
acetylation, phosphorylation, or adenylation
reactions that prevent aminoglycosides from
binding to bacterial ribosomes.
Additionally, 16S rRNA
methyltransferases such as ArmA, RmtB, and
RmtC modify ribosomal target sites, resulting in
high-level resistance to multiple
aminoglycosides.
Because the genes encoding these enzymes are
often located on transferable plasmids, their
dissemination contributes significantly to the
global emergence of multidrug-resistant strains.
Efflux Pump-Mediated Resistance
Efflux pumps are membrane-associated
transport proteins  that actively  expel
antimicrobial agents from bacterial cells. By
reducing intracellular antibiotic concentrations
below therapeutic levels, these systems
significantly diminish drug efficacy.
In K pneumoniae, the AcrAB-TolC and
OgxAB efflux systems are among the most
extensively studied multidrug efflux pumps.
These pumps confer resistance against
numerous antimicrobial classes, including:

*  Fluoroquinolones

*  Tetracyclines

*  Chloramphenicol

*  Macrolides

» Tigecycline

*  Certain B-lactam antibiotics
Mutations in regulatory genes such as acrR
and ramR often result in overexpression of
efflux systems, contributing to multidrug
resistance. Efflux pumps also play a role in
biofilm formation and
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bacterial virulence, further complicating
treatment

outcomes.
Reduced Outer Membrane Permeability
The outer membrane of Gram-negative
bacteria functions as a selective permeability
barrier that regulates the influx of nutrients
and antimicrobial agents. Porin proteins
embedded within the outer membrane
facilitate the passive diffusion of small
hydrophilic molecules into bacterial cells.
In K. pneumoniae, OmpK35 and OmpK36 are
the principal porins responsible for antibiotic
entry. Mutations, deletions, or reduced
expression of these porins substantially
decrease membrane permeability and
restrict antibiotic penetration.
Porin loss is frequently observed in
carbapenem- resistant isolates and often acts
synergistically withp-lactamase production to
generate  high-level resistance. Reduced
permeability =~ has  been associated with
resistance to:

*  Carbapenems

»  Cephalosporins

»  Fluoroquinolones

*  Aminoglycosides

»  Chloramphenicol
Consequently,  alterations in  membrane
permeability constitute a critical adaptive
mechanism that enhances bacterial survival
under antimicrobial pressure.
Horizontal Gene  Transfer
Genetic Elements
Beyond individual resistance mechanisms, the
rapid  dissemination of antimicrobial
resistance in K. pneumoniae is strongly
facilitated by horizontal gene transfer.
Resistance genes are frequently carried on
plasmids, transposons, integrons, and

and Mobile
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bacteriophages that can move between
bacterial species.

Mobile genetic elements carrying
carbapenemase genes such as blaKPC,

blaNDM, and blaOXA-48 have been widely
reported in healthcare settings across the
globe. This genetic mobility accelerates the
emergence of mnovel resistance profiles and
contributes significantly to hospital outbreaks
and international dissemination of resistant
clones.

Collectively, biofilm formation, B-
lactamase production, enzymatic antibiotic
modification, efflux pump activity,
reduced membrane  permeability, and

horizontal gene transfer constitute the principal
mechanisms underlying antimicrobial resistance
in K. pneumoniae. These interconnected
mechanisms  enable the  pathogen to
survive exposure to multiple classes of
antibiotics and represent major obstacles to
effective clinical management.

3. Global Epidemiology of Antimicrobial
Resistance in Klebsiella pneumoniae

The global emergence and dissemination

of antimicrobial-resistant Klebsiella
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decades, K. pneumoniae has evolved from
a common opportunistic pathogen into a
major multidrug-resistant (MDR) organism
responsible for severe healthcare-associated
and community- acquired infections. The
increasing prevalence of extended-spectrum [-
lactamase (ESBL)-producing and carbapenem-
resistant K. pneumoniae (CRKP) strains has
substantially complicated treatment strategies
and contributed to increased morbidity,
mortality, and healthcare costs worldwide.

K. pneumoniae is among the priority
pathogens identified by the World Health
Organization (WHO) due to its high
capacity for acquiring and disseminating
antimicrobial resistance genes. The pathogen
is frequently associated with pneumonia,

bloodstream infections, urinary tract
infections, surgical site infections, liver
abscesses, and ventilator-associated

infections. Its remarkable genetic plasticity
enables the rapid acquisition of resistance
determinants through plasmids,
transposons, integrons, and other mobile
genetic elements, facilitating the emergence
of highly resistant clones.

The epidemiology of antimicrobial-resistant
K. pneumoniae varies considerably across
geographic regions. In  North  America,

carbapenem-resistant strains emerged
predominantly  through  the dissemination
of Klebsiella pneumoniae

carbapenemase (KPC)-producing isolates. Since
the first identification of KPC-producing
strains in the United States, these
organisms have spread extensively across
healthcare facilities and have become a
major cause of hospital-acquired infections.
Similar epidemiological patterns have been
observed in several FEuropean countries,
particularly =~ Greece, Italy, and Spain,
where carbapenem-resistant K. pneumoniae
has reached endemic levels in certain
healthcare settings.
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Asia represents one of the most severely
affected regions. China and India have
reported a rapid increase in carbapenem-
resistant isolates over the past decade. The
widespread dissemination of New Delhi
metallo-B-lactamase (NDM)-producing
strains has contributed significantly to
resistance rates in South and Southeast
Asia. In China, surveillance studies have
demonstrated a substantial rise in carbapenem
resistance among clinical K. pneumoniae
isolates, particularly in intensive care units
(ICUs), where antibiotic pressure is high and
vulnerable patient populations
facilitate transmission. Similarly, India has
become a major reservoir of NDM-
producing Enterobacterales, contributing to the
international spread of resistance through
travel and healthcare-associated
transmission.
Table 2. Global Distribution of
Major Carbapenemase Genes

Carbapenemas | First Major Regions

¢ Reported

KPC USA North America,
Europe, China

NDM India Asia, Middle
East, Europe

OXA-48 Turkey Europe’ North
Africa, Middle East

VIM Greece Europe

IMP Japan Asia-Pacific

In Europe, antimicrobial resistance surveillance

programs  have  documented  increasing
prevalence = of  ESBL-producing and
carbapenem-resistant K. pneumoniae.

Countries such as Greece and Italy
consistently report some of the highest
carbapenem resistance rates globally. The
spread of epidemic clones, particularly
sequence types ST258, STI11, ST147, and
ST15, has played a critical role in
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regional outbreaks. These high-risk clones
possess a combination of antimicrobial
resistance determinants and virulence factors that
enhance their ability to persist and spread
within healthcare environments.

The epidemiological situation in Africa and
Latin America is also becoming increasingly
concerning. Although surveillance data remain
limited in several countries, available reports
indicate a growing burden of ESBL-
producing and carbapenem- resistant K.
pneumoniae. Inadequate infection- control
practices, unrestricted antibiotic access, and
limited antimicrobial stewardship
programs contribute to the emergence and
dissemination of resistant strains in these
regions. The lack of comprehensive
surveillance systems may further
underestimate the true burden of resistance.

A particularly alarming trend is the emergence
of hypervirulent and multidrug-resistant

K. pneumoniae strains. Traditionally,
hypervirulent strains and antimicrobial-
resistant strains  represented  separate

populations. However, recent reports have
documented the convergence of
hypervirulence and multidrug resistance,
resulting in highly pathogenic strains capable of
causing severe invasive infections while
simultaneously ~ exhibiting resistance to
multiple antibiotic classes. These strains
represent a significant threat to global public
health because they combine
enhanced transmissibility, increased virulence,
and limited treatment options.

Healthcare-associated  transmission remains
the primary  driver of  resistant K.
pneumoniae dissemination. Intensive care units,
long-term care facilities, transplant centers, and
oncology wards are recognized as major
reservoirs for resistant strains. Risk factors
associated with infection include prolonged

hospitalization, invasive medical
procedures, mechanical ventilation, prior
antibiotic
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exposure, immunosuppression, and the
presence of chronic comorbidities.
Environmental contamination and

asymptomatic colonization among healthcare
workers and  patients further facilitate
transmission.

The global epidemiology of antimicrobial-
resistant K.  pneumoniae  highlights the
urgent need for coordinated international

surveillance, antimicrobial stewardship,
infection-prevention strategies, and
investment in novel therapeutic
approaches.  Continuous  monitoring  of

resistance trends and molecular epidemiology
is essential to identify emerging high-risk
clones and guide evidence-based interventions.
Without  effective  containment measures,
the continued spread of multidrug- resistant
and carbapenem-resistant K. pneumoniae may
significantly undermine the effectiveness of
existing antimicrobial therapies and pose
a substantial threat to public health worldwide.
4. Current Therapeutic Options

The treatment of antimicrobial-resistant
Klebsiella pneumoniae infections remains a
major clinical challenge due to the
increasing prevalence of multidrug-resistant
(MDR), extensively drug- resistant (XDR),
and carbapenem-resistant K. pmneumoniae
(CRKP) strains. Traditionally,
carbapenems such as meropenem, imipenem,
and ertapenem have been considered the
cornerstone of therapy for severe infections
caused by ESBL- producing isolates. However,
the rapid emergence of carbapenemase-
producing strains has significantly reduced
the effectiveness of  these agents,
necessitating  the use  of  alternative
therapeutic approaches.

Currently, polymyxins (colistin and polymyxin
B), tigecycline, fosfomycin, and
aminoglycosides  constitute  the  primary
treatment options for CRKP infections.
Polymyxins exhibit potent activity

Page: 807



RESEARCH PAPER

against many carbapenem-resistant
isolates; however, their clinical use is often
limited by nephrotoxicity and neurotoxicity.
Tigecycline has demonstrated broad-spectrum
activity against MDR pathogens and is
frequently used in combination regimens,
particularly for complicated intra-
abdominal and soft-tissue infections.
Similarly, fosfomycin has gained attention
because of its unique mechanism of action
and synergistic effects when combined with
other antimicrobial agents.

Table 3. Current Therapeutic Options
Against Resistant Klebsiella pneumoniae

Antibiotic | Targe [Advantages | Limitations
t
Strain
s
Colistin CRKP | potent Nephrotoxic
.. ity
activit
y
Tigecycline MDR-KP| Broad Low
spectru serum
m concentratio
n
ostomycin [MDR-KP| Combinati | Rapid
on therapy | resistanc
e
Ceftazidim| KPC High Emergin
e- produce | efficac g
Avibactam | 1s y resistanc
e
Meropene | KPC Improve | Cost
m- produce | d
Vaborbacta| rs survival
m
Cefiderocol | CRKP | Novel Limited
mechanis | clinical
m data

Recent advances in antimicrobial development

have

introduced novel B-lactam/B-lactamase
inhibitor combinations, including
ceftazidime-avibactam, meropenem-
vaborbactam, and imipenem-
relebactam. These agents have shown
promising efficacy against carbapenemase-
producing K. pneumoniae, particularly KPC-
producing strains, and have significantly

improved clinical outcomes. Cefiderocol, a
novel siderophore cephalosporin, has also
emerged as an effective therapeutic option
because it utilizes bacterial iron transport
systems to gain intracellular access while
maintaining  stability against many -
lactamases.
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Despite these advances, monotherapy often

remains insufficient for severe infections.
Consequently, combination therapy
involving polymyxins, tigecycline,
fosfomycin, aminoglycosides, or newerf-
lactam/p-lactamase inhibitors is
frequently  recommended to enhance
bactericidal activity, reduce treatment failure,

and limit the emergence of additional
resistance.  Nevertheless, the continuous
evolution of resistance mechanisms underscores
the urgent need for innovative therapeutic
strategies and the prudent use of existing
antimicrobial agents.

5. Emerging Therapeutic Strategies

The continuous emergence of multidrug-
resistant (MDR), extensively drug-resistant
(XDR), and carbapenem-resistant  Klebsiella
pneumoniae (CRKP) has significantly reduced
the effectiveness

of conventional antimicrobial
therapies. Consequently, considerable research

efforts have been directed toward the
development of  innovative  therapeutic
approaches capable of overcoming

resistance mechanisms while minimizing the
risk of further resistance development. Recent
advances in molecular biology, immunology,
nanotechnology, and genetic engineering
have generated several promising alternatives
to traditional antibiotic therapy. Figure 3
summarizes the major emerging therapeutic
strategies currently under investigation for the
management of antimicrobial-resistant K.
pneumoniae infections.

5.1 Novel Antibiotics

The  discovery and  development  of
novel antimicrobial agents remain critical for
combating resistant K. pneumoniae. Several

recently approved antibiotics have
demonstrated  improved  activity against
carbapenem-resistant and ESBL-producing
strains. Novel B-lactam/B-lactamase
inhibitor combinations such as
ceftazidime-avibactam, meropenem-
vaborbactam, and imipenem-

Page: 807



RESEARCH PAPER

relebactam effectively inhibit
various  carbapenemases and restore
susceptibility in resistant isolates.

Another promising development is

cefiderocol, a siderophore cephalosporin that
exploits bacterial iron uptake systems to gain
entry into bacterial cells. This unique “Trojan
horse” mechanism allows cefiderocol to
overcome porin-related resistance and maintain
activity  against numerous carbapenem-
resistant pathogens. In addition, advances
in bacterial genomics and computational
drug discovery have facilitated the identification
of novel molecular targets involved in bacterial
metabolism, virulence regulation, and resistance
pathways. These innovations may accelerate the
development of next- generation antibiotics
capable of addressing current therapeutic
limitations.

5.2 Antimicrobial Peptides

Antimicrobial peptides (AMPs) are naturally
occurring components of innate immunity
found in humans, animals, plants, and
microorganisms. These peptides possess
broad-spectrum antimicrobial activity against
Gram-positive  bacteria,  Gram- negative

bacteria,  fungi, and  viruses. Unlike
conventional antibiotics that target
specific  metabolic pathways, AMPs
primarily disrupt  bacterial ~membranes,

causing rapid cell death.

Several studies have demonstrated potent
activity of AMPs against MDR K
pneumoniae, including strains resistant to
carbapenems and polymyxins. Furthermore,
AMPs exhibit immunomodulatory properties
that enhance host defense mechanisms and
promote pathogen clearance. Their multifaceted
mechanisms of action significantly reduce
the likelihood of resistance development.
Despite these advantages, challenges such
as  proteolytic instability, cytotoxicity, short
half-life, and high production costs currently
limit widespread clinical
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application. Ongoing research focuses on
peptide engineering and nanoformulations
to improve stability, efficacy, and safety.

5.3 Bacteriophage Therapy

Bacteriophages are viruses that specifically
infect bacterial cells and have re-emerged as a
promising  alternative to conventional
antibiotics. ~ Phage therapy offers several
advantages, including high specificity, self-
amplification at infection sites, and minimal
disruption of the normal microbiota.

Phages target K. pneumoniae by binding to
surface receptors, injecting genetic material,
and ultimately lysing bacterial cells. Certain
bacteriophages also produce  depolymerase
enzymes capable of degrading bacterial
capsules and biofilms, thereby enhancing

bacterial susceptibility to immune
responses and antimicrobial agents.
Experimental studies have demonstrated

significant reductions in bacterial burden and
improved survival in animal models of CRKP
infection. Although phage therapy remains
largely  experimental, increasing clinical
evidence suggests considerable potential
for managing refractory MDR infections.

5.4 Immunotherapy

Immunotherapeutic  approaches  seek  to
strengthen  host  defenses  against K
pneumoniae rtather than directly  targeting
bacterial cells. Vaccines, monoclonal
antibodies, and immune-modulating agents
represent the principal immunotherapeutic
strategies currently under investigation.

Vaccine  development has focused on
capsular polysaccharides,
lipopolysaccharides, outer = membrane

proteins, and outer membrane vesicles. These
antigens stimulate both humoral and cellular
immune responses capable of preventing
infection and reducing bacterial colonization.
Monoclonal antibodies targeting virulence
factors may neutralize bacterial pathogenicity
and facilitate immune-
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mediated  clearance. = Immunotherapy  is
particularly attractive  because it  exerts
minimal selective pressure for resistance
development and may provide long-term
protection against recurrent infections.

5.5 Nanotechnology-Based Therapeutics
Nanotechnology has emerged as a rapidly
expanding field in antimicrobial research due
to its ability to improve drug delivery,
enhance antimicrobial  efficacy, and
overcome resistance mechanisms. Various
nanomaterials, including silver
nanoparticles, zinc oxide nanoparticles,
polymeric nanoparticles, and liposomal drug
delivery systems, have demonstrated significant
antibacterial activity against K. pneumoniae.
Nanoparticles exert antimicrobial effects
through multiple  mechanisms, including
disruption of bacterial membranes, generation
of reactive oxygen species (ROS),
interference  with  cellular metabolism, and
enhanced antibiotic penetration into biofilms.
Nanocarrier systems also improve drug
bioavailability and enable targeted delivery,
reducing systemic toxicity. The integration
of  nanotechnology with conventional
antibiotics may provide a powerful strategy
for treating highly resistant infections.

5.6 CRISPR-Cas Gene Editing Technologies
Clustered  Regularly  Interspaced  Short
Palindromic Repeats (CRISPR)-Cas systems
have revolutionized microbial genetic
engineering and offer unprecedented
opportunities  for  combating antimicrobial
resistance. CRISPR-based technologies
can selectively target and eliminate resistance
genes, virulence determinants, or
resistance-carrying plasmids within
bacterial populations.

In K pneumoniae, CRISPR-Cas systems
have demonstrated the ability to remove
carbapenemase
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genes such as blaKPC and blaNDM,
thereby restoring susceptibility to antibiotics.
This highly specific approach minimizes off-
target effects and preserves beneficial microbial
communities. Despite its promise, several
challenges remain, including efficient delivery
systems, bacterial uptake, and regulatory
considerations.

5.7 Anti-Biofilm Strategies

Biofilm formation is a major contributor
to persistent and recurrent K. pneumoniae
infections. Consequently, anti-biofilm therapies
have gained considerable  attention as

adjunctive  treatment approaches.  These
strategies include enzymatic  biofilm
degradation, quorum-sensing inhibition,

surface modification of medical devices,
and biofilm-targeted nanoparticles.
Quorum-sensing  inhibitors interfere  with

bacterial communication systems
responsible for coordinating  biofilm
formation and virulence  expression.
Enzymes such as DNases and

polysaccharide-degrading agents disrupt the
biofilm  matrix, enhancing antibiotic
penetration and bacterial eradication. Anti-
biofilm approaches may significantly improve
treatment outcomes when combined with
conventional antimicrobial therapy.

5.8 Host-Directed Therapies

Host-directed therapies (HDTs) represent
an innovative approach that focuses on
modulating host immune pathways rather
than directly targeting bacterial pathogens.
These therapies enhance innate and adaptive
immune responses, promote bacterial
clearance, and reduce tissue damage caused
by excessive inflammation.

Potential HDT strategies include
cytokine  modulation, immunometabolic
interventions, macrophage activation, and
enhancement of epithelial barrier function.
Because these approaches target  host
mechanisms, the risk of resistance
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substantially

lower

than

with traditional antibiotics. Although still in
the early stages of development, host-directed
therapies may become valuable components
of future treatment regimens for resistant K.
pneumoniae infections.

Table 4. Emerging Therapeutic
Strategies  Against  Antimicrobial-
Resistant Klebsiella pneumoniae
Strategy Primary | Major Current
Mechanis| Advanta | Develop
m ges me nt
Stage
Novel Inhibition | Effective {Clinical use
Antibioti of against
cs resistant MDR
bacteria | strains
Antimicrobi | Membran | Broad- Clinica
al Peptides | e spectru | 1trials
disruption | i
activity
Bacteriopha | Bacteria | High Experiment
ge Therapy | 1lysis specificit i a
y
Immunothera| Host Reduced | Clinical
p immune | resistanc | developm
y enhancem | e cn
ent pressure ¢
Nanotechno | Enhanced [Improved [Experiment]
lo gy drug biofilm a
deliver penetrati 1
y on
CRISPR- Gene Precisio | Researc
Cas editin n h stage
Systems g targeting
Anti- Biofilm |Enhanced [Experiment
Biofilm disruptio | antibioti a
Strategies | n c 1
efficacy
Host- Immune | Reduced | Early
Directed modulati | resistanc | developm
Therapies | on e risk cn
t
6. Infection Prevention and Control Strategies
The prevention and control of
antimicrobial- resistant Klebsiella

pneumoniae infections are
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essential components of global efforts to
combat antimicrobial  resistance = (AMR).
While the development of novel therapeutic
agents remains important, preventing the
emergence and transmission of resistant
strains is considerably more effective and cost-
efficient than treating established infections.
Healthcare-associated  transmission continues
to be the primary route for the
dissemination of multidrug-resistant (MDR)
and carbapenem-resistant K.  pmneumoniae
(CRKP), particularly in intensive care units
(ICUs), long-term care facilities, and other
high-risk healthcare environments.

Strict adherence to infection prevention and
control (IPC) measures represents the first line
of defense against resistant K. pneumoniae.
Hand hygiene remains the single most
effective intervention for reducing pathogen
transmission within healthcare settings. Proper
handwashing and alcohol-based hand rubs
significantly decrease the risk of cross-
contamination between patients, healthcare
workers, and contaminated surfaces.

Active surveillance programs are equally
important for the early identification of
colonized or infected patients. Routine
screening of high-risk individuals, particularly
those admitted to ICUs or transferred from
healthcare facilities with known outbreaks,

enables timely implementation of
containment measures. Once  identified,
colonized or infected patients should be

isolated or cohorted to minimize transmission.

Environmental contamination plays a crucial
role in the persistence and spread of K
pneumoniae. The

organism can survive for prolonged periods
on medical equipment, hospital furniture,
and environmental surfaces. Therefore, regular

cleaning, disinfection, and sterilization of
medical devices and patient-care areas are
essential components of infection control
programs.
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Antimicrobial stewardship programs (ASPs)
have become indispensable in reducing selective
pressure  associated  with inappropriate
antibiotic  use. These programs promote
evidence-based prescribing practices, optimize
antibiotic selection and duration, and minimize

unnecessary exposure to broad- spectrum
agents. Effective stewardship has been
associated with reductions in resistance

rates, healthcare costs, and infection-related
mortality.

Education and training of healthcare personnel
are also critical for successful infection
control. Continuous professional development
programs improve compliance with IPC
guidelines and  enhance awareness
regarding AMR risks.  Additionally,
molecular surveillance and genomic
epidemiology can facilitate outbreak
investigations and support targeted
interventions.

A comprehensive  infection  prevention
strategy integrating surveillance, stewardship,

environmental hygiene, patient isolation, and
healthcare worker education is essential to
limit the spread of antimicrobial-resistant K.
pneumoniae and preserve the effectiveness of
existing therapeutic options.

Table 5. Infection Prevention and
Control Measures Against
Antimicrobial-Resistant Klebsiella
pneumoniae
Control Objective Expected
Measure Outcome
Hand Hygiene Prevent person-to- | Reduced
person infection rates
transmission
Active Early detection of | Rapid
Surveillance carriers containment
Patient Isolation Limit spread within Reduced
healthcare facilities | outbreaks
Environmental Eliminate Lower
Cleaning environmental contamination
reservoirs levels
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Such approaches may improve treatment
outcomes while minimizing unnecessary
antibiotic exposure.

Further investigation into  bacteriophage
therapy is also warranted.  Although

encouraging re
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been reported in experimental  and
compassionate- use settings, large-scale clinical
trials are required to establish efficacy, safety,
and standardized treatment protocols. Similarly,
optimization  of  antimicrobial peptides,
nanoparticle-based  therapeutics, and anti-
biofilm agents may generate effective
alternatives to conventional antibiotics.
Gene-editing technologies such as CRISPR-
Cas systems offer unprecedented
opportunities  for selectively  eliminating
resistance genes. Future studies should focus
on improving delivery systems, enhancing
targeting specificity, and evaluating long- term
safety in clinical settings. Likewise, vaccine
development remains a priority, particularly
for high-risk populations vulnerable to
healthcare- associated infections.

Host-directed  therapies and microbiome-
based interventions are emerging as innovative
approaches that may reduce selective pressure
for resistance while  enhancing  host
immunity. Understanding ~ host-pathogen
interactions at the molecular level will be
essential for the successful development of
these strategies.

Finally, international  collaboration  and
global surveillance  networks must be
strengthened to monitor emerging resistance
patterns, identify high- risk clones, and support
coordinated public health responses. Integrating
advanced technologies with multidisciplinary
research efforts will be critical for addressing
the evolving threat posed by
antimicrobial-resistant K. pneumoniae.

8. Conclusion

Antimicrobial ~ resistance in  Klebsiella
pneumoniae has emerged as one of the most
serious  challenges confronting modern
medicine.  The  pathogen possesses a
remarkable  capacity to  acquire and
disseminate resistance determinants
through multiple  mechanisms,  including
B-lactamase
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production, biofilm formation, efflux pump
overexpression, enzymatic antibiotic
modification, reduced membrane permeability,
and horizontal gene transfer. These mechanisms
have facilitated the global spread of
multidrug-resistant ~ and carbapenem-resistant
strains,  significantly  limiting  available
treatment options and increasing
healthcare burdens worldwide.

Although current therapeutic agents such
as polymyxins, tigecycline, fosfomycin, and
novel B-  lactam/B-lactamase inhibitor
combinations provide important treatment
alternatives, the continued emergence of

resistance  highlights the limitations of
conventional antimicrobial therapy.
Consequently, innovative approaches
including antimicrobial peptides,
bacteriophage therapy, immunotherapy,

nanotechnology-based therapeutics, CRISPR-
Cas gene-editing  systems,  anti-biofilm
strategies, and host-directed therapies have
gained considerable attention as potential
solutions.

In addition to therapeutic innovation,
effective infection prevention and control
measures remain fundamental for limiting the
spread of resistant strains. Antimicrobial
stewardship programs, active surveillance,
environmental ~ hygiene, patient isolation,
and healthcare worker education
collectively play a crucial role in
reducing transmission and preserving the
effectiveness of existing antibiotics.

The future management of antimicrobial-

resistant K. pneumoniae will require a
multidisciplinary approach  that integrates
novel therapeutic technologies,  precision

medicine, advanced diagnostics, and global
surveillance initiatives. Continued investment
in scientific research, healthcare
infrastructure, and international
collaboration is essential to combat this
increasingly  resistant pathogen. By
combining innovative treatment  strategies
with robust prevention
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measures, it may be possible to reduce the
global burden of K. pneumoniae infections and
safeguard the effectiveness of antimicrobial
therapies for future generations.
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