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Abstract — Resistant to carbapenem, Klebsiella pneumoniae poses a serious threat to international public
health, characterized by its high resistance rates and the scarcity of effective treatment alternatives. The
rising prevalence of carbapenemase-producing strains, especially those associated with OXA-48, VIM,
NDM, KPC, and IMP-like genes, has led to the ineffectiveness of many last-line antibiotics. The use of
combination therapy represents an optimal approach to improve bactericidal effectiveness, while
simultaneously decreasing mortality rates and curbing the development of resistance. This review elucidates
the mechanisms underlying carbapenem resistance, examines frequently utilized combination treatment
options along with their clinical outcomes, and underscores the challenges and future directions in

managing CRKP infections.

INTRODUCTION

Antibiotics can save lives, but when they are
overused or misused, they can cause antimicrobial
resistance. Antimicrobial resistance (AMR) is linked
to 700,000 deaths annually due to its increasing
influence on morbidity and mortality. One of the
concerning public health problems on the globe is
AMR. AMR results from the natural evolution as
well as adaptation of bacteria being accelerated by
the selection burden caused by the overuse and
under use of antibiotics. The use of reserve
antibiotics, which can have higher cost-benefit ratios
and a lower security profile, is necessary to treat
infections due to multidrug resistance (MDR),
which is becoming more prevalent globally (Arbune
et al., 2021). The World Health Organization (WHO)
has recognized antimicrobial resistance (AMR) as a
significant worldwide health issue in recent decades
(Prestinaci et al., 2015). Numerous organisms can
cause nosocomial infections, including parasites,
viruses, fungi, bacteria, and other agents. Infection
canbe caused by both endogenous and exogenous
sources, and it can spread via either directly or
indirectly among patients, medical personnel,

contaminated objects, guests, and even the
environment. A set of nosocomial pathogens has
started to be referred toas ESKAPE pathogens in
recent research that uses data from hospital studies
and the

Infectious Diseases Society of America. Group of
bacteria showing multiple drug resistance referred
to as ESKAPE, The ESKAPE pathogens, which
include” Enterococcus faecium, Staphylococcus aureus,
Klebsiella pneumoniae, Acinetobacter baumannii,
Pseudomonas aeruginosa, and Enterobacter species’, are
the main cause of hospital infections globally. The
fact that most of them are isolates with multiple
drug resistance is one of the main issues in clinical
practice (Santajit et al., 2016).

Carbapenem-resistant Klebsiella pneumoniae:

Klebsiella pneumoniae is an opportunist Gram-
negative bacterium that frequently leads to a
number of nosocomial infections, like pneumonia,
intra-abdominal infections, urinary tract infections,
or bloodstream infections. Carbapenems are
frequently used as last-resort medications and have
historically been thought to be the most efficient
therapy against MDR Klebsiella pneumoniae. The
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ability of this pathogen to produce carbapenemase
enzymes that hydrolyze carbapenem antibiotics
renders it resistant to many beta-lactam antibiotics,
severely limiting treatment options (Pyakurel et al.,
2021). These isolates have become more resistant to
carbapenem antibiotics, which has reduced the
number of appropriate treatment options. The
management of infectious diseases and global
public health are seriously threatened by
carbapenemase-producing Klebsiella pneumoniae
(CPKP).

Mechanism of carbapenem resistance

There are 3 mechanisms of resistance to
carbapenems: 1- producing carbapenemase

enzymes, 2- porin loss, and 3- expression of efflux
pumps (Gheitani et al., 2018).The class A
carbapenemase enzyme, Klebsiella pneumoniae
carbapenemase (KPC), hydrolyzes broad-spectrum
beta-lactam antibiotics. Due to their plasmid-
mediated nature, the KPC-encoding genes have a
high potential for dissemination. Such as enzyme’s
resistance to carbapenems is a worldwide issue
because there are few treatment alternatives, and
they are linked to potentially fatal infections. A
number offactors, including as increased antibiotic
usage, inadequate infection management practices,
and the emergence of hypervirulent strains, have
contributed to the rise in CPKP prevalence during
the last 20 years. According to reports, the
prevalence of CPKP can fluctuate greatly between
geographical locations and medical facilities,with
higher rates seen in intensive care units and among
patients who have had extended hospital stays
(Sarita et al., 2014). When these genes are acquired,
beta lactamases are produced, with extended-
spectrum ESBLs being the most prevalent type.
Because ESBLs may hydrolyze extended-spectrum
penicillins, cephalosporins, as well as monobactams,
the carbapenem group of beta-lactam antibiotics is
the sole treatment available for infections caused by
these multidrug resistant organisms. Since they can
hydrolyze practically all hydrolyzable beta-lactams,
such as penicillins, cephalosporins, and
carbapenems, carbapenemases are a versatile family
of beta lactamases. Carbapenemase has the ability to
hydrolyze all B-lactams, including imipenem,
ertapenem, meropenem, as well as doripenem.
Because they are beta lactamases, carbapenemases
fall into one of two families that are identified by
their active site. Molecular class B, generally
referred to as metallo-B-lactamases (MBLs), contains

zinc, while molecular class A and D molecules have
an active site based on serine (Queenam and Bush et
al., 2007). The main mechanisms underlying
carbapenem resistance are the disruption of outer
membrane porin expression or the synthesis of
carbapenemases, which are beta lactamases with a
variety of hydrolytic capabilities. The most clinically
significant carbapenemase genes that cause this
resistance are class A (KPC type), class B metallo-
beta-lactamases (MBLs), including VIM (Verona
integrin encoded metallobeta-lactamase), IMP
(Imipenemases), NDM (New Delhi metallo-beta-
lactamase types), and class D carbapenem-
hydrolyzing beta-lactamases Oxacillinases (OXA
like enzymes). The New Delhi metallo-beta-
lactamases (NDM), first identified in India, and
OXA-48, first identified in Turkey, have been found
to be present in Klebsiella pneumoniae. CRKP was
present in 28.69% (95% CI, 26.53%30.86%) of
individuals with KP infections worldwide. South
Asia had the highest prevalence of CRKP at 66.04%
(95% CI, 54.22%-77.85%), whereas North America
had the lowest at 14.29% (95% CI, 6.50%-22.0%).
Greece had the highest prevalence at the at 14.29%
(95% CI, 6.50%-22.0%). Greece had the highest
prevalence at the national/territorial level (70.61%,
95% CI, 56.77%-84.45%), followed by Taiwan
(67.54%, 95 % CI, 58.65%-76.14%) and India (67.62%,
95% Cl, 53.74%-81.79%) (Lin et al., 2023).

Antibiotic combinations for the management of
CRKP

The use of two or more active antibiotics in
combination is known as combination therapy. It
achieves more significant impacts in biochemical
activity than monotherapy by lowering the
incidence of drug resistance and minimizing the
dosage of hazardous medications (Fitzgerald et al.,
2006). Combination therapy enhances the
antibacterial effectiveness of the drug while
reducing its toxicity. In vitro synergy testing
techniques like the E-strip method, the Checker
board method, and the timekill assay can be used to
reasonably evaluate the in vivo efficacy (synergistic,
antagonistic, or additive) of the suggested
combination therapy (Dhandapani et al., 2021). Even
when bacteria are responsive to each antibiotic,
clinical research has demonstrated that combination
medications can produce superior results than
single antibiotics (Tangden et al., 2013). Some
possible advantages of combination therapy above
monotherapy include a greater range of antibacterial
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properties, synergistic effects, as well as a decreased
likelihood of resistance building during treatment.
Contrary to monotherapy, which has drawbacks
such toxicity, pharmacokinetic restrictions, and
resistance development, combination therapy gets
around these issues and lowers the death rate linked
to CRKP (Chukamnerd et al., 2021). Combination
therapy targets several bacterial pathways or
improves drug absorption in an effort to produce
synergistic bactericidal effects. It may lessen clinical
failure 1in severe Iinfections, enhance
pharmacokinetic/pharmacodynamic (PK/PD) target
achievement, and inhibit the establishment of
resistance. Typical justifications consist of:
collaboration between substances that work through
various mechanisms (e.g., colistin breaking down
membranes to improve f-lactam entrance)
discussion of various resistance mechanisms (e.g.,
aztreonam plus ceftazidime—avibactam active
against NDM + ESBL producers). Pharmacodynamic
optimization, including prolonged B-lactam
infusion to keep time above MIC. The necessity of
evidence-based selection is highlighted by the
possibility that combination therapy may also result
in increased nephrotoxicity and expense.

Commonly used combination drug

Polymyxin-based combination: Colistin,
sometimes referred to as polymyxin E, is an
antibiotic mixture of cyclic polypeptides that works
against most Enterobacteriales species. Colistin is
widely used to treat infections caused by
carbapenem-resistant organisms because of its
broad-spectrum efficacy against these pathogens;
nevertheless, its toxicity (nephrotoxicity or
neurotoxicity) has limited its clinical use.
Furthermore, colistin is given as colistin
methanesulfonate, an inactive prodrug, It, in theory,
increases the risk of developing resistance and
results in a prolonged period of low plasma
concentrations for the active medicine. Polymyxin B,
the other licensed agent in the polymyxin category
of antibiotics, is not designed as a prodrug, which
usually worries about a delayed rise in its plasma
concentration, despite the fact that less is known
regarding its pharmacokinetic, effective, and safety
profiles. The use of colistin or polymyxin B in
conjunction with at least one other agent of a
different class when required has been the standard
practice for the past ten years due to these concerns
(Tran et al., 2016).

Tigecycline-based combination: A glycylcycline

medication with broad-spectrum efficacy towards
Gram-positive and Gram-negative bacteria is
tigecycline. It was created to withstand the two main
tetracycline resistance mechanisms, ribosome
protection and active efflux (Stein et al., 2013).
Tigecycline and colistin combination regimens are
commonly used to treat carbapenem-resistant
Gram-negative infections in order to circumvent the
aforementioned issues. Furthermore, due to its low
steady state concentrations in serum at the current
dosing recommendation and bacteriostatic activity,
tigecycline is generally not advised for bacteremia
(Geng et al., 2018).

Ceftazidime-Avibactam Combination : In 2015,
avibactam, a diazabicyclooctane BLI was approved
in conjunction with ceftazidime to treat complicated
intra-abdominal infections (cIAls) and complicated
urinary tract infections (cUTIs). Additionally, it was
authorized in 2018 to treat ventilator-associated and
hospital-acquired bacterial pneumonia (HABP/
VABP). Avibactam does not inhibit MBLs like NDM
carbapenemases, but it binds reversibly to class A b-
lactamases, such as KPC carbapenemases, class C b-
lactamases, and some oxacillinases (such as OXA-48
carbapenemases) (Falcone et al., 2016). Because of its
renal excretion and comparable pharmacokinetics to
ceftazidime, avibactam can be co-formulated
(Merdjan et al., 2015). In many hospitals,
ceftazidime-avibactam is now the first-line
treatment for CRE infections due to its high level of
activity against KPC-producing CRE. However, as
many as 10% of patients may develop ceftazidime-
avibactam-resistant KPC-producing K. pneumoniae
after receiving this treatment due to blaKPC gene
mutations (Shields et al., 2016). Ceftazidime
avibactam-resistant K. pneumoniae strains are usually
susceptible to carbapenems because these variant
KPC b-lactamases can no longer hydrolyze
carbapenems effectively (Haidar et al., 2017). It is
unclear what this finding means clinically because
further exposure to carbapenems may reestablish
tolerance to them.

Tazobactam and ceftolozane combination: The
US Food and DrugAdministration (FDA)
authorized ceftolozane-tazobactam in December
2014 for the treatment of difficult urinary tract
infections (cUTIs) and difficult intra-abdominal
infections (cIAls). Ceftolozane-tazobactam has also
been studied in clinical trials for individuals with
ventilator-associated pneumonia, diabetic lower
limb infections, including cystic fibrosis.
Ceftolozane is much secure against the AmpC b-
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lactamasethan tazobactam’s previous b-lactam
partners. AmpC has a small catalytic efficiency
(kcat/Km) for ceftolozane, according to (Takeda et
al., 2007). Ceftolozane thus inhibits PBPs, inhibitor-
resistant TEMs, SHVs, as well as AmpC in contrast
totazobactam. Tazobactam can therefore act on both
extended-spectrum b-lactamases(like CTX-M-15)
and class A serine b-lactamases (like TEM-1).
Additionally, someclass D oxacillinases, including
OXA-1, are inhibited by ceftolozane. Therefore, the
ceftolozane-tazobactam combination can act on class
A, C, and certain class D b-lactamases; excluding
carbapenemases. Ceftolozane or ceftolozane-
tazobactam was shown to be as effective as or better
than other b-lactams in a range of animal infection
models using Pseudomonas aeruginosa, Escherichia
coli, or Klebsiella pneumoniae (e.g., lung, urinary tract,
burn wound, sepsis, and thigh); as a result, its
clinical utility may be extended to other infections
(Zhanel et al., 2014).

In vitro synergy testing methods

Checkerboard method: A well-known method in
pharmacology for evaluating medication
interactions, especially with antimicrobials, is the
checkerboard method. It is used to assess if a
combination for two antimicrobials may show
antagonistic or synergistic effects. The higher
activity that the combined antimicrobials provide
asopposed to their individual effects is known as
synergy. Combining two antimicrobials aims to
increase their activity while lowering the toxicity of
either antibiotic at lower dosages. Combined use of
antimicrobials might prevent the emergence of
resistance.

Combination therapy is more successful than
monotherapy in treating the growing risks of
antimicrobial resistance (Jain et al., 2011). The
Fractional Inhibitory Concentration Index (FICI), the
benchmark for evaluating synergy, indifference,
aswell as antagonism between two antibiotics, is
used to determine synergy in vitro. FICI is
determined by the checkerboard method, which
computes the growth of bacteria in presence of
various concentrations of two antibiotics in 96
combinations. It is determined by dividing the sum
of the minimal inhibitory concentrations (MIC) of
each antibiotic when tested in combination by the
MIC of each antibiotic when tested separately.
According to Coates et al. (2020), the Fractional
Inhibitory Concentration (FIC) Index (FICI) is as
follows: S stands for synergy (FIC < 0.5); A for

additive (FIC >0.50 and <1); and I for indifferent (FIC
>1 and < 4).

Time-kill assay: The time-kill kinetics assay can
determine an antimicrobial agent’s bacteriostatic or
antibacterial effects over time when used to examine
the agent’s activity towards a bacterial strain.
Bactericidal activity is defined as a reduction in
colony-forming units (live bacteria) of more than
three log!, or 99.9% of the inoculum. The effects of
various antimicrobial agent concentrations
throughout time in connection to the lag,
exponential, as well as stationary phases of bacterial
growth can be monitored using the time-kill
analysis. Time-kill kinetics assays for compounds
such as antiseptics require a different methodology
and a shorter time-kill kinetics investigation. Unlike
the many time points of a time-kill kinetics
experiment, the minimal bactericidal concentration
(MBC) test is referred to as a 99.9% or higher killing
efficacy at a specific time (ASTM and CLSI M 26).
Both single and combination antimicrobials were
tested at concentrations between 1x and 0.5x MIC.
Control experiments without antimicrobial drugs
was performed in addition to the TK assay. The vials
containing cation-adjusted Mueller-Hinton broth,
antimicrobials, including the test organisms with an
initial inoculum of 10° CFU/ml (10 ml volume) were
incubated at 35 + 2 °C. Aliquots were removed at 0,
2,4, 6, and 24 hours in order to count live colonies.
Following serial dilution in a 0.9% sodium chloride
solution, they were inoculated on Mueller-Hinton
agar plates. A reduction in colony counts of at least
2 1log10 CFU/ml relative to the highest active single
agent following a 24-hour incubation period was
considered the synergistic effect. Antagonism was
defined as an increase of > 2 log10 CFU/ml in the
combination relative to the most active individual
drug. An increase or decrease of less than 2 log10 in
colony counting with an antibiotic combination as
opposed to individual antimicrobials was defined as
the no difference (ND) effect (Petersen et al., 2006).

E-test: By measuring the minimum inhibitory
concentration (MIC) of antibiotics using a gradient
diffusion strip, the Epsilometer (E-test) is a
dependable technique for finding resistant bacteria.
This approach provides a practical substitute for
traditional broth or agar dilution methods; however,
its application may be limited by the expense and
restricted availability of specific antibiotics. A
standardized bacterial suspension, such as an ATCC
strain, is uniformly distributed on a Mueller-Hinton
agar plate, followed by the application of gradient
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strips. After an incubation period of 18-24 hours, the
minimum inhibitory concentration (MIC) is
identified at the intersection of the inhibition ellipse
and the strip. The E-test exhibits significant
concordance with reference methods, such as broth
microdilution, agar dilution, and disc diffusion,
achieving a sensitivity exceeding 92% and a
specificity surpassing 97% (Mohammadpour et al.,
2025).

Clinical outcomes and comparative evidence:
Several retrospective studies have related to the
combination versus monotherapy for CRKP
infections. Maximum evidence supports lower
mortality and higher clinical cure rates with
combination therapy, especially when the regimen
includes at least one active agent based on
susceptibility testing (Tumbarello et al., 2015). In
bloodstream infections, combination regimens
reduced 30-day mortality by up to 20% compared
with monotherapy. However, randomized
controlled trials remain scarce. Observational biases
(e.g., disease severity, infection site, delay in
appropriate therapy) often confound results. A
meta-analysis (Falagas et al., 2016) concluded that
combination therapy was associated with improved
survival, particularly when carbapenems or colistin
were included. The benefit appears greatest in
severe infections such as bacteraemia or pneumonia,
while evidence for urinary infections is less robust.

Emerging treatment options

Cefiderocol: Cefiderocol: Approved in September
2020 to treat HAP and VAP, Cefiderocol is a catechol
molecule coupled to the injectable siderophore
cephalosporin. Cefiderocol has high stability against
a range of B-lactamases and can enter thebacterial
periplasmic space due to its siderophore-like
property (Zhanel et al., 2019). The only other active
B-lactam against MBL-producers, besides
aztreonam-avibactam, is cefiderocol (Kaye et al.,
2023). To treat VAP and bloodstream infections
caused by KPCKp, cefiderocol monotherapy was
first reported to be safe and effectivein 2019
(Trecarichi et al., 2019). Cefiderocol was considered
a rescue treatment for CRKDP, as expected.
Cefiderocol, or the best available treatment, was
administered to152 patients infected with MDR
gram-negative bacteria (33% of Kp) in the
CREDIBLE-CR trial (NCT02714595) (Bassetti et al.,
2021). HAP patients were included in two arms.
comparable rates of clinical success were computed.
A trial(NCT03032380) involving 76 centers found

that cefiderocol was just as effective andwell-
tolerated as meropenem when administered at high
doses and for prolonged periods of time in treating
Gram-negative nosocomial pneumonia (Li et al.,
2023).

Plazomicin: Plazomicin was approved by the
FDA in June 2018 to treat urinary tract infections.
Pneumonia may also be treated with plazomicin
due to its superior lung penetration. Developed to
target MDR Enterobacteriaceae, this next-generation
semisynthetic parenteral aminoglycoside dose-
dependently inhibits the synthesis of bacterial
proteins. Plazomicin demonstrated an 87% in vitro
susceptibility to three hundred CRKP isolates.
Plazomicin also demonstrated efficacy against
Enterobacteriaceae that are resistant to polymyxin.
The case study (NCT01970371) provides
information about the use of plazomicin in
conjunction with either tigecycline or meropenem
for severe pneumonia due to CRE. However, due to
the short sample size, only eight patients with
pneumonia were included. More research should be
done on plazomicin’s ability to treat MDR-Kp-
induced pulmonary infections (Li et al., 2023).
Fighting antimicrobial resistance (AMR) requires
both a strong antibiotic stewardship program and
effective infection prevention and control (IPC).
Since AMR can thrive in healthcare settings, the best
way to stop the spread of resistant pathogens is to
implement strong IPC measures, particularly
encouraging hand hygiene and keeping the hospital
cleans overall. Antibiotic effectiveness is preserved
when infections are prevented in the first place
because each infection prevented results in the use
of one fewer antibiotic. Antibiotic stewardship, on
the other hand, seeks to reduce antibiotic overuse,
abuse, and misuse in both hospital and outpatient
settings. Stewardship programs ensure that
antimicrobials are used sparingly, which helps
address the issue of doctors prescribing them
excessively. IPC and stewardship interventions
workbetter together to reduce AMR than they do
separately. (WHO)

CONCLUSION

Because of its high mortality, limited treatment
options, and increasing resistance, carbapenem-
resistant Klebsiella pneumoniae (CRKP) is a serious
global health concern. Combination therapy has
demonstrated definite benefits over monotherapy,
including better clinical outcomes, decreased
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development of resistance, and enhanced bacterial
killing, particularly in cases of severe infections.

Common regimens such as polymyxin,
tigecycline, and B-lactam/B-lactamase inhibitor-
based combos are still essential, despite the ongoing
issues of toxicity and emerging resistance. Although
they need more clinical testing, newer medications
like plazomicin and cefiderocol offer encouraging
alternatives. To stop CRKP from spreading and
maintain the efficacy of present and upcoming
treatments, antimicrobial stewardship, infection
control procedures, and responsible antibiotic use
must bestrengthened.
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