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ABSTRACT

Acinetobacter baumannii is one of the primary pathogens responsible for
healthcare-associated infections. It is related to high rates of morbidity and
mortality globally, mainly because of its high capacity to develop resistance to
antimicrobials. Nowadays, carbapenem-resistant A. baumannii (CRAB) has

increased and represents a significant concern among carbapenem-resistant
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organisms. It is also a key pathogen associated with ventilator-associated
pneumonia. CRAB was placed on the critical group of the universal priority list
of the World Health Organization for antibiotic-resistant bacteria, to mention the

Iran importance of research development and the urgency of new antibiotics. Patients
with severe CRAB infections currently face significant treatment challenges. Some
approaches have been taken to deal with CRAB, such as combination therapy
and the synergistic effect of certain antibiotics, but the best antibiotic regimen is
still unknown. In this narrative review, we attempt to clarify the issues, including
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epidemiology, risk factors, and current treatment options for CRAB.
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INTRODUCTION

ﬂcinetobacter baumannii is a Gram-negative
opportunistic microorganism that belongs to the
Moraxellaceae family and is regarded as a life-threatening
pathogen associated with severe community-acquired
and nosocomial infections, including meningitis,
sepsis, and pneumonia.ll. The most common
nosocomial infection associated with 4. baumannii is
pneumonia, mainly in patients admitted to intensive
care units (ICUs) and who have undergone mechanical
ventilation. As is widely known, the use of mechanical
ventilation is strongly associated with the occurrence
of  ventilator-associated pneumonia (VAP). The
mortality rate from A. baumannii-related VAP is high,
ranging from 45% to 70%. Over the last decades, this
pathogen has become a significant concern for scientific
attention due to extensive antimicrobial resistance. It
has been related to substantial morbidity, mortality,
and increased cost due to both prolonged length of
hospitalization and treatment.?*! Carbapenem-resistant
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A. baumannii (CRAB) is a significant concern among
carbapenem-resistant organisms, a global threat to
human health, and a severe therapeutic challenge. It is
also a key pathogen associated with VAP.! Carbapenem
resistance is usually associated with a broad range
of co-resistance to other antibiotic classes.’! In 2017,
CRAB was placed on the critical group of the universal
priority list of the World Health Organization for
antibiotic-resistant bacteria, to mention the importance
of research development and the urgency of new
antibiotics.l? Unlike other antibiotic-resistant pathogens,
CRAB poses a significant therapeutic challenge due to
a lack of established treatment options to substantially
lower mortality or significantly improve the outcome of
patients with invasive infections.® Some approaches
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have been taken to deal with CRAB, such as
combination therapy and using the synergistic effect of
certain antibiotics with colistin and ampicillin/sulbactam
against this pathogen.”!” In this narrative review, we
attempt to clarify the issues, including epidemiology,
risk factors, and current treatment options for CRAB.

EPIDEMIOLOGY

The Acinetobacter genus consists of over 50 species,
is most ubiquitous in the natural environment, has low
pathogenicity, and is most commonly found in soil and
water.'!! Acinetobacter accounts for approximately 2%
of nosocomial infections in the USA, but these rates
are doubled in Asia and the Middle East, with up to
20% of infections in ICUs worldwide.['>!31 Of these,
A. baumannii is the most well-studied genus due to its
notable role in human infections and its high capacity
for extensive antibiotic resistance. It is found almost
exclusively in the hospital environment, particularly
in ICUs." As a significant pathogen in nosocomial
infections in ICUs, A. baumannii has a high carbapenem
resistance rate ranging from 50% in North America to
80% in Asia.'! Data from the Antimicrobial Surveillance
Network (CHINET) showed that the proportion of A.
baumannii strains resistant to meropenem and imipenem
increased from 30.1% and 39.0% (2005) to 71.5% and
72.3% (2021), respectively.'®! Approximately 55% of
CRAB infections involve the respiratory system.['”]
In a study conducted over 46 months, Lambiase et al.
demonstrated that 4. baumannii isolated from patients
with VAP in ICUs were resistant to carbapenem with
imipenem minimum inhibitory concentration (MIC)
>16 ug/mlI8 A retrospective study conducted from
2014 to 2017 found that the rate of isolation of CRAB
from the sputum of ICU patients was specifically higher
than that of non-ICU patients, and the resistance rate of
CRAB showed a significantly rising trend.!"” Similarly,
80% of CRAB in ICUs were isolated from sputum
specimens, and CRAB comprised more than 50% of
carbapenem-resistant Gram-negative bacilli.”?”! Another
study showed that A4. baumannii isolates exhibited
imipenem or meropenem MICs >16 pg/ml, especially in
pulmonary infections.?!

The overall prevalence of multidrug-resistant (MDR)
strains in patients with 4. baumannii and VAP is
estimated to be 79.9%, ranging from 56.5% in Argentina
and 61.8% in Taiwan to 100% in Central America,
Pakistan, Lebanon, Qatar, and Croatia. In comparison,
its overall mortality can be as high as 56.2%.%% The
patterns of carbapenem resistance differ throughout
Europe and also within the countries of the Arab League.
Increased incidence of CRAB isolates has been observed

in Northern and Eastern Europe and the Levant countries
of the Arab League (Iraq, Jordan, Lebanon, Palestinian
territories, and Syria).l?’)

Notably, as CRAB isolates have increased in recent
years, the prevention of risk factors of CRAB infections
has received growing attention to reduce the risk of
mortality, length of hospitalization, and associated
costs.?4

RisKk FACTORS

Traditionally, two kinds of risk factors for nosocomial
pneumonia caused by CRAB have been considered,
including patient-related, infection prevention-related,
and procedure-related factors as follows:

Patient-related

Acute or chronic severe disease, coma, malnutrition,
prolonged hospital stays (=14 days), hypotension,
metabolic acidosis, smoking, alcohol consumption,
comorbidities such as asthma, chronic obstructive
pulmonary disease, diabetes, heart disease, advanced age,
poor dental hygiene, a higher APACHE II score (>16),
severe burns, severity of illness.

Procedure-related

Administration of sedatives, corticosteroids, and other
immunosuppressants, recent surgery or prolonged
invasive procedures (especially at thoracic or
abdominal level), a prolonged/inappropriate recent
receipt of broad-spectrum anti-bacterial agents,
intravascular devices, mechanical ventilation, presence
of wviral infections that compromise the respiratory
tract and results in secondary bacterial colonization,
admission to ICUs, contact with contaminated hospital
equipment.>-28]

CURRENT THERAPEUTIC APPROACHES

Due to the increase in antibiotic resistance, particularly
among Gram-negative bacilli such as 4. baumannii,
the selection of empiric antibiotic therapy is complex
for physicians. Patients with severe CRAB infections
currently face significant treatment challenges.
When patients display signs of infection, and the
clinical suspicion of CRAB infection is high,
appropriate treatment should be immediately provided.
Unfortunately, current treatment models for CRAB
are limited®™ due to antimicrobial resistance. Several
mechanisms are responsible for the resistance of CRAB,
such as the modification of its outer membrane, efflux
pumps, resistance acquisition, and the formation of
biofilms.?”  Antimicrobial = optimization programs,
such as the US Antimicrobial Stewardship Programs,
aim to improve the clinical outcomes of patients
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with nosocomial infections, minimizing side effects
associated with the use of antimicrobials (including the
onset and dissemination of resistance) and guaranteeing
the use of cost-effective treatments.’!] Due to the limited
number of antibiotics and diversity of host factors,
experts have still not reached a consensus on the optimal
treatment of CRAB infections. These conditions have
forced clinicians to consider combination therapy. The
advantages of a combination antimicrobial regimen, such
as a reduction in therapeutic doses and a decrease in side
effects and drug toxicity, appear to predominate those of
a single regimen.” In the treatment of infections with
limited therapeutic options and high mortality rates, such
as CRAB, there is no clear superior choice of antibiotic,
and it is prevalent to combine antibiotics.** Most
clinicians prefer the use of combination therapy with
agents that are individually active against this pathogen.
The following sections describe current therapeutic
approaches for infections caused by CRAB.

p-lactam/p-lactamase inhibitors

B-lactamase inhibitors, including clavulanic acid,
sulbactam, and tazobactam, protect the P-lactam ring.
Sulbactam is an irreversible competitive beta-lactamase
inhibitor ~ that can  saturate  penicillin-binding
proteins (PBP) 1 and 3 when given in high doses and is
commercially available in combination with ampicillin
(a P-lactam antibiotic).’3  Although historically,
ampicillin-sulbactam has been effective in treating
VAP and other nosocomial infections caused by A.
baumannii,?Y clinical resistance is increasing, and a
combination of sulbactam and [-lactam antibiotics
with other antibiotics has gradually become an
increasingly popular choice for treating patients with
CRAB infections.’! In clinical practice, antibiotics
such as polymyxins, tigecycline, minocycline, and
doxycycline are typically selected for combination with
sulbactam and B-lactam antibiotics based on antibiotic
susceptibility testing.*®! Several clinical trials have
evaluated the activity of sulbactam in combination with
other antibiotics, such as fosfomycin,*”’ minocycline,?®
aminoglycosides,*! and colistin.*” In a study conducted
in 2018 by Khalili ef al., the combination of meropenem
and ampicillin/sulbactam had more -curative effects
than the meropenem-colistin combination in patients
with severe pneumonia caused by CRAB, suggesting
that ampicillin/sulbactam was an efficient treatment
option for CRAB infections.*!!' A systematic review
reported that high-dose sulbactam (more than 6 g
per day) combined with levofloxacin or tigecycline
had an increased curative effect and that high-dose
ampicillin-sulbactam (more than 18 g per day) combined
with other drugs effectively reduced the mortality of
patients with severe CRAB infections.[*?) Makris et al.

compared colistin monotherapy (n = 19) with colistin
plus ampicillin/sulbactam (16/8 g daily) (n = 20) in
patients with CRAB-related VAP. The 5-day clinical
response, defined as an improvement of symptoms
for at least 48 h, occurred in 15.8% (3/19) of patients
receiving colistin monotherapy and 70% (14/20)
of  those receiving  colistin-ampicillin/sulbactam
combination therapy, respectively (odds ratio, 12.4;
95% confidence interval [CI], 2.6-59.3; P = 0.01)."! In
South Korea, a multicenter study on CRAB treatment
strategies revealed that ampicillin/sulbactam treatment
exhibited the lowest 7-day mortality rate (13%) and
reduced the 28-day mortality rates in patients.*¥ Thus,
these data show that sulbactam-containing combination
therapies have clinical benefits. Usually, due to the
intrinsic activity of sulbactam, combination therapy of
sulbactam resulted in increased efficacy of infection
treatment.?3*1  Furthermore, there is evidence that
even though CRAB may demonstrate laboratory
non-susceptibility to ampicillin-sulbactam, providing
high-dose ampicillin-sulbactam may still be an effective
therapy in vivo through PBP saturation.®®

Polymyxins

Polymyxins are polypeptide antibiotics classified into
five types: A, B, C, D, and E, and have anti-CRAB
effects. Polymyxin B has better pharmacokinetics and
lower nephrotoxicity than polymyxin E (colistin);
however, most studies on polymyxins have focused
on colistin. Colistin destroys the permeability of
the bacteria’s outer membrane. It causes essential
substances, such as amino and nucleic acids, to leak
out of the bacteria by binding the positively charged
free amino group in its molecule to the negatively
charged phosphate group in the phospholipids of the
cell membrane of Gram-negative pathogens, resulting
in bacterial death.’?) Despite its nephrotoxicity, colistin,
combined with other potent agents, such as tigecycline,
ampicillin/sulbactam, meropenem, and fosfomycin,
are valuable options for treating CRAB.*"! In a study
conducted in 2018 by Park ef al., the combination of
colistin/rifampin was influential in the treatment of
VAP caused by CRAB, so that microbiological response
in the combination group was 100% in comparison to
40% in the group that received colistin alone. Still, only
nine patients participated in this study, and the number
of patients was minimal.* In another study conducted
in 2012 by Aydemir et al., although the combination of
colistin/rifampin versus colistin alone improved clinical,
laboratory, radiological, and microbiological response
rates in VAP patients caused by CRAB, none of these
differences were statistically significant.*”? Several
retrospective studies have demonstrated the effect of a
colistin-combined regimen versus a tigecycline-combined
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regimen for CRAB so that the colistin-combined
regimen had lower mortality and clinical treatment
failure rates than the tigecycline-combined regimen;
however, it had a higher incidence of side effects such
as nephrotoxicity.’” Colistin combined with meropenem
and high-dose = ampicillin-sulbactam is  another
combination successfully used to treat VAP caused by
CRAB.P! In conclusion, colistin, combined with at least
one other potent agent, is one of the best current options
for treating CRAB infections.

Minocycline

Minocycline is a tetracycline derivative with bactericidal
activity against 4. baumannii, including CRAB, and
may act synergistically when combined with other
agents such as colistin, rifampin, and carbapenems.33
Studies have demonstrated that intravenous minocycline
injections yield a better clinical cure rate than their
oral dosage form, are well tolerated in patients infected
with CRAB isolates, and are recommended to be given
at a high dose of 200 mg every 12 h.5Y Goff et al.
treated 55 patients infected with MDR A. baumannii
with minocycline, three with monotherapy, and 52
with minocycline in combination with other drugs,
resulting in the successful treatment of 73% of patients.
Although treatment with minocycline alone is effective,
it is recommended that clinicians use this drug in
combination regimens to prevent the development of
resistance.™ In an in vitro pharmacodynamic model,
a regimen of polymyxin B and high-dose minocycline
combined  with  continuous-infusion  sulbactam
exhibited the most potent bactericidal effect on CRAB
isolates, with no regeneration or minimal resistance
development.’® The curative effect of minocycline
on CRAB is efficient; however, this regimen is not
preferred because of potential adverse reactions in the
gastrointestinal tract and vestibular system. If chosen,
a combination of sulbactam with minocycline should
be considered, with a recommended dose of 200 mg
administered every 12 h.*]

Tigecycline

Tigecycline is a glycyl tetracycline-based antibiotic
that, as a derivative of minocycline, has activity
against CRAB. It can achieve high concentrations in
several tissues of the body. For example, the drug’s
concentration in the lungs is two times higher than
that in the serum.’® To enhance the curative effect in
infected patients, therapy should be started with a
200 mg loading dose followed by 100 mg every 12 h.
A high-dose regimen safely increases plasma and
pulmonary concentrations rather than conventional
dosing.B7

Carbapenems

Carbapenem antibiotics have the broadest antibacterial
spectrum among [-lactam antibiotics. They inhibit PBP,
thus hindering the synthesis of cell wall mucopeptide
and causing bacterial cell wall defects and bacterial
plasma osmotic pressure changes, dissolution, and
killing. Currently, carbapenem antibiotics, including
imipenem and meropenem, are primarily used in
clinical practice.’” Meropenem is the most intensively
evaluated antibiotic for combination with colistin. Two
large randomised controlled trials (RCTs) revealed no
significant differences in clinical outcomes between
colistin monotherapy and colistin plus meropenem
combination therapy. In the OVERCOME trial
conducted from October 2012 to August 2020, hospitals
in seven countries (the US, Thailand, Taiwan, Israel,
Greece, Italy, and Bulgaria) recruited 329 patients with
pneumonia or bacteremia caused by carbapenem-resistant
Gram-negative bacteria (GNB). The primary outcome
was all-cause 28-day mortality, and secondary outcomes
included clinical and microbiological failure. Subgroup
analysis for CRAB infections showed that there was no
difference between colistin monotherapy and colistin
plus meropenem combination therapy in 28-day
mortality (76/165 vs. 69/164; 95% CI, —6.7-14.7),
clinical failure (95/140 vs. 88/146; 95% CI, —35-18.7),
and microbiological failure (76/121 vs. 74/130; 95%
CI, —7.2-25.3).5% In the AIDA trial conducted from
October 2013 to December 2016, six hospitals in Israel,
Greece, and Italy recruited 406 patients with invasive
carbapenem-resistant GNB infections, 76.8% (312/406)
of whom were infected with CRAB. 96.9% (281/290)

of clinical isolates exhibited a meropenem MIC
over eight ug/mL. The sites of infection were
bacteremia (42.6%, 173/406), pneumonia (51.0%,

207/406), and urinary tract infections (6.4%, 26/406).
The primary outcome was clinical success 14 days after
randomization, defined as a composite of improved or
stable PaO, (for pneumonia only) and microbiological
cure (for bacteremia only). Secondary outcomes
included 14- and 28-day mortality rates. No significant
difference was observed between colistin monotherapy
and combination therapy for clinical failure (125/151 vs.
130/161; relative risk [RR], 0.97; 95% CI, 0.87-1.09),
14-day mortality (54/151 vs. 62/161; RR, 1.11; 95% CI,
0.82-1.52), and 28-day mortality (70/151 vs. 84/161;
RR, 1.11; 95% CI, 0.87-1.41).81 Based on these two
large-scale RCTs, the Infectious Diseases Society
of America and the European Society of Clinical
Microbiology and Infectious Diseases guidelines do
not recommend colistin and meropenem combination
therapy for CRAB infections.”>% However, three-drug
combinations with other potentially active antibiotics,
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such as ampicillin/sulbactam or tigecycline, plus colistin
and meropenem, could be considered a treatment option
for CRAB infections. Three-drug combination therapy
has been studied in in-vitro infection modelsi*!! and
in limited clinical studies.l**%] Further research on the
three-drug combination therapy is necessary to establish
robust evidence.

Aminoglycosides

Aminoglycosides such as amikacin exhibit in vitro
antibacterial activity against CRAB and are another
choice to treat CRAB infections. However, because of
their high resistance rate and side effects, such as renal
toxicity, their clinical use is limited, and they are not
the preferred treatment option.[*¥ In a multicenter study
conducted in a highly endemic area of South Korea, the
related clinical response was increased in patients with
CRAB infections treated with amikacin.*¥ In addition,
patients with pneumonia caused by CRAB strains
received inhaled aminoglycosides and colistin treatment,
which cleared specific pathogens; however, whether this
could improve clinical prognosis remains unknown.[6>6]

Rifamycins

Rifamycin antibiotics include rifampin, rifabutin, and
rifapentine, which inhibit bacterial ribonucleic acid
RNA polymerase. There are data suggesting synergy
between rifamycins and polymyxins that may also
reduce the emergence of resistance; however, toxicities
and drug-drug interactions limit the use of rifamycin for
CRAB infections.'””? As mentioned, rifampin combined
with polymyxins has a significant effect on VAP-related
mortality or microbiological responses compared to that
of colistin monotherapy; however, the safety of the drug
needs to be considered.¥ It is not recommended for
routine clinical use. Still, according to its demonstrated
effect on CRAB infections in combination with colistin,
this combination could be tried when other treatment
options don’t respond.

Fosfomycin

Fosfomycin, as a phosphonic antibiotic, combines with
bacterial cell wall synthetase to prevent bacteria from
using related substances to synthesize their cell wall
and has a bactericidal role. It is usually used to treat
uncomplicated urinary tract infections but may also have
other uses.[® Fosfomycin alone can quickly induce drug
resistance; therefore, it is often used in combination
with other drugs. Recently, intravenous fosfomycin
combined with CRAB infection treatments has attracted
increasing attention.”” A study of 180 patients with
hospital-acquired pneumonia due to CRAB demonstrated
the superiority of Fosfomycin regimens.” A study
including 94 patients with VAP, primary bacteremia,
urinary tract infection, skin, and soft tissue infection,

and intra-abdominal or gastrointestinal infection due to
CRAB revealed that patients treated with fosfomycin
plus colistin had higher pathogen clearance rates, better
clinical outcomes, and lower mortality rates than those
treated with colistin monotherapy.’” A case series
investigated the efficacy of fosfomycin-containing
regimens such as “colistin + trimethoprim/sulfamethoxaz
ole + fosfomycin” or “colistin + fosfomycin” or “a
mpicillin/sulbactam + amikacin + colistin + fosfomycin”
or “colistin + tigecycline + fosfomyci n) or (ampicillin/
sulbactam + amikacin + tigecycline + fosfomycin”
or “colistin + trimethoprim/sulfam
ethoxazole + fosfomycin + meropenem + gentamicin”
or “colistin + tigecycline + fosfomycin + amik
acin + trimethoprim/sulfamethoxazole” in patients with
bacteremia caused by pan-drug-resistant 4. baumannii.
Patients who received the fosfomycin regimens had
significantly better survival rates than those who did
not, and lower doses of fosfomycin improved bacterial
clearance in combination therapy.” However, there
is not enough data to endorse using this drug for the
treatment of life-threatening infections unless there are
no other options.

CONCLUSION

CRAB is a major MDR organism responsible for
nosocomial infections with high mortality rates and
challenging antibiotic selection, thus posing a global
threat.

In this review, we discussed epidemiology, risk factors,
and currently available treatments for VAP caused by
CRAB and suggest that because this patient population
is usually very ill and suffers from severe comorbidities
and antibiotics may initially appear active and then
develop resistance, combination therapy is the best
option for treatment.

Although numerous studies have reported on the drug
treatment of CRAB, clinical evidence is essential to
confirm the effectiveness and safety of current clinical
drugs for CRAB. No single treatment option with an
absolute advantage currently exists, and no consensus
has emerged on the established therapeutic regimen
for CRAB infections. Ampicillin/sulbactam and
colistin, used in combination with each other or other
antimicrobials such as tigecycline, meropenem, or
fosfomycin, are among the effective agents. It is worth
considering that further studies with other drugs, such as
rifampin, are needed to evaluate and demonstrate their
effectiveness as an alternative regimen for treating VAP
caused by CRAB.

In summary, it is hoped that through a rational
combination of drugs and the exploration of new
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therapeutic regimens, the effects of alleviating or
preventing CRAB infections, reducing the length of
hospital stays and mortality rates of patients, and
reducing side effects of drug regimens can be achieved.
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