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Abstract: Antibacterial resistance is a renewed public health plague in modern times, and the
COVID-19 pandemic has rekindled this problem. Changes in antibiotic prescribing behavior, misin-
formation, financial hardship, environmental impact, and governance gaps have generally enhanced
the misuse and improper access to antibiotics during the COVID-19 pandemic. These determinants,
intersected with antibacterial resistance in the current pandemic, may amplify the potential for a fu-
ture antibacterial resistance pandemic. The occurrence of infections with multidrug-resistant (MDR),
extensively drug-resistant (XDR), difficult-to-treat drug-resistant (DTR), carbapenem-resistant (CR),
and pan-drug-resistant (PDR) bacteria is still increasing. The aim of this review is to highlight the
state of the art of antibacterial resistance worldwide, focusing on the most important pathogens,
namely Enterobacterales, Acinetobacter baumannii, and Klebsiella pneumoniae, and their resistance to the
most common antibiotics.
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1. Introduction

The growing number of multidrug-resistant bacterial infections, which are undetected
and undiagnosed, and the increasingly incurable infections threaten the health of people
around the world [1]. While the COVID-19 pandemic has not yet left completely the scene,
the antibacterial resistance is pressing. In 2015, a worldwide “Tripartite Alliance” effort of
the three international bodies responsible for human health (World Health Organization,
WHO), animal health (World Organization for Animal Health, WOAH), and food and
agriculture (Food and Agriculture Organization of the United Nations, FAO), introduced
a Global Action Plan (GAP) on antibacterial resistance [2]. Recently, the United Nations
Environment Program (UNEP) has also been instituted, leading to a “Quadripartite Al-
liance”. Since 2015, countries around the world have developed and implemented their
antimicrobial resistance (AMR) National Action Plans (NAPs). The “One Health Joint
Plan of Action (2022-2026)" has been recently launched [3,4]. The general picture is now
disastrous—not only AMR is still among us, but it also worsened during the pandemic,
with infections very difficult to treat, which has increased the risk of spreading resistant
strains, severe diseases, sepsis, and deaths. AMR and antibacterial resistance have been
declared by the WHO as two of the top 10 public health threats worldwide [5]. Globally,
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the estimated number of deaths due to infections with multiple drug-resistant pathogens
is approximately 700,000 annually [6]. In the article “ Antimicrobial resistance: Tackling a
crisis for the health and wealth of nations”, commissioned to Jim O’Neill by the British
government and published in 2014, a catastrophic projection was given. It was estimated
that by 2050, there will be approximately 10 million deaths per year caused by AMR, which
is even higher than the sum of deaths from diabetes and cancer [7,8]. It is noteworthy that
these alarming data refer to the pre-COVID era. The COVID-19 pandemic has strongly
exacerbated many health problems [9], including AMR [10,11], leading to its designation
as a “silent pandemic” [12,13], a “silent tsunami” or a “neglected pandemic” [14]. A grow-
ing body of evidence suggests that COVID-19 may impair the advances made in recent
years [15-21]. However, in some cases, as in Japan, a substantial reduction in antimicro-
bial use was observed [22]. The prescription of antibiotics for COVID-19 hospitalized
patients was imposed by the concern of bacterial superinfections or secondary bacterial
pneumonia [23,24]. However, COVID-19 is a viral disease, and only a few patients might
have bacterial co-infections; therefore, the use of antibiotics is not always necessary [25].
COVID-19 has increased the worldwide usage of antibiotics, personal protective equip-
ment, and personal care products, such as soaps, handwashing liquids, and alcohol-based
hand sanitizers, causing a knock-on effect in the existing global AMR problem [26-30].
Furthermore, the patients in intensive care, on prolonged mechanical ventilation, and with
ventilator-associated pneumonia could have contributed to the colonization with nosoco-
mial pathogens and led to an improved number of resistant isolates [31]. Nowadays, AMR
has nearly leveled off in some high-income countries, but it continues to rise in low- and
middle-income countries (LMICs), such as South Asia, South America, and Africa [32-34].
What will happen in the future is unknown. The definition of AMR as “a challenge await-
ing the post-COVID-19 era” is somewhat concerning [35,36]. The awareness of dangers
deriving from the use of too many antibiotics is useful, but in some cases, it is not enough to
combat the possible resistance. For example, in a study conducted in Australia on children,
it was demonstrated that parental knowledge of antibacterial resistance does not generally
translate into a responsible use of antibiotics for their children [37]. The inappropriate
consumption and application of antibiotics have driven the rapid emergence of diverse
resistant Gram-negative bacteria, including PDR, DTR, XDR, MDR, and CR Gram-negative
bacteria (Table 1) [38-40].

Table 1. Names and Acronyms of Resistant Bacteria.

Name

Acronym Resistant to:

Pan-drug-resistant

PDR All antibiotics. even including colistin and tegacyclin

All first-line agents, including all 3-lactams (carbapenems and (3-lactamase

Difficult-to-treat drug-resistant DIR inhibitor combinations) and fluoroquinolones
Extensively drug-resistant XDR All drugs except for colistin and tegacyclin
Multidrug-resistant MDR Three or even more antimicrobial agents
Carbapenems-resistant CR Carbapenems

Extended-spectrum (3-lactamase ESBL

Extended-spectrum (-lactamase, including penicillins, cephalosporins
(also the third generation), and the monobactam aztreonam

Much of the morbidity and mortality related to antibacterial resistance is due to the
nosocomial emergence of a group of pathogens designated with the acronym “ESKAPE” by
the Hospital and Infectious Diseases Society of America (IDSA) [41]. ESKAPE pathogens
are represented by both Gram-positive and Gram-negative bacteria, namely, Enterococcus
faecium, Staphylococcus aureus, K. pneumoniae, A. baumannii, Pseudomonas aeruginosa, and
Enterobacter spp. [42—44]. In the COVID-19 and post-COVID scenarios, they are inter-
sected [45,46]—the co-infections with Gram-negative ESKAPE bacteria are more frequent
in patients with severe COVID-19 symptoms than in patients with milder symptoms [47].
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Resistance to antibiotics, such as colistin, tigecycline, and carbapenems, earns ESKAPE
pathogens the classification as bacteria needing particular attention by the WHO and as an
urgent threat to public health by the Centers for Disease Control and Prevention (CDC) [48].
Finally, the effects of wars and climate change may be the accelerator factors as well [49,50].
In this review, we summarize the most common strains of ESKAPE bacteria resistant to
antibiotics and employed therapies. We also highlight some recent studies in relation to the
effect registered on antibacterial resistance by the occurrence of the pandemic worldwide.

2. MDR, XDR, PDR and DTR Bacteria

Different types of bacteria resistant to antibiotics have been described worldwide. The
most common Gram-negative resistant bacteria are listed in Table 1. MDR bacteria are those
bacteria that gained resistance to three or even more agents; XDR pathogens are resistant
to all drugs, except to colistin and tegacyclin, whereas PDR bacteria are resistant to all an-
tibiotics (even including colistin and tegacyclin). Finally, difficult-to-treat resistance (DTR)
encompasses resistance to all first-line agents, including all 3-lactams (carbapenems and
[-lactamase inhibitor combinations) and fluoroquinolones [51]. Extended-spectrum beta-
lactamases (ESBLs) were first described in 1983 and are able to hydrolyze penicillins, third-
generation cephalosporins, and also the monobactam aztreonam [52]. ESBL-producing
Enterobacterales (EPE) and carbapenemase-producing Enterobacterales (CPE) are the most
commonly described and often display multidrug-resistant phenotypes [53,54]. The diverse
types of resistance, PDR, DTR, XDR, MDR, CR, and ESBL are related to bacteria; resistant
Gram-negative bacteria are listed in Table 2 and indicated with acronyms based on the name
of the bacterium. They include P. aeruginosa, A. baumannii, K. pneumoniae, Enterobacter spp.,
and E. coli. Treatment for ESBL-producing Enterobacterales (ESBL-E), carbapenem-resistant
Enterobacterales (CRE), and P. aeruginosa (CR-Pa) with DTR-P bacteria have been recently re-
viewed [55]. Both the CDC and WHO have emphasized that CR Gram-negative pathogens,
including Enterobacterales, P. aeruginosa, and A. baumannii, were the major healthcare threats
worldwide [48,56]. In 2017, the WHO included CR K. pneumoniae (CR-Kp) and A. baumannii
(CR-AD) as critical priorities for research and drug development [57]. The latter are op-
portunistic pathogens very often mentioned in the literature because they are frequently
co-isolated from polymicrobial infections [58]. Infections caused by MDR Gram-negative
bacteria are generally associated with a poor prognosis and an increased fatality rate of
over 40%, especially in the presence of septic shock [59].

Table 2. Names and Acronyms of Gram-negative Resistant Bacteria of Different Classes.

Enterobacterales
Carbapenem-resistant Enterobacterales CRE
Extended-spectrum f-lactamase (ESBL) producing Enterobacterales EPE
Carbapenemase-producing Enterobacterales CPE
A. baumannii
Carbapenem-resistant A. baumannii CR-Ab
Extensively drug-resistant A. baumannii XDR-Ab
Multidrug-resistant A. baumannii MDR-Ab
P. aeruginosa
Difficult-to-treat drug-resistant P. aeruginosa DTR-Pa
Carbapenem-resistant P. aeruginosa CR-Pa
Extensively drug-resistant P. aeruginosa XDR-Pa

K. pneumoniae
Carbapenem-resistant K. pneunoniae CR-Kp

3. Enterobacter spp., A. baumanni, and K. pneumoniae

Enterobacter spp., A. baumanni, and K. pneumoniae are among the most prevalent strains
of serious concern in nosocomial pneumonia, complicating the management of ventilated
intensive care unit (ICU) patients [60]. Their spread in medical devices, patients, and
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medical personnel of the ICUs for COVID-19 patients has led to infections and sometimes
deaths of many patients [13].

3.1. The Genus Enterobacter

The genus Enterobacter belongs to the Enterobacteriaceae family, which is the largest
group of the order Enterobacterales (often erroneously reported as Enterobacteriales) [61].
Particularly, E. aerogenes, E. cloacae, and E. hormaechei represent the most frequently isolated
species described in clinical infections, especially in immunocompromised and hospital-
ized ICU patients, due to their adaptation to drugs and their behavior as opportunistic
pathogens. These species have an intrinsic resistance to ampicillin, amoxicillin, first-
generation cephalosporins, and cefoxitin due to the expression of a constitutive AmpC
-lactamase. Furthermore, they produce ESBLs, which makes their treatment more diffi-
cult [62,63].

3.2. A. baumannii

A. baumannii is the most representative bacterium of the genus Acinetobacter, which
has received great attention since the emergence of COVID-19 [64]. The most important
agent belonging to this genus is A. baumannii, an aerobic Gram-negative opportunistic
bacterium that emerged as a highly problematic pathogen for many healthcare institutions.
This is a ubiquitous, Gram-negative, non-flagellated coccobacillus commonly isolated
from the environment. The name baumannii was due to the researcher Baumann who
published a comprehensive survey about this genus in 1968 [65]. Its clinical significance,
mainly in the last 15 years, has been related to its remarkable ability to acquire resistance
determinants, leading to its consideration as one of the organisms threatening the current
antibiotic era [66]. Unfortunately, numerous A. baumannii strains resistant to all known
antibiotics have now been reported. Moreover, this emerging resistance profile is in
synergism with the uncanny ability of A. baumannii to survive for prolonged periods in
a hospital environment [67]. It privileges the seriously ill within ICUs and results in a
range of infectious syndromes in military personnel injured in the Iraq and Afghanistan
conflicts [68] and more recently in the war in Ukraine [69]. The capability of A. baumannii to
form biofilms and resist desiccation, antiseptics, and disinfectants is even more alarming, as
these characteristics enable A. baumannii to develop within hospital settings. Moreover, in
the study by Whiteway et al. (2022) [70], a high heterogeneity among isolates was observed
at the genetic level due to a plastic genome, thus adding complexity to the study of A.
baumannii as an entity. The current status of Acinetobacter infections has been recently
reported by Nocera and De Martino (2023) [71]. Resistance to diverse antibiotics has been
shown by A. baumanni. MDR bacteria in patients with war-related injuries, including
CR-ADb, are a well-described issue of concern [72]. CR-Ab is an opportunistic pathogen
primarily associated with hospital-acquired infections and seems to be the main pathogen
involved, with a higher incidence compared with the pre-COVID period and a higher
risk of death than other MDR organisms [73-75]. CR-Ab easily contaminates the hospital
environment and the hands of healthcare workers as it may survive for prolonged periods
on dry surfaces and can diffuse by asymptomatic colonization. For these reasons, it is
often difficult to control CR-Ab outbreaks in acute care hospitals [76]. CR-Ab is resistant to
common disinfectants [77] and is the primary cause of morbidity and mortality in several
countries [78]. In hospitals with both ICU and non-ICU settings, stringent adherence to
infection control practices is crucial to discontinue the transmission of CR-Ab. In the
work by Zhang et al. (2020) [79], carried out in China, approximately 55.6% of COVID-19
patients were co-infected with CR-Ab in the ICU. Despite the fact that MDR-Ab and XDR-
Ab represent a critical cause of healthcare-associated infections worldwide, the existing
treatment options are very limited, and colistin-based therapies are last-line treatments
for these types of infection, even though colistin-resistant (COLR) Ab have rarely been
isolated yet. In bacteria, small noncoding RNAs (sRNAs) have been involved in regulatory
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pathways of diverse biological functions; however, no knowledge exists about the sSRNA’s
role in the biological adaptation in COLR Ab [80].

3.3. K. pneumoniae

K. pneumoniae is a Gram-negative bacterium belonging to the Enterobacteriaceae fam-
ily, encapsulated and nonmotile, which resides in the environment, including soil and
surface waters, and on medical devices [81,82]. K. pneumoniae was first isolated in the late
19th century and was initially known as Friedlander’s bacterium [83,84]. It is typically a gut
commensal that can reside in the gastrointestinal tract and oropharynx as a physiological
component of the intestinal flora and on the skin. In these sites, the effects of its colonization
appear benign. However, K. pneumoniae strains can enter other tissues and cause severe
infections in humans [85], such as urinary tract infections, cystitis, pneumonia, surgical
wound infections, endocarditis, and septicemia, especially in immunocompromised pa-
tients [86]. It is also an important cause of serious community-onset infections, such as
necrotizing pneumonia, pyogenic liver abscesses, and endogenous endophthalmitis [87].
The pathogenicity of K. pneumoniae is related to the envelope, lipopolysaccharides, and cell
wall receptors, which define the process of binding to host cells and give protection against
response from the human immune system [88]. These bacteria frequently demonstrate re-
sistance to antibiotics of the carbapenem group in the course of severe infections caused by
Gram-negative bacilli [89,90]. Recently, K. pneumoniae has been responsible for a common
bacterial co-infection in hospitalized patients with COVID-19 [91-93]. The importance of K.
pneumoniae as a leading causal agent of CRE urinary tract infections (UTIs), both before and
during the COVID-19 pandemic, has been recently validated [94]. It may exist in two main
pathotypes: classical K. pneumoniae (cKp) and hypervirulent K. pneumoniae (hvKp). cKP is
a well-known frequent Gram-negative nosocomial pathogen that may cause pneumonia,
urinary tract infections, meningitis, and sepsis in immunocompromised patients [95]. hvKp
was originally recognized as the pathogen responsible for severe community-acquired in-
fections among relatively healthy individuals, termed “invasive syndrome” [96-98]. hvKp
isolates carry virulence plasmids harboring cardinal virulence genes, with frequencies
superior to the classical K. pneumoniae, and they cause diffuse infections concerning the
liver, lungs, central nervous system, and eyes [99]. hvKp colonizes the gastrointestinal tract,
contributing to its spread in the community and healthcare settings [100]. It was first recog-
nized as a cause of pyogenic liver abscesses in East Asia [101], and in recent years, sporadic
cases have been increasingly reported worldwide [102], including India [103], China [104],
Europe [105,106], Australia [107], and the United States [108,109]. Moreover, recent studies
have suggested an increased rate of MDR in hvKp species, previously identified predomi-
nantly in nosocomial cKp infections [110,111]. Thus, the CDC and the WHO declared such
emerging MDR and hvKp infections as an urgent public health threat [112-114]. These
infections may seriously complicate the course of COVID-19, especially in hvKp-endemic
areas. Superimposed hvKp infection with COVID-19 has been reported in Japan [92].

4. Therapies for Antibiotic-Resistant Bacteria

Carbapenems (doripenem, ertapenem, imipenem, meropenem, Table 3) were con-
sidered the most appropriate and potent agents to treat Gram-negative infections [115].
However, the widespread of CR Gram-negative bacteria rapidly evolved worldwide [116].
In the global priority list of antibiotic-resistant bacteria published by the WHO in 2017,
three out of four pathogens with critical priority for new antibiotic development are CR
pathogens, including CRE, CR-Pa, and CR-Ab [114]. Some noncarbapenem agents, in-
cluding colistin (or polymyxin E) [117] and tigecycline [118], and some Gram-negative
bacteria acquired resistance to these drugs [119,120]. Nowadays there are new therapies
adopted against CR and colistin-resistant Gram-negative bacteria, including synergistic
antimicrobials [121], such as clofoctol [122], capric acid [123], flufenamic acid [124] and

polymyxyn [38].
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Table 3. Therapies used for antimicrobial-resistant bacteria.

Structure Name Class
o/
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~
N N
Doripenem Carbapenem
Ertapenem Carbapenem
Imipenem Carbapenem
Meropenem Carbapenem
Tigecycline Glycylcycline Antibiotic
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Diverse new agents active against certain CR pathogens, including ceftazidime-
avibactam [125], ceftolozane-tazobactam [126,127], piperacillin-tazobactam [128], meropenem-
vaborbactam [129], imipenem-relebactam [130], imipenem-cilastatin-relebactam [131] are
used in clinics. Specifically, plazomicin [132], eravacycline [133], and cefiderocol [134]
have been approved for clinical use or are reaching late-stage clinical development [135].
However, some Gram-negative MDR bacilli acquired resistance as well [136]. For the
treatment of A. baumanni resistant infections, recent studies reported the use of 3-lactam-f3-
lactamase inhibitor combination (sulbactam-durlobactam), specifically for the treatment
of CR-Ab [137]. Recently, alternative strategies for the treatment of MDR infections in
human clinical settings have been reviewed [138]. They include combination therapies
and techniques targeting the enzymes or proteins responsible for antimicrobial-resistant
bacteria, bacteriophages, and their lytic enzymes [139]. Specifically, CRISPR-Cas (clustered
regularly interspersed short palindromic repeats—CRISPR-associated protein) systems are
genomic engineering tools targeting quantitatively, specifically, and selectively bacterial
genomes to lower or eliminate the resistance, discriminating between pathogenic and
commensal bacteria [140]. Moreover, besides antibiotics, nonantibiotic treatment strategies
are being investigated for the treatment of bacterial resistance. Recently, new research
on A. baumannii vaccines, specifically whole-cell vaccines, including inactivated and live
attenuated bacterial ghost and DNA ones, has been reported [141]. Infections caused by
extensively drug-resistant A. baumannii (XDR-Ab) and plasmid /chromosomal-mediated
(Col-R-Ab COLR-AD) are the main challenge and need a well-planned control program and
proper treatment [142,143].

5. Co-Infections and Secondary Bacterial Infections in the COVID-19 Outbreak

Co-infections and secondary bacterial infections are known complications of viral
respiratory infections and are dramatically associated with poorer outcomes in COVID-19
patients, despite antibiotic treatments [144]. During the COVID-19 pandemic, several
immunocompromised patients were hospitalized and diagnosed with co-infections and
secondary infections [145]. The incidence, prevalence, and characteristics of bacterial
co-infection were not easily understood at the beginning, representing an important knowl-
edge gap [146]. As reported by Kariyawasam et al. (2022) [147] in a systematic review
and meta-analysis relative to the first 18 months of the pandemic (November 2019-June
2021), the prevalence of AMR in COVID-19 patients depends on variation between hos-
pitals and geographic settings [148]. Particularly, bacterial and fungal co-infections and
superinfections had a critical role in the outcome of the COVID-19 patients admitted to
the ICUs [149]. The risk for secondary infection was found substantially greater than the
risk for co-infection [150]. Bacterial co-infection and secondary infection in patients with
COVID-19 were found to be 3.5% and 14.3%, respectively. In general, bacterial infection
was 6.9%, varying slightly in the patient population, ranging from 5.9% in hospitalized
patients to 8.1% in critically ill patients [151]. In other studies, similar results were re-
ported, with only 7% of hospitalized patients showing bacterial co-infections with a high
degree of heterogeneity, increasing to 14% for ICU patients [152,153]. Commonly identi-
fied co-pathogens of SARS-CoV-2 were Streptococcus pneumoniae, S. aureus, K. pneumoniae,
Haemophilus influenzae, Mycoplasma pneumoniae, A. baumannii, Legionella pneumophila, and
Clamydia pneumoniae, followed by coronavirus, rhinovirus/enterovirus, parainfluenza,
metapneumovirus, influenza B virus, and human immunodeficiency virus [154]. Among
bacteria, once again, K. pneumoniae and A. baumannii were recognized as the most com-
mon pathogens [71,155-157] and often co-isolated from polymicrobial infections. The
co-infections can be more severe and obstinate to therapy than infections caused by either
species alone. A recent study by Semenec et al. [58] suggested the existence of distinct
syntrophic interactions between A. baumannii and K. pneumoniae. The authors characterized
the genomes of both strains co-isolated from a single human lung infection and investigated
several aspects of their interactions through transcriptomic, phenomic, and phenotypic
assays. It was demonstrated that K. pneumoniae was able to cross-feed A. baumannii by-
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products of sugar fermentation, while A. baumannii was able to cross-protect K. pneumoniae
against the cephalosporin and cefotaxime. The characteristics of the A. baumannii SARS-
CoV-2 co-infection were not clearly defined. Genomic analyses of several MDR A. baumannii
clinical strains were studied; for instance, the A. baumannii AMA_NO strain isolated in 2021
from a patient with COVID-19 was compared with the AMA166 isolated from a mini-BAL
on a patient with pneumonia in 2016 [158]. A recent study by Saleh Ahmed et al. evidenced
a high incidence rate of genetically related MDR A. baumannii, especially in active age group
male patients. The drug-resistant A. baumannii could be tigecycline-sensitive; however,
antibiotic susceptibility testing in COVID-19 patients is strongly recommended in order to
preclude the wrong prescription of antibiotics and resistance phenomena [159]. Boorgula
et al. [160] recently suggested that it is crucial to endorse antimicrobial stewardship pro-
grams and timely re-examine the empirical antibiotic policy to contain secondary infections
in COVID-19 patients.

6. State of the Art in the World

The global impact of COVID-19 on bacterial resistance worldwide was widely de-
scribed [161], and the following paragraph summarizes some significative studies regarding
antibacterial resistance related to COVID-19 around the globe [162].

6.1. Asia

The WHO Southeast Asia Region runs the highest risk for AMR emergence among
all WHO regions in Asia, given the inadequate funding or availability of funds for a
short period of time; thus, it was termed a “global hub for AMR emergence” [163] and
may potentially become a two-edged sword after the COVID-19 pandemic era [164,165].
Vijay et al. (2021) [166] reported a retrospective study of secondary bacterial infections
in 17,534 patients admitted to ICUs and wards of ten hospitals of the Indian Council
of Medical Research between June and August 2020. Among the patients who died of
secondary infections, 72% had Gram-negative infections, 10.8% had Gram-positive infec-
tions, and 8% had mixed infections with Gram-positive and Gram-negative pathogens.
Among Gram-negative bacteria, K. pneumoniae was the predominant pathogen, followed
by A. baumannii (29% and 21%, respectively). High levels of resistance to carbapenems
were seen in A. baumannii, followed by K. pneumoniae (CR-Ab, 92.6% and CR-Kp, 72.8%,
respectively). Saini et al. (2021) [167] reported a study on blood and urine samples ob-
tained from COVID-19 patients admitted to the ICU and investigated in the Department of
Microbiology of a tertiary care hospital in Delhi, India. The most common blood isolates
were coagulase negative Staphylococcus and S. aureus, while among the urinary isolates, the
most common pathogens were E. coli and S. aureus. Regarding Gram-negative bacteria,
A. baumannii emerged as the predominant bacteria isolated during COVID-19 (followed by
E. coli and K. pneumoniae) compared with the pre-COVID-19 period, in which K. pnemoniae,
followed by Acinetobacter spp., Escherichia coli, and P. aeruginosa, were the common blood
isolates. During the pandemic, A. baumanni showed a reduced susceptibility to gentamicin,
amikacin, and ciprofloxacin and an alarmingly lower susceptibility to cotrimoxazole and
piperacillin-tazobactam. Ahmed et al. (2022) [168] recently described a study carried
out in a tertiary care hospital in Lahore, Pakistan, among 1165 hospitalized COVID-19
patients, 423 of whom were found to be positive for different bacterial infections. Most of
the isolated pathogens were Gram-negative, followed by Gram-positive bacteria (n = 366
and 57, respectively). Among them, S. aureus showed high resistance against tetracycline
(61.7%), S. pyogenes was 100% resistant to penicillin, E. coli showed high resistance against
ampicillin-clavulanic acid (88.72%), P. aeruginosa against ciprofloxacin (75.40%), whereas
Klebsiella pneumoniae was 100% resistant to ampicillin. A. baumannii was 100% resistant
to most of tested antibiotics. These data clearly indicate an alarming rise in antibacterial
resistance during the pandemic on this continent.
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6.2. Europe

In the WHO European Region, antibacterial resistance represents a major public
health concern: the EU/EEA (European Union/European Economic Area) reported that
more than 670,000 infections per year are due to bacterial resistance. Each year, resistance
phenomena are responsible for about 33 000 deaths and cost about EUR 1.1 billion to the
healthcare systems of EU/EEA countries [169]. A comparison between data before and
after COVID-19 has been recently reported in a review by Khaznadar et al. (2023) [170].

The Organization for Economic Cooperation and Development (OECD) predicted that
in 2030, resistance to second-line antibiotics will be 72% higher compared with 2005. The
resistance phenomena in Europe are variable, with a gradient north-to-south and west-
to-east, with higher percentages in the southern and eastern parts of Europe. Moreover,
resistance to third-generation cephalosporins and carbapenems in K. pneumonise and CR-Ab
and CR-Pa in several countries in the European Region is of concern [171].

Gysin et al. (2021) [172] described a study relative to the period March-May 2020 on
70 Gram-negative bacterial strains, isolated from the lower respiratory tract of ventilated
COVID-19 patients in Zurich, Switzerland. P. aeruginosa and Enterobacterales were the two
mostly represented etiologic groups (46% and 36%, respectively). P. aeruginosa isolates
were resistant to piperacillin-tazobactam (65.6%), cefepime (56.3%), ceftazidime (46.9%),
and meropenem (50.0%). Enterobacterales isolates showed lower levels of resistance to
piperacillin/tazobactam, ceftriaxone, and ceftazidime (about 30%). Cogliati Dezza et al.
(2022) [173] conducted an observational, retrospective, single-center study, including pa-
tients admitted to the same ICU of an academic tertiary hospital in Rome, Italy, to eval-
uate the impact of COVID-19 on MDR Gram-negative bacteria bloodstream infections
(BSIs). Non-COVID-19 patients had a higher incidence of MDR Gram-negative BSIs and
were more likely to present K. pneumoniae BSIs, while the COVID-19 group showed more
A. baumannii BSIs, with higher incidence per pathogen. Falcone et al. (2022) [174] reported
a prospective, observational study including consecutive COVID-19 patients with hvKp
infections admitted to the University Hospital of Pisa (Italy), from November 2020 to
March 2021. hvKp was isolated from 36 COVID-19 patients: 80.6% had infections and
19.4% had colonization. The hvKp isolates displayed an ESBL phenotype, showing re-
sistance to piperacillin/tazobactam and ceftolozane/tazobactam and susceptibility only
to meropenem and ceftazidime/avibactam. Most patients were treated with meropenem
alone or in association with fosfomycin. Thirty-day mortality was high, specifically 48.3%.

6.3. Africa

COVID-19 spread rapidly and extensively to Africa [175,176]. In Africa, as in other
LMICs, bacterial resistance is strongly correlated with poor governance and transparency
more than with factors such as antibiotic use. Many African countries have National
Action Plans (NAPs), but it is not clear whether information is publicly available on their
implementation, monitoring, and financing [177].

Mutua et al. (2021) [178] reported a descriptive cross-sectional study design on
severely ill COVID-19 patients at Kenyatta National Hospital, Kenya, between October
and December 2021. A high incidence of bacterial infections was found in hospitalized
COVID-19 patients during the peak of the pandemic. Interestingly, men were more sus-
ceptible than women. Patients of advanced age, not vaccinated, admitted to the critical
care unit, and patients with prolonged length of hospital stay showed poor hospital-
ization outcomes. The majority of bacteria isolates (64.3%) were MDR, mainly Gram-
negative bacteria (69.6%). The predominant MDR phenotypes were found in Enterococcus
cloacae (42.9%), K. pneumoniae (25%), and E. coli (40%) and mostly involved cefotaxime,
ceftriaxone, gentamicin, ciprofloxacin, aztreonam and trimethoprim/sulfamethoxazole.
Adebisi et al. (2021) [179] reported a review on the use of antibiotics in COVID-19 man-
agement in 10 African countries, namely, Ghana, Kenya, Uganda, Nigeria, South Africa,
Zimbabwe, Botswana, Liberia, Ethiopia, and Rwanda. In the study, it was evidenced that
several antibiotics, including azithromycin, doxycycline, clarithromycin, ceftriaxone, ery-
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thromycin, amoxicillin, amoxicillin-clavulanic acid, ampicillin, gentamicin, benzylpenicillin,
piperacillin/tazobactam, ciprofloxacin, ceftazidime, cefepime, vancomycin, meropenem,
and cefuroxime among others, were recommended for use in the management of COVID-19
opportunistic bacterial infections. The authors underlined that this was worrisome be-
cause COVID-19 is a viral disease, and only a few patients had real bacterial co-infection,
highlighting the cautious and judicious use of antibiotics.

6.4. Australia

Australia is a nation with relatively low levels of antibacterial resistance due to its
geographical isolation and community and agricultural stewardship [180]. However, the
overuse or inappropriate prescribing of antibiotics in health (humans and animals) and
agricultural sectors is a concern that has been enhanced over the years [181].

A study of the five resistant hospital-associated infections in Australia reported that
in 2020, there were 1031 antimicrobial-resistant-associated deaths, more than the number
of deaths (953) caused by influenza in 2019 [182]. The impact that the pandemic had on
resistance phenomena in Australia is not indicative since the worst effects of the COVID-19
pandemic were avoided with an initial maximum suppression strategy [183]. Some authors
report that constructive journalism, telling complex and scary stories in accessible ways, was
crucial for listeners and may have promoted behavioral change around health issues [184].

A recent study compared patients admitted before the SARS-CoV-2 pandemic
(1 July 2019-29 February 2020) and during the SARS-CoV-2 pandemic (1 March 2020-
30 October 2021), 5.1% of which were SARS-CoV-2 positive. Overall resistance rates were
not significantly increased from pre-pandemic levels; however, higher rates were observed
in SARS-CoV-2—positive hospital-onset infections [185].

6.5. America

According to the annual Tripartite AMR Country Self-Assessment Survey 2020-21
in the USA, 94% of countries (151 out of 161) indicated that the pandemic impacted their
national response to tackling AMR [186]. Recently, a Landscape Analysis Tool (LAT) was
developed, supporting seven South American countries (Argentina, Brazil, Chile, Colombia,
Paraguay, Peru, and Uruguay), in order to improve One Health activities and strengthen
National Action Plans to curb AMR [187].

N. gonorrhoeae, the cause of the sexually transmitted infection gonorrhea, is a crucial
public health threat in the United States [188]. However, in an analysis of gonorrhea trend
during the pandemic compared with the pre-COVID era in one U.S. urban area, no increase
in the proportion of reported diagnoses was observed despite the decreased screening [189].
In a study carried out in Mexico in 46 medical centers, an increase in methicillin-resistant
S. aureus, carbapenem-resistant K. pneumoniae, and antibiotic-resistant A. baumannii and
P. aeruginosa were observed during the COVID-19 pandemic [190].

However, data are often discordant, as recently reported by Gandra et al. (2023) [191].
The impact of the COVID-19 pandemic on resistance phenomena was studied in a commu-
nity hospital in India and two community hospitals (Hospitals A and B) in St. Louis, MO,
USA. In the Indian hospital, the prevalence of CR-Kp and CR-Ec was significantly higher
during the pandemic period. In hospital A, the prevalence of methicillin-resistant S. aureus
was higher during the COVID-19 pandemic, whereas in hospital B, the was no significant
rise in MDR Gram-negative bacteria.

In several countries in Latin America and the Caribbean, the clinical emergence of
CPEs, previously not characterized, was reported during the first wave of COVID-19
(during 2020-2021) [192]. A case-control study was carried out in Brazil from March 2020 to
December 2021 to evaluate factors associated with the acquisition of MDR Gram-negative
bacteria in patients with and without COVID-19. The study showed that mortality was
significantly higher in COVID-19 patients infected with MDR Gram-negative bacteria
compared with control groups with one of the two diseases, particularly among critically
ill patients [193].
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7. Conclusions

The emergence and global expansion of antibacterial resistance is an increasing health-
care threat worldwide. The COVID-19 pandemic gave the opportunity to rethink and
strengthen the fight against the spread of resistance phenomena, promoting a culture of
fair risk and the fight against transmissible diseases, but this objective has not yet been
minimally reached. The ESKAPE pathogens, a ‘critical” category of bacteria with rapid
antibacterial resistance development, such as E. faecium, S. aureus, K. pneumoniae, A. bau-
mannii, P. aeruginosa, and Enterobacter species, have been investigated during and after the
pandemic. The large number of published studies regarding this issue are not in agreement
with regard to a direct link between COVID-19 and more severe bacterial resistance. Indeed,
it is not clear whether antibacterial resistance and/or AMR have increased or declined
during the pandemic. However, the potential exacerbation of resistance phenomena due
to the antibiotic overuse in COVID-19 patients was certainly one of the major concerns,
and it was affected by very different parameters and conditions. A low prevalence of bac-
terial co-infections in the first 2-3 days of COVID-19 infections was ascertained, whereas
higher rates were proved in severely ill patients, and those often were secondary bacte-
rial infections. However, it is not a novelty that the irrational use of antibiotics, in low
effective concentrations or non-specifically employed, represents one of the first causes of
the overall resistance onset. Additionally, the lowering (or weakening) of immune system
defenses, due to viral or bacterial infections, or a combination of both, very likely played
a pivotal role in promoting the rise of resistance. Sustainable worldwide surveillance of
social and clinical antibiotic consumption and resistance trends is crucial to anticipating
subsequent changes and preventing antimicrobial shortages. It is extremely important to
properly use the antibiotics to prevent complicated consequences, but the design and/or
discovery of new compounds with antibacterial activity is enormously desirable and must
be encouraged in order to be ready to face a possible “superbugs” bacterial pandemic. The
lessons learned from the pandemic might represent a game changer in the fight against
antibacterial resistance.
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