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Editorial on the Research Topic
Reviews in antibiotic resistance and new antimicrobial drugs

At the time of their discovery, antibiotics were considered a wonder drug for the treatment
of bacterial infections, but the way microorganisms have involved several robust mechanisms to
encounter the antibiotics has given rise to multi-drug-resistant (MDR) and extensively drug-
resistant (XDR) strains (Eichenberger and Thaden, 2019; Terreni et al., 2021; Yadav et al., 2022).
There are several ways by which the pathogen acquires resistance to antibiotics, including
genetic variation in the genome of the pathogen, unselective usage of antibiotics, the
development of biofilms, etc (Santos-Lopez et al., 2019; Singh et al, 2019). Since it has
become difficult to treat such infections, it is essential to understand the mechanism of the
development of anti-microbial resistance (AMR) so that strategies to prevent such infections
can be developed (Lomazzi et al,, 2019; Hu et al.,, 2020; Moo et al., 2020).

The goal of this Research Topic was to highlight recent advances in the field of antibiotic
resistance while emphasising important directions and new possibilities for future inquiries. We
anticipate the research being presented here will ignite conversations within the community
about novel antimicrobial medications and antibiotic resistance, which will lead to the
application of best practices in clinical, public health, and policy settings.

Overall, four research articles and six review articles were published in this Research
Topic. A research article published by Wang et al. reported the epidemiological studies of
nontuberculous mycobacteria (NTM) in tuberculosis suspects in the southwest of China from
2017 to 2022. In this study, the main NTM isolates, MAC and M. chelonae/M. abscessus, were
identified, and it was observed that the isolation rate of NTM in southwest China has shown
an increasing trend in the last few years. The infected cases were elderly patients, individuals
with compromised immune systems who had an HIV infection. On evaluation, it was
observed that antibiotics like amikacin, moxifloxacin, clarithromycin, and linezolid
demonstrated effective antibacterial activity against slow-growing mycobacteria, whereas
linezolid and amikacin exhibited relatively better antibacterial activity against rapid-growing
mycobacteria. Another research article published by Shi et al. studied the prevalence and
resistance characteristics of MDR Streptococcus pneumoniae isolated from the respiratory
tracts of hospitalised children in Shenzhen, China. It was observed that the non-vaccine
serotype strains accounted for 46.6% of all the pneumococcal isolated strains. The multidrug
resistance rates (MDR) of vaccine serotypes were 19F (99.36%), 19A (100%), 23F (98.08%),
6B (100%), and 6C (100%), and the MDR of non-vaccine serotypes were 15B (100.00%), 6E
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(100%), 15C (100%), 34 (95.24%), and 23A (98.31%), respectively.
Data indicated that there has been a notable rise and spread of
multidrug-resistant non-vaccine serotypes among children. Another
research paper is entitled “PgsA mutation-mediated enhancement of
phage-mediated combat against Pseudomonas aeruginosa.” In this
study, the PgsA gene was highlighted as a potential drug target to
enhance phage therapy, as the deletion of the pgsA gene could
significantly promote the lysis of phages on Pseudomonas
aeruginosa. A research article by Janc et al. highlighted the impact
of Klebsiella pneumoniae NDM (New Delhi metallo-B-lactamase)
infection and other bacterial infections on mortality in patients
treated in ICUs due to COVID-19. It was reported that in patients
treated for SARS-CoV-2 infection, acquiring a bacterial infection due
to prolonged hospitalisation associated with the treatment of
COVID-19 did not elevate mortality rates. The data also suggested
that in severe COVID-19 patients who survived beyond the first week
of hospitalisation, bacterial infections, particularly Klebsiella
pneumoniae NDM, do not significantly impact mortality.

A review article published by Ari et al. highlighted the
properties and potential of nitrofurantoin (NF) in the treatment
of urinary tract infections (UTI). The author has studied the
detailed pharmacokinetic and pharmacodynamic properties along
with the antibacterial activity and mechanism of action of the drug
and concluded that NF can be considered the most effective drug in
the treatment of acute urinary infection, but due to the long-term
side effects of this drug, especially in elderly patients, it is essential to
introduce some criteria for prescribing NF in cases of chronic UTI.
Another review article by Wang et al. highlighted antimicrobial
resistance and its mechanism of epigenetic regulation. The author
has extensively focused on the effects of DNA modification, histone
modification, rRNA methylation, and the regulation of non-coding
RNA expression on antimicrobial resistance. Bacterial epigenetics,
modifications of DNA and rRNA, ncRNAs, as well as nucleoid-
associated proteins, have been shown to regulate the development
of AMR. Another review paper entitled “Application of the
CRISPR-Cas system in the diagnosis and therapy of ESKAPE
infections” elaborated on the applications of the CRISPR-Cas
system for the study of ESKAPE pathogens. The author
highlighted that although currently no direct CRISPR-based anti-
infective treatment methods are available, the CRISPR-Cas method
can be a promising alternative to treatment because of its specificity.
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A review paper by Schami et al. focused on the cell envelope
profiles of drug-resistant strains of Mycobacterium tuberculosis and
their interactions with the host. The composition and complexity of
the cell envelope were discussed, along with its importance as a drug
target for the development of anti-bacterial drugs. The author has
also described the current knowledge regarding the influence of
drug resistance on infection outcomes. Another review paper by
Pai et al. has highlighted the need to design novel compounds for
the eradication of infections caused by MDR bacteria. Different
strategies by which bacteria gain resistance to several antibiotics
have been discussed, along with the pathways that can be targeted
for development by antimicrobial drugs with better potency. One
more review paper by Ramirez et al. emphasised the application of
anti-microbial peptides in livestock farming and how they can
mitigate the impact of this practice within the One Health
framework. Despite several challenges, the pace at which bacteria
adapt to these peptides is very slow as compared to other methods.
Therefore, AMPs offer a potential solution to the scarcity of effective
antibiotics against MDR bacteria.
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The rampant use of antibiotics in animal husbandry, farming and clinical disease
treatment has led to a significant issue with pathogen resistance worldwide over
the past decades. The classical mechanisms of resistance typically investigate
antimicrobial resistance resulting from natural resistance, mutation, gene
transfer and other processes. However, the emergence and development of
bacterial resistance cannot be fully explained from a genetic and biochemical
standpoint. Evolution necessitates phenotypic variation, selection, and
inheritance. There are indications that epigenetic modifications also play a role
in antimicrobial resistance. This review will specifically focus on the effects of
DNA modification, histone modification, rRNA methylation and the regulation of
non-coding RNAs expression on antimicrobial resistance. In particular, we
highlight critical work that how DNA methyltransferases and non-coding RNAs
act as transcriptional regulators that allow bacteria to rapidly adapt to
environmental changes and control their gene expressions to resist antibiotic
stress. Additionally, it will delve into how Nucleolar-associated proteins in
bacteria perform histone functions akin to eukaryotes. Epigenetics, a non-
classical regulatory mechanism of bacterial resistance, may offer new avenues
for antibiotic target selection and the development of novel antibiotics.

KEYWORDS

antimicrobial resistance, epigenetics, DNA modification, rRNA methylation, non-coding
RNAs, epigenetic drugs

1 Introduction

The discovery and widespread use of antibiotics have greatly advanced modern medicine,
significantly improving the treatment of bacterial infections. However, long-term exposure to
antibiotics can pose a serious risk of antimicrobial resistance (AMR), where pathogenic
microorganisms become resistant to the drugs. The emergence of AMR is a growing concern,
particularly with the increasing detection of clinical resistant bacteria. According to the 2019
U.S. Antibiotic Resistance Threat Report, antibiotic-resistant bacteria and fungi are
responsible for over 2.8 million infections and 35,000 deaths annually in the USA alone
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(Centers for Disease Control and Prevention, 2019). Furthermore,
predictive statistical models from the Institute for Health Metrics and
Evaluation at the University of Washington, estimate that there may
have been 4.95 million deathes worldwide in 2019 due to AMR
(Antimicrobial Resistance Collaborators, 2022). Clearly, AMR has
become a critical threat to global public health security, compounded
by the onset of the post-antibiotic age and the inappropriate use
of antibiotics.

Despite more than 80 years of antibiotics use, bacteria have
evolved AMR mechanisms over billions of years that allow them to
escape the impact of antibiotics (Hall and Barlow, 2004). The
classical AMR mechanisms include chromosomal resistance,
changes in cell membrane permeability, enzyme production,
target modification or mutation, active efflux pump system
changes, and horizontal or vertical transfer of AMR genes
(Figure 1) (Cox and Wright, 2013; Yelin and Kishony, 2018).
These mechanisms primarily involve well-documented
biochemical mechanisms and gene alterations, which are diverse,
specific and heritable. However, in addition to genome changes,
environmental factors and genetic context also impact the
development of AMR. Antibiotics can have multiple activities,
including as a resistant inducer, an inducer of resistance
determinant dissemination, and an antibacterial agent (Depardieu
et al., 2007). Studies demonstrate that antibiotics can induce
epigenetic changes in bacterial resistance, indicating the role of
epigenetics (Motta et al., 2015). While much research has focused

10.3389/fcimb.2023.1199646

on classical AMR mechanisms, these mechanisms fall short in
explaining the emergence and spread of drug resistance due to
factors such as bacterial adaptive evolution, heterogeneity, and late
retention (Depardieu et al., 2007; Depardieu et al., 2007; Zhang,
2014; Becker et al.,, 2018; Nolivos et al., 2019; Lv et al,, 2021; Yuan
et al,, 2022). Therefore, epigenetics may provide useful answers to
these questions.

There has been growing interest in non-classical models of
epigenetic-mediated bacterial AMR in recent years. In this review,
we will explore the latest research on AMR in the field of
epigenetics, with a focus on how epigenetic regulation influences
the emergence of AMR, as well as how epigenetic regulators can
reverse epigenetic phenomena and eliminate AMR. This is critical
for understanding the mechanisms of AMR and for developing the
potential of epigenetic regulators as direct or indirect targets for new
drug therapies.

2 What is epigenetics?

Epigenetics refers to the study of the heritable phenotypic
changes in an organism that are caused by environmental factors
and genetic context, without any alterations to the DNA sequence.
Epigenetic research is broadly divided into two categories (Willbanks
et al,, 2016): (1) Regulation of selective gene transcription, which
includes DNA methylation, histone modification, chromatin
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Mechanism of antimicrobial resistance and its transmission. Transformation is the intra- and inter- species exchange of naked DNA released by cell
lysis or gene sequences actively effluxed by some bacteria. Conjuction is the direct transfer of DNA molecules (such as plasmids) from donor
bacteria to recipient bacteria through the pipeline formed by sex pilus. Transduction is the transfer of DNA from donor bacteria to recipient bacteria

by bacteriophages (Depardieu et al., 2007; Zhang, 2014; Yuan et al,, 2022).

Membrane vesicle fusion means that vesicles secreted which includes

nucleic acids, enzymes and drug resistance genes and other substances, can enter another bacteria or host cells through direct fusion with host cell

membrane or endocytosis (Depardieu et al., 2007; Zhang, 2014; Yuan et al.

, 2022). The outer membrane porin mediates the entry and exit of

antibiotics into and out of bacteria as a permeability barrier. When the porin is missing or reduced, some antibiotics reduce influx and the host
bacteria become resistant. The production of antibiotic hydrolases, inactivating enzymes and modifying enzymes can lead to the inactivation of
antibiotics. The mutation or modification of related targets makes it impossible for antibiotics to bind to the corresponding sites to play a
bactericidal or bacteriostatic role (Depardieu et al., 2007; Zhang, 2014; Yuan et al,, 2022).
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remodeling and DNA phosphorothioation; (2) Post-transcriptional
gene regulation, which includes regulation by non-coding RNAs
(ncRNAs), RNA modification, and nucleosome positioning.
Prokaryotes have a circular, double-stranded DNA
chromosome without histones, which distinguishes them from
eukaryotes and ancient karyotes. This lack of key elements, such
as histones and nucleosomes, that can modify DNA structure makes
the epigenetic regulation mode of prokaryotes relatively simple.

2.1 DNA modification

2.1.1 DNA methylation

In contrast to eukaryotes, bacteria lack a complete nucleus,
which initially led to the theory that DNA methylation was the only
type of bacterial epigenetic mechanism (Ghosh et al., 2020).
Bacterial DNA methylation has been extensively studied over the
past half century, revealing its involvement in chromosome
replication, DNA degradation, mismatch repair, gene expression
regulation, and other important physiological activities (Table 1)
(Heusipp et al., 2007; Muhammad et al., 2022). Bacteria have three
major forms of DNA methylation: 5-methylcytosine (m>C), N6-
methyladenosine (m°A), and N4-methylcytosine (m*C). DNA
methyltransferase (MTase) add methyl groups to specific DNA
locations, such as the C5 or N4 position of cytosine and the N6
position of adenine (Figure 2) (Dunn and Smith, 1955; Holliday and
Pugh, 1975). The most commonly known DNA MTases are
associated with the restriction-modification (R-M) system, which
is a widely known defense mechanism in bacteria. While m>C and
m°A are found in most bacteria, m*C is specific to bacteria and
archaea (Sanchez and Casadesus, 2020).

2.1.2 DNA phosphorothioation

In addition to DNA methylation, DNA modifications also
include DNA phosphorothioation (PT) modification, which is a
lesser known defence system that works in a way similar to that of

10.3389/fcimb.2023.1199646

the R-M system (Table 1) (Wang et al,, 2019; Muhammad et al,,
2022). PT modification, in which the nonbridging oxygen in the
phosphate moiety of the DNA sugar-phosphate backbone is replaced
by sulfur, was originally developed via chemically synthesized for
decades (Tong et al,, 2018). However, some research have discovered
that PT modification can occur naturally in bacteria (Zou et al., 2018).
Previously, it has been reported that DNA PT system consists of two
parts: a five-gene dndABCDE cluster function as the M component to
control DNA modification in a stereo- and sequence-selective
manner, whereas products of the dndFGH cluster function as the R
component to distinguish and restrict non-PT-protected foreign
DNA (Tong et al, 2018). Among them, dndA possesses cysteine
desulfurase activity and assembles DndC in bacteria (An et al., 2012).
The IscS (a DndA homolog) can perform the same function as DndA
to collaborate with DndBCDE in generating DNA PT modification
(An et al, 2012). DndB can bind to the promoter region of the dnd
operon to regulate the transcription of dnd genes. dndCDE function
as modification genes: DndC is an iron-sulfur cluster protein that has
ATP pyrophosphatase activity; DndD has ATPase activity and
possibly provide energy for PT modification, and DndE is involved
in binding nicked dsDNA (Hu et al, 2012; Wang et al, 2019).
According to some research, the defence mechanism of PT
modification has been revealed roughly (Figure 3). At first, the
DndB function as a regulator to make response of environmental
or cellular cues, and binds to the promoter region of the dnd operon.
The DndA/IscS, DndC, DndD and DndE form a protein complex.
Under the action of DndA/IscS, L-cysteine is used as a substrate to
generate a persulphide group. Then, the sulphur is transferred to the
DndACDE complex to complete the DNA PT modification (Wang
et al, 2019). DNA PT modification has been reported in many
bacteria. Except for function the similar way as the R-M system, DNA
PT modification also plays important roles in antioxidant defenses,
cellular redox homeostasis maintenance, environmental stress
resistance, antibiotic resistance and cross talk with DNA
methylation modification (Xie et al, 2012; Gan et al, 2014; Wu
et al., 2017; Wu et al., 2020; Xu et al., 2023).

TABLE 1 Summary of bacterial epigenetics through DNA and RNA modifications.

Modifications Type Enzymatic Systems
R-M system

Methylation

DNA

Orphan methyltransferases
Phosphorothioation DNA degradation
N6-methyladenosine modification, N*-
i methyladenosine modification, 2-
Methylation L I
methylthiocytidine modification, 5-
RNA methylcytosine modification

Non-coding RNAs Suppress or activate translation
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Functions Examples

M.EcoGII, ModsS,

Defense mechanism, regulate gene expression, ModM, ModA,
virulence, biofilm formation M.HpyllI,
M2.HpyAll

Maintain EcoRII plasmid stability, DNA repair,

- . . Dam, CcrM, Dem,
chromosome replication, Adenine and Cytosine ? i ?

VchM, YhdJ,
methyltransferases cause regulation of cell cycle © )
Defense mechanism, oxidative stress, balance
intracellular redox homeostasis, influence the dndABCDEFGH

transcriptional efficiency

Regulate RNA stability, localization, t t,
egua € i S a. 1 lty‘ ocalization ransl:?or leF, le]) RImCD
splicing, antibiotic resistance and translation

Fino/ProQ family,
CsrA/RsmA family,
OmpACF, MicACF

Prevent RNA degradation
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Position of DNA methylation. Adenine can add methyl at N6. Cytosine can

add methyl at either endocyclic (C5) or exocyclic (N4) (Kumar et al,, 2018).

2.2 Histone modification

Histone modification is a significant epigenetic modus that
plays an important role in regulating gene expression. German
scientist Kossel discovered histones in the nucleus in 1884, but it
wasn’t until the 1960s that their biological significance began to be
investigated in depth (Doenecke and Karlson, 1984; Verdin and Ott,

2015). Histones are structural proteins that make up eukaryotic
nucleosomes, which are essential for maintaining chromosomal
structure and negative regulation of gene expression (Muhammad
et al., 2020). Histone modification can involve methylation,
acetylation, phosphorylation, and ubiquitination, each of which
performs different functions (Zhang et al., 2020). Notably, bacterial
genomes are packed into nucleoids through nucleoid-associated

plasmid

-,
O

\
A\

&

regul modification genes
| I 1
dndA/iscS dndB dndC dndD dndE dndH

Y

oy

restriction genes

dndG dndF

FIGURE 3

DNA phosphorothioation modification simple diagram. Based on R-M system, DNA PT modification recognize and restrict non-PT-protected foreign
DNA, such as plasmids. The sulfur is transferred from L-cycsteine to DndA, and then to the cysteine residues in DndC and through DndDE complex
protein to insert into the DNA backbone (Tang et al., 2022). DndB function as a negative regulator controlling the expression of dndCDE. DndFGH
function as a restriction module to affect the acquisition of exogenous DNA (Wang et al., 2019).
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proteins (NAPs) in distinct cytoplasmic regions, rather than having
a membrane-bound nucleus like eukaryotic cells (Muhammad
et al., 2022).

Mounting evidence supports the idea that NAPs play crucial
roles in DNA structuring and can perform functions similar to
eukaryotic histones (Swinger and Rice, 2007; Stojkova et al., 2019;
Amemiya et al., 2021). These structural proteins have important
regulatory functions, including in bacterial virulence and
pathogenesis (Table 2). NAPs form numerous aggregated
structures with bacterial genomic DNA and participate in
processes such as replication, separation, translation, and repair
of prokaryotic genomic DNA. Among the primary NAPs studied
are histone-like protein (HU), leucine-responsive regulatory protein
(Lrp), virulence factor transcriptional regulator (MgaSpn) and
Histone-like nucleoid-structuring (H-NS) (Casadesus and Low,
2006; Xiao et al., 2021; Ziegler and Freddolino, 2021;
Ramamurthy et al., 2022; Stojkova and Spidlova, 2022).

2.3 RNA modification

RNA modification is an emerging area of research that has
gained significant attention in recent years, which is conceptually
analogous to the modifications of DNA and protein. Along with
DNA methylation, RNA modification is widely found in both
bacteria and eukaryotes, and over 100 types of RNA
modifications have been identified, including mC®A, NI1-
methyladenosine (m'A), m°C, and 2-methylthiocytidine (ms*C)
(Lopez et al., 2020). These modifications have been shown to play a
critical role in regulating RNA stability, localization, transport,
splicing, and translation, ultimately affecting gene regulation and
biological function (Shi et al, 2019). RNA modifications are
distributed on various RNA molecules, including transfer RNA
(tRNA), messenger RNA (mRNA), ribosomal RNA (rRNA) and
other small RNA species such as ncRNAs. RNA modification is
almost found in tRNA (Jackman and Alfonzo, 2013). Though, not
as common as in tRNA, rRNA contain numerous distinct types of
post-transcriptional modifications, especially rRNA methylation.
Research has shown that rRNA methylation can impact antibiotic

10.3389/fcimb.2023.1199646

resistance development, as many antibiotic targets are located on
the ribosome and ncRNAs frequently adopt central roles in
regulatory networks (Laughlin et al., 2022; Wang et al, 2022;
Papenfort and Melamed, 2023). Of those, RNA methylation and
ncRNAs modification have been reported as the most frequent type
of modification in a wide range of bacteria (Table 1). In this section,
we will discuss the research of rRNA methylation and ncRNAs in
bacterial resistance.

2.3.1 Ribosomal RNA methylation

rRNA, a conserved macromolecule, is a structural component of
the most abundant cellular molecule, the ribosome. In bacteria,
ribosomes are composed of 16S, 23S, 55 rRNA and proteins. In
eukaryotic cells, ribosomes are composed of 28S, 58, 5.8S, 185 rRNA
and proteins. In ribosomes, the rRNA is the main structural
component and the core of structure and function, including (1)
Synthesizing amino acids into peptide chains under the guidance of
mRNA; (2) Providing binding sites for a variety of protein factors; (3)
Having the activity of peptidyl transferase; (4) Providing binding sites
for tRNA; (5) Targets of some antibiotics (Korobeinikova et al., 2012;
Tafforeau, 2015; Srinivas et al., 2023). These functions are under tight
transcriptional control to serve to meet cellular needs. Therefore, rRNA
from all organisms undergoes post-transcriptional modifications that
increase the diversity of its composition and activity.

Methylation of rRNA is a ubiquitous feature, and takes place
during ribosomal biogenesis either by enzymes guided by an
antisense small nucleolar RNA (snoRNA) or conventional protein
enzymes (Lopez et al., 2020). Generally, rRNA methylation may
promote the conformational rearrangement of rRNA, and regulate
ribosome biogenesis and post-transcriptional modification (Wang
et al., 2020). There are 25 rRNA modifications have been found in
the 23S rRNA, including 13 methylations in Escherichia coli (E. coli)
(Sergeeva et al,, 2015). Wang et al. found that the absence of a single
methylation in 23S rRNA affected 50S assembly and impaired
translation initiation and elongation (Wang et al., 2020). In
addition, rRNA methylation has emerged as a significant
mechanism of AMR in pathogenic bacterial infections, such as
aminoglycoside and macrolide resistance (Bhujbalrao et al., 2022;
Srinivas et al., 2023).

TABLE 2 Bacteria exert epigenetic regulation through nucleoid-associated proteins.

Bacterial

Functions

Species

References

Francisella

(Stojkova et al., 2018;

HU Regulates the adaptive growth of bacteria and resistance to oxidative stress
tularensis gul P § Pavlik and Spidlova, 2022)
Streptococcus HU, Solano et al., 2016;
P X Maintains DNA supercoil, regulates bacterial viability and virulence ( R ’
pneumoniae MgaSpn Ferrandiz et al., 2018)
HU, Koli et al., 2011; Ziegler
o . Promotes bacterial invasiveness and replication in host cells, accelerates phagosome escape; regulates ( . . N
Escherichia coli Lrp, H- X i K R oL R and Freddolino, 2021;
metabolism, virulence, exercise, nutrient transport, stress tolerance and antibiotic resistance. o
NS Norris et al., 2022)
Porphyromonas HU,
‘D, y, . Regulates biofilm formation (Rocco et al., 2017)
gingivalis IHF
Salmonella Fis Regulates the supercoiling response to bacterial growing in macrophages and virulence (C et al, 2006)
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2.3.2 Non-coding RNAs

Post-transcriptional gene regulation, which includes ncRNAs, is
another important epigenetic modification. There are various types
of ncRNAs: including housekeeping ncRNAs such as tRNA, rRNA,
and regulatory ncRNAs such as micro RNA (miRNA) and long
non-coding RNA (IncRNA) (Gusic and Prokisch, 2020). These
RNAs play significant roles in transcription and translation, and
in eukaryotes, they are involved in regulatory processes such as
development, cell death, and chromosomal silencing. Although
three regulatory RNAs contained E. coli 6S RNA, Spot 42 and the
eukaryotic 7SK RNA were first discovered by sequencing in the
1970s, but were uncharacterized until decades later (Griffin, 1971;
Delihas, 2015). Until the 1980s, the E. coli micF RNA gene was the
first regulatory RNA discovered and characterized. Recent research
has shown that ncRNAs regulate various cellular processes in
bacteria, including multidrug resistance, glucose metabolism, and
biofilm formation (Hirakawa et al., 2003; Vanderpool and
Gottesman, 2004; Zhao et al, 2022). As a result, the regulatory
mode of ncRNAs has become a major focus in the bacterial
regulatory network.

3 Bacterial epigenetics mediating
antibiotic resistance

Bacteria have evolved to adapt to the environment over time,
leading to increased antimicrobial resistance (AMR) or tolerance
upon long-term exposure to antibiotics. Interestingly, bacteria can
quickly restore susceptibility after returning to a normal antibiotic
exposure (Figure 4). It is evident that gene mutations alone can not
adequately explain this phenomenon.

Recent research has shown that bacteria can change the
phenotypes of AMR through epigenetic intrinsic heterogeneity
and transiently without the need for gene mutations (Foster,
2007; Adam et al., 2008). In order to adapt the environmental

Normal growth

| Exposed to subinhibitory |
|concentrations of antibiotid

Key:
© Sensitive bacteria
@ Persister bacteria
Resistant bacteria

FIGURE 4

Development of adaptive resistance
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stress and ensure survival, bacteria has envolved molecular
mechanisms for generating variation, such as Helicobacter pylori
(H. pylori), Haemophilus influenzae (H. influenzae) and Neisseria
gonorrhoeae (N. gonorrhoeae) (De et al., 2002; Srikhanta et al., 2009;
Srikhanta et al., 2011). One mechanism is phase-variation, which is
to randomly switch the expression of individual genes to generate a
phenotypically diverse population to adapt to challenges (Seib et al.,
2020). Genes can phase-vary by various of genetic mechanisms.
Some studies consider that phase-variation is the high frequency
reversible on/off switching of gene expression to evade antibiotic
effects (Srikhanta et al.,, 2011). It has been reported that one way by
which bacteria modulate the genes related to phase variation is via
DNA hypermethylation or hypomethylation. However, variation in
the length of hypermutable simple sequence repeats (SSRs) are a
important source of phase variation, which facilitates adaptation to
changing environments, immune and antibiotic escape of
pathogens (Zhou et al., 2014; Pernitzsch et al, 2021). Recent
studies have found that RepG (regulator of SSRs) ncRNA
mediates the G-repeat length (rather than ON/OFF) and gradual
control of lipopolysaccharide biosynthesis to affect AMR in H.
pylori (Pernitzsch et al., 2021). Therefore, phenotypic variation,
selection, and inheritance are necessary for evolution of bacteria. In
this chapter, we summarize studies discussing the role of epigenetics
in regulating AMR.

3.1 DNA modification

3.1.1 DNA methylation

Bacterial DNA methylation plays a vital role in epigenetic
regulation by controlling gene expression, genome modification,
virulence, mismatch repair, transcriptional regulation, cell cycle
control, and AMR (Marinus and Casadesus, 2009). The most well-
known DNA MTases are associated with the defense mechanisms in
bacteria known as restriction-modification systems (R-M systems).

Reversion to
sensitive phenotype

IWithdraw the use of antibiotic
P i

Epigenetic effects on adaptive resistance. When bacteria are continuously exposed to sub-inhibitory concentrations of antibiotics, they undergo
adaptive evolution and gradually acquire resistance, which can be inherited. When antibiotics are withdrawn, the bacteria with adaptive resistance
phenotype will immediately return to sensitivity (Marinus and Casadesus, 2009; Ghosh et al., 2020). Persistent bacteria are only a small part of the
bacterial community that is stunted or slow to grow. Persistent bacteria can survive without mutation when exposed to antibiotic pressure (Marinus
and Casadesus, 2009). These indicate that bacterial adaptive resistance is epigenetically regulated.
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R-M systems prevent lethal cleavage of intracellular DNA by
identifying their own DNA and methylating the same sequence as
the restriction endonuclease cleavage site (Ghosh et al, 2020).
However, foreign DNA such as plasmids carrying AMR genes,
transposons, and insertable sequences cannot be methylated and
will be recognized and degraded by endonucleases of the R-M
systems. This defense mechanism can be circumvented if the
foreign DNA carries a homolog methylase with the same
specificity, and the sequence will be inserted into the genomic
locus rather than degraded (Casadesus and Low, 2006; Ishikawa
et al., 2010). This mechanism could explain why plasmids, phages,
transposons, integrons, and gene islands can insert into bacterial
genomes and contribute to the widespread dissemination of
AMR genes.

The R-M systems are classified into four types (I, IL, III and IV)
based on their functional localization of restriction endonuclease
(Rease), activity of MTases, and requirement for specific subunits or
cofactors (Roberts et al., 2003). The R-M systems have reported to
function as a barrier to horizontal gene transfer in many bacteria
(Figure 5) (Vasu and Nagaraja, 2013; Kumar et al., 2018). Li et al.
found a carbapenem-resistant hypervirulent Klebsiella pneumoniae
(K. pneumoniae) strain with a blay,. harboured conjugative plasmid
and a pLVPK-like plasmid from the patient, and the type I R-M
system on plasmids protected the plasmids from cleavage (Li et al.,
2020). Bubendorfer et al. concluded that R-M systems inhibited

Defense Defense

Methyltransferase

the R-M systems

FIGURE 5
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genomic integration of exogenous sequencs, while they pose no
effects to homeologous recombination in H. pylori (Bubendorfer
et al,, 2016).

The type I and III includes genes encoding the DNA MTase
mod. Many studies have described that mod gene-mediated DNA
methylation can regulate phase-variable expression associated with
various resistant clinical strains (Table 3) (Phillips et al., 2019). For
instance, the ability of N. gonorrhoeae to form biofilms is affected by
allele modA 13 ON/OFF switching (Srikhanta et al., 2009); Neisseria
meningitidis susceptibility to ceftazidime and ciprofloxacin result
from ON/OFF of modAll and modAI12 OFF switching (Jen et al,
2014). A typical H. influenzae expressing modA2 MTase produces
more biofilms in an alkaline environment than modA2-deficient
populations, and these biofilms have a larger biomass and less
apparent structure (Brockman et al., 2018). Bacterial biofilms and
AMR are closely connected. Biofilms are organized multicellular
communities surrounded by an extracellular polymeric substances
and can decrease bacterial metabolism, growth rate, and resistance
to antibiotic penetration, all of which contribute to biofilm
resistance (davies, 2003). Even in Streptococcus suis, Tram et al.
found biaphasic switching of phase-variable DNA MTase ModS2
results in the expression of distinct phase varions. Proteins involved
in general metabolism increased expression in ModS2 ON.
Adversely, a glyoxalase/bleomycin resistance/extradiol
dioxygenase family protein which has been described as involved

//v..“ @+
- =
\

Overview of the function of bacterial DNA methylation. The R-M systems function as a barrier to recognize host genome and defenses foreign DNA,
such as phage, plasmid (Phillips et al., 2019). Unlike R-M systems, orphan methyltransferases exist with no association with any restriction enzymes, and
always function as regulators of DNA replication, gene transfer. Particularly, some orphan methyltransferases are not essential for most bacteria
(Srikhanta et al., 2009). FinOP system regulates the conjugal transfer operon (tra) of plasmids. Specifically, traJ activates the transcription of tra operon
(encodes the elements of pilus and products required for mating and DNA transfer). Synthesis of TraJ is controlled by FinP, a regulator that blocks traJ
mMRNA translation, and by FinO, a regulator that maintains the stability of FinP RNA-traJ mRNA complex (Jen et al., 2014). Dam methylation function as a
conjugation repressor by activating FinP RNA synthesis. During the cell division process in bacteria, the essential FtsZ protein polymerizes into a Z-ring
like structure at the future division site (Brockman et al., 2018). MipZ protein, which co-ordinates the initiation of chromosome replication with cell
division, is important for the assembly of the Z-ring. MipZ interacts with the partitioning protein ParB, which then binds to the ParS locus near the
chromosomal origin (davies, 2003). CcrM methylation activates the transcriptions of ftsZ and mipZ. When lacking the CcrM enzyme, the syntheses of
FtsZ protein and MipZ protein are strongly downregulated, leading to a severe defect in cell division. In Caulobacter crescentus AccrM strain, most
AccrM cells are filamentous with high cell length variability and frequent membrane defects (davies, 2003).
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TABLE 3 Phase-variation of gene expression through DNA methyltransferases.

Bacterial Number of

3 Functions References
Species alleles
H‘aemophilus Type III R-M modA 21 Antibiotic resistance, bioﬁh‘n formation, immunoevasion and (Atack et al,, 2015)
influenzae systems virulence
L modA, 8, . . . . .
Neisseria Type III R-M Resistance to oxidative stress, biofilm formation, antibiotic
K modB, 19, X i (Tan et al., 2016)
species systems resistance and survival
modD 10
Type III R-M
P modH 21 Colonization, persistent infection, motility (Srikhanta et al., 2011)
. systems
Helicobacter
pylori Type HpyAll R- M2IpyAll - DNA uptake., lipopolysacchfaride profile, membrane' Components, (Kumar et al, 2018)
M system virulence, evolutionary fitness and adhesion
Moraxellfz Type III R-M modM p biofilm fo%‘matif)n, fitness cost o.f resistaj\nce, survival, colonization, (Blakeway et al,, 2019)
catarrhalis systems infection, and protection against host defenses !
Type III R-M modS 3 ABC transporters, a]kylph.osphonate uti'liz'ationf transcriptional (Tram et al, 2021)
st systems repressor, resistance to antimicrobials
reptococcus
suis Type I R-M (Atack et al., 2018;
hsdsS, 4 Adhesion, virulence
systems Roodsant et al., 2023)
Strept Type I R-M Adhesion, invasive infection, plasmid transformati t d
rep ococcus ype hsdS 5 esion, invasive infection, plasmid transformation rates an (Debroy et al,, 2021)
pneumoniae systems colony morphology
Escherichia coli Orphan dam ~ Alter the pap promoter to inﬂlfence the affinity of the Irp (Hernday et al., 2002;
methyltransferases regulatory protein for DNA, Zamora et al., 2020)

in resistance to beta-lactam and glycopeptide antibiotics was  has confirmed that the non-essential dam gene can be a potential
upregulated in strains that did not express ModS2 OFF (Tram  target for enhancing antibiotic resistance. Chen et al. demonstrated
et al., 2021). that the dam deletion strain of E.coli MG1655 exhibited lower

In addition to the well-known R-M systems, there exists a group  effective concentrations (EC50) than the wild-type strain when
of bacterial DNA MTases called orphan MTases, which function  exposed to 20 antibiotics in five categories (Chen and Wang,
independently without association with any R-M system (Ishikawa  2021). This confirms that Dam plays a vital role in regulating
et al, 2010). Orphan MTases are unique, as they do not have  drug sensitivity and can be utilized as a target for enhancing AMR.
functional counterparts in the restriction enzyme (Reases) family.  Dam in Salmonella enteritidis (S. enteritidis) has been found to
The common categories of orphan MTases include DNA adenine  repress the transcription of traJ, which encodes a transcriptional
methyltransferase (Dam), cell cycle regulated methyltransferase  activator of the transfer (tra) operon of the pLST (Camacho and
(CerM) and DNA cytosine methyltransferase (Dcm). Bacteria  Casadests, 2002). In addition, Dam activates the transcription of
exhibit complex stress responses when exposed to antibiotics,  finP, which encodes a ncRNA that contributes to repression of traJ
leading to the phenomenon of adaptive resistance. Recent  expression (Gorrell and Kwok, 2017). Evidence exists to suggest that
research has revealed that these three orphans MTases play a  in a strain with chromosomal mechanisms of quinolone resistance,
crucial role in regulating adaptive resistance and the genetic  a synergistic sensitization effect can be observed when the Dam
pathways involved in drug sensitivity. methylation system and the recA gene were suppressed (Diaz

et al,, 2023).

3.1.1.1 DNA adenine methyltransferase
Dam was the first orphan MTase identified in E. coli, where it ~ 3.1.1.2 Cell cycle regulated methyltransferase

modifies 5-GATC-3’ sites (Marinus and Morris, 1973). Studies CcrM is a significant orphan MTase that modifies 5'-GANTC-
have shown that Dam-mediated DNA methylation is crucial for 3’ sites, first discovered in Caulobacter crescentus (C. crescentus).
bacterial survival under antibiotic stress, and E. coli K12 Adam  Unlike the ubiquitous Dam enzyme, CcrM expression is limited to
strains exhibit increased sensitivity to beta-lactams and quinolones  the last stage of chromosome replication (Albu et al., 2012). In C.
(Cohen et al,, 2016). Epigenetic factors, such as Dam methylation or ~ crescentus, at least four genes are directly affected by the
the regulation of efflux pump expression, have been suggested to  methylation status of GANTC, including ftsZ, which is necessary
contribute to adaptive AMR (Mazzariol et al., 2000; Casadestis and  for cell division, ctrA and dnaA, the primary regulators of the cell
Low, 2006; Adam et al,, 2008). Adam et al. treated E. coli XL1-Blue  cycle (Reisenauer and Shapiro, 2002; Collier et al., 2007). FtsZ is an
strains with nalidixic acid and found that the expression of dam  essential regulatory protein for cell division and proliferation,
increased bacterial survival by approximately five-fold. This  forming a z-ring structure at the division site. In C. crescentus
increased resistance was consistent with a two-fold rise in the  AccrM strain, ftsZ expression is significantly downregulated, leading
expression of efflux pumps (Adam et al., 2008). Recent research  to a severe defect in cell division (Gonzalez and Collier, 2013). The
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vertical transmission of heritable transfer elements carrying AMR
genes is dependent on cell division and proliferation. When CcrM
regulates the expression of the cytoskeleton ftsZ gene, it can affect
bacterial division and proliferation and impact the vertical transfer
of AMR genes.

3.1.1.3 DNA cytosine methyltransferase

Dcm is a typical DNA MTase in E. coli and has two targets: 5'-
CCAGG-3’ and 5'-CCTGG-3' sites. As a result, Dcm can protect
the DNA sequences from restriction enzyme ECORII activity even
if the R-M system is disturbed (Gomez and Ramirez, 1993). In
bacteria, Dcm is typically associated with the transcription of active
genes. However, the methylation of promoter DNA is frequently
associated with gene silencing in higher eukaryotes (Zemach et al,
2010). The role of Dcm in prokaryotes remains unclear, but
Kahramanoglou et al. suggested that Dcm controls gene
expression in the stationary phase in E. coli (Kahramanoglou
et al., 2012). Militello et al. demonstrated that the AMR
transporter SugE was overexpressed in an E. coli Adcm strain,
indicating that Dcm may affect the drug tolerance of SugE-
mediated medicines by altering the level of sugE gene expression
(Militello et al., 2014). Furthermore, Dcm promotes plasmid loss
and protects against post-segregational killing by EcoRII (which
cleaves DNA at the same site as Dcm methylates) (Takahashi et al.,
2002; Ohno et al., 2008).

3.1.2 DNA phosphorothioation

The DNA PT modification, a novel R-M system, has been
discovered widely in bacteria and archaea. As a defense barriers,
DNA PT modification plays a vital part in bacterial AMR.
Nonetheless, the potential role of the DNA PT modification in
AMR is still unclear. By analyzing the functions of DNA PT
modification in AMR with a serious of clinical pathogenic
bacteria, Xu et al. demonstrated DNA PT modification reduced
the distribution of horizontal gene transfer (HGT)-derived AMR
genes in the genome, meanwhile the modification could suppress
HGT frequence (Xu et al., 2023). To understand the mechanism of
antibiotic resistance genes (ARGs) in drinking water supply
systems, Khan et al. found the relative abundance of dndB and
ARGs increased in the effluent, as well as, considered that DNA PT
modification protected mcr-1 and blaypy carrying bacteria from
chloramine disinfection during the water treatment process (Ihan
et al, 2021). DNA PT modification can recognize and cleave
unmodified exogenous DNA, such as HGT, ARGs and phage.
Therefore, the modification is significant for bacteria to resist
foreign invasion and maintain own genetic stability. Up to now,
there is few systematic studies on AMR base on DNA PT
modification, while we need to study the impact on AMR further.

3.2 Nucleoid-associated protein
modifications

NAPs can perform histone-like functions in bacteria and affect
DNA structure and transcription, unlike histones in eukaryotes.
Gram-negative and Gram-positive bacteria have different NAPs,
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but most research focuses on Gram-negative bacteria. NAPs are
essential global regulators that play a significant role in AMR
(Table 4), as demonstrated in Salmonella. Yan’s research suggests
that the Fis protein, known as a global regulator in S. Typhi, can
mediated persistence by controlling glutamate metabolism (Yan
et al,, 2021). Additionally, the H-NS DNA binding protein can act
as a transcriptional inhibitor to silence genes expression, control
plasmid conjugative transfer, silence foreign genes, and inhibit
conjugative transfer to reduce fitness costs (Dorman, 2007;
Dorman, 2014). Cai et al. found that the IncX1 plasmid, which
carries the tigecycline resistance gene tet (X4) and encodes the H-
NS protein, results in little to no fitness cost in E. coli and K.
pneumoniae. It’s also noteworthy that some plasmids can help host
bacteria form biofilms and enhance virulence (Cai et al., 2021).

Compared to DNA methylation, histone modification has
greater plasticity. The H-NS protein can regulate the expression
of genes encoding efflux pumps in multidrug-resistant
Acinetobacter baumannii (A. baumannii) and down-regulate the
expression of AMR genes for beta-lactams, aminoglycosides,
quinolones, chloramphenicol, trimethoprim, and sulfonamides
(Rodgers et al., 2021). Similarly, deleting hns lowers the
expression of biofilm-related genes in A. baumannii (Rodgers
et al,, 2021). A recent study found that H-NS affects the stability
of blanpm.i-bearing IncX3 plasmid and inhibits its plasmid
conjugative transfer in E. coli (Liu et al., 2020). These indicate the
complexity and breadth of the regulatory network controled by H-
NS for genes involved in AMR and persistence.

In view of the biofilms play a major role in some chronic and
recurrent infections and are associated with the failure of antibiotic
therapy, antibiotic therapy is the first -line treatment of bacterial
infections (Devaraj et al, 2018). The DNA-binding (DNABII)
protein family includes two well-known NAPs, integration host
factor (IHF) and HU. These proteins bind to DNA with high affinity
and bend it, thereby playing essential roles in the structure and
function of the bacterial nucleoid (Browning et al., 2010). While
IHF binds to specific DNA sequences, HU does not. In addition to
their structural functions, IHF and HU are also crucial for biofilm
formation and the integrity of community structure (Devaraj et al.,
2015). In uropathogenic E. coli, both subunits of IHF aid in biofilm
formation, while HupB (HUB), one of the subunits of HU, is
required for biofilm formation (Devaraj et al., 2015). IHF and HU
could be potential therapeutic targets for biofilm therapy, as
antimicrobial agents and the host immune system have difficulty
attacking biofilms. A research has found that the HU protein
subunit HupB, post-translationally modified by lysine acetylation
and methylation, is a breakthrough in treating multidrug-resistant
Mpycobacterium tuberculosis (M. tuberculosis) (Ghosh et al., 2016).
Mutating a single post-translational modification site eliminates a
drug-resistant cell subset of isoniazid-resistant M. tuberculosis
(Sakatos et al,, 2018). Additionally, it has been reported that using
anti-Porphyromonas gingivalis (P. gingivalis) HUP antibodies to
specifically target the oral Streptococcus biofilm for preventing P.
gingivalis organisms from entering into preexisting biofilms formed
by oral Streptococcal species (Rocco et al., 2018). Therefore, HU, for
instance HupB, could be a promising therapeutic target for bacterial
therapy. Recent research has reported that targeting HU, Zhang
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TABLE 4 Summary of representative Nucleoid-associated proteins in AMR.

Nucleoid-

Species

associated

proteins

Genes been regulated

Functions

References

Sall Il Regulate glutamate metabolism to red isty
“ monfe “ Fis gltK, glt], gltL, gitS, gltH and gltP egulate glutamate meta 0_ 1510 10 reduce persister (Yan et al,, 2021)
typhi formation
Salj 1l H-NS, Hha, Inhibite th ion of SPI2 to i thy
“ monfz “ a4 pathogenicity islands (SPIs), pef fbite the expression o © tmprove the (Hurtado et al., 2019)
typhi StpA fitness,
Functi ti tor in th S ph
o . . unc- 1?n as a negative regulator in the fimS phase (Jindal et al., 2022; Saldafia et al.,
Escherichia coli Fis fimS, fimA, fimB, acs, acnB, fum variation, enhanced growth ftness under acetate 2022)
metabolism, regulate biofilm formation
Facilitate horizontal plasmid transfer, affect th,
Escherichia coli H-NS pilx1-11, taxB, taxC, actX, parB actiitate horizon . plasmi re'ms en aflect the (Liu et al., 2020)
stability of plasmid
Escherichia coli HU, THF fim, pap Promote biofilm forr'nati'm'l, Gp46 function as HU (Justice cpt iﬂ” 2012; Devaraj
inhibitor et al,, 2015; Zhang et al., 2022)
Sill the virB ¢ d infl irul
Shigella H-NS virB tence the vir pmmé erand influence virulence (Colonna et al., 1995)
plasmid trasnsfer
X aidA, abal, kar, fadD, blagxa 23 Regulate the expression of genes encoding efflux
Acinetobacter . .
b - H-NS blaoxa-si-ike blaspc blages.1a pumps and the formation of biofilm; modulate the (Rodgers et al., 2021)
aumannii
carO, pbpl, and advA expression of resistance-related genes
Kilebsiella Modulate the fitness cost of plasmids, promote the
A H-NS tet (X4), — O prasmies, p (Cai et al,, 2021)
pneumoniae virulence and biofilm formation,
. Regulate the sensitivities of aminoglycosides, alter (Zaunbrecher et al., 2009; Ghosh
Mycobacterium . . . . .
tub losi HU, HupB eis, arsR, marR, tetR gene expression and phenotyplc state in a et al., 2016; Sakatos et al., 2018;
uberculosis
subpopulation Rodgers et al., 2021)
PorpAhyr‘om‘onas HU osP, fimA Dis;})er.se o'ral strePtococcus biofilm and pr'event P. (Rocco et al., 2018)
gingivalis gingivalis entry into oral Streptococcus biofilm

et al. used Gp46 (an HU protein inhibitor from phages) to inhibit
HU of many resistant pathogens by occupying DNA binding site,
and preventing chromosome segregation during cell division
(Zhang et al., 2022).

3.3 RNA modification

3.3.1 Ribosomal RNA methylation

RNA modifications, such as rRNA methylation, have emerged as
important mechanisms associated with AMR. Ribosomes are a
common target for antibiotics. Methylation of specific sites in
rRNA can prevent antibiotics from binding to their target sites,
thereby leading to antibiotic resistance. Thus AMR via rRNA
methylation is one of the most common strategies adopted by
multidrug resistant pathogens. One such example is 16S rRNA
methylation, which is a major mechanism of aminoglycoside
resistance in clinical pathogens (Tada et al, 2013; Liu et al,, 2015).
Two different methylation sites in 16S rRNA lead to different
aminoglycoside-resistant phenotypes. Methylation of residue A1408
confers resistance to kanamycin and apramycin in E. coli, but
sensitivity to gentamicin, while methylation of residue G1405
confers resistance to kanamycin and gentamicin, but sensitivity to
apramycin (Liu et al,, 2015). The multidrug resistance gene cfr, found
in Staphylococcus, encodes an MTase that modifies the A2503 site in
23S rRNA, leading to resistance to antibiotics such as amide alcohols,
lincomycins, oxazolidinones, pleuromutilin, and streptogramin A
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(Long et al,, 2006). In S. pneumoniae, U747 methylation mediated
by RImCD promotes efficient G748 methylation by the MTase
RImA™ in 23S rRNA, affecting the susceptibility to telithromycin
(Shoji et al.,, 2015). Another research indicated the erythromycin-
resistance MTase methylates rRNA at the conserved A2058 position,
and imparts resistance to macrolides, such as erythromycin
(Bhujbalrao et al., 2022). Up to now, the number of rRNA MTases
related to AMR mechanisms have increased, but the source of
MTases and the exact mechanisms of AMR are still unclear.

3.3.2 Non-coding RNAs

Advancements in high-throughput sequencing technology and
bioinformatics have facilitated the discovery of various ncRNAs and
their functions in bacteria. Recent studies have found that exposure
to environmental stress, especially antibiotics, bacteria produce
specific ncRNAs profiles, which may regulate the expression of
downstream genes. When bacteria sense antibacterial stress, a large
number of ncRNA regulators are upregulated, and one of their roles
is to improve bacterial adaptation in a dynamic environment
(Morita and Aiba, 2007). Thus, ncRNAs play an essential role in
the bacterial regulatory network that controls the expression of
bacterial genes through regulating proteins and target mRNAs. In
comparison to regulatory proteins, ncRNAs are considered a better
class of regulatory molecules for controlling gene expression
(Toledo et al., 2007).

ncRNAs play an essential role in the regulation of bacterial gene
expression and can affect AMR mechanisms. Although ncRNAs are
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a major form of post-transcriptional gene control in bacteria, some
research indicate ncRNAs also influence transcription (Rodgers
et al., 2023). For instance, Majdalani et al. found that RprA ncRNA
reduced type IV secretion-mediated transfer of pSLT (Salmonella
virulence plasmid) (Papenfort and Melamed, 2023). In particular,
RrpA controls the transcription and translation of ricl, which
encodes a membrane protein that interacts with and suppresses
the anchor protein Trav of the type IV secretion apparatus
(Majdalani et al., 2001). It is reported that antisense vicR (a kind
of ncRNAs) is transcribed from the opposite strand of vicR mRNA
and regulates the biofilm formation of Streptococcus mutans via
affecting the production and function of VicR protein (Lei
et al., 2018).

The incomplete complementary pairing of most ncRNAs with
the target mRNA sequence can lead to two results: (1) Blocking the
ribosome binding sites and suppressing translation; (2) Secondary
structure melting, exposing the nucleose binding site and
translation start site, leading to translation activation (Vogel and
Sharma, 2005; Frohlich and Vogel, 2009). Moreover, since the
instabilized base pairing between the ncRNAs and their target
mRNAs, the RNA chaperone protein Hfq, binding protein Fino/
ProQ family, CsrA/RsmA family and other regulators usually
facilitate imperfect base pairing between ncRNAs and mRNAs,
leading to regulate the translation initiation frequency or the
stability of target mRNAs (Liao and Smirnov, 2023; Wang et al,
2023; Yu and Zhao, 2023). In this chapter, we will explore some
research on ncRNAs that regulate the mechanisms of AMR from
two perspectives.

3.3.2.1 Translation suppression

ncRNAs regulate bacterial cell wall or membrane to alter the
sensitivity of antibiotics. Bacteria can control membrane
permeability by regulating the expression of outer membrane
proteins OmpF, OmpA, and OmpC. Studies have shown that
ncRNAs such as MicF, MicA, and MicC inhibit the expression of
these mRNAs by partial complementary pairing, interfering with
antibiotic exposure (Chen et al, 2004; Udekwu et al., 2005).
Therefore, ncRNAs represent a promising target for the
development of new strategies to combat AMR in bacteria.

ncRNAs have been shown to affect AMR by targeting the efflux
pumps. For instance, overexpression of SdsR has been found to
decrease the mRNA and protein levels of the TolC,which encodes
the outer membrane protein of many multidrug resistance efflux
pumps, resulting in increased sensitivity to fluoroquinolones in E.
coli (Kim et al,, 2015; Parker and Gottesman, 2016). However, in
Shigella sonnei, overexpression of SdsR leads to lower mRNA levels
of t0lC and increased survival rates at sub-MIC norfloxacin (Gan
and Tan, 2019). Pseudomonas aeruginosa (P. aeruginosa) is a
common source of hospital infections and has important
adaption abilities to various environmental exposures (Jurado
et al, 2021). A recent study found that overexpressing of AS1974
ncRNA restores the sensitivity of MDR clinical strains by down-
regulating the expression of MexC-MexD-Opr], a component of the
multidrug efflux system (Law et al, 2019). On the other hand,
overexpression of PA08051 and PA2952.1 ncRNAs leads to up-
regulation of the drug efflux system mexGHI-opmD, resulting in
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increased resistance of aminoglycoside (Coleman et al., 2020;
Coleman et al., 2021).

Bacterial biofilms, which are microcolonies formed by adhesion
on solid surfaces or between bacteria, can secrete extracellular
matrix to create a natural barrier. This multicellular-like lifestyle
allows resistance to environmental and cell-intrinsic stresses, such
as antibiotics exposure. For example, Falcone et al. found that based
on RNA-seq analysis, the ErSA ncRNA of P. aeruginosa
complementary pairs with amrZ mRNA to influence the
expression of AmrZ, promoting biofilm development (Falcone
et al,, 2018). The RNA-binding protein ProQ has been shown to
regulate mRNA-expression levels by interactions with 5 and 3’
UTRs (Holmqvist et al., 2018). In an early study found that ProQ
was necessary for robust biofilm formation, and this phenotype was
independent of ProP (Sheidy and Zielke, 2013). Infections caused
by Staphylococcus aureus (S. aureus) are often associated with
adverse therapeutic outcomes due to various reasons, such as an
antibiotic penetration barrier by bacterial biofilms (Singh et al,
2016). By sensing and responding to multifarious environmental
exposure, bacteria carry out corresponding adaptive regulation. For
instance, the teg58 ncRNA have specific interaction with argGH
mRNA (arginine biosynthesis genes) to repress arginine synthesis
and biofilm formation in S. aureus (Manna et al., 2022). Raad et al.
found that during stationary phase of E. coli, the 3> UTR-derived
FimR2 ncRNA interacted with CsrA, antagonizing its post-
transcriptional functions of flagellar and fimbrial biosynthesis,
and firmly strengthening the control of bacterial motility and
biofilm formation (Raad et al., 2022).

ncRNAs affect AMR by regulating the functions of plasmids
carrying resistance genes, including fitness and conjugation. HGT
refers to the transfer of genes between unrelated species, which
increases genetic diversity and accelerates bacterial evolution
(Gogarten and Townsend, 2005). Conjugative plasmids are typical
representatives of HGT and promote the spread of AMR among
pathogens. Due to plasmid reception, intergration, replication and
the expression of genes, the antibiotic-resistant plasmids produce
fitness costs in host bacteria (San and Maclean, 2017). Therefore, it
seems that plasmids gradually lost over time during bacterial
evolution without corresponding antibiotic exposure. In contrast
to this conjecture, antibiotic-resistant plasmids can stably persist in
host bacteria for long periods without any antibiotics (Zhang et al.,
2022). There may be some mechanisms that regulate the bacteria
fitness cost. Some research have found that ProQ/FinO family
proteins encoded by the IncI2 plasmid carrying mcr-1, balanced
mecr-1 expression and bacteria fitness by inhibiting plasmid copy
number (Yang et al,, 2021). As well as, the RNA-binding protein
ProQ has identified three distinct domains, one is a large conserved
N-terminal Fino-like domain (Gulliver et al., 2022). The FinO-like
domain facilitates binding to the RNA, shares similar structural and
functional characteristics with the FinO RNA chaperone in IncF
plasmid (Pandey et al., 2020). FiInO was named so to reflect its
fertility inhibition function observed in IncF plasmid conjugation
(Finnegan and Willetts, 1972). These plasmids regulate conjugation
through RNA antisense mechanisms, whereby the cis-encoded
ncRNA FinP inhibits protein synthesis of conjugative transfer
regulator TraJ (Timmis et al., 1978; Van Biesen and Frost, 1994;
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Eletal, 2021). The synthesis of Tra] is inhibited, and leads to higher
conjugation of plasmids without FinO (El et al., 2021). El Mouali
et al. found that the binding protein FinO encoded in virulence
plasmid of Salmonella also regulated the replication of a
cohabitating plasmid carrying antibiotic gene, which may suggest
cross-regulation of plasmids in RNA level (El et al., 2021).

3.3.2.2 Translation activation

ncRNAs affect AMR by activating translation. ncRNAs
commonly down-regulate gene expression, however, also have the
ability to activate genes by multifarious mechanisms in bacteria.
Several ncRNAs act as direct translational activators by preventing
the formation of translation-inhibited stem-loop structures through
antisense pairing translation in the 5’mRNA region (Frohlich and
Vogel, 2009). After being activated by the main regulators LuxO/
HapR of the quorum sensing system, the Qrr ncRNA (quorum
regulatory RNAs) of Vibrio species binds to the chaperone Hfq and
regulates downstream gene expressions (Hammer and Bassler,
2007). One of the pathways is the HapR-independent pathway:
the Qrr ncRNA interaction with vca0939 mRNA prevents
formation of inhibitory stem-loop structures, allows access to
ribosomes and promote translation (Hammer and Bassler, 2007).
Moreover, after the translational activation, vca0939 encodes
GGDEF proteins and induces virulence factors and biofilm
formation (Camilli and Bassler, 2006).

4 Epigenetic drugs as treatment of
antimicrobial resistance

Epigenetic drugs are small molecules that have been designed or
studied based on epigenetic mechanisms, such as selective
transcription or post-transcriptional regulation of genes. Some
epigenetic drugs have been found to alter gene expression by
inhibiting specific enzymes. Given the current situation of AMR,
epigenetic drugs have important implications for the treatment of
infectious diseases caused by multidrug-resistant bacteria. For
instance, low concentrations of SAM analogues, such as
SGC0946, JNJ-64619178, and SGC8158 were found to inhibit the
activity of C. difficile-specific DNA adenine MTase, selectively
affecting biofilm and spore production and quickly eradicating C.
difficile infection (Zhou et al, 2022). Moreover, UVI5008, a
derivative of the natural substance psammaplin A, was found to
reduce the DNA gyrase activity of methicillin-resistant S. aureus,
and reverse AMR by damaging the bacterial cell wall (Franci et al.,
2018). Similarly, epigallocatechin-3-gallate (EGCG) can damage the
integrity of the cell wall and reverse the resistance of imipenem,
tetracycline, and amoxicillin in S. aureus (Sudano et al.,, 2004;
Zeferino et al., 2022). With the deepening of research, Serra et al.
thought that EGCG directly interfered with the assembly of curli
fimbriae into amyloid fibrils and reduced the synthesis of CsgD
(activator of curli fimbriae and cellulose biosynthesis) by promoting
the expression of RybB ncRNA, ultimately inhibited the formation
of cell membranes and affected biofilm-mediated antibiotic
resistance and host defense (Serra et al,, 2016) As well as, EGCG
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was found to be a suitable natural drug targeting LuxS/AI-2 system
of H. pylori by high-throughput screening and molecular dynamics
simulation (Ashok et al, 2023). Zhang et al. found that EGCG
prevented Shigella flexneri biofilm extracellular polysaccharide from
forming through reducing the expression of mdoH gene (Zhang
et al., 2023). These findings suggest that epigenetic drugs have the
potential to be used as a treatment for patients with multidrug-
resistant bacterial infections.

5 Conclusions

AMR is an ancient and natural phenomenon, that has evolved in
bacteria over millions of years. While biochemical and genetic
alterations are known to contribute to AMR, non-classical
mechanisms such as epigenetics have recently gained attention.
Bacterial epigenetics, which involves modifications to DNA and
rRNA, ncRNAs, as well as nucleoid-associated proteins, has been
shown to regulate the formation and enrichment of AMR. This
regulatory mechanism controls gene expression switching, phase
variation, bacterial tolerance, and persistent bacteria. The epigenetic
regulatory mechanisms of bacteria are complex which may have long
term implications. Although our current understanding of bacterial
epigenetics is still limited, recent advances in sequencing technologies
are enabling high-resolution mapping of epigenetic landscapes in
prokaryotes, which is expected to shed light on the complex
regulatory mechanisms of AMR. With the advent of the post-
antibiotic era, the discovery of epigenetic mechanisms in multidrug-
resistant pathogens also helps to search for antibiotic potentiators or
provide new targets for the development of newer drugs.
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Nitrofurantoin (NF), a wide-spectrum antibiotic accessible since 1953, is utilized
widely to treat urinary tract infections as it usually stays active against drug-
resistant uropathogen. The use of Nitrofurantoin has increased exponentially
since new guidelines have repositioned it as first-line therapy for uncomplicated
lower urinary tract infection (UTI). To, although fluoroquinolones are usually
used to re-evaluate the first- and second-line therapies for treating
uncomplicated UTI, their level of utilization is thought to be inappropriately
excessive and will eventually have a detrimental impact; thus, we hypothesize
that NF might be the best choice for this condition, because of its low frequency
of utilization and its high susceptibility in common UTI pathogens. It can be
concluded from this review that NF can be considered as the most effective drug
in the treatment of acute urinary infection, but due to the long-term side effects
of this drug, especially in elderly patients, it is essential to introduce some criteria
for prescribing NF in cases of chronic UTI.

KEYWORDS

Nitrofurantoin, urinary tract infection, drug-resistant uropathogen, fluoroquinolones,
side effects

1 Introduction

Nitrofurantoin (NF) was identified in 1953 and was first recommended for the
treatment of cystitis in 2010 according to the Infectious Diseases Society of America
(IDSA) guideline (Sanchez et al,, 2016).

Currently, 150 million Urinary Tract Infections (UTIs) are reported annually
worldwide, and drug-resistant infections usually require more complex treatment
regimens and are more likely to occur if treatment fails (Khoshbayan et al.,, 2022). NF is
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outstanding because NF is most extensively utilized in humans, and
its effectiveness in the treatment of lower UTIs and prophylaxis is
well established (Conklin, 1978). It is presently prescribed as first-
line UTT medical care due to the emergence of resistance to different
antibiotics such as carbapenem resistance (Conklin, 1978; Garau,
2008; Gupta et al., 2011; Matthews et al., 2016; Mohebi et al., 2016;
Kazemian et al., 2019). It has bacteriostatic and bactericidal effects
and is instantly excreted in high concentrations by the kidneys
(Komp Lindgren et al, 2015; Fransen et al., 2016). NF is
bacteriostatic in low concentrations (5-10 pg/mL) and bactericidal
in higher concentrations (Andriole, 1985). Other studies refer to the
therapeutic or prophylactic use of this antibiotic. In therapeutic
application, 50-100 mg q6h (regular-release formulation) or
100 mg ql2h or q8h (slow-release formulation) and in
prophylaxis, 50-100 mg q24h is recommended (McOsker and
Fitzpatrick, 1994; Cunha et al., 2017; Fransen et al., 2017). With
this background, we summarized the NF data available as a valuable
choice in the treatment of acute urinary infection, but due to the
long-term side effects of this drug, especially in elderly patients, it is
essential to introduce some criteria for prescribing NF in cases of
chronic UTL

2 Pharmacology (Pharmacokinetic
and Pharmacodynamics) and
Biochemistry of NF

NF is a redox-active antibacterial agent with the molecular
formula of C8H6N4O5 and the molecular weight of 238.16, and is
an oral antibiotic based on nitrofurans (Dos Santos et al., 2021). NF,
which is a member of the nitrofuran family composed of a furan
ring [five-membered aromatic ring with four carbon (C) atoms and
one oxygen (O)] is directly linked to a nitro group (-NO2) (FDA.
Macrodantin® (NF Macrocrystals) Capsules Product Information.
Cincinnati, OH, USA: Procter & Gamble Pharmaceuticals, 2009; 1-
12.) (Figure 1). In the market, NF is available in oral forms of
capsules, tablets, and suspension (oral suspension also known as
furadantin). NF is often prescribed in a dose of 50-100 mg 4 times a
day for 5 days (Gardiner et al, 2019; Dos Santos et al, 2021).
Table 1 summarizes these characteristics of NF. In terms of PK, NF
quickly reaches its therapeutic concentration level, so 90% of NF is
quickly exerted through the urine and that is why all its therapeutic
effects are restricted to the treatment of UTIL NF is 80-90% orally
bioavailable and its bioavailability is about 38.8-44.3%. It has a short

| \ Xy—N NH

FIGURE 1
Chemical structure of NF (Wijma et al.,, 2018).
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half-life (20 minutes), is active only in the urinary tract, and has no
other systemic activity. Also, it is rapidly absorbed and eliminated,
with low plasma protein binding to plasma proteins or tissues. It is
well absorbed from the gastrointestinal tract and excreted
unchanged in urine (25-40%) and bile. It has been reported that
NF can accumulate in urine, with its effect enhanced by the acidic
pH of urine. The anti-bacterial activity of NF and its metabolites is
improved under acid conditions. Metabolites are formed
by bacterial enzyme reduction, but the precise structure and
antibacterial activity of each metabolite remains uncertain
(Beckett and Robinson, 1958).

3 Effect of food on PK

Most absorption of NF is done in the duodenum, so the presence
offood in GI tract leads to an increase in the time of gastric emptying.
Therefore, more NF dissolves in gastric juice before it reaches the
duodenum (Jaffe and JM, 1975).

The dissolution time hypothesis is supported by the results of
Naggar and Khalil, who showed that absorption increased when the
solubility of NF was increased by the addition of Mg208Si3 (Naggar
and Khalil, 1979).

4 Impact of NF on UTI

UTT s one of the most common bacterial infections and has two
complicated and uncomplicated forms which are differentiated by
symptoms and causative agents (Figure 2).

The uncomplicated form of UTI is often caused by
uropathogenic Escherichia coli (UPEC) strains in 80% of cases
(Klein and Hultgren, 2020), followed by Klebsiella pneumoniae,
Staphylococcus saprophyticus, Enterococcus spp., and group B
Streptococcus (GBS). Dysuria, frequency and urgency, suprapubic
pain and hematuria are the most common symptoms of UTT (Chew
etal., 2019; Ghanavati et al., 2018a). This infection occurs mostly in
all aged women (50-60), boys and the elderly. Moreover, the
predisposing factors include age, level of sexual activity of people
and pre-existing underlying disease (Ilein and Hultgren, 2020).
Untreated UTI cases can cause sepsis with or without
pyelonephritis (Flores-Mireles et al., 2015), leading to death in
10-30%; therefore, UTI patients may sometimes need to be
admitted to the hospital (Komagamine et al., 2022). Values less
than or equal to 15 pg/mL are suitable for eliminating E. coli
(common cause of UTI) and more than 100 pg/mL for eliminating
Enterobacter spp. and Klebsiella spp (Cunha, 1988).

Conventional antibiotic therapy for acute uncomplicated UTI
includes trimethoprim-sulfamethoxazole, Cefpodoxime,
Cephalexin and Cefuroxime, Ciprofloxacin, Cefepime, Ampicillin,
Imipenem/Cilastatin and Trimethoprim-Sulfamethoxazole are
suitable choices for acute complicated form (Long and Koyfman,
2018). The emergence of antibiotic-resistant strains and elimination
of the microbial flora of the gastrointestinal tract and vagina may
occur following long-term use of these conventional antibiotics in
patients suffering from UTT (Kostakioti et al., 2012; Flores-Mireles
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TABLE 1 Characteristics of NF.

10.3389/fcimb.2023.1148603

Antibiotic NF

Formula C8H6N405

Molecular weight 238.16

Bioavailability 38.8-44.3%.

PK 90% of NF quickly exerted through the urine,

Pharmacodynamics Disruption of Krebs cycle and interference in metabolism of carbohydrates, biosynthesis of proteins, cell wall and DNA
Dosage 50-100 mg 4 times a day for 5 days

Clinical use Urinary tract infection

Adverse effects Renal, pulmonary, hepatic and nerve failure/Drug induced fever

et al,, 2015). Fosfomycin and NF are two

alternative antibiotics to  of NF in both liquid (25 mg/5 ml) and solid (100 mg) forms shows

prescribe in cases of resistant strains, but NF is more effective than ~ an optimum effect on the treatment of UTI. Studies have shown that

fosfomycin and shows a greater effect on pregnant women  oral NF is the best choice for prophylaxis before surgery and the

(Gardiner et al,, 2019; Ghanavati et al., 2018b). Oral prescription  treatment of patients over age 12. Therefore, NF is currently used

Kidney
m Uropathogenic Escherichia coli (UPEC) mKlebsiella pneumonia m Staphylococcus saprophyticus
® Enterococcus spp ® Group B Streptococcus (GBS) ¥ Proteus mirabilis
= Pseudomonas aeruginosa = Staphylococcus aureus = Candida spp Ureter
Common causative pathogen of UTI
H Bladder
Urethra

Complicated UTI
® Uropathogenic Escherichia coli (UPEC) ® Enterococcus spp u Klebsiella pneumonia
= Candida spp m Staphylococcus aureus ® Group B Streptococcus (GBS)
® Proteus mirabilis ® Pseudomonas aeruginosa
FIGURE 2

Complicated and uncomplicated UTI prevalence as well as causative pathogens.
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prophylactically in UTI cases specially against vancomycin-
sensitive and resistant strains (VRE and VRS) associated with
catheters as well as fluoroquinolones and aminopenicillins
resistant strains (Cunha, 2006). This can be the only antibiotic
that is effective in treating enterococcal strains instead of ampicillin.

Twenty-seven trials consisting of 4807 patients have
been conducted to analyze NF as a remedy for UTIs.
NF was determined to be clinically and microbiologically effective,
with clinical cure rates between 79% to 92% and microbiological
eradication rates of 80%-92%.

5 Antimicrobial effect of NF

In addition to the greatest effect on uropathogens, NF has an
inhibitory effect on a wide range of Gram-positive bacteria such as
Staphylococcus and Enterococcus and Gram-negative bacteria such
as Klebsiella and Citrobacter (Munoz-Davila, 2014). It seems that E.
coli as the most bacteria isolated from the uncomplicated UTT cases
is more inactivated by NF among other Gram-negatives, while
Enterobacter, Klebsiella, Citrobacter and Providencia are less
effective, and Pseudomonas, Proteus, Acinetobacter, Morganella
and Serratia are completely ineffective and show resistance to NF
(Naber et al., 2008; Gardiner et al., 2019). Mouse urinary tract
infection models have shown that the MIC required for treatment
with NF in an animal model is much lower than antibiotics such as
Sulfamethoxazole/Trimethoprim, Fosfomycin, Mecillinam,
Ciprofloxacin, and Cefdinir, and will eliminate more live bacteria
(Nakagawa et al., 2021).

6 Mechanism of action and
resistance rates

Following the activation of the nitro group in its molecular
structure by the cytochrome P450 reductase (Figure 3), NF affects
the protein synthesis machinery and ribosome in susceptible
bacteria (Wang et al., 2008) and disrupts Krebs cycle (citric acid
cycle) by inhibiting a series of enzymes involved in the metabolism
of carbohydrates (Cunha, 1989; Munoz-Davila, 2014), as well as cell
wall and DNA. This interference with vital processes leads to
bacterial death (Munoz-Davila, 2014).

For the first time, the resistance to nitrofurantoin has been
reported in E. coli which attributed to the presence of a mutation in
the gene coding for nitrofurantoin (nfsA), an oxygen-insensitive
enzyme. This mutation prevents the reduction of NF and the
subsequent production of toxic compounds (Race et al., 2005). In
addition to chromosomal gene, plasmid-mediated NF-resistant
strains also shows higher MIC and target nfsA and nfsB genes
(Sastry and Jayaraman, 1984; Ho et al, 2016). While the NF
breakpoint is defining as 32 mg/L, some resistant strains in
anaerobic conditions, shows decrease in the MIC value. This is
explained by the activation of the oxygen system and the presence of
oxygen-sensitive nitroreductase (type II), which are activated in the
absence of oxygen-insensitive type I reductases. Gautam et al. in
study which conducted in 2021, showed the increase in multi drug
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resistant strains while there is no effective drug, has led to an
increase in the prescription of NF and its increasing resistance rate
(Gautam et al., 2021). In response to whether NF-resistant isolates
will emerge or not, it should be mentioned that although the
frequency of mutations in resistance to NF is high, treatment
failure seems to be rare, and considering that most urinary tract
infections are treated empirically, the desired antibiotic first must be
determined based on the sensitivity pattern therefore the
importance is to investigate NF-resistant strains to see whether
they are still treatable or not (Sandegren et al., 2008).

Bacterial flavoproteins can reduce the drug, leading to reactive
electrophilic intermediates that change or inactivate bacterial
molecules (Gleckman et al., 1979; McOsker and Fitzpatrick,
1994). As a prodrug, NF is activated by two kinds of oxygen-
insensitive nitroreductases, nfsA and nfsB (Le and Rakonjac, 2021).
High levels of resistance to NF (median MIC of 96 pg/ml) are
principally mediated by mutations in nfsA and/or nfsB (encoding
oxygen-insensitive nitroreductases) (Shakti and Veeraraghavan,
2015). Deletions in ribE also result in resistance due to inhibition
synthesis of Riboflavin/Flavin (vital cofactor of NfsA and NfsB(
(Vervoort et al., 2014; Sekyere and Asante, 2018). Efflux pumps are
the other factors that play a role in resistance to this antibiotic (Ho
et al,, 2016). A study reported resistance rates of nitrofurantoin
from 2011 to 2019. In E. coli, Klebsiella spp, Proteus spp. and
Enterococcus spp. resistance rates were 4.8%, 46.0%, 100.0% and
4.8%, respectively (Hrbacek et al., 2020). The low resistance rate in
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FIGURE 3

Scheme of NF mode of action and ROS generation. p450,
cytochrome P450 reductase; NADPH, Nicotinamide Adenine
Dinucleotide Phosphate Hydrogen; SOD, superoxide dismutase;
H202, hydrogen peroxide.
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E. coli and Extended Spectrum Beta-Lactamase (ESBL) producing
Enterobacteriaceae may be due to different mechanisms of action
(Huttner et al., 2015).

A study conducted by Ahmed et al. showed that the pattern of
antibiotic resistance in E. coli as the most common pathogen
causing UTI, was as follows: Ampicillin (86%), Amoxicillin
(76%), Tetracycline (71%), Trimethoprim-Sulfamethoxazole
(64%), Cephalexin (61%) and Cephalothin (60%), respectively.
Also, this strain has the highest antibiotic sensitivity to Imipenem
(86%), NF (82%), Amikacin (79%) and Ciprofloxacin (72%)
(Ahmed et al., 2019). According to a systematic review by Bryce
et al., the prevalence of antibiotic resistance to such common
antibiotics in UTIs caused by E. coli such as Ampicillin,
Trimethoprim, Co-amoxiclav, Ciprofloxacin and NF largely differ
in different countries. In this way, the OECD (Organization for
Economic Co-operation and Development) countries have much
less antibiotic resistance, which is attributed to the availability of
common antibiotics. In other words, NF in some countries have
much lower antibiotic resistance than in non-OECD countries.
When common antibiotics are routinely used in the treatment of
UTlIs, they have contributed more to antibiotic resistance (Bryce
et al., 2016). Regarding the effect of NF on resistant pathogens,
Tulara et al. evaluated the effect of Fosfomycin and NF on extended-
spectrum-beta-lactamase-producing E. coli (ESBL-EC), and the
results indicated the effectiveness of NF in the ESBL-EC (Tulara,
2018). Moreover, FQ-resistant E. coli, are not only affected by NF,
but this antibiotic has also provided a cost-effective feature
(McKinnell et al., 2011).

7 Adverse effects of NF

Antibiotic resistance is considered as one of the possible side
effects of any antimicrobial agents. This issue has been reported in
long-term prophylaxis cases for UTI and elderly patients with renal
failure. Generally, NF is considered as a safe antimicrobial drug, but,
in 1 per 100,000 patients (Vickery et al, 2022) in long-term use,
there may be some risks. The non-drug resistance side effects of NF
like hepatotoxicity, neuropathy and pulmonary damages are
directly related to the long-term use of this drug (Wang et al,
2008). Three complications, Gastrointestinal (GI) and skin
manifestations and peripheral neuropathy (Tan et al., 2012), are
the most important and serious adverse effects of NF consumption,
respectively. The first warning about the risks of NF in the elderly
was given in 2003 (Fick et al., 2003), and then in 2012 NF was listed
among the potentially dangerous drugs causing renal failure in
elderly patients (Fick et al., 2012). It is important to mention that
despite the serious reactions (e.g. renal, pulmonary, hepatic failure
and nerve adverse effects) in elderly patients, the occurrence of these
AEs is very rare (Rego et al., 2016). Pulmonary syndrome can also
appear in the first hours to the first week of drug prescription which
is accompanied by fever, chills, and cough (Munoz-Davila, 2014).
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This serious and lethal reaction to nitrofurantoin was diagnosed on
the first day of admission by Kanji et al. which was eventually
treated by intubation and corticosteroids (Kanji et al., 2011). In this
case report, the patient had received Trimethoprim 100 mg for
cystitis which was replaced by NF 100 mg prescription due to lack of
any progress. Following another course of NF, an 82-year-old man
(with no history of underlying disease or smoking) presented to the
hospital with symptoms of dyspnea, fever, and cough (Kanji et al.,
2011). The incidence rate of such complications is less than 1%
following frequent and long-term use of NF (for 6 months to years),
and mostly in women younger than 60 years old (Guidance et al.,
2002; Vahid and Wildemore, 2006; Fenton et al., 2008). According
to the American Geriatrics Society Beers Criteria Update of 2012,
using NF for a long time in elderly patients with renal failure must
be banned. Moreover, some researchers prefer nitrofurantoin to be
considered as a second treatment choice not a primary agent (Fick
et al,, 2012).

According to in vitro studies, long-term consumption of NF
damages DNA by inhibiting DNA synthetase and chromosomal
mutations. Moreover, Tumorigenicity of NF has not yet been
precisely proven, but there is no doubt that NF has the ability to
produce toxic metabolites (Lawson et al., 2016). Further studies are
needed in this field.

7.1 Liver injury due to NF

Drug-induced liver injury (DILI) can result in an acute or chronic
hepatitis-like syndrome. The acute form is usually associated with 1
to 2 weeks of NF treatment and is rare (approximately 0.3 per 100,000
prescriptions). Acute liver injury usually occurs within weeks of
starting treatment with NF and may occur within weeks of
completing a defined course of treatment. The more common form
of hepatotoxicity is due to chronic prophylactic use, occurring in 1 in
1,500 people (National Institute of Diabetes and Digestive and
Kidney Diseases (US), 2012). A wide range of hepatotoxicity has
been reported in association with NF use, including acute hepatitis,
granulomatous reaction, cholestasis, or autoimmune hepatitis to
chronic active hepatitis that can lead to cirrhosis or death. The
mechanism is not fully understood, but is thought to be due to an
immunological reaction or a direct cytotoxic response. It has been
hypothesized that prolonged therapy to NF, female gender, older age,
and impaired renal function increase the risk of hepatotoxicity.
Corticosteroids have been used in conjunction with stopping NF to
treat severe cases (Sakaan et al, 2014). Genetic predisposition
including HLA-B8 appears to increase the risk of NF-induced liver
injury (Burgert et al., 1995; Stine and Northup, 2016). The correlation
between the dose and NF-induced liver injury is contradictory. Lower
and higher doses of NF are effective in long-term prophylaxis (Muller
et al,, 2017). Prophylactic choice in recurrent cystitis is controversial,
but must be based on evaluating the patient, risks and benefits as well
as hepatotoxicity (Byron, 2019). Although there are no guidelines,

frontiersin.org


https://doi.org/10.3389/fcimb.2023.1148603
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Mahdizade Ari et al. 10.3389/fcimb.2023.1148603

TABLE 2 Patients with liver disorders due to the use of this antibiotic.

Author Age/ Medication Dosage Pattern Latency  Recovery Other
(€] Drug
histories
53y, F | Nitrofurantoin = 100 mg Portal-hepatic vasculature, hepatic 2M Death LOR (Luk et al.,
twice nodularity, prominent parenchymal after 2021)
Luk T et al. daily necrosis and collapse and accompanying restarting
cholestatic hepatic encephalopathy and
ascites
Wonnacott S 24y, F  Nitrofurantoin = 50 mg Epigastric pain Past 3 D After stopping Not (Wonnacott
et al. every six Reported et al., 2022)
hours
65y, F Nitrofurantoin 50 mg Chronic inflammatory cell infiltrate with 6Y After only one Mb,
daily interface hepatitis and piecemeal necrosis M of dosulepin,
in portal areas prednisolone LAN, PCT,
inhaled
SALB, and
intermittent
Fcz
Appleyard § 42y, F Nitrofurantoin = 50 mg Marked chronic inflammation within the 2Y After a few FolA (Appleyard
et al. X i K et al., 2010)
daily portal tracts and extensive fibrosis, and weeks of
some features of cirrhosis corticosteroid
medication
74y, F Nitrofurantoin 100 mg Striking lobular inflammation, confluent 2Y Seven months Not
daily and bridging necrosis, syncytial giant cells, after initial Reported
minimal portal inflammation and minimal presentation
plasma cells
Khan F et al. 56y, F Nitrofurantoin Not Abdominal pain 14 D Over the Not (Khan et al.,
reported course of 3 D Reported 2019)
57y, F | Nitrofurantoin =~ 100 mg Hepatitis 16 M At 4 M follow SALB (Koulaouzidis
Koulaouzidis at night up inhaler, be- et al,, 2007)
et al. clathasone
inhaler, AM,
and LAN
50y, F | Nitrofurantoin = 50 mg Biliary obstruction 2M Two months PIO,
once autoimmune chronic active hepatitis with prior to later Met, AM,
daily mild fibrosis, in keeping with immune- admission PAX, LAN,
Hydes T K K i
etal. mediated drug-induced liver CPM, BUP,
injury MSO4,
temazepam
and LOS (Hydes et al,,
2014)
75y, F | Nitrofurantoin =~ 50 mg Chronic active hepatitis with a florid 6 M later One month PRO,
once inflammatory cell infiltrates consistent postadmission,  ramipril,
daily with primary or drug-induced ATH on a the patient BFTZ and
background of cirrhosis developed a AT
pulmonary
embolus
68y, F Nitrofurantoin 100 mg Portal tract moderate mononuclear cell 2Y Not Reported AX, (Carvalho de
once inflammatory infiltrate, with mild clavulanic Matos et al.,
daily plasmacytes and some eosinophils, severe acid, and 2022)
interface hepatitis with focal Cla
emperipolesis, periportal hepatocellular
Carvalho de rosetting and ballooning, and ductular
Matos A reaction. Severe panlobular
et al. bilirubinostasis, focal lobular
necroinflammatory activity, and mild to
moderate portal fibrosis (Masson
trichrome) were also observed as well as
focal periportal copper deposit
(rhodamine).

D, day; M, month; Y, year; NR, not reported; LOR, lorazepam; Mb, Mebeverine; LAN, Lansoprazole; PCT, Paracetamol; SALB, salbutamol; Fcz, Fluconazole; FolA, folic acid; PIO, pioglitazone;
Met, Metformin; AM, amitriptyline; PAX, paroxetine; CPM, Chlorphenamine; BUP, Buprenorphine; MSO4, morphine sulfate; LOS, lactulose; PRO, Propranolol; BFTZ, Bendroflumethiazide;
AT, atorvastatin; AX, amoxicillin; Cla, clarithromycin; AM, amitriptyline.
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monitoring liver enzymes at 1 to 3 months interval during therapy is
recommended (Sherigar et al, 2012). Table 2 mentions the cases
suffering from liver disorders due to the use of this antibiotic.

7.2 Fever following the consumption
of nitrofurantoin

Drug-induced fevers are independent-infection conditions
which are classified as the miscellaneous group and may induce

10.3389/fcimb.2023.1148603

fever which is known as fever of unknown origin (FUO). FUO is
characterized as temperatures higher than 38.3°C which will elapse
more than two weeks after they appear (Haidar and Singh, 2022).
According to estimations, 4-7% of empirical antibiotic therapy
performed in hospitalized patients induce FUO (Patel and
Gallagher, 2010; Vickery et al,, 2022). NF in oral non-suspension
form may be associated with FUO (Roth and Basello, 2003).
However, the occurrence of these fevers is directly related to
patients with an impaired immune system, especially neutropenic
patients (Patel and Gallagher, 2010), so it is important to discuss it.

TABLE 3 Clinical efficacy of Nitrofurantoin on UTI by investigation randomized clinical trials (RCTs).

Outcomes (recov-

Clinical use ery/bacterial
) Route of Cure rate/
(prophylaxis . . Dosage/ colony count) Adverse effects .
Author nitrofurantoin . . Incidence
or treat- o X Duration If prophylaxis, do (AEs)
administration : rate (IR) of UTI
ment) experience UTI or
not?
5 D/100
Bastawros 61.6 + R Did not reduce the NS/GI manif (Bastawros
- — 189
et al. 2021 | F 11.7 PEP Capsule gﬁtwu:e risk of UTI (nausea) [R=18% et al., 2021)
46/
.. Single Significant -
+ R
Aldnci 2021 59 48+ PEP Capsule dose of 1 reduction in risk of = NG 3.8% . (Akinei
et al. (F: 39 reduction et al,, 2021)
mg/kg UTI
M)
AEs were
Lavelle 61.7 + 100 mg Did not reduce the B o (Lavelle
et al. 2020  F 619 PEP Capsule oD risk of UTT common/RES to IR=17.3% et al, 2019)
NF were found
NS/
11 1, skis
8 85/ 50 mg Significant f?mgsal r;l:jf IR=1-3 cases (Fisher
Fisher et al. = 2018 (F: 59.1 PEP Capsule once OD reduction in risk of RES to NF were per person; et al,, 2018)
UTI 0-52
M) found
commonly
115/
. Significant RES to NF were .
Pickard 2018 88 X>18 PEP Capsule 50 mg reduction in risk of = found IR=0-52 (Pickard
et al. (F: once OD et al., 2018)
UTI commonly
M)
5 D/100 Improvement in
Hutt; NS, Hutt
tl:d ner 2018 | F X>18 Treatment Tablet mg 3 symptoms/less than GI/m nif 72% it ; “26(;18)
etak times OD | 10° CFU/ml 2 ”
5 D/100 Improvement in NS/ (Gupta
Gupta etal. = 2007 | F 18-45 Treatment Tablet mg symptoms/less than  GI, UG and 88% ot alp 2007)
twice OD 10° CFU/ml NEUR manif N
NS/
. 3 D/100 Improvement in . L
N 8 hris s
:‘;harllstlaens 2002 | F 15-55 Treatment Capsule mg four symptoms/less than Snl dSIlfIllIElUlliG 81% i?alr 18;;;;;
; times OD | 10° CFU/ml i N
manif
7 D/100 Improvement in NS/
Stein 1999 F X=12 Treatment Capsule m symptoms/less than = GI and UG 69.5% (Stein, 1999)
& 10° CFU/ml manif
Improvement in NS/ .
I i 7 D/100 Irav:
elt‘a:lam 1999 | F X>18 Treatment Capsule m / symptoms/less than = GI and UG 83% itr:I\ a‘;; 99)
. i 10°> CFU/ml manif v
3 D/100 , NS/
H
goa(;ton 1995 | F X>18 Treatment Capsule mg four i:s than 107 CFU/ GI, UG and 61% it ;)10“1):95)
) times OD NEUR manif v

PEP, Antibiotic post-exposure prophylaxis before surgery; D, day; OD, Once a day; NS, Not serious; NG, Not given; UG, Urogenital; NEURm Neurological; manif, manifestations; RES,
Resistance.
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A case report published in 2022 observed clozapine-induced fever
(CIF) in a 60-year-old woman who was receiving medication related
to schizoaftective disorder (Vickery et al., 2022). Fever was reported
in this patient following antibiotic therapy with three doses of NF.
The fever did not follow a regular pattern. Also, laboratory analyses
have shown an increase in eosinophil and lactate dehydrogenase.
Apart from the 39.3 C fever, use of nitrofurantoin by the patient
indicated the occurrence of bradycardia. Similar to these results,
another cohort study indicated an increase in the incidence of fever
and allergy in the group receiving nitrofurantoin compared to the
sulfonamide group (Koch-Weser et al., 1971). Forster et al.
attributed the occurrence of such an adverse reaction to the
frequent and repeated use of NF in their case report (Forster
et al., 2009).

8 The response spectrum of
patients with UTI to the
prescription of nitrofurantoin

As shown in Table 3, NF is well-tolerated by patients with UTI
following both prophylaxis and treatment (Fisher et al., 2018). NF is
often given as prophylaxis for 3 days. Cohort studies have indicated
the beneficial effect of nitrofurantoin on patients, like a study by
Huttner et al. who reported the cure rate of nitrofurantoin at 70%
(Huttner et al,, 2018). NF is safe and effective for short-term
treatment at younger ages which is in contrast with the low effect
of nitrofurantoin in patients who use nitrofurantoin for the
treatment of UTT for a longer period of time (Gardiner et al,
2019). Antibiotic treatment in symptomatic patients (i.e., UTI
caused by uropathogens) seems more successful than in
asymptomatic patients, probably due to the effective targeting of
pathogens by antibiotics. However, in asymptomatic patients only
uropathogens are colonized (do not show any activity), and the
treatment is less successful. Having a series of virulence factors in
bacteria which make them a target, tolerance in bacteria in the
presence of antibiotics, and inaccessible areas to antibiotics activity
(e.g., presence of uropathogens in the bladder) are the most
important reasons for the ineffectiveness of antibiotics in
preventing the occurrence of UTI (Fisher et al., 2018). Today,
possible adverse effects of prophylaxis of nitrofurantoin in the
emergence of antibiotic-resistant strains have become a concern

as we will discuss in the next section (Goff and Mendelson, 2017).

9 Nitrofurantoin-resistant bacteria in
patients with UTI

As shown in Table 2, improvement of symptoms in
symptomatic UTI patients, incidence rate of UTI in prophylaxis
use of nitrofurantoin and occurrence of antibiotic resistance are
important outcomes in assessing the effects of nitrofurantoin.
Generally, resistance to nitrofurantoin is less common even in
drug-resistant strains (Sanchez et al, 2016). However, a few
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strains of E. coli isolated from urine and K. pneumoniae
producing ESBL enzyme (Procop et al., 2003) have been reported
to show resistance to nitrofurantoin. The prevalence of NF resistant
in E. coli strains isolated from UTI cases in the United States and
France has been reported at 1.1% and 1.8%, respectively (Zhanel
et al., 2005; Honderlick et al., 2006). However, 99% of E. coli, 69% of
Klebsiella strains and 63% of Enterobacter strains are still sensitive
to nitrofurantoin, while the resistance level of conventional drugs
used in UTI against E.coli such as ciprofloxacin and trimethoprim/
sulfamethoxazole is reported at 25-29% (Vs 2.3%) which is more
than nitrofurantoin’s resistance rate (Mazzulli et al.,, 2001;
Kashanian et al, 2008). On the other hand, antibiotics such as
Fluoroquinolones and Cotrimoxazole, which were conventionally
prescribed for the treatment of uncomplicated UTI, today seems to
have lost their effectiveness due to the emergence of antibiotic
resistance, so nitrofurantoin and fosfomycin are suitable
alternatives due to less drug-resistant cases (Munoz-Davila, 2014).
In addition to the clinical use of nitrofurantoin, antibiotic
prophylaxis before surgery outcomes for prevention of UTI is
shown in Table 3. Clinical trials have shown that the use of
nitrofurantoin in the group that used this antibiotic as
prophylaxis, compared to the control group which used
conventional drugs for UTI such as trimethoprim and co-
trimoxazole, led to more antibiotic resistance. This was the most
important result of the study by Fisher et al. in which patients had
received nitrofurantoin for 9-12 months before surgery (Fisher
et al, 2018). Moreover, these findings are consistent with a study
by Pickard et al. who found that bacteria isolated from patients who
had taken oral nitrofurantoin prophylactically showed more
antibiotic resistance (Pickard et al., 2018). Researchers pointed to
complications caused by the long-term use of nitrofurantoin;
therefore, the use of this drug as a preventive tool was avoided
and fluoroquinolones were prescribed instead which led to an
increase in fluoroquinolone-resistant strains (Slekovec et al,
2014). Therefore, it is advisable the use of nitrofurantoin be
limited to the treatment of UTI cases which show resistance to
other antibiotics.

10 Combined effects of nitrofurantoin
with different antimicrobial agents

Extensive experimental use of antibiotics to treat various
infectious diseases has increased antibacterial resistance among
many strains of pathogenic bacteria worldwide (Ayaz et al., 2019).
Combining antibiotic treatments with other treatments is becoming
an increasingly important strategy for treating many of these
infections, especially those caused by pathogens with antibiotic
resistance (Fatsis-Kavalopoulos et al., 2020). One of the
advantageous features of combination therapies is the synergism
effect. The therapeutic effect is greater when an antibiotic is
combined in vitro than the sum of each drug (Coates et al.,, 2020).
The synthetic antibiotic NF is used to treat lower urinary tract
infections orally (Dos Santos et al., 2021). By reviewing the studies
conducted so far, which are summarized in Table 4, we found that
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TABLE 4 Results of the combinations of nitrofurantoin with other Antibiotics.

10.3389/fcimb.2023.1148603

Authors/References Study Country Pathogen Source of Combination Effects
pathogen antibiotics (synergistic,
antagonistic,
additive or
no
effect)
R Daza et al. (Daza et al., 1977) 1997 Mic St Spain Gram-Negative Pathological NF +FOS No effect
bacilli products of hospital
JL Descourouez et al. (Descourouez 2013 Mic St USA VRE USI NF +FOS No effect
et al., 2013)
Nikos Fatsis Kavalopouos et al. (Fatsis- 2020 *CombiANT Sweden E. coli UTI NF +CIP Additive
Kavalopoulos et al., 2020) methodology
NF +TMP Synergistic
NF +MEC Antagonistic
Alice Zhou et al. (Zhou et al., 2015) 2015 Mic St USA Escherichia coli - NF +VAN Synergistic
mutants**
Peng Cui et al. (Cui et al,, 2016) 2016 Mic St and China E. coli Persisters UTI NF +COL No effect in
Ani St vitro,
Additive in vivo
Abdulkareem H.ABD et al. (ABD et al, 2014 Mic St Iraq E. coli UTI NF +CN Synergistic
2014)
NF +CIP No effect
Zi-Xing Zhong et al. (Zhong et al,, 2020 Mic St and Ani China MDR UTI NF +AK Synergistic
2020) St UPEC

Nitrofurantoin (NF), Fosfomycin (FOS), Ciprofloxacin (CIP), Gentamycin (CN), Vancomycin (VAN), amikacin (AK), colistin (COL), mecillinam (MEC), ciprofloxacin (CIP), trimethoprim
(TMP), Microbiological Study (Mic St), animal study (Ani St), Vancomycin-Resistant Enterococcus faecium (VRE), Urinary Tract Infection (UTI), Urinary Stent Infections (USI),

Uropathogenic E. coli (UPEC).

*CombiANT methodology: a 3D-printed agar plate insert that produces defined diffusion landscapes of 3 antibiotics, permitting synergy quantification between all 3 antibiotic pairs with a single test.

** mutant E. coli strains (dcd and surA mutants) that have increased sensitivity to VAN.

the combination of NF and other antibiotics has not been
extensively studied. Moreover, most of the studies conducted in
this field have been done in laboratory conditions. The results of
these studies show that in most cases, the effect of NF increases in

combination with other antibiotics (except in combination with
mecillinam) (Fatsis-Kavalopoulos et al., 2020). It seems that NF
antimicrobial combination therapy is superior to monotherapy, but
using drug combinations has many challenges, including

TABLE 5 The effect of nitrofurantoin combination with some plant extracts and nanoparticles.

Authors/References

Country = Pathogen

Effects
(synergistic,
antagonistic,
additive or no

Combined treatment

Plant extract Nanoparticles

effect)

Ngalah Bidii Stephen et al. 2022 Germany Serratia marcescens NF + Iso' Synergistic
(Frank et al., 2022)
Shatha Mousa mlaghee Al-safi 2022 Iraq salmonella NF + Phoenix dactylifera® Synergistic
et al.
(Al-safi et al., 2020)
Ali M Khlaifat 2022 Jordan Pseudomonas NF + AgNPs Synergistic
et al. (Khlaifat et al., 2019) aeruginosa

Pseudomonas NF + Synergistic

aeruginosa C. Sempervirens and A.graveolens3

E. aerogenes NF + C. Sempervirens and Synergistic

A.graveolens®

S. aureus NF + A.graveolens® NF + AgNPs Additive
Rajendran Mala et al. 2017 India Escherichia coli NF + SNPs Synergistic
(Mala et al., 2017)

! Isothiocyanates: Natural plant products generated by enzymatic hydrolysis of glycosylates; > Oily extraction of leaves; > Essential oils; Silver nanoparticles (AgNPs), Silver nanoparticles (SNPs).
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simultaneous assessment of distribution and tissue penetration,
among others (Zhong et al., 2020).

Another noteworthy point is that in recent years, researchers
have done considerable research on the effect of various bioactive
compounds in combination with antibiotics. The scientific and
medical community has been exploring the possibility of creating
synergistic therapeutic regimens by combining plant extracts and
nanoparticles [especially silver nanoparticles (AgNPs)]. There is
growing evidence that the use of these substances enhances the
antibacterial properties of conventional antibiotics, repurposing
them instead of replacing them (Cheesman et al,, 2017; Vazquez-
Murfioz et al., 2019). Combinations of natural compounds may make
it possible for antimicrobial agents to interact better with their targets
within pathogens and prevent resistance. Such a strategy can reduce
toxicity, because lower concentrations of both agents can be used in
this method (Betoni et al., 2006; Sanhueza et al., 2017). Furthermore,
because nanoparticles are so small, they stick to the cell wall in
addition to damaging it. For this reason, NPs are less resistant to
antibiotics than antibiotics (Betoni et al., 2006). The antimicrobial
action of NPs is also influenced by metal ions and reactive oxygen
species (Khleifat et al, 2022). So far, many studies have been
conducted on the combined effect of NF with these substances, and
we mentioned a few of them (Table 5). The results of these studies
showed that the combination of NF with nanomaterials or plant
extracts has increased the effectiveness of this antibiotic. But since in
other studies (Moussaoui and Alaoui, 2016; Paralikar et al., 2019),
some materials in combination with antibiotics had an antagonistic
effect, it is necessary to conduct more studies on the combination of
substances with this antibiotic. Also, more studies on the mechanism
of the antagonistic effect of these substances are necessary.

Generally, understanding the mechanism of action of
antibiotics, AgNPs, plants and combined treatments allows
predicting more feasible treatments or designing new ones more
efficiently. Even if some aspects of the mechanism of action remain
unknown, these results provide a more effective way to fight
infectious diseases (Vazquez-Muioz et al., 2019).

11 Conclusion

In this review, our goal was to obtain a comprehensive picture by
considering the clinical use of nitrofurantoin and its adverse effects to
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Antimicrobial-resistant ESKAPE (Enterococcus faecium, Staphylococcus aureus,
Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa,
and Enterobacter species) pathogens represent a global threat to human
health. ESKAPE pathogens are the most common opportunistic pathogens in
nosocomial infections, and a considerable number of their clinical isolates are
not susceptible to conventional antimicrobial therapy. Therefore, innovative
therapeutic strategies that can effectively deal with ESKAPE pathogens will
bring huge social and economic benefits and ease the suffering of tens of
thousands of patients. Among these strategies, CRISPR (clustered regularly
interspaced short palindromic repeats) system has received extra attention due
to its high specificity. Regrettably, there is currently no direct CRISPR-system-
based anti-infective treatment. This paper reviews the applications of CRISPR-
Cas system in the study of ESKAPE pathogens, aiming to provide directions for
the research of ideal new drugs and provide a reference for solving a series of
problems caused by multidrug-resistant bacteria (MDR) in the post-antibiotic
era. However, most research is still far from clinical application.

KEYWORDS

CRISPR-Cas, ESKAPE, pathogen, infection, diagnosis, therapy

1 Introduction

ESKAPE pathogen infection often leads to high mortality, and expensive treatment fee,
which often brings a heavier financial burden. The U.S. Centers for Disease Control and
Prevention (CDC) estimates that ESKAPE pathogens cause more than 2 million infections
and at least 29,000 deaths annually in the United States (Sivalingam et al., 2019; De Oliveira
et al.,, 2020; Sutradhar et al., 2021). At the same time, the cost of the five bacteria in the
ESKAPE pathogens (Staphylococcus aureus, Escherichia coli, Klebsiella pneumoniae,
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Acinetobacter baumannii, and Pseudomonas aeruginosa) in the
United States is approximately $2.9 billion per annum (Shrestha
et al,, 2018). For some middle- and low-income developing
countries, the situation is a lot more severe. Global antibiotic
consumption increased by 65% between 2000 and 2015, mainly
inspired by low- and middle-income countries (Klein et al.,, 2018).

Mastering some genetic characteristics of ESKAPE pathogens is
one of the important strategies to avoid this series of problems. A.
baumannii can produce carbapenemase, which is a class of B-
lactamases that can hydrolyze carbapenem antibiotics (Wu et al.,
2020), while the drug resistance of P. aeruginosa is more
complicated, which may be related to the production of the
enzyme, membrane permeability and changes in target sites,
biofilm synthesis, and the generation of adaptive resistance (Du
et al., 2020). Enterobacter spp., multidrug-resistant P. aeruginosa,
and multidrug-resistant A. baumannii have the ability to produce
B-lactamase, which hydrolyzes B-lactam antibiotics (such as
penicillins, cephalosporins, and carbapenems), thus making the
drugs lose their antibacterial properties. Acquired resistance is
more destructive, which means that bacteria acquire resistance-
related genes by means of mobile elements (such as zygotic
plasmids, transposons, insertion sequences, and integration)
(Wieland et al., 2018). ESKAPE pathogenic bacteria have strong
mutation ability and fast reproduction speed, and the adaptive gene
mutations generated by them can spread rapidly through plasmids.
Among them, clinical isolates of K. pneumoniae usually carry
diverse conjugative plasmids (including fertility plasmid and
resistant plasmid), allowing drug resistance to disseminate among
strains or even between different strains through conjugation (Sun
et al., 2019).

In addition, some tangible reasons play an important role.
Among them, the irregular use of antibiotics has traditionally
been part of the more recognized and difficult problems in the
world. Improper selection of antibiotics, insufficient doses, and poor
patient compliance with antibacterial therapy will increase
antibiotic resistance. The reason may be that the academic
community’s incomplete understanding of the mechanism of
ESKAPE pathogens resistance and unbalanced economic factors
restricts the progress of recent drug research and development.
Being dependent on statistics, from 2007 to 2009, a total of 40
million antibiotic prescriptions were issued in outpatient clinics in
the United States, of which 27 million (67.5%) were proved to be
unnecessary (Shapiro et al., 2014).

Antibiotics research and development investment costs a
fortune, along with the long development cycle, the high failure
rate, and the low return on investment. On a global scale, each
antibiotic takes an average of 11.8 years to develop at a cost of USD$
1.5 billion (Towse et al., 2017). This has led to the reluctance of most
pharmaceutical companies to develop antibiotics. As an
oxazolidinone antibiotic that can effectively deal with ESKAPE
pathogens, linezolid has limited its promotion due to the high
production cost. In addition to the cost of product development,
environmental pollution caused by the production of antibiotics has
also become another obstacle on the road to antibacterial. Most of
the pharmaceutical wastewater are antibiotic production
wastewater, and the Dichromate Index (CODcr, that is, the
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chemical oxygen consumption measured in accordance with
using potassium dichromate as an oxidant) in such wastewater is
high, so are the biological toxicity and chromaticity. In addition to
that, there are extremely fluctuating pH and complex governance
processes (Qin et al, 2016). Traditional methods are time
consuming, consumable, and inefficient to deal with drug-
resistant bacterial infections. In recent years, some innovative
strategies to deal with ESKAPE pathogens have emerged and have
gradually grown up to become a hot spot in the field of clinical trials
and antibacterial therapy. The scholarly community is trying to
alleviate the pressure of nosocomial infections brought about by
drug-resistant bacteria to some extent through these potential
emerging antibacterial strategies (Gonzalez de Aledo et al., 2021).
The CRISPR-Cas system, consisting of CRISPR sequences and
CRISPR-associated proteins (Cas proteins), is an adaptive
immune system restricted to bacteria and archaic, which can
protect the host from the invasion of foreign nucleic acids.
According to the composition and function of Cas proteins.
CRISPR-Cas systems can be classified into two main classes, and
each one divided into several types (Figure 1) (Strich and Chertow,
2019). At present, research on CRISPR-Cas system is mainly
focused on the molecular mechanism of its immune function and
its application in the field of gene editing. The research on the
influence of CRISPR-Cas system on the stability of the host genome
is quite rare. A related study found that among the 4,500 spacers
derived from the NCBI database, 35% of the spacers had homology
to the microbial genome, and some of these spacers targeted
sequences on mobile genetic elements. The above results indicate
that these genome-targeting spacers are not accidental, and they
may play some important roles in the evolution of bacteria.
Bacteria’s intrinsic CRISPR system allows bacteria to be immune
to foreign DNA such as phage. The spacer sequence in the CRISPR
structure plays an important part in the immune process. Research
revealed that the spacer sequence has the phenomenon of insertion
and selective deletion during bacterial evolution, which makes the
CRISPR structure polymorphic, and there are differences between
different strains of the same species. Therefore, the CRISPR
structure can be employed as an ideal site for bacterial typing and
evolutionary research (Mohanraju et al., 2016).

In addition, CRISPR is a gene-editing tool that can also be used for
pathogen detection. It involves designing a specific CRISPR system that
includes Cas proteins and guide RNA (gRNA) that matches the target
pathogen’s DNA sequence. When the Cas protein binds to the target
DNA, it can cut the DNA or bind to it, depending on the specific
system used. In pathogen detection, Cas proteins are used to target the
pathogen’s DNA. If the target DNA is present in a sample, the Cas
protein will either cut it or bind to it, producing detectable signals such
as specific DNA fragments or color changes. By detecting these signals,
we can determine the presence of the target pathogen. For example,
Janice’s team found that Lachnospiraceae bacterium ND2006 Casl2a
(LbCasl2a) has an extraordinary ability to non-specifically cleave
ssDNA after binding to RNA-guided DNA (Janice S. Chen et al,
2018). Using this feature, combined with fluorescently labeled ssDNA
signal reporter molecules, the DNA endonuclease-targeted CRISPR
trans reporter (DETECTR) biosensing platform was developed, which
can rapidly and accurately detect HPV and can distinguish HPV
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Composition and function of CRISPR-Cas system. CRISPR/Cas system is an adaptive immune defense formed by bacteria and archaea in the long-
term evolution process, which fights against invading viruses and foreign DNA through three different but continuous stages: adaptation, crRNA
maturation, and interference. CRISPR-Cas system mainly includes two categories: category 1 and category 2. Type 1 CRISPR-Cas systems include
types I, lll, and IV, and type 2 systems include types Il, V, and VI. The first type of CRISPR-Cas system uses the cooperation of multiple Cas proteins
to interfere, while the second type of system is interfered by a single protein.

subtypes with very similar sequences. Combined with loop-mediated
isothermal amplification (LAMP) technology, a highly sensitive
detection of dispassionate human papillomavirus (HPV) was
achieved. Utilizing various Cas12 effector proteins, researchers have
developed a variety of new CRISPR/Cas12 biosensing platforms for
pathogen detection, including HOLMES, HUDSON, and other
CRISPR/Cas biosensing systems (Li et al., 2018). By combining RPA,
LAMP, and other technologies, an ultra-detection of pathogenic
bacteria has been achieved (Wu et al,, 2017; Myhrvold et al., 2018; Li
et al, 2019a). In order to shorten the detection time, Wang et al.
attached Casl2a to the tube wall and added it to the system by
centrifugation after RPA amplification to realize integrated detection,
which could shorten the detection time to 30 min (Wang et al., 2019a).
Finally, CRISPR can also be applied to the treatment of ESKAPE
infections. Potential applications of CRISPR in ESKAPE treatment
include gene editing to weaken drug resistance, gene regulation to
control resistance-related gene expression, pathogen inactivation by
cutting specific DNA sequences, and introducing antagonistic genes to
combat drug-resistant bacteria. These applications show promise in
developing new therapeutic strategies against ESKAPE infections, but
further research and clinical studies are needed to validate their safety
and effectiveness.

2 Application of CRISPR-Cas system
in the diagnosis and therapy of
ESKAPE infections

2.1 Application of CRISPR technology
in the detection and diagnosis of
ESKAPE infections

Most studies on pathogen detection using CRISPR have
involved the following mechanisms. The CRISPR/Cas12 system is
an RNA-guided DNA-targeting CRISPR system. Taking Cas12a as
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an example, the effector protein can catalyze the maturation of its
own crRNA without the involvement of tracer RNA. The Casl2a-
crRNA binary complex can achieve precise aiming at the target
DNA sequence by targeting a PAM site rich in T nucleotides.
CrRNA is usually composed of 19nt repeat sequence (repeat) and
23-25nt spacer sequence (spacer). The repeats contain palindrome
sequences, which can form a stable stem-loop structure through
base pairing, and its conformations stability is affected by the
intramolecular interaction of hydrated magnesium ions (Mg
(H20)6)2+ and Casl2a. Casl2a recognizes and binds crRNAs
being dependent on the length and sequence specificity of the
stem-loop structure. Spacer sequences, which make up of RNA
sequences transcribed from exogenous DNA, are bacterial antigens
against the same invaders. After bacterial recognition of foreign
DNA, Casl2a utilizes the RuvC domain of cis-cleave target DNA
adjacent to the PAM sequence. After the dissociation and release of
the DNA fragment at the distal end of the PAM, the cleavage
activity of Casl2a trans-nuclease is activated, the signal reporter
molecule can be cut in large quantities, and the specificity of the
target nucleic acid can be achieved by detecting the corresponding
signal (such as fluorescence) (Dong et al., 2016; Watters et al., 2018).

2.1.1 Staphylococcus aureus

New advancements have also been made in the application of
the CRISPR-Cas system for the detection of S. aureus. Zhou et al.
developed a bacterial sensing strategy with the name of CCB
detection (CRISPR-Casl3a based bacterial detection), taking
advantages of CRISPR-Casl3a system, namely, the crRNA
programmability and Casl3a “collateral effect” of promiscuous
RNase activity upon target RNA recognition. S. aureus was
selected as the model bacterium to validate the performance of
CCB detection. The validation process involved four steps, namely,
1) straightforward extraction of genomic DNA; 2) specific gene
amplification through PCR; 3) in vitro transcription; and 4)
cleavage of reporter RNA, known as the “collateral effect,” to
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indicate the presence of the target analyte. Remarkably, CCB
detection demonstrated successful detection of the target genomic
DNA (gDNA) at concentrations as low as 100 aM. The limit of
detection (LOD) was determined to be 1 CFU/mL, with a dynamic
detection range spanning from 100 to 107 CFU/mL for S. aureus.
The entire sample-to-answer process for this biosensor required
<4 h. CCB detection exhibited excellent selectivity for S. aureus,
with no interference from other bacterial species. Moreover, the
application of CCB detection in real food samples, including those
with both known and unknown levels of bacteria (whether spiked or
non-spiked), yielded results comparable to the conventional
culture-based counting method. Notably, CCB detection offered
advantages such as reduced assay time and increased sensitivity.
With its reliability, sensitivity, specificity, and simplicity, the
proposed CCB-detection technique can be expanded and applied
to the detection of other bacteria. It holds significant potential for a
wide range of applications, including food safety inspections,
disease diagnosis, and environmental monitoring (Zhou
et al., 2020).

Meanwhile, Li et al. developed a new platform for MRSA
(methicillin-resistant S. aureus) detection. Although the current
diagnostic methods used in clinical practice, such as PCR and
culture-based techniques, are commonly employed, they are not
suitable for rapid point-of-care testing (POCT). With the recent
advancements in CRISPR/Cas technology, new opportunities for
rapid point-of-care detection have emerged. In the study
undertaken by Yanan Li et al, a platform for the rapid, precise,
and contamination-free detection of MRSA was developed by
integrating the Casl2 system with recombinase polymerase
amplification (RPA) in a single tube. By employing this approach,
visual detection of MRSA could be achieved within a mere 20 min.
The assay results, obtained using the one-tube RPA-CRISPR/
Casl2a platform, can be visualized through lateral flow test strips
(LES) and fluorescence-based methods, including real-time and
end-point fluorescence. This versatile platform allows for the
specific detection of MRSA, with a sensitivity of 10 copies for the
fluorescence method and a range of 10-100 copies for LFS. The
results obtained from 23 samples of clinical MRSA isolates
demonstrated a coincidence rate of 100% for the fluorescence
method and 95.7% for LFS, as compared to qPCR. In conclusion,
the one-tube RPA-CRISPR/Casl2a platform proves to be an
efficient method for MRSA detection, holding significant potential
for practical applications in future point-of-care testing (Li
et al., 2022).

Su designed and synthesized specific primers based on the
sequence of the conserved region of S. aureus thermostable
nuclease gene (nyc) and established the isothermal amplification
technology mediated by S. aureus recombinase by optimizing the
reaction conditions, expressing and purifying CRISPR-Casl3a
protein, designing specific crRNA, and using crRNA to guide
CRISPR-Casl3a protein to detect RAA products; the sensitivity
and specificity of the optimized method were evaluated, and this
method and real-time PCR method were used to detect the golden
yellow color in food samples. Staphylococcus was observed, and the
consistency of the method was evaluated. The sensitivity of
CRISPR-Casl3a-assisted RAA detection of S. aureus was 101
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CFU/mL, which was higher than that of real-time PCR,
approximately 102 CFU/mL; the detection time was only 30 min,
and there was no cross-reaction with other food-borne pathogens.
The positive rates of 80 food samples detected by this method and
real-time PCR were both 8.75%, with high consistency (kappa=1,
p>0.05). In the end, the conclusion is that the established CRISPR-
Casl3a-assisted RAA method has the advantages of simplicity,
rapidity, sensitivity, and specificity, and provides a modern
technical means for the detection of S. aureus (Su et al., 2020).

2.1.2 Klebsiella pneumoniae

Klebsiella pneumoniae is a prevalent culprit in hospital-
acquired infections. An urgent need exists for a prompt, precise, and
convenient detection approach to facilitate early diagnosis and
targeted treatment of K. pneumoniae infections. To address this,
Qiu et al. devised a novel assay called CRISPR-top (CRISPR-
mediated testing in a single vessel). It combines the power of
LAMP (loop-mediated isothermal amplification) with CRISPR/
Casl2b-based detection, enabling a streamlined process
performed at a constant temperature. Their optimized K.
pneumoniae CRISPR-top assay accurately identifies the presence
of K. pneumoniae strains within 60 min at a temperature of 56°C. By
fine-tuning the reaction mixture composition, they achieved
optimal results with 0.53 mM (each) FIP and BIP primers, 0.27
mM LF primer, 0.13 mM (each) F3 and B3 primers, and a 2 mM
ssDNA fluorescence probe. Remarkably, their assay exhibits a
detection limit of 1 pg genomic DNA per reaction, equivalent to
160 K. pneumoniae cells or 1.6 x 10° CFU/mL in samples,
surpassing the sensitivity of traditional LAMP methods by a
factor of 10. Validation studies using a diverse panel of 105
strains, including K. pneumoniae clinical isolates and non-K.
pneumoniae strains, demonstrated accurate identification rates.
Additionally, they conducted a comprehensive evaluation of the
K. pneumoniae CRISPR-top assay using 58 respiratory symptomatic
sputum samples. Impressively, their assay achieved a specificity of
100% (33/33) and a sensitivity of 96% (24/25), yielding a positive
predictive value of 100% (24/24) and a negative predictive value of
97.1% (33/34), surpassing the performance of conventional LAMP
detection methods. In summary, the study conducted by Qiu and
colleagues introduces the K. pneumoniae CRISPR-top assay as a
rapid, straightforward, and highly specific means of detecting K.
pneumoniae infections (Qiu et al., 2022).

2.1.3 Acinetobacter baumannii

In 2020, Li developed a versatile CRISPR-Cas12a platform for
detecting a wide range of analytes (Li et al., 2020), including A.
baumannii, at ultralow concentrations. The platform utilizes
LbaCas12a, which acts as a signal amplifier by recognizing single-
stranded DNA intermediates generated by non-DNA targets. With
the help of functional nucleotides, such as DNAzyme and aptamer,
ultrasensitive bioassays for Pb2+ and A. baumannii were designed,
achieving a limit of detection of approximately 0.053 nM and 3
CFU/mL, respectively. Additionally, the platform allows
simultaneous detection of four microRNAs (miRNAs) without
significant interference, indicating its potential for high-
throughput analysis of miRNA expression profiles. Afterwards, in
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the year 2021, Wang developed a rapid platform that integrates
multiplex PCR with CRISPR-Cas array for the detection of
multidrug-resistant A. baumannii (MDRAB) (Wang et al., 2021).
The platform utilizes a multiplex PCR amplification strategy to
simultaneously amplify the housekeeping gene and four B-
lactamase genes of A. baumannii. The platform also utilizes the
indiscriminate single-stranded DNase activity of LbaCasl2a to
generate a single fluorescent signal for the multiplex PCR
products. This platform enables genotypic antibiotic susceptibility
testing (g-AST) of A. baumannii within 2 h, with a detection limit
down to 50 CFU/mL. Their studies demonstrate the potential of the
CRISPR-Cas12a method for rapid and specific detection of multiple
genes, promoting its application in the diagnosis and treatment of
multidrug-resistant bacteria.

2.1.4 Pseudomonas aeruginosa

Pseudomonas aeruginosa is a significant bacterial pathogen
responsible for hospital-acquired infections and poses a threat to
patients with cystic fibrosis. In 2020, Mukama et al. introduced a
novel approach called CIA (CRISPR/Cas and LAMP-based lateral
flow biosensor) for the detection of P. aeruginosa (Mukama et al.,
2020). By combining CRISPR/Cas systems (LbaCasl2a and
AaCas12b) with loop-mediated isothermal amplification (LAMP),
the method achieves high sensitivity and specificity. It utilizes a
lateral flow biosensor (LFB) and collateral cleavage of a biotinylated
DNA reporter to detect the target gene. The CIA-based LFB
demonstrates the ability to accurately distinguish P. aeruginosa
from other bacteria in complex samples. Their cost-effective and
efficient method shows great potential for clinical diagnosis of
infectious diseases. Finally, Qiu et al. introduced another novel
detection method called CRISPR-top assay (Qiu et al. 2023, which is
based on CRISPR-Casl2b and allows the rapid and accurate
identification of P. aeruginosa. The assay is performed within a
single tube, requiring only one fluid-handling step and no
specialized instruments. Under optimized conditions, including a
temperature of 55°C and specific primer concentrations, the assay
demonstrated high specificity, inclusivity, and exclusivity. With a
limit of detection of 10 copies per reaction, the CRISPR-top assay
exhibited promising results in the analysis of 46 respiratory
specimens, showing a sensitivity of 85.3% and a specificity of
100%. Overall, their study suggests that the P. aeruginosa
CRISPR-top assay can serve as an efficient and practical tool for
rapid detection, particularly in resource-limited settings.

2.1.5 Enterobacter species

A total of 135 strains with complete sequence and 203 strains
with whole genome shotgun sequence of E. coli were identified in
GenBank by Liang Wenjuan et al. using BLAST. Additionally, 361
strains of E. coli, including 38 strains of E. coli O157:H7, were
identified in the laboratory using PCR. The identified strains were
then analyzed using the CRISPR Finder tool. To compare the
spacers, DANMAN was employed, and phylogenetic trees of the
cas gene were constructed using Clustal X and Mega 5.1.Then, they
obtained the following results. A new descriptive method was
developed to investigate the positioning of CRISPR/cas in E. coli.
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The presence of CRISPR1 was detected in 77.04%, 100.00%, and
75.62% of the 135 strains with complete sequence, 203 strains with
whole genome shotgun sequence, and 361 laboratory strains,
respectively. Similarly, CRISPR2 was found in 74.81%, 100.00%,
and 92.24% of the respective strains. However, CRISPR3 and
CRISPR4 were only detected in 11.85%, 0%, and 1.39% of the
mentioned strains. Among the strains analyzed, one strain from
GenBank and two laboratory strains contained four CRISPR loci.
Additionally, one E. coli strain in our dataset exhibited an insertion
sequence downstream of the non-cas CRISPR1. A unique CRISPR
was identified in eight strains of O55:H7, 180 strains of O157:H7,
eight strains of O157: HNM, 40 strains of O104:H4, four strains of
0145:H28, and across all 699 E. coli strains. The phylogenetic tree
revealed two distinct groups based on the cas type, either I-E or I-F.
The authors thus concluded that CRISPR/Cas has the potential to
serve as a valuable molecular biomarker in epidemiological
surveillance studies, enabling the identification of highly virulent
or novel strains of E. coli (Liang et al.,, 2016).

2.2 Application of CRISPR-Cas system in
the therapy of ESKAPE infections

Although CRISPR-Cas technology has shown its great efficiency
in gene editing, it is hitherto not considered as a possible
antimicrobial treatment because of the delivery issue. Most studies
introduce the CRISPR-Cas system into their experimental bacterial
cells using plasmid electroporation; however, this method apparently
cannot be successfully performed in vivo. Thus, another method is to
be considered such as phage delivery (Fage et al, 2021). As an
accurate gene editing technology, CRISPR-Cas system can accurately
edit the target gene at a fixed point. Based on this effect and combined
with phage delivery, CRISPR-Cas system is theoretically enabled to
exert an antimicrobial effect in vivo. The basic principle is that after
infecting drug-resistant bacteria with phage carrying genes related to
CRISPR-Cas system, the cleavage of drug-resistant genes by CRISPR-
Cas system targeting bacteria will lead to the loss of drug resistance,
and finally, the drug-resistant bacteria will recover their sensitivity to
antibiotics (Figure 2) (Bikard et al., 2012; Bikard et al.,, 2014; Citorik
et al, 2014; Fage et al., 2021). Direct use of CRISPR-Cas system can
eliminate bacteria by targeting drug-resistant genes or virulence genes
and at the same time limit the transfer and prevalence of harmful
genes among microorganisms, which provides a new direction for the
study of preventing and treating bacterial multidrug resistance at the
gene level.

2.2.1 Enterococcus faecium and
Enterococcus faecalis

Enterococcus spp., a group of cocci that stain Gram-positive and
typically arrange themselves in pairs or short chains, represents a
genus of bacteria. While they are commonly found in the
gastrointestinal microbiota, two specific species, namely, E.
faecalis and E. faecium, are known to frequently cause infections.
Their remarkable ability to endure on inert surfaces for extended
periods has elevated their significance in the context of hospital-
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The second type of system is interfered by a single protein. Basic strategy of using exogenous CRISPR-Cas as antibacterial agent. CRISPR-Cas phage
vector is a plasmid construct cloned with CRISPR-Cas element and phage packaging sequence. Phage carrier particles are adsorbed on bacteria,
and plasmids carrying genes related to CRISPR-Cas system are transferred to drug-resistant bacteria. Exogenous Cas gene and sgRNA expression
sequence were expressed in host cells. The cleavage of targeted drug-resistant genes by CRISPR-Cas system will lead to the loss of drug-resistant
plasmids or DNA double-strand breaks. When bacteria cannot re-cyclize plasmids or repair their genomes, drug-resistant bacteria will die. Phage
continues to enter the replication cycle and synthesize offspring and lyse cells, further optimizing the therapeutic effect.

acquired infections. Mutations and/or excessive production of a
penicillin-binding protein (PBP) called PBP5, belonging to the class
B category, endow these bacteria with inherent resistance to a wide
range of P-lactam antibiotics. However, it is noteworthy that
ampicillin remains effective against the majority of E. faecalis
strains. Moreover, enterococci possess intrinsic resistance to
aminoglycosides, thereby limiting the available therapeutic options.

The horizontal transfer of antibiotic resistance genes limits the
treatment options of infection (Liu et al, 2013). Price and his
colleagues used E. faecalis T11 as a model organism to evaluate the
role of CRISPR-Cas system in genome defense against common
conjugated plasmids (Price et al., 2016). They proved that CRISPR-
Cas, together with restriction modification, reduced plasmid
acquisition by bacteria in biofilm by four times. This study
highlights the importance of CRISPR-cas system of E. faecalis in
regulating horizontal gene transfer. Understanding the basic
biology and molecular basis of pathogenicity of E. faecalis is
helpful to effectively improve and improve the ability to formulate
treatment strategies. A basic part of the biological research of E.
faecium depends on the ability to produce mutants, but this process
is often time consuming and ineffective (Zhang et al., 2012). Maat
described a method based on CRISPR-Cas9 to improve the current
genetic toolbox of E. faecium (de Maat et al., 2019). In short, it is a
mutant that uses CRISPR-Cas9 as an anti-selection strategy, relies
on the high internal recombination rate of E. faecalis for allele
exchange, and combines CRISPR-Cas9 to produce specific gene
mutations in the chromosome of E. faecium more effectively.

So far, there have been almost no direct research results on
using CRISPR-Cas for the treatment of E. faecium. In 2019,
Rodrigues and colleagues presented a potential approach for
treating E. faecalis using the CRISPR-Cas system (Rodrigues
et al, 2019). They conducted a study where they successfully
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integrated a CRISPR system targeting the tetM and ermB genes,
known for conferring resistance to tetracycline and erythromycin,
respectively, into a pheromone-responsive plasmid (PRP) called
pKHS88[sp-tetM] and pKH88[sp-ermB]. The transmission of these
plasmids was achieved through conjugation, using E. faecalis CK135
as the donor strain and E. faecalis OG1SSp as the recipient strain. In
vitro experiments demonstrated the effective elimination of
antibiotic resistance. Subsequently, using an in vivo C57BL6/]
mouse model, the researchers observed that although the
recombination rate was low, the transconjugants that successfully
acquired the PRPs were unable to acquire erythromycin-resistance
genes. This finding led the authors to propose the potential
utilization of probiotic E. faecalis strains carrying these PRPs to
impede the colonization of patients by resistant E. faecalis strains.

2.2.2 Staphylococcus aureus

Staphylococcus aureus is a pathogenic bacterium that can
provoke a variety of infectious diseases, which seriously threaten
human life and health. It has been reported that antibiotic-resistant
strains were found on the surface of public devices such as ATM
keyboards (Akinola et al., 2022). Clinical overuse of antibiotics to
treat S. aureus infections have led to the prevalence of drug-resistant
S. aureus. Methicillin-resistant S. aureus (MRSA) is a class of S.
aureus resistant to [-lactam antibiotics (Souza-Silva et al., 2022).
The global spread of MRSA causes severe persistent infection.
Methicillin resistance in MRSA is taken from the resistance gene
mecA on the movable genetic element SCCmec, which encodes the
low-affinity penicillin-binding protein PBP2a. SCCmec elements
can spread in Staphylococcus by horizontal transfer, resulting in
epidemics of drug resistance.

Guan mainly considered the effects of type III-A CRISPR-Cas
system self-targeted attack on the resistance gene mecA on the
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movable genetic element SCCmec in MRSA clinical strains on host
genome stability and drug resistance. Through analyzing the
genome sequence of transformants, it was found that the
CRISPR-Cas system targeting the genome is under a lethal effect
on the host, but a small number of bacteria can escape the attack of
CRISPR-Cas through genome remodeling. Most of the escapers are
under a large-scale loss of genome sequence, which is a DNA
fragment of approximately 16 kb including the target gene within
the SCCmec. The deletion of the anti-mecA spacers or loss-of-
function mutation in Cas genes required for targeting allowed the
remaining escapers surviving. The transcription efficiency of
different length leader sequences was analyzed by RT-qPCR, the
result indicating that the effective length of the naive leader
sequence in the AHI strain was 252 bp. Thus, the 252-bp leader
was selected as the promoter for the construction of the CRISPR
plasmid. Studies have shown that the targeted attack of the type III-
A CRISPR-Cas system is transcription dependent, and the attack
effect can only be exerted when the spacer targets the coding strand
of the target. By changing the length of the spacer sequence, it was
found that the length of the spacer did not affect the processing of
crRNA, and the length of the mature crRNA was fixed, both 43 or
37 nt. However, the length of the spacer does influence the targeted
attack efficiency of the CRISPR-Cas system. This research not only
shows that the targeted attack of the CRISPR-Cas system on the
genome can promote the remodeling of the genome but also further
elucidates the molecular mechanism of action of the type III-A
CRISPR-Cas system (Guan, 2019).

In the reported strains and the five newly discovered MRSA
strains, the CRISPR-Cas system is bordering on SCCmec, which
suggests that the integration site of the CRISPR-Cas system may be
near the insertion position of SCCmec in the genome. Analysis of
CRISPR sequences found that the repeats of the -a system in
Staphylococcus were highly conserved, while most of the
homologous sequences of spacers were consulted on the template
strand of the cleavage region in phage. Furthermore, a comparison
of six strains found that the AHI strain with fewer spacers
contained more resistance and virulence genes than the other five
strains. They found that the target recognition is dependent on
sequence complementarity between crRNA and target RNA and
that Cas6 and CSM complexes are necessary for immune function.
For functions other than immunity, they found that CRISPR can be
associated with governing the expression of virulence-related genes
in S. aureus, but the mechanism still needs further research to
determine. An author supposed that these findings may provide an
innovative insight into the application of CRISPR-Cas systems in
the therapy of MRSA infection (Cao, 2017).

Yang used the sgRNAcas9 v2.0 software to design the oligos
sequence targeting the mecA gene and lighted it with the vector
pCas9, which was digested with endonuclease and picked up by gel,
and successfully constructed the pCas9:mecA-C-terminal plasmid
(Yang, 2016). The research results show that, first, among the 32 S.
araneus strains with 45 confirmed CRISPR loci involved in the
database, 19 strains (59.4%) all contained one confirmed CRISPR
locus, and 40.6% of the strains’ genomes contained two confirmed
CRISPR loci. The 45 repeat sequences included in the study can
form a conservative dumbbell-shaped RNA secondary structure
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and can be split into 3 and 15 groups according to sequence
similarity. In group 1, the RNA secondary structure with 5 base
pairs in the stem is under a lower minimum free energy (MFE) than
the structure with 3 base pairs. In group 2, the secondary structure
with the longer stem holds the smallest MFE. In group 3, the
number of base pairs in the stem is the same, and the resultant
structure with superior “GC” content in the stem has a smaller
MEE. Second, a total of five spacer sequences in strains 08BA02176
and MSHRI1132 were like exogenous plasmid or phage DNA
sequences, and one of the spacer sequences was completely
consistent with a sequence in the plasmid encoding Panton-
Valentine leukocidin. Third, CRISPR sites are separated into 17
types and are classified into three major groups. In group 1, the vast
majority (75.0%) of the strains with the same CRISPR type also had
the same MLST type. In the second group, the two CRISPR A
strains were both MLST398. In group 3, strains with different
CRISPR types correspond to different MLST types. Among the
six protein-coding sites adjacent to the CRISPR site, more than
three are similar in sequence to the protein-coding sites at the same
position around other CRISPR sites, and most of the CRISPR sites
adjacent to these similar protein-coding sites have the same CRISPR
type (Kumari et al., 2022). Fourth, pCas9:mecA could successfully
eliminate pET-21a(+)-mecA in E. coli BL21(D3) or significantly
reduce its replication. The control plasmid pCas9 had no such
effect. Neither pCas9:mecA nor the control PCas9 had obvious
elimination effect on the pET-21a(+) control plasmid. It can be
observed that the more bases in the stem of the resultant structure
of the repeat RNA, the higher the “GC” content, the greater the
possibility that CRISPR can function. The mecA plasmid can
specifically target the mecA gene, thereby causing the elimination
of the drug-resistant plasmid pET-21a(+)-mecA or greatly reducing
its replication (to the extent that it is not visible by gel
electrophoresis) to limit the drug-resistant gene mecA spread
between strains, thereby immunizing susceptible strains (Folliero
et al., 2022).

Jiang used CRISPR/Cas9 technology to construct srtA gene
deletion strains and complemented strains of methicillin-resistant
S. aureus USA300 and tested their effects on the virulence of the
strains. Jiang designed three pairs of srtA gene sgRNAs and
constructed pCasSA-sgRNA plasmids with pCasSA as the vector.
After being modified by the defective S. aureus RN4220 strain, it
was transferred into USA300, and the cleavage efficiency of
pCasSA-sgRNA plasmid was tested (Jiang et al., 2020). The left
and right homology arms of the srtA gene were amplified and fused
and inserted into the pCasSA-sgRNA plasmid to construct the
knockout plasmid pCasSA-sgRNA-srtA. The knockout plasmid was
modified and transferred into USA300, and the srtA gene deletion
strain was obtained by screening and identification. Jiang compared
and assessed the differences in the growth of the USA300 strain, the
survival rate of mice, the microbial load in organs, and the
histopathological changes in the kidneys after the deletion of the
srtA gene. At the same time, Jiang used the pLI50 plasmid as a
vector to construct a complementing plasmid pLI50-srtA and a
complementing strain to verify whether there are different in the
phenotype of distinct strains. After chloramphenicol screening,
Jiang obtained two gene deletion strains. Report to the wild-type
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strain, the deletion of the srtA gene did not affect the growth of the
USA300 strain but significantly reduced the mortality of infected
mice, the bacterial load of the heart and kidney, and the degree of
renal tissue lesions. Its function was returned after
complementation by the srtA gene. The gene editing method of
methicillin-resistant S. aureus USA300 strain with srtA gene
deletion and complementation was satisfactorily established.

Zhang used bioinformatics methods to examine the distribution
of CRISPR, repeat sequences, spacer sequences, cps genes, and the
relationship between the presence of CRISPR and the bacterial
mecA gene (Zhang et al, 2019). The results showed that 196
confirmed CRISPR structures and 1,757 suspected CRISPR
structures were found in the genomes of 325 Staphylococcus
strains; 25 strains contained gas gene clusters, which could be
divided into III-A (48.1%) and II-C (51.9%) %) two types; it is
determined that most of the repeat sequences in the CRISPR array
are 2, and there are 14 repeat sequences that can form a stem-loop
structure. Chromosomal evolution analysis shows that they can be
roughly classified into three categories. It was determined that 53 of
the 437 spacer sequences in the CRISPR array matched plasmids or
phages, and some sequences matched multiple plasmids or phages
at the same time. The carrying rates of mecA in the presence and
absence of gas gene clusters were 28.00% and 54.15%, respectively,
and the difference was statistically significant (x2 = 6.37, p<0.05),
and the two were negatively correlated. From this, it can be
concluded that the CRISPR-Cas system carrying rate in the
Staphylococcus genome is low, and the structure and function of
the locus and sans gene are not perfect. Only a few strains contain a
complete CRISPR-Cas system. There are more suspicious
structures, and the number of DRs and spacers is lower than that
of other bacteria. An intact staphylococcal CRISPR-Cas system may
limit horizontal transfer of the mecA gene.

2.2.3 Klebsiella pneumoniae

Klebsiella pneumoniae, a facultative anaerobe, encapsulated,
and Gram-negative rod, belongs to the Enterobacterales order
and is commonly found in the gastrointestinal tract of humans.
In its wild-type form, this bacterium exhibits intrinsic resistance to
aminopenicillins (such as ampicillin and amoxicillin) and
carboxypenicillins (like ticarcillin and piperacillin) due to the
presence of the chromosomal B-lactamase SHV-1. However, the
worrisome aspect lies in the ability of K. pneumoniae to acquire
resistance to nearly all approved antimicrobials. This resistance is
achieved through a combination of plasmid-mediated
carbapenemases and other resistance mechanisms.

Yao’s research (Yao et al, 2022) focuses on the treatment
potential of Carbapenem-resistant K. pneumoniae (CRKP). CRKP
is a significant health threat due to its resistance to multiple drugs.
The resistance in CRKP is primarily attributed to large plasmids
containing multiple resistance genes. Understanding the function of
these genes is crucial for combating CRKP infections. However,
there is a lack of efficient genetic manipulation tools for studying
plasmid-borne genes in clinical K. pneumoniae. Traditional gene
knockout methods are time consuming and laborious, prompting
researchers to explore the use of CRISPR systems. While CRISPR-
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Cas9 has been successful in deleting chromosomal genes in K.
pneumoniae, it resulted in plasmid loss when targeting plasmid-
borne genes. The low homologous recombination efficiency further
hindered gene manipulation. To address these challenges, Yao’s
research introduces a CRISPR interference (CRISPRi) system that
utilizes a catalytically inactive Cas9 (dCas9) nuclease and a single-
guide RNA (sgRNA). The CRISPRi system allows for the inhibition
of gene expression without causing double-stranded breaks or
relying on homology-directed repair. It has been widely used to
study gene function in various organisms. The study establishes an
all-in-one CRISPRI tool specifically designed for CRKP. This system
effectively shuts down the expression of individual and multiple
resistance genes on large multidrug-resistant plasmids. It also
facilitates the exploration of potential operons. The CRISPRIi tool
enables the easy manipulation of multicopy genes on plasmids in
clinically pathogenic bacteria, including K. pneumoniae and E. coli.
In general, their research presents a new CRISPRi tool that offers a
rapid and efficient approach for investigating the function of
plasmid-borne genes in complex clinical isolates, particularly in
the context of Carbapenem-resistant K. pneumoniae.

2.2.4 Acinetobacter baumannii

Acinetobacter baumannii, a Gram-negative, belongs to the
family Moraxellaceae in the class Proeo-bacteria of Eubacteria
(Eze et al,, 2018). Acinetobacter baumannii is currently one of the
leading pathogens that cause nosocomial infections, including
ventilator-associated and bloodstream infections (Harding et al,
2018). Feng utilized PCR product cloning and sequencing and
CRISPR system bioinformatics analysis on 89 clinical isolates to
study the regulation of the A. baumannii CRISPR system on target
genes (Feng et al., 2019). The results showed that the two isolate
(AB43 and ATCC19606) possessed the CRISPR system, and the
genes targeted by their inter-regional regions included type IV
secretory protein Virb5, Zona toxin protein, phage protein, and
DNA polymerase. The CRISPR system inhibits the coding
and expression of Virb5 and zona toxin protein genes, which
may have a certain regulatory effect on the biofilm formation of
A. baumannii.

In response to the problem that “although phage therapy can
solve the drug resistance of bacteria, the specific recognition of
phage and host bacteria limits its application,” He tried to use
CRISPR-Cas9 technology to perform gene editing on the filament
protein sequence of the phage genome. Therefore, the scope of its
bactericidal spectrum can be broadened, the modification of the
binding specificity of phage host can be realized, or it can provide
certain ideas and operational paths for clinical treatment.

Wang and colleagues developed a CRISPR-Cas9-based, rapid
genomic editing platform to analyze the mechanisms involved in
oxidative stress in A. baumannii by introducing deletions,
insertions, and point mutations. The platform works by coupling
a Cas9 nuclease-mediated genome cleavage system with the RecAb
recombination system. The authors also developed a cytidine base-
editing system to allow programmed C to T conversions. Then, they
took the advantages of these techniques to comprehensively analyze
the possible resistance genes in a clinically isolated multidrug-
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resistant strain by generating premature stop codons close to the
genes to unravel each of their distinct effect on drug resistance
(Wang et al., 2019b). The research may provide certain guidance for
clinical antibiotic selection.

2.2.5 Pseudomonas aeruginosa

Pseudomonas aeruginosa is a versatile Gram-negative bacterium
widely known for its opportunistic pathogenicity. It is commonly
found in diverse environments, including soil, water, and hospital
settings. With its impressive metabolic capabilities, P. aeruginosa
can utilize a wide range of organic compounds as energy sources.
This bacterium poses a significant threat in healthcare settings,
particularly among immunocompromised individuals and patients
with cystic fibrosis. Pseudomonas aeruginosa exhibits intrinsic
resistance to many antibiotics and can acquire additional
resistance mechanisms through genetic adaptations. Its ability to
form biofilms further contributes to its persistence and
chronic infections.

In 2020, Xiang’ study (Xiang et al,, 2020) employs the CRISPR
interference (CRISPRi) technology using a catalytically deactivated
Cas9 (dCas9) to study gene regulation in P. aeruginosa. Unlike the
wild-type Cas9, dCas9 does not cut DNA but can bind to target sites
using guide RNAs (gRNAs) and inhibit the transcription of target
genes. This approach allows for interference with the expression or
function of essential genes without completely eliminating them. In
this research, a CRISPRi platform was constructed for P. aeruginosa
using an arabinose-inducible pBAD vector. The expression of the
prtR gene, which cannot be knocked out by conventional methods,
was downregulated using this system. prtR and prtN form a
regulatory cascade controlling the production of pyocins,
bacteriocins that mediate bacterial cell lysis. The PrtR protein
inhibits the expression of pyocin genes by binding to the
promoter region. By controlling gene expression in an arabinose
concentration-dependent manner, the study demonstrated the
suppression of pyocin expression, leading to bacterial cell death.
RNAseq analysis of the prtR-knockdown strain provided insights
into downstream genes regulated by prtR, including both known
and previously unknown targets. The results highlight the valuable
application of CRISPRI as a tool for studying essential genes in
P. aeruginosa.

2.2.6 Enterobacter species

Enterobacter spp. comprises a diverse group of Gram-negative
bacteria that are widely distributed in various ecological niches.
They belong to the family Enterobacteriaceae and are characterized
by their rod-shaped morphology. Enterobacter spp. includes several
clinically relevant species, such as Enterobacter cloacae and
Enterobacter aerogenes. These bacteria are opportunistic
pathogens and can cause a range of infections, including urinary
tract infections, respiratory tract infections, and bloodstream
infections, particularly in hospitalized patients and those with
compromised immune systems. One of the concerning aspects of
Enterobacter spp. is their ability to develop resistance to multiple
antibiotics, including extended-spectrum B-lactams and
carbapenems. This acquired resistance poses a significant
challenge in clinical settings and underscores the importance of
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effective infection control measures and appropriate
antibiotic stewardship.

Li utilized the disk diffusion method to detect its drug sensitivity
and the PCR method to detect and compare the phylogenetic
groups, drug resistance genes, and CRISPR system of E. coli cutoff
from fecal samples of diarrhea patients and healthy people (Li et al.,
2021). A total of 142 strains of E. coli were collected from 63 chronic
diarrhea patients (disease group) and 79 healthy individuals
(healthy group). The drug susceptibility results showed that the
ampicillin resistance rate was 48.0%, and other antimicrobial drug
sensitivity rates were 73.1%-100.0%. The detection rate of the
CRISPR system in 63 strains of E. coli extracted from fecal
samples from patients with chronic diarrhea was significantly
lower than that of 79 strains from healthy people. The detection
rate of CRISPR system in 43 high-virulence strains (group B2 and
group D) was significantly greater than that in 99 low-virulence
strains (group an and B1). The results showed that the fecal isolates
of E. coli remained highly susceptible to frequently used antibiotics.
The CRISPR system may play a significant role in the spread of
virulence and drug resistance genes in E. coli isolated from feces.

Fan used CRISPR/Cas9 gene editing technology to inhibit the
expression of O157:H7Stx gene in enterohemorrhagic E. coli
(EHEC) and assessed its effect on bacterial growth and
cytotoxicity. Fan Huan designed primers for the EHEC O157:
H7Stx gene, constructed a CRISPR/Cas9 expression plasmid
pdCas9-Stx, and transformed it into EHEC O157:H7 competent
cells. RT-PCR and colloidal gold methods were utilized for detect
the expression of the Stx gene, and the strain growth curve was
drawn. The culture supernatant of the strain was inoculated with
Vero cells to observe the cytoplastic condition. The results showed
that the successfully constructed pdCas9-Stx expression plasmid
could specifically inhibit EHEC O157:H7Stx gene expression and
reduce cytotoxicity (Fan et al., 2016).

A toll-like receptor 5 (TLR5) is an influential member of the
toll-like receptor family and plays an important regulatory role in
the inflammatory response caused by Gram-negative bacteria. Xu
knocked out the TLR5 gene of porcine alveolar macrophages
(PAMS) by CRISPR/Cas9 gene knockout technology and then
counted the colonies to discover the adhesion ability of E. coli
F18ab and F18ac and Salmonella after TLR5 gene knockout (Xu
etal, 2021). The results showed that the two designed sgRNAs were
successfully inserted into the CRISPR/Cas9 vector with correct
sequences, and they could be stably expressed after transfection
into porcine alveolar macrophages, and the PCR sequencing peaks
showed nested peaks, indicating that the knockout vector had
cutting activity. Xu finally obtained a monoclonal cell line TLR5-
sgl with a deletion of 15 bases using public limiting dilution
method. The results showed that the transcription level of TLR5
gene was significantly downregulated, and its protein level was also
significantly reduced. The results of bacterial adhesion test showed
that the number of adherent E. coli F18ab, F18ac, and Salmonella in
TLR5 knockout cells was significantly lower than those in the
control group. This study successfully established the porcine
TLR5 gene knockout 3D4/21 cell line, and the knockout of TLR5
gene would reduce the adhesion of E. coli and Salmonella to 3D4/21
cells, which is to further explore the biological function of TLR5
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gene. A cell model was established to provide experimental material
for in-depth study of the immune regulation role of TLR5 gene in
inflammatory response.

3 Discussion

Since the discovery of antibiotics, the game between humans
and drug-resistant bacteria has never stopped (Hutchings et al.,
2019). Antibiotics are widely used in the prevention and treatment
of bacterial infections in healthcare system, food production, animal
husbandry, and agriculture, bringing convenience to human beings
(Manyi-Loh et al., 2018; Hutchings et al., 2019; Roth et al., 2019;
Tyrrell et al., 2019). However, the abuse of antibiotics contributed to
the occurrence of antibiotic-resistant strains and accelerated the
evolution of antibiotic resistance (Laxminarayan et al., 2016;
Nadeem et al., 2020). Horizontal transmission of ESKAPE
resistance gene accelerated the prevalence of drug-resistant
bacteria worldwide (Das et al, 2022). This grim reality requires
real-time and rapid diagnosis methods and efficient and specific
treatment methods. Since the discovery of CRISPR repeats in
bacteria, CRISPR-Cas system has been widely explored in the
field of genome editing from being initially considered
unimportant outside the field of microbiology. CRISPR-Cas
technology has become a milestone discovery in the field of
genetic engineering, which has created a brand-new research
method for the research in the fields of cell biology and molecular
biology (Doudna and Charpentier, 2014; Wang and Doudna, 2023).
The application of CRISPR-Cas in fields other than genetic
engineering has also developed rapidly, especially in biosensing
and infectious disease treatment, which has aroused great interest
(Wuetal, 2021; Kostyusheva et al., 2022). In this review, we outline
the potential application of CRISPR-Cas technology in ESKAPE,
including the development of rapid and instant diagnosis methods
and treatments to solve drug-resistant bacterial infections.

Diagnosis based on CRISPR-Cas has developed from an
experimental nucleic acid sensing tool to a diagnostic technique
for rapid, economical, and ultra-sensitive detection of clinical
pathogens. CRISPR-Cas diagnosis is rapidly entering clinical
application. For example, the first CRISPR-Cas diagnostic system
for SARS-CoV-2-"SHERLOCK”-has been authorized by FDA for
emergency use (Gupta et al., 2021). The widespread distribution of
“SHERLOCK” enables clinicians and disease control departments
to identify pathogens without passing a large number of complex
and time-consuming ultra-sensitive tests, which not only reduces
the cost of field deployment but also provides opportunities for
better controlling the outbreak of infectious diseases (Mustafa and
Makhawi, 2021). However, the diagnostic method of CRISPR-Cas is
still in the development stage, and many obstacles may still hinder
its further development. This technology must overcome many
challenges before it can become an exciting new pathogen
monitoring method. At present, the main disadvantage of
common CRISPR-Cas diagnostic methods is that the nucleic acid
of the target pathogen needs to be pre-amplified before detection to
achieve sensitivity below the fmol range (Xu et al., 2020). The pre-
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amplification process not only increases the detection cost but also
prolongs the reaction time, and also increases the complexity of the
detection process. Modifying Cas protein or crRNA, detecting
specific protein markers on the surface of pathogens, and
adopting non-primer signal amplification strategy may be
potential improvement schemes. Another major drawback is the
off-target effect, which will lead to misunderstanding of the results,
including false positives. Using bioinformatics methods to carefully
design and select the guide RNA with the minimum potential off-
target effect and to develop new Cas proteins with the least tolerance
to mismatched sgRNA sequences can reduce the unexpected impact
of off-target effect (Lee et al., 2016; Li et al., 2018; Li et al., 2019b). A
fatal weakness of various diagnostic methods based on CRISPR-Cas
is that they cannot quantify the pathogen load and can only provide
relatively positive or negative results (van Dongen et al., 2020). How
to standardize the results of different patients is another potential
bottleneck of CRISPR-Cas diagnosis, which needs complete
innovation of detection methods. In addition, the accurate
information of genomes of newly emerging or clinically
uncommon pathogens has not been fully explored. It is difficult
to detect such pathogens on the CRISPR-Cas diagnostic platform,
and our failure to retrieve relevant reports on the application of
CRISPR-Cas in E. faecalis and E. faecalis proves this again.
CRISPR-Cas system has become the most efficient and
convenient gene editing tool found so far. CRISPR-Cas gene
editing technology has broad application prospects, especially in
the treatment of many diseases caused by gene mutation or
pathogen infection (Strich and Chertow, 2019; Sharma et al,
2021; Katti et al., 2022; Yeh et al., 2022). At present, the common
methods of treating drug-resistant bacteria by CRISPR-Cas therapy
can be divided into two categories. Targeting specific regions of
bacterial chromosomes is a pathogen-centered method, while
targeting plasmids carrying drug-resistant genes is another gene-
centered method (Shabbir et al,, 2019; Ekwebelem et al., 2021).
According to different infection situations, a reasonable targeting
scheme can eliminate specific strains and reduce the abundance of
drug-resistant strains or genes in the host microbial community.
The development of new CRISPR-Cas technology will achieve
unprecedented control to eliminate drug-resistant bacteria
without damaging beneficial bacteria. In addition, we suggest that
the treatment of ESKAPE-resistant bacteria may be realized in the
following two ways in the future: knocking down the essential host
promoter of drug-resistant bacteria during infection, and enhancing
the expression of host restriction factors by CRISPRa to improve the
host’s resistance to drug-resistant bacteria. Although CRISPR-Cas
system has shown impeccable superiority in the treatment of drug-
resistant bacteria, it is still only the first step in the clinical treatment
of drug-resistant bacteria with CRISPR-Cas. This therapy faces
various challenges in terms of safety, delivery, efficiency, and
regulatory approval. The first is the most important safety in
clinical treatment, which is a matter of priority before any kind of
therapy is widely used. The off-target effect of CRISPR-Cas leads to
nonspecific cleavage and cytotoxicity (Lin et al., 2014; Ortinski et al.,
2017). The oft-target effect can be predicted by various computer
design tools, such as DeepCRISPR and CRISPRitz. Some strategies
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have been adopted to reduce the mis-effect (Chuai et al., 2018;
Cancellieri et al., 2020). It should also be noted that the natural
inhibitor of CRISPR-Cas system—the anti-CRISPR-Cas system—
has been widely used to minimize off-target effect and improve
target specificity (Aschenbrenner et al., 2020; Dolgin, 2020). The
lack of efficient in vivo delivery system is another major bottleneck
of the CRISPR-Cas system. So far, several potential strategies for
transient in vivo expression of CRISPR-Cas components have been
introduced, including viruses, plasmids, lipid nanoparticles, and
extracellular vesicles (Elaswad et al., 2018; Campbell et al., 2019;
Chen et al,, 2019). Considering that it may be more difficult for the
CRISPR-Cas system to enter bacteria than host cells, it is necessary
to find safer delivery and powerful gene editing methods to apply it
to ESKAPE therapy.

The CRISPR-Cas system is a powerful tool for gene editing.
There are still many discussions about CRISPR-Cas technology,
especially on the molecular level to fight against several pathogens
that seriously endanger patients’ lives and health. Although
CRISPR-Cas technology has outstanding advantages in the
diagnosis and treatment of ESKAPE infection, more research is
still in the laboratory stage, and there is still a long way to go from
emerging technology to commercialization. Although it is still in its
infancy and even needs a new biotechnology revolution to achieve a
technological leap, the diagnosis and treatment methods based on
CRISPR-Cas technology are the dominant players of the potential
rules of the game. Using the method based on CRISPR-Cas to
diagnose and treat pathogens including ESKAPE is a new reality in
the field of clinical response to drug-resistant bacteria. In a word,
solving the challenges and obstacles including effectiveness,
specificity, and safety, and releasing the full potential of CRISPR-
Cas system will bring exciting hope for preventing and fighting
antibiotic resistance.
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In the past few decades, drug-resistant (DR) strains of Mycobacterium
tuberculosis (M.tb), the causative agent of tuberculosis (TB), have become
increasingly prevalent and pose a threat to worldwide public health. These
strains range from multi (MDR) to extensively (XDR) drug-resistant, making
them very difficult to treat. Further, the current and future impact of the
Coronavirus Disease 2019 (COVID-19) pandemic on the development of DR-
TB is still unknown. Although exhaustive studies have been conducted depicting
the uniqueness of the M.tb cell envelope, little is known about how its
composition changes in relation to drug resistance acquisition. This knowledge
is critical to understanding the capacity of DR-M.tb strains to resist anti-TB drugs,
and to inform us on the future design of anti-TB drugs to combat these difficult-
to-treat strains. In this review, we discuss the complexities of the M.tb cell
envelope along with recent studies investigating how M.tb structurally and
biochemically changes in relation to drug resistance. Further, we will describe
what is currently known about the influence of M.tb drug resistance on infection
outcomes, focusing on its impact on fitness, persister-bacteria, and
subclinical TB.
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1 Introduction

Tuberculosis (TB), the disease caused by the pathogen
Mycobacterium tuberculosis (M.tb), is currently estimated to cause
~1.6 million deaths annually worldwide and is considered a leading
cause of death due to a single infectious organism (WHO, 2022a).
Recently, the World Health Organization (WHO) updated their
definitions of drug-resistant (DR)-TB along with the newest
approved treatment regimens being implemented. As defined,
multi drug-resistant (MDR)-TB is caused by a M.tb strain with
resistance to isoniazid (INH, H) and rifampicin (RIF, R). Pre-
extensively drug-resistant (pre-XDR)-TB is caused by a M.tb strain
resistant to RIF (may also be resistant to INH) and to at least one
fluoroquinolone [levofloxacin (LEV) or moxifloxacin (MFX, M)].
Lastly, M.tb strains that cause extensively drug-resistant (XDR)-TB
are resistant to RIF (may also be resistant to INH), at least one
fluoroquinolone (LEV or MFX), and one “Group A” drug
[bedaquiline (BDQ, B) or linezolid (LZD, L)] (Table 1) (WHO,
2022c¢). From this point on, the one letter drug abbreviation will
only be used when referring to a combined treatment.

Standard anti-TB treatment regimens for both drug-susceptible
(DS)- and DR-TB were also recently updated by the WHO in May
2022. Previously, treatment for DS-TB included a 2-month intensive
phase of treatment with INH, RIF, pyrazinamide (PZA, Z) and
ethambutol (EMB, E), followed by a 4-month continuation phase
with just INH and RIF (2HRZE/4HR) (WHO, 2022b). The new
WHO recommendation for DS-TB treatment also includes
implementation of a newer, 4-month daily treatment regimen
consisting of rifapentine (RPT), INH, PZA, and MFX that is non-
inferior to the 6-month DS-TB treatment regimens (Table 2) (Carr
et al, 2022, WHO, 2022b). The WHO updated recommendations for
DR-TB treatment includes three separate treatment options for
diagnosed patients. Choice of DR-TB treatment regimen is based
on factors such as the M.tb drug-resistance profile, prior exposure to
anti-TB drugs, and the extent of pulmonary TB disease among others
(WHO, 2022¢). Of the three possible treatment regimens, the newest
and preferred DR-TB regimen for RIF-resistant (RR)/MDR-TB cases
consists of BDQ, pretomanid (Pa), LZD, and MEX (BPaL+ M) as an
all-oral regimen that lasts 6 months. For pre-XDR-TB cases, the same
treatment regimen is recommended without MFX (Nyang'wa et al,
2022, WHO, 2022c). An additional recommended treatment for
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MDR/RR-TB is a 9-month all-oral regimen consisting of BDQ for
4-6 months in combination with a fluoroquinolone, ethionamide
(ETH), EMB, INH (high dose), PZA, and clofazimine (CFZ), and
treatment with a fluoroquinolone, CFZ, EMB, and PZA for the
remaining 5 months (WHO, 2022¢). Finally, a longer individualized
treatment regimen is recommended for patients with DR-TB that
have not had desirable outcomes with other regimens, are intolerant
to specific components of the other regimens, or have XDR-TB
(WHO, 2022¢). These individualized regimens last at least 18
months and have poor adherence to due to the long duration and
the increased likelihood of adverse side effects; thus, one of the other
two regimens is preferred if possible.

Many anti-TB drugs target M.tb cell envelope biogenesis
(Table 3). However, the mechanisms used by M.tb to regulate its
cell envelope composition and the outcomes in relation to drug
resistance (and, consequently, how this regulation influences TB
pathogenesis) are poorly understood. Various studies have
examined the complex cell envelope of M.tb and show that there
are differences in lipid composition that are strain specific (Torrelles
et al., 2004; Torrelles et al., 2008; Torrelles et al., 2011; Howard et al.,
2018). Thus, in order to advance the TB field, it is required that we
increase our understanding of similarities and/or differences in the
cell envelope composition of DR-M.tb strains and how these
changes influence bacteria-host cell interactions and infection
outcomes. In this review, we will present what is currently known
about how the M.tb cell envelope changes in relation to drug
resistance, examine the influence that drug resistance has on M.tb
infection outcomes, and address some of the gaps in knowledge that
remain to be elucidated.

2 The M.tb cell envelope

The M.tb cell envelope is a thick and complex structure that
provides a unique barrier of protection to the bacterium in various
environments (Garcia-Vilanova et al., 2019). It is comprised of
multiple layers that each contribute to its complex composition
(detailed in Figure 1, adapted from (Jackson, 2014). The innermost
layer is a plasma membrane similar to that of many other bacterial
species (Jackson, 2014). Outside of the plasma membrane, a layer of
peptidoglycan (PG) is covalently attached to the arabinogalactan

TABLE 1 Updated drug resistance categories based on the new WHO definitions (WHO, 2022c).

Resistant to:

Drug Resistance Category Levofloxacin Bedaquiline
Rifampicin Isoniazid or or
Moxifloxacin* Linezolid**
Rifampicin resistant (RR) + -
Multi drug-resistant (MDR) + + -
Pre-extensively drug-resistant (Pre-XDR) + Possibly +
Extensively drug-resistant (XDR) + Possibly + +

*At least one fluoroquinolone drug.
**At least one “Group A” drug.
"+" signifies resistance, "-" signifies susceptibility.
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TABLE 2 Updated treatment regimens for each disease classification based on the new WHO recommendations (Carr et al.,, 2022; Nyang'wa et al.,
2022, WHO, 2022b, WHO, 2022c).

Disease Classification Treatment Regimen Length of Treatment  All-Oral = Age Recommendation
2 months of HRZE; 4 months
2HRZE/4H Y All
RZE/4HR of HR (6 months total) e ages
DS-TB 2 months of HPMZ; 2
2HPMZ/2HPM months of HPM (4 months Yes People > 12 years old
total)
BPaLM* 6 months Yes People > 14 years old
MDR/RR-TB

9-month all-oral 9 months Yes All ages
Pre-XDR-TB BPaL 6 months Yes People > 14 years old

MDR/RR-TB,** pre-XDR-TB,** or XDR-TB Longer individualized 18 months No All ages

*Preferred method of treatment for MDR/RR-TB.
**Longer individualized treatment regimen only suggested if other treatment regimens cannot be used.
H, Isoniazid; R, Rifampicin; Z, Pyrazinamide; E, Ethambutol; M, Moxifloxacin; P, Rifapentine; B, Bedaquiline; Pa, Pretomanid; L, Linezolid.

TABLE 3 Mechanisms of action of Anti-TB Drugs.

. " Treatment
Mechanism(s) of Action . " References
Regimen
Inhibits M.tb DNA-d: dent RNA pol t RNA
RIF nibits ependen -po ymerase to suppress DS-TB Campbell et al., 2001; Tupin et al., 2010
synthesis
Inhibits M.tb DNA-dependent RNA polymerase to suppress RNA
DNA/RNA/ RPT synthesis (similar to RIF); Longer half-life, lower MIC, and higher protein DS-TB Alfarisi et al., 2017; Zheng et al., 2017
Protei binding than RIF
rotein
Synthesis DS-TB or
MOX Inhibits M.tb topoi 1I (DNA Naid t al., 2017
nhibits opoisomerase 1T ( gyrase) MDR/RR-TB aidoo et a
Prevents the formation of functional bacterial 70S ribosomal initiation MDR/RR-TB or .
LNZ o X K X Diekema and Jones, 2000
complex to inhibit bacterial protein translation Pre-XDR-TB
Wils t al.,, 1995; Chen et al., 2002;
Competitively inhibits InhA through the covalent formation of the INH- feon e e e
INH A . DS-TB Broussy et al., 2003; Schroeder et al., 2005;
NAD adduct to prevent MAc biosynthesis L
Vilchéze and Jacobs, 2007
Pyrazinoic acid (active form of PZA) inhibits fatty acid synthesis by
PZA interfering with FAS I, blocks ATP production, and inhibits M.tb protein DS-TB Ngo et al., 2007; Zimhony et al., 2007
synthesis
Inhibits M.tb arabinosyltransferases to interfere with the biosynthesis of Escuyer et al., 2001; Zhang et al., 2003;
Cell EMB arabinose-containing cell envelope components and prevent bacterial DS-TB Amin et al,, 2008; Goude et al., 2009; Zhang
E division et al,, 2020; Lee and Nguyen, 2023
nvelope
Permeability Inhibits MAc biosynthesis in aerobic conditions; Causes respiratory MDR/RR-TE or
Pa poisoning of M.tb via the nitrosylating effects of nitroimidazole, which Pre-XDR.TB Singh et al., 2008; Thompson et al., 2017
re- -
release reactive nitrogen species under anaerobic conditions
ETH Competitively inhibits InhA (similar to INH) through the covalent MDR/RR-TE Baneriee et al. 1994
- anerjee et al,,
formation of the ETH-NAD adduct to prevent mycolic acid biosynthesis !
Inhibits methoxy- and keto-mycolic acid synthesis via the F420 coenzyme
DLM system and generates nitrous oxide via the nitrosylating effects of MDR/RR-TB Singh et al., 2008; Khoshnood et al., 2021
nitroimidazole
MDR/RR-TB
BDQ Inhibits the activity of mycobacterial ATP synthase o Sarathy et al., 2019
Pre-XDR-TB
Energy
Production CEZ Interferes with K* uptake and. ATP productiloln by interacting with M.tb MDR/RR_TB Cholo et al,, 2012
membrane phospholipids to destabilize the membrane

*Longer treatment regimens for DR-TB may use an individualized combination of drugs listed based on previous outcomes with specific drugs, intolerance, or the diagnosis of XDR-TB.
RIF, Rifampicin; RPT, Rifapentine; MFX, Moxifloxacin; LZD, Linezolid; INH, Isoniazid; PZA, Pyrazinamide; EMB, Ethambutol; Pa, Pretomanid; DLM, Delamanid; ETH, Ethionamide; BDQ,
Bedaquiline; CFZ, Clofazimine.
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FIGURE 1

The M.tb cell envelope. Adapted from Mary Jackson (Jackson, 2014). TMM, trehalose monomycolate; TDM, trehalose dimycolate; DAT, diacyl-
trehalose; PAT, pentaacyl-trehalose; PIMs, phosphatidyl-myo-inositol mannosides; SL, sulfolipids; PDIM, phthiocerol dimycocerosates; and PGL,
phenolic glycolipids. Cell envelope components size are not depicted at a proportional scale. Figure created in BioRender.

(AG) polysaccharide. The non-reducing ends of AG are esterified to
the long-chain (Cgo-Coo) mycolic acids (MAcs) that are unique in
nature to Mycobacterium spp and complete the ‘cell wall core’ of the
cell envelope (Jackson, 2014; Garcia-Vilanova et al., 2019). Non-
covalently bound lipoglycans, glycolipids, and lipids span the MAcs
and create a peripheral lipid layer. On the top of this peripheral lipid
layer the outer material ‘capsule’ is composed of o-glucan,
arabinomannan, mannan, and several proteins among others. The
peripheral lipid layer includes key lipid classes known to influence
infection outcomes such as phthiocerol dimycoserosates (PDIMs),
phenolic glycolipids (PGLs, present in some M.tb strains), trehalose
monomycolate (TMM) and dimycolate (TDM), diacyl/triacyl/
pentaacyl-trehaloses (DAT/TAT/PAT), sulfolipids (SL-1), and
phosphatidyl-myo-inositol mannosides (PIMs) and their
associated lipoglycans such as lipomannan (LM) and mannose-
capped lipoarabinomannan (ManLAM) (Figure 1) (Daffe and
Etienne, 1999; Constant et al., 2002; Reed et al., 2004; Tsenova
et al., 2005; Reed et al., 2007; Sinsimer et al., 2008; Jackson, 2014;
Garcia-Vilanova et al., 2019). The importance of the peripheral lipid
layer is underscored by the fact that it accounts for 40% of the M.tb
cell envelope composition (Garcia-Vilanova et al.,, 2019).

The M.tb cell envelope is an evolving and adaptive component
of the bacterium and is critical to its protection against adverse
environmental conditions during infection (Garcia-Vilanova et al.,
2019). Many anti-TB drugs such as INH and EMB target cell
envelope biogenesis to break down this barrier and weaken the
bacterium. Anti-TB drugs targeting the cell envelope can be
bactericidal, allowing other drugs to go through. Importantly,
many mutations that confer resistance to anti-TB drugs arise
within these cell envelope biogenesis pathways, making the
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generation of new anti-TB drugs critical to combating the recent
increase in DR-TB (Batt et al., 2020).

Overall, the M.tb cell envelope has many distinct layers that
come together to give protection to M.tb in various environments
and resistance to many different drugs (Jarlier and Nikaido, 1994;
Jackson, 2014). These key lipids are described briefly below in the
context of drug resistance, while a detailed description of the
peripheral layer of the cell envelope is provided elsewhere
(Garcia-Vilanova et al., 2019).

3 M.tb cell envelope targets for anti-
TB drugs

Understanding the M.tb cell envelope is critical to recognizing
the complexity of the anti-TB drug treatment regimens required to
kill DS- and DR-M.tb (Table 3). For 2HRZE/4HR treatment
regimen, INH is a prodrug and its activation is associated with
reduction of M.tb ferric catalase-peroxidase KatG by hydrazine to
form ferrous KatG. Then, ferrous KatG reacts with oxygen to form
oxyferrous KatG to activate INH (Wang et al., 1998). Once
activated, INH inhibits InhA, the M.tb enoyl reductase, by
forming a covalent adduct with the NAD cofactor. This INH-
NAD adduct acts as a slow, tight-binding competitive inhibitor of
InhA to interfere with MAc biosynthesis (Wilson et al., 1995; Chen
et al.,, 2002; Broussy et al., 2003; Schroeder et al., 2005; Vilchéze and
Jacobs, 2007). RIF inhibits M.tb DNA-dependent RNA polymerase,
leading to a suppression of RNA synthesis and bacterial death
(Campbell et al., 2001; Tupin et al., 2010). PZA diffuses into active
M.tb expressing the pyrazinamidase enzyme that converts PZA to
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the active form pyrazinoic acid, where it interferes with fatty acid
synthase (FAS) I (Ngo et al, 2007; Zimhony et al., 2007). This
hinders M.tb’s ability to synthesize new fatty acids required for
bacterial growth and replication (Ngo et al., 2007). Accumulation of
pyrazinoic acid also disrupts membrane potential by interfering
with ATP production as well as binding to the ribosomal protein S1
(RpsA), inhibiting trans-translation and blocking M.tb proteins
being synthesized with high fidelity. (Shi et al, 2011) EMB
directly inhibits M.tb arabinosyltransferases (EmbA, EmbB, and
EmbC), interfering with the biosynthesis of arabinose-containing
M.tb cell envelope components such as AG and LAM, as well as
preventing bacterial division (Escuyer et al., 2001; Zhang et al,
2003; Amin et al., 2008; Goude et al., 2009; Zhang et al., 2020; Lee
and Nguyen, 2023). EMB is thought to have a major impact on the
cell envelope structure and permeability, as the arabinan domain of
AG sustains the MAc barrier (Goude et al., 2009). Thus, less or
smaller/truncated arabinan domain in AG could decrease the
binding sites for MAcs, leading to a thinner MAc barrier and the
accumulation of free MAcs, TMM, and TDM (Takayama et al,
1979). Further, M.tb surface exposed LAM interacts with host cells;
thus, EMB-derived truncated or reduced levels of LAM on the M.tb
cell envelope may decrease M.tb interactions with phagocytes
(Zhang et al., 2003; Torrelles et al., 2004; Kang et al., 2005;
Torrelles et al., 2008). Overall, the 2HRZE/4HR treatment for DS-
TB is designed to increase permeability by dismantling the M.tb cell
envelope (INH, EMB, PZA), followed by a direct inhibition of
RNA-polymerases (RIF) driving bacterial death.

In the case of the new WHO treatment regimen
recommendation for DS-TB of 4-month daily treatment regimen
including RPT, INH, PZA, and MFX, the substitution of RIF for
RPT adds value in multiple ways. Although RPT also inhibits M.tb
DNA-dependent RNA polymerase activity, it has lower minimum
inhibitory concentration (MIC), a longer half-life, and higher
protein binding affinity, which altogether results in shorter
therapies with reduced cytotoxicity (Alfarisi et al., 2017; Zheng
et al., 2017). Further, replacing EMB with MFX is motivated by the
fact that MFX inhibits M.tb topoisomerase II (DNA gyrase)
(Naidoo et al,, 2017). This enzyme is essential, as DNA gyrase is
involved in the replication, transcription and repair of M.tb DNA.
Thus, adding RPT and MFX while keeping the bactericidal effects of
INH and PZA on the M.tb cell envelope is intended to maximize the
effects of RPT and MFX on the bacterium.

For DR-TB, the newest oral treatment regimen approved is
BPalL + MFX (for MDR/RR-TB) or BPaL alone for pre-XDR TB.
The overall effects of the combination of these drugs on the cell
envelope is unknown. However, BDQ is a diarylquinoline that
inhibits the activity of mycobacterial ATP synthase that is
essential for the generation of energy in M.tb (Sarathy et al,
2019). Pretomanid (Pa) inhibits M.tb MAc biosynthesis and
causes respiratory poisoning of M.tb through the nitrosylating
effects of nitroimidazole, causing the release of reactive nitrogen
species under anaerobic conditions (Singh et al., 2008; Thompson
et al,, 2017, 2019). Pa molecular mechanisms of action may also
involve effects on fasI and fasII (involved in mycobacterial fatty acid
synthesis), as well as efpA (encoding the efflux pump EfpA
implicated in the efflux of INH), the cyd operon (encoding
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cytochrome bd oxidase involved in the mycobacterial electron
transport chain), and the iniBAC operon (INH induced operon
involved in mycobacterial cell envelope stress responses)
(Manjunatha et al., 2009). Finally, LZD interferes with bacterial
protein translation by preventing the formation of the functional
bacterial 70S ribosomal initiation complex, which is essential for
M.tb proliferation (Dieckema and Jones, 2000). Thus, the BPaL
treatment regimen alters the M.tb MAc layer (biosynthesis), ATP
production, and bacterial proliferation. These effects, together with
the effects of MFX on M.tb DNA replication, transcription, and
repair, initially makes BPaL + MFX a suitable treatment regimen for
MDR/RR-TB. In this regard, other drugs such as ETH, delamanid
(DLM), CFZ, and high doses of INH could also be used for the
treatment of MDR/RR-TB. Increasing INH critical concentration
aids in maintaining disruption of MAc biosynthesis. Further, ETH,
like PZA, is a nicotinic acid derivative related to INH and thus, it
acts similarly to INH where the covalent ETH-NAD adduct formed
can act as a slow, tight-binding competitive inhibitor of InhA
(Banerjee et al,, 1994). DLM similarly inhibits the synthesis of
methoxy- and keto-MAcs by disrupting the mycobacteria coenzyme
F420 system and generating nitrous oxide through the nitrosylating
effects of its nitroimidazole metabolites (Singh et al., 2008;
Khoshnood et al., 2021). In the case of CFZ, its activity appears
to be membrane-directed, interacting with M.tb membrane
phospholipids to generate antimicrobial lysophospholipids which
destabilizes the membrane, interfering with K" uptake and
ultimately ATP production (Cholo et al., 2012). However, the use
of CFZ could be a double-edged sword, as it is also linked to local
inhibition of host memory and effector T cell responses.

In summary, all anti-TB drug treatment regimens are developed
to target M.tb cell envelope permeability, energy production, and
DNA/RNA/protein synthesis (Table 3). The use of a combination of
drugs in treatment regimens increases the permeability of the M.tb
cell envelope, while simultaneously targeting key processes for
survival. These are also necessary to prevent the emergence of
drug resistance and shorten treatments. Treatment length and drug
cytotoxicity drives drug misuse and provides M.tb with an ideal
scenario to evolve mechanisms of drug resistance, potentially
changing its cell envelope properties to its own benefit.

4 Specific M.tb cell envelope
components and their relationship
with drug resistance

The M.tb cell envelope has evolved over time to increase M.tb
hydrophobicity, transmissibility, and pathogenesis during infection
(Jankute et al., 2017). Indeed, some reports suggest that modern
M.tb strains evolved from M. canetti, increasing their
hydrophobicity and ability to be transmitted by increasing the
amount of nonpolar lipids in comparison to polar lipids on the
cell envelope (Fabre et al., 2004; Jankute et al., 2017; Briquet et al.,
2019). However, while studies have examined the evolution of the
M.tb cell envelope over time, there is still a large gap in knowledge
related to how the M.tb cell envelope changes in relation to drug
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resistance. Here we summarize what is known about DS vs. DR-
M.tb cell envelope changes and how they influence M.tb-
host interactions.

4.1 Cell envelope thickness

As aforementioned, the M.tb cell envelope is a critical barrier of
protection for the bacterium. It has also been shown to vary
drastically between strains (Torrelles et al., 2004; Torrelles et al.,
2008; Torrelles et al, 2011); therefore, it is logical to question
whether such variation extends to M.tb strains in relation to drug
resistance patterns. Some groups have examined the morphological
similarities and differences between M.tb clinical isolates that range
in drug resistance and found significant changes in morphology
across strains (Velayati et al., 2018). Initial studies using
transmission electron microscopy (TEM) showed significant
increases in cell envelope thickness of both MDR- and XDR-M.tb
strains compared to DS strains (Velayati et al., 2009a). Notably,
MDR-M.tb strains are thicker in the electron-transparent and
electron-opaque outer layer, while XDR-M.tb strains showed a
denser peptidoglycan layer (Velayati et al., 2009a). In a
subsequent study, the same group examined what they denote as
totally drug-resistant (TDR)-M.tb strains using TEM, showing that
these strains produce a thicker cell envelope and ‘round/oval
shaped’ bacilli compared to both DS- and MDR-M.tb strains’ rod
shape (Velayati et al., 2009b). Atomic force microscopy (AFM)
produced similar findings of increased cell envelope thickness and
surface roughness of M.tb strains denoted as extremely drug-
resistant (XXDR) when compared to DS-M.tb strains (Velayati
et al,, 2010). Both TEM and AFM studies were able to reproduce
XDR- and XXDR-M.tb strains’ round bacilli as well as a fourth
“adaptive” type of cell division not found in DS- or MDR-M.tb
clinical isolates (Farnia et al., 2010; Velayati et al, 2010). These
studies suggest that in contrast to the three other types of cell
division found in all M.tb clinical isolates (symmetrical,
asymmetrical, and branching), this fourth adaptive type resulted
in the ‘round shaped’ bacilli and may be due to the bacteria’s efforts
to protect itself and survive within a drug-driven hostile
environment (Farnia et al., 2010). Indeed, these changes in M.tb
cell envelope structure and shape were later associated with
dormancy, where in the first 18 months of using an anaerobic
culture to model latency, M.tb showed a thickened cell envelope and
formation of the ‘round shaped spore-like’ bacilli (Velayati et al.,
2011). This suggests that the shape, size, and thickness of the M.tb
cell envelope may also be related to the amount of time that the
bacteria remain latent during infection, and not solely in relation to
drug resistance (Velayati et al., 2011). Importantly, many of these
studies predate the most recent WHO definitions of TB drug
resistance, so M.tb strains previously denoted as XXDR or TDR
are now categorized as pre-XDR or XDR under the new definitions
(WHO, 2022¢). This is critical to note for future studies that will
examine the structural characteristics of DR-M.tb strains.
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4.2 Cell envelope lipid composition

While the modern M.tb strains cell envelope has increased
hydrophobicity compared to more ancient mycobacterial strains such
as M. canetti and M. kansasii (Jankute et al., 2017), not much is known
about whether a further increase in hydrophobic lipids on the M.tb cell
envelope in relation to drug resistance occurs. A few studies examined
the prevalence of glycolipids and lipoglycans that range in polarity and
have found variations between M.tb strains that are DS vs. DR. For
instance, one study showed that LAM structural variations (e.g. highly
succinylated and truncated arabinan domain with lesser mannose caps)
in an EMB-resistant strain of M.tb was responsible for influencing host
responses (Torrelles et al,, 2004). Further, another group compared
MDR- vs. DS-M.1b strains and found that there were critical differences
between three major classes of lipids, namely on fatty acyls (e.g, MAc),
glycerolipids (e.g., TAGs), and glycerophospholipids (e.g., PIMs)
(Rahul Pal et al, 2015; Pal et al,, 2017). A separate study looking at
the lipid composition of INH-resistant M.tb clinical isolates found that
these had notably lower o-MAc, PDIMs, TMM, and PIMs when
compared to laboratory DS-M.tb strains (Nieto et al.,, 2018). However,
changes to cell wall composition is not specific to the cell wall targeting
anti-M.tb drugs, as one group revealed an increase in expression of
genes responsible for PDIM biosynthesis and alteration in PDIM
structures in strains with rpoB mutations resulting in RIF resistance
(Bisson et al, 2012). While these studies suggest that the lipid
composition of DR-M.tb strains is altered, a consensus of how the
cell envelope of DR-M.tb strains change in comparison to DS-M.tb
strains remains to be established. Below we will discuss MAcs along
with key subsets of M.tb peripheral lipids and what is known about
each lipid subset in relation to drug resistance.

4.2.1 Mycolic acids

MAcs are long-chain (Ceg.99) fatty acids that are covalently
bonded via esterification to the non-reducing ends of AG to
complete the M.tb cell wall ‘core’ (Jackson, 2014; Garcia-Vilanova
et al,, 2019). They are a key component of the mycobacterial
membrane and critically contribute to the hydrophobicity of the
cell envelope which protects the M.tb bacterium during infection
and from anti-TB drugs. Studies comparing the cell wall structure of
in vivo and in vitro derived M.tb have shown that in vivo grown cells
have a more condensed AG-PG structure, but with increased
esterification by mycolic acids. M.tb produces three subclasses of
MAcs (0-, methoxy-, and keto-MAcs) (Nataraj et al., 2015). In
addition to being covalently bound, MAcs can be found free and
esterified to peripheral lipids defined as virulence factors such as
TMM and TDM (Brennan and Nikaido, 1995; Belisle et al., 1997;
Grzegorzewicz et al, 2012). TMM can also serve as a means to
transport MAcs through the M.tb cell envelope (Varela et al.,, 2012),
where enzymes from the Ag85 complex called mycolyl transferases
covalently link free MAcs to the AG to form the MAc layer as well
as transfer an additional MAc to TMM to form TDM (Belisle et al.,
1997; Puech et al., 2002).
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Multiple anti-TB drugs target MAc biosynthesis to increase
permeability of the M.tb cell envelope, allowing for other anti-TB
drugs to effectively target DNA/RNA/protein synthesis and energy
production. Interestingly, most genes involved in MAc synthesis are
considered essential, suggesting that the MAc biosynthetic pathway
should be further targeted in the design of new anti-TB drugs
(Nataraj et al., 2015). It is thought that increased MAcs - and thus,
increased hydrophobicity of the M.tb cell envelope — may offer
additional resistance for DR-M.tb strains. However, it is plausible
that the MAc structure rather than their abundance may vary in
DR-M.tb strains. Increases in MAc carbon chain length would not
only explain earlier reports in cell envelope thickness of DR-M.tb
strains (Velayati et al., 2009a, Velayati et al., 2009b, Velayati et al.,
2010), but may also contribute to increased hydrophobicity of the
DR-M.tb cell envelope, thus allowing for greater protection against
more hydrophilic molecules including many anti-TB drugs. Because
of this, it is critical to elucidate the role(s) that MAcs play in M.tb
drug resistance and how changes in MAc abundance and/or
structure ultimately influences DR-M.tb hydrophobicity,

transmissibility, and infection outcomes.

4.2.2 Phthiocerol dimycocerosates and
phenolic glycolipids

The biosynthetically related PDIMs and PGLs are predominantly
nonpolar lipids that contribute to the hydrophobicity of the M.tb cell
envelope. Both PDIMs and PGLs are considered important M.tb
complex virulence factors, with PDIMs only being found in
pathogenic mycobacterial species (except for M. gastri) (Onwueme
et al, 2005; Samanta et al., 2017). In this regard, PDIMs are linked to
suppression of the early immune response by controlling TNF and IL-6
production, as well as being potentially involved in phagosomal
maturation arrest (Rousseau et al., 2004; Howard et al., 2018; Garcia-
Vilanova et al,, 2019). Many studies revealed that PDIM-deficient M.tb
and M. bovis mutants have a high degree of attenuation in vitro and in
vivo (Camacho et al, 1999; Cox et al., 1999; Rousseau et al., 2004;
Murry et al., 2009; Kirksey et al,, 2011; Day et al., 2014), with PDIM-
deficient mutants also showing greater susceptibility to anti-TB drugs
when compared to the wild-type or complemented strains (Chavadi
etal, 2011). PGLs are also produced by pathogenic mycobacteria such
as M.tb (some strains), M. bovis, M. leprae, and M. marinum. However,
the importance of PGLs in M.tb virulence is still debatable. Many M.tb
strains — including laboratory strains H;R, and Erdman, as well as the
highly transmissible clinical isolate CDC1551 - harbor a mutation in
the Pks15/1 gene disabling PGL production (Reed et al., 2004; Samanta
et al,, 2017). Conversely, genetic lineage 2 (termed ‘W-Beijing lineage)
M.tb strains have an intact Pks15/1 gene and thus contain PGLs that
may contribute to their hypervirulence phenotype described in animal
models (Reed et al., 2004; Samanta et al., 2017).

Studies have begun examining the relationship between PDIMs
on the mycobacterial cell envelope and drug resistance. An initial
study using multiple M.tb strains showed that the presence of
PDIMs is critical for reducing the cell envelope permeability of
hydrophobic probes and detergents (Camacho et al., 2001). This
study examined M.tb strains with deficiencies in genes related to
PDIM biosynthesis and transport (fadD26, mmpl7, and drrC) and
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found that these presented higher permeability to hydrophobic
probes, with M.tb AfadD26 being the most sensitive to detergents
(Camacho et al,, 2001; Rens et al., 2021). These results notably did
not show any differences in the MIC of multiple hydrophilic anti-
TB drugs (INH, PZA, and EMB), indicating that the PDIM-
deficient mutants’ susceptibilities did not extend to anti-TB drug
effects (Camacho et al,, 2001). However, a later study using M.
marinum AtesA mutants, a gene encoding a thioesterase that
hydrolyses long chain fatty acyl esters involved in PDIMs
biosynthesis, showed that PDIM and/or PGL deficiencies are
directly associated with hyper-susceptibility to multiple drugs
including cefuroxime (CXM), doxycycline (DOX), RIF,
ciprofloxacin, and ampicillin (Chavadi et al., 2011). Not only was
this finding reproducible in a subsequent study, but it was also
shown that another M. marinum ApapA5 mutant, a gene encoding
a polyketide-associated protein with acyl transferase activity
involved in PDIMs biosynthesis, had hyper-susceptibility to
CXM, DOX, RIF, and erythromycin (Mohandas et al., 2016).
Similar findings were shown for both PDIM-deficient M. bovis
BCG and M.tb strains having higher degree of susceptibility to
vancomycin (Soetaert et al, 2015). Importantly, RIF-acquired
resistance in MDR-M.tb strains (particularly through mutation of
rpoB) is associated with upregulation of the PDIMs biosynthetic
pathway (Bisson et al., 2012), increased PDIMs levels (Howard
et al,, 2018), and changes in over 100 cell envelope lipids (Lahiri
et al, 2016). Overall, these data indicate that PDIMs play an
important role in the hydrophobicity and permeability of the
M.tb cell envelope, and that their biosynthesis could be a critical
pathway to target when designing novel anti-TB drugs as well as
developing a point of care diagnostic tool to distinguish DS- vs. DR-
TB (Figure 2).

4.2.3 Trehalose-containing glycolipids

M.tb uses trehalose as both a carbon source and a core
component of several cell surface glycolipids known as virulence
factors of M.tb. The mycolyl-containing trehalose lipids are the
most abundant subset composed namely by TDM (6,6’-dimycoloyl-
o-D-trehalose) and TMM (6-monomycoloyl-c-D-trehalose). These
lipids are comprised of long acyl chains, and it is widely assumed
that the mycolates face towards the plasma membrane of the
bacterium and trehalose groups face towards the cell envelope
surface. Other important trehalose-containing lipids are the
acyltrehalose lipids, mainly diacyl- (DAT), triacyl- (TAT), and
pentaacyl-trehalose (PAT) (Gautier et al., 1992). These
acyltrehalose lipids are valuable components of the M.tb cell
envelope in that they aid in maintaining the structure of the cell
envelope, providing anchors for the outer material layer that
thickens the cell envelope (Rousseau et al., 2003; Bailo et al,
2015). Sulfolipids (SL) make up yet another subset of trehalose-
containing lipids found on the cell envelope of virulent strains of
M.tb (Middlebrook et al., 1959; Goren, 1970).

Overall, the role of trehalose-containing lipids in M.tb
development of drug resistance remains unknown, although
trehalose acts as a reactive oxygen species scavenger. Recent
studies indicate that trehalose metabolism is associated with both
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Summary of cell envelope changes in DS- vs. DR-M.tb and their influence on infection outcomes. Schematic showing that as M.tb increases its drug
resistance pattern, its cell envelope thickness and hydrophobicity increases, driving reduced permeability and resulting in higher transmission rates
while at the same time compromising its fitness within the host by triggering damaging inflammatory responses. Figure created in BioRender. Down

black arrows signify a decrease. Up black arrows signify an increase.

M.tb drug tolerance and permanent drug-resistance (Lee et al,
2019). In the presence of INH and RIF, M.tb is found to bypass the
production of trehalose-containing lipids (Lee et al., 2019). M.tb
also activates isocitrate lyases involved in the tricarboxylic acid
(TCA) cycle to tolerate INH, RIF, and streptomycin after sublethal
exposure by circumventing reactive ROS production (Nandakumar
et al,, 2014). These data suggest that M.tb may shift its metabolism
(including trehalose metabolism) to circumvent anti-TB drug
effects directly linked to the harmful production of ROS (Dwyer
etal, 2014; Dong et al., 2015). This is supported by multiple studies
indicating that as M.tb becomes tolerant to anti-TB drugs in
response to a hypoxic environment (e.g. granuloma), it
simultaneously downregulates the production of TDM/TMM
(Galagan et al,, 2013; Eoh et al,, 2017). Indeed, M.tb drug-tolerant
persisters seem to have the capacity to alter trehalose metabolism to
survive in a non-replicating state under hypoxic conditions (Eoh
et al., 2017). Herein, under anti-TB drug-free environmental
pressure, both drug-tolerant persisters and DR-M.tb strains can
undergo a trehalose-catalytic shift that is absent in DS-M.tb strains
(Lee et al,, 2019). This shift ultimately allows for bacterial survival
even when anti-TB drugs cause energy depletion due to the ATP-
producing electron transport chain becoming dysregulated (Lee
et al,, 2019). Alternatively, several studies address targeting
trehalose-containing glycolipid transport proteins, such as the
mycobacterial membrane protein large 3 (Mmpl3), in the design
of new anti-TB drugs (Su et al,, 2019; Zhang et al., 2019). Targeting
the transport of glycolipids such as TMM to the cell envelope may
aid in weakening the cell envelope and possibly increase the efficacy
of other anti-TB drugs. Further, the acetylation of M.tb proteins
plays a critical mechanism of bacterial adaptation to changing
environments, being implicated in virulence, drug resistance,
regulation of metabolism, and host anti-TB immune responses
(Sun et al., 2022; Huang et al., 2023). It is plausible that increased
acylation of M.tb cell envelope trehalose-containing lipids could be
play a similar role (Sun et al., 2022).
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4.2.4 Mannose-containing glycolipids
and lipoglycans

A predominant family of cell envelope lipids are the mannose-
containing glycolipids that include PIMs - glycosylated derivatives
of phosphatidyl-myo-inositol (PI) — and their associated lipoglycans
LM and ManLAM (described in detail elsewhere) (Chatterjee et al.,
1992; Chatterjee et al., 1993; Besra and Brennan, 1997; Besra et al.,
1997; Chatterjee and Khoo, 1998; Nigou et al., 2003; Torrelles and
Schlesinger, 2010; Turner and Torrelles, 2018). Not only are these
molecules found in the periphery, but they are also interspersed
throughout the plasma membrane and cell wall core (Venisse et al.,
1995; Crick et al., 2003; Torrelles and Schlesinger, 2010). Mannose-
containing molecules such as arabinomannan, mannan, and
manno-glycoproteins are also present on the cell envelope
(Torrelles and Schlesinger, 2010), along with mannosyl-f-1-
phosphomycoketides (MPM), a mannose phosphate suggested to
activate CD1c-restricted T cells (Matsunaga et al., 2004).

The biosynthesis of PIMs is complex, as these are largely
heterogeneous molecules that vary in their mannose content, as
well as the number and structure of their acyl groups (Garcia-
Vilanova et al., 2019). As such, PIMs can be separated into lower-
and higher-order structures that coincide with the number of
mannose residues (Torrelles et al., 2006). Of the many PIMs
found, the most common in the M.tb complex cell envelope are
PIM, and Ac;PIM, (di- and tri-acylated PIM,, respectively) as well
as PIMg¢ and Ac;PIM (di- and tri-acylated PIM) (Khoo et al., 1995;
Garcia-Vilanova et al., 2019). LM 1is a lipoglycan that is
biochemically related to PIMs and thought to be synthesized
from PIM, (Gilleron et al., 1999; Guerardel et al., 2002; Guerardel
et al,, 2003). Along with PIMs, LM is shown to regulate cytokine,
oxidant, and T cell responses (Barnes et al., 1992; Chan et al., 2001;
Gilleron et al., 2001; Torrelles and Schlesinger, 2010). ManLAM is
an abundant mannose-containing macromolecules on the M.tb cell
envelope and is biochemically related to PIMs and LM (Brennan
and Nikaido, 1995; Besra et al., 1997). The heterogeneous structure
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of ManLAM (described in detail elsewhere) (Chatterjee et al., 1992;
Chatterjee et al., 1993; Besra and Brennan, 1997; Besra et al., 1997;
Chatterjee and Khoo, 1998; Nigou et al., 2003; Turner and Torrelles,
2018) is defined as containing a mannosyl-phosphatidyl-myo-
inositol (MPI)-anchor, a carbohydrate core (D-mannan and D-
arabinan), and mannose-capping motifs (Torrelles and Schlesinger,
2010). ManLAM biological properties, including its capacity to
interact with the macrophage mannose receptor driving
phagosome maturation arrest (Fratti et al, 2003; Kang et al,
2005), are described in detail elsewhere (Turner and Torrelles,
2018). Previous studies showed not only that ManLAM is a
virulence factor of M.tb, but that it varies in size and structure,
with certain M.tb clinical isolates having truncated forms of
ManLAM that is ultimately associated with decreased
phagocytosis and lower association with host cell recognition
receptors [e.g. mannose receptor (MR), DC-SIGN in phagocytes]
(Torrelles et al., 2004; Torrelles et al., 2008).

Efforts have begun to elucidate what role(s) molecules involved in
the biosynthesis and transport of mannose-containing glycolipids may
play in driving M.tb drug resistance. For ManLAM, the ratio of Ara :
Man (considered normal at approximately 1.0) (Khoo et al, 2001)
varies by M.tb strain, with DR- and/or hypervirulent M.tb strains
showing a greater amount of variability in LAM size and branching
(Khoo et al., 2001; Torrelles et al., 2004; Torrelles et al., 2008; Torrelles
et al, 2012). Further, a study examining drug resistance of M. abscessus
showed that mutation of arabinosyltransferase C (an ortholog of M.tb
embC) resulted in increased permeability of the cell envelope due to the
abolishment of LAM biosynthesis driving hypersensitivity to multiple
anti-TB drugs (Wang et al,, 2022). In a separate study, treatment of M.
bovis BCG with INH and EMB resulted in increased surface exposure
of LAM, which could be linked to the reduction in MAc abundance by
the action of INH, as well as an attempt from the bacteria to maintain
cell envelope integrity after exposure to anti-TB drugs (Alsteens et al,,
2008). This is supported by the upregulation of genes related to LAM
biosynthesis following INH treatment (Yimcharoen et al,, 2022). That
said, this needs to be carefully considered as for this study, the authors
used a MDR M.1b strain with a katG mutation, which should render it
insensitive to INH.

Overall, hydrophilic mannose-containing lipoglycans may have
low friction within the M.tb cell envelope, increasing its
hydrophilicity while at the same time reducing its permeability;
thus, the biosynthesis pathways of mannose-containing lipoglycans
could be important targets for future anti-TB drugs. Indeed,
ManLAM/LM structural changes could have a significant impact
on the M.tb cell envelope integrity, increasing sensitivity to drugs, as
well as faster killing by host cells, opening the avenue for combined
drug and host-directed therapies.

5 The influence of drug resistance on
infection outcomes

Fitness has been defined as a comprehensive measure of the
bacteria’s ability to survive, reproduce, and undergo transmission,
and could represent virulence as well (Zhan et al., 2020). It is true
that many mechanistically related forms of drug resistance are
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associated with reduced bacterial growth (Gagneux et al., 2006b;
Andersson and Hughes, 2010; Bhatter and Mistry, 2013; Zhan et al.,
2020). This fact in the TB field is debatable; indeed, studies show
that INH-resistant M.tb strains with mutations in katG have
decreased virulence, pathology, and fitness in the mouse model
(Nieto et al., 2016). However, other studies report that DR-M.tb
strains range in virulence and that certain drug resistance
conferring mutations are at “non-cost” and do not decrease fitness
(Ordway et al.,, 1995). This could be explained by the existence of
secondary mutations compensating for fitness cost. These
secondary mutations could be an indirect, subsequent result of
the primary mutations driving drug resistance. For example, an
epidemiological study found that 47% of M.tb clinical isolates with a
rpoB mutation conferring RIF resistance also had fitness-
compensatory mutations in rpoA or rpoC (Casali et al., 2014).

Additional factors that can influence infection outcomes include
M.tb lineage and host genetics and epigenetics that can cause
variabilities in the immune response during infection (Saclens et al,
2019; Carey et al,, 2022). Previous epidemiological studies suggest that
lineage 2 “Beijing” strains are associated with increased virulence,
transmissibility, and drug resistance compared to other lineages
(Kong et al., 2007; Cowley et al., 2008; de Jong et al., 2008; Thwaites
et al,, 2008; Niemann et al., 2010; Casali et al., 2014; Carey et al,, 2022).
Recent reports on DR-TB patients also show cytokine signatures
associated with increased TB disease severity and hyper-
inflammation, indicating that some DR-M.tb strains may have
increased virulence (Sampath et al., 2023). However, this conclusion
needs to be handled with caution, as it seems possible that DR-M.tb
appears more virulent in patients simply because it is drug resistant.

Another study assessed the adaptation of M.tb and found that
strains from multiple lineages have adapted to specific human
populations, and that these adaptations are consistent with the
geographic spread of each lineage in various parts of the world
(Gagneux et al., 2006a). Thus, it is plausible that DR-M.tb strains’
primary and secondary mutations, lineage, and host specific genetic
and epigenetic factors may account for the vast amount of
variability in disease severity and the immune response seen in
DR-TB cases. These factors may allow for a small subset of DR-M.tb
strains with little to no fitness cost to be preferentially transmitted to
new hosts, ultimately favoring an increase in DR-TB over time
(Figure 2) (Zhan et al.,, 2020).

M.tb persisters also complicate our understanding of DR-TB and
infection outcomes. These persisters are a subpopulation of M.tb that
are genotypically the same as the rest of the population, but
phenotypically drug tolerant and do not replicate in the presence of
drugs (Torrey et al,, 2016). Thus, bactericidal drugs do not kill these.
Indeed, studies show that clinical isolates with a high-persister
phenotype have greater ex vivo survival than those with a low-
persister phenotype, with specific mutations found in genes related
to PDIM biosynthesis in the high persisters (Torrey et al, 2016).
However, while persisters can act as a source for drug resistant
mutations (Prabowo et al, 2013), the association between drug
resistance (not simply drug tolerance) and persister M.tb needs to be
studied further.

Aside from active TB and latent M.tb infection (LTBI), incipient
TB (likely to progress to active TB without causing detectable
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abnormalities) and subclinical TB (does not cause clinical TB-
related symptoms, but does cause abnormalities that are
detectable using radiologic or microbiologic assays) are also forms
of the disease that need to be considered (Drain et al., 2018). In this
regard, in 2021 it was estimated that approximately 7 million people
were living with subclinical TB, and while these people do not
exhibit classic symptoms of active TB disease, they are still able to
transmit the infection to others (Kendall et al., 2021).
Unfortunately, little is known about incipient and subclinical
cases of TB, and even less is known about how drug resistance
influences the likelihood of developing these TB stages in
comparison to LTBI or active TB. What is clear, however, is that
the prevalence of DR-TB is likely to increase if patients presenting
subclinical TB are indeed infected with DR-M.tb and able to
transmit it to others. Thus, understanding how drug resistance
influences M.tb infection stages and outcomes is an important
avenue for further exploration as we work to end TB.

Most studies examining DR-TB are in the context of pulmonary
TB. However, there is also evidence of extrapulmonary TB
resistance to both first- and second-line anti-TB drugs. Several
studies involving extrapulmonary TB indicate that the rate of DR-
TB in these patients goes between 4.4% to 20% (Dusthackeer et al.,
2015). Similar to extrapulmonary TB, cases of disseminated DR-TB
are reported around the world and can also complicate the already
difficult-to-manage problem of DR-TB (Jung et al., 2016; Kaplan
et al., 2018).

6 Concluding remarks

The M.tb cell envelope is a unique and complex structure that
can adapt to its environment. Key peripheral lipids on the M.tb cell
envelope contribute to the hydrophobicity of the bacterium and act
as virulence factors to influence M.tb-host interactions. Although
MDR/RR-, pre-XDR-, and XDR-TB have emerged in recent
decades, how the cell envelope of DR-M.tb changes in
comparison to DS-M.tb remains poorly understood. Recent
studies have started to address genotypic changes naturally
occurring in DR-M.tb strains that influence the efficacy of anti-
TB drugs (Bellerose et al., 2020), and what is currently known about
these evolutionary processes and adaptation of DR-M.tb are
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reviewed in detail elsewhere (Allue-Guardia et al., 2021).
Examination of other superbugs such as methicillin-resistant
Staphylococcus aureus (MRSA) showed that MRSA strains can
alter their cell envelope to strategically evade the immune
response (Gerlach et al,, 2018), and that the glycosylation of cell
envelope teichoic acids is required for methicillin resistance (Brown
etal., 2012). It is possible that we can apply knowledge gained from
other superbugs to DR-TB with respect to changes in the cell
envelope composition of MDR/RR-, pre-XDR-, and XDR-M.tb
strains and how these changes impact TB clinical presentation,
host responses, and subsequent pathogenesis.

Studies in recent years suggest that the cell envelope of DR-M.tb
strains thicken, and PDIMs may be playing a determinant role in
controlling permeability to hydrophobic drugs. If this is the case,
infection with a DR-M.tb strain may result in increased virulence, as
the host immune system could skew towards a more pro-
inflammatory response and increased necrosis of infected cells
due to the greater amount of hydrophobic lipids on the cell
envelope (Figure 3). Another possibility is that, due to the
increase in the amount of hydrophobic vs. hydrophilic lipids and
their associated lipoglycans (e.g. PIMs/LM/ManLAM), there is
missed opportunity for host cells to recognize hydrophilic lipids
that favorably modulate the host immune response towards
decreasing inflammation. One outstanding question is whether
host-signaling patterns are altered by DR-M.tb due to cell
envelope changes and, if so, do these alterations influence
immune cell recruitment to and granuloma formation at the site
of infection? Recent studies have begun to address the genotypic
changes in DS- vs. MDR-M.tb, focusing on mutations that alter the
efficacy of anti-TB drugs in vivo (Bellerose et al., 2020). However, it
will be critical in future studies to also examine pre-XDR- and XDR-
M.tb strains to assess their natural genetic variations that may
influence drug efficacy, if any of these genetic mutations are
associated with changes in the M.tb cell envelope composition,
and how these changes ultimately influence TB pathogenesis.

Another outstanding question related to DR-TB is whether
increased amounts of nonpolar lipids (and thus, increased
hydrophobicity) on the cell envelope of DR-M.tb strains
contributes to enhanced aerosolization and transmissibility of
DR-M.tb, which was previously demonstrated in a study showing
that increased hydrophobicity enhances aerosol transmissibility in
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Summary of DR-M.tb-host interactions. Schematic showing that DR-M.tb strains with increased levels of nonpolar lipids have increased
hydrophobicity and transmission leading to the increase in the host cell pro-inflammatory responses in the lung environment, favoring cell death by
necrosis rather than apoptosis and driving the progression of the infection. Figure created in BioRender. Up and black arrows signify an increase.
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non-tuberculous mycobacteria (Falkinham, 2003; Jankute et al,
2017). If so, it is plausible that increased hydrophobicity would
ultimately allow these strains to be easily transmissible and increase
their prevalence over time, thus associating drug resistance with an
overall increase in fitness, TB pathogenesis, and impaired host
immune responses. Addressing these questions will ultimately aid
the TB field in designing novel anti-TB drugs in response to these
changes and improving diagnosis of DR-TB in POC settings to
reduce transmission and improve public health worldwide.
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Objectives: This study summarizes the epidemiological characteristics, species
distribution, and drug sensitivity of clinical nontuberculous mycobacteria (NTM)
isolates at the Public Health Clinical Center of Chengdu, China, from January
2017 to December 2022.

Methods: We retrospectively analyzed data from patients with clinically isolated
NTM strains. Chi-square analysis assessed the rate of Mycobacterium strain
isolation over 6 years.

Results: The number of samples tested for Mycobacterium tuberculosis (MTB)
and/or NTM increased each year, while MTB detection decreased and NTM
detection rose significantly each year (P=0.03). The average age of NTM patients
was 51 + 17.53 years, with a 14.1% HIV infection rate. The predominant isolates
were Mycobacterium avium-intracellulare (MAC) and M. chelonae/M. abscessus,
with 96.4% of cases being of Han ethnicity. Amikacin, moxifloxacin, and
clarithromycin were effective against M. avium and M. intracellulare; linezolid,
amikacin, and cefoxitin were effective against M. chelonae/M. abscessus. Over
90% of NTM cases originated from the respiratory tract.

Conclusion: The NTM isolation rate in Southwest China has risen in recent years,
primarily among elderly patients with a high HIV co-infection rate. The main NTM
isolates were MAC and M. chelonae/M. abscessus. Amikacin, moxifloxacin,
clarithromycin, and linezolid exhibited strong antibacterial activity against SGM,
while amikacin and linezolid displayed relatively better antibacterial activity
against RGM. The prevalence of NTM infection may be positively associated
with regional economic development and health conditions.
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Introduction

Nontuberculous mycobacteria (NTM) are part of the
Mycobacterium species, distinct from those in the M. tuberculosis
complex or M. leprae, and typically act as opportunistic pathogens
(Falkinham, 1996; Falkinham, 2002). This term encompasses around
200 distinct Mycobacterium species, with new species continually
emerging (Zhou et al, 2020). In recent years, both in China and
globally, NTM infections have been on the rise (Wang et al,, 2019; Liu
et al,, 2021; Thornton et al, 2021). Among clinical laboratories in
China, the Mycobacterium avium-intracellulare complex (MAC) and
the M. chelonae/M. abscessus complex are the two most commonly
encountered NTM complexes, and they are among the most drug-
resistant species (Wang et al., 2016; Wang et al., 2019; Guo et al., 2021).
However, limited studies have explored NTM drug susceptibility due to
small sample sizes or restricted antibiotic types being tested. Therefore,
this study aims to summarize NTM identification and drug sensitivity
data from the largest sample size in a major central city in Southwest
China. This information can provide valuable insights for the
prevention and treatment of NTM diseases.

Methods
Study population and diagnostic criteria

This study included all patients with culture-positive NTM
infections treated at the Public Health Clinical Center of Chengdu
(PHCC) in Sichuan Province, China, from January 2017 to
December 2022. During the 6-year study period, a total of
126,368 suspected mycobacterial infections were cultured using
the BACTEC™ MGIT 960 System (Becton Dickinson & Co., NJ,
USA), resulting in 26,510 Mycobacterium tuberculosis (MTB)
culture-positive cases and 587 NTM culture-positive cases.
Diagnosis and categorization of NTM-infected patients were
based on the 2012 and 2020 NTM Diagnosis and Treatment
Expert Consensus (Editorial Board of CSTB, 2016; Tuberculosis
Branch of Chinese Medical Association, 2020), the Clinical
Diagnosis and Treatment Guidelines for Tuberculosis in China
(Chinese Medical Association, 2005), and the updated guidelines
from the World Health Organization. Diagnosis of human
immunodeficiency virus (HIV) followed the Chinese HIV and
HIV Infection Diagnostic Criteria (WS293-2008) (From the
Centers for Disease Control and prevention, 1993).

Bacterial strains culture, identification, and
drug sensitivity

We employed the BACTEC"™ MGIT 960 System for culturing
mycobacteria. Extrapulmonary samples (such as pleural fluid,
spinal fluid, and lymph nodes) were obtained through lumbar
puncture, pleural tap, fine needle aspiration, lymph node biopsy,
and other procedures (Wang et al., 2017). Initial identification of
NTM bacteria primarily relied on the MPT 64 antigen detection
(Colloidal Gold immunochromatography) or polymerase chain
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reaction (PCR) methods. Subsequently, P-nitrobenzoic acid
(PNB) and thiophene-2-carboxylic acid hydrazide (TCH) were
employed for NTM revalidation using the MicroDST ™ (Yinke
AUTOBIO Diagnostics Co., Ltd, Zhuhai, China) approach (Cao
et al., 2021). Further identification of NTM species/complexes was
conducted using Genechip, following the manufacturer’s
instructions (CapitalBio Corp., Chengdu, China). Strains that
couldn’t be identified via genechip were subjected to analysis
using matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (Microflex LT; Bruker Daltonics, Bremen,
Germany) or 16S rDNA sequencing.

The Clinical and Laboratory Standards Institute (CLSI)
recommends the microplate dilution method for in vitro drug
sensitivity testing of some Slow-Growing Mycobacteria (SGMs) and
Rapid-Growing Mycobacteria (RGMs). However, the exact
Minimum Inhibitory Concentration (MIC) values for the strains
require comprehensive evaluation and adjustment for clinical
practice (Clinical and Laboratory Standards Institute (CLSI),
[[NoYear]]). In this study, drug resistance tests (DST) for culture-
positive NTM isolates were conducted using MicroDST ™ (Yinke
AUTOBIO Diagnostics Co., Ltd, Zhuhai, China). The MIC was
defined as the lowest drug concentration inhibiting visible growth
of the tested isolates. MIC breakpoints and sensitivity/resistance
determinations were interpreted following reagent instructions, and
the protocol was executed in accordance with the manufacturer’s
recommendations (Wang et al., 2020). We employed a total of 13
antimicrobial agents in this study, including rifampicin (1, 4, 6, 16 pg/
mL), clarithromycin (0.5, 4, 16, 64 ug/mL), imipenem/cilastatin
(IPM/CS) (0.5, 4, 16, 64 pg/mL), linezolid (0.5, 2, 8, 32 ug/mL),
amikacin (1, 4, 16, 64 pg/mL), ethambutol (2.5, 5, 10, 20 pg/mL), and
rifabutin (0.5, 2, 8, 32-10 pg/mL), at four concentrations. Cefoxitin
(4, 16, 32, 40, 64, 80, 128, 160 pg/mL), tobramycin (0.5, 1, 2, 4, 8, 16,
32, 64 ug/mL), moxifloxacin (0.125, 0.25, 0.5, 1, 2, 4, 8, 16 ug/mL),
doxycycline (0.5, 1, 4, 8, 16, 32, 64, 128 ug/mL), minocycline (0.5, 1, 4,
8,16, 32, 64, 128 ug/mL), and sulfamethoxazole (8, 16, 32, 64, 80, 128,
160, 256 pg/mL) were employed at eight concentrations. Bold and
italicized values in the aforementioned drug concentrations represent
the resistance breakpoint for each drug. For NTM from the same
case, site, and type, the DST results from the initial culture were
considered. Monitoring was conducted using control strains H37Rv
(ATCC 25618) and M. smegmatis (CGMCC 1.2621).

Laboratory quality control

External quality assessment (EQA) was carried out for smear,
culture, and DST at the Innovation Alliance for TB Diagnosis and
Treatment in Beijing, China. Additionally, a blinded retesting of
approximately 10% of isolates from the study laboratory was
conducted by a specialized Centers for Disease Control and Prevention.

Statistical analysis

Data were analyzed using SPSS Statistics Client 19.0 (SPSS Inc.,
IL, USA). Normally distributed measurement data were presented
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as means, while categorical variables were expressed as numbers
and percentages. Chi-square (3*) analysis was employed to assess
variations in the Mycobacterium strain rate, age, and sex ratio over
five years. Statistical significance was set at P < 0.05.

Ethics approval and consent to participate

This study received approval from the Ethics Committee of
PHCC (Approval No. 2017Y025). All patient information used in
this study was routinely collected through the mandatory
notification system. The requirement for informed consent was
waived by the ethics committee.

Results
Demographic and clinical characteristics

From January 2017 to December 2022, a total of 126,368 non-
repeated clinical specimens with suspected mycobacterial infections
were cultured at PHCC. Among these specimens, 26,510 (21.0%)
tested positive in culture. MTB was detected in 25,923 (97.8%)
positive samples, while NTM was found in 587 (2.2%) samples.
Among all NTM cases, 13 were co-infected with both MTB and
NTM (Figure 1; Table 1). Over the 6-year study period, a significant
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FIGURE 1

Distribution of Positive Specimens in Mycobacterium Culture During
2017-2021. MTB, Mycobacterium tuberculosis; NTM, non-
tuberculous mycobacteria.
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increase was observed in the number of samples tested for MTB
and/or NTM each year, corresponding to a significant annual rise in
NTM detection (%> = 18.01, P=0.03; Figure 1). The mean age of the
587 NTM patients was 51 + 17.53 years (range: 13-88 years).
Within this subgroup, 349/587 (59.5%) were males, and 238/587
(40.5%) were females, with a male-to-female ratio of 1.5. There was
no significant difference in the male-to-female ratio over the 6-year
period (xz = 0.71, P>0.05; Figure 2). The majority of NTM-infected
cases were middle-aged and elderly patients, and the proportion of
each age group showed no significant difference over the 6 years
(%2 = 11.16, P>0.05; as shown in Figure 2; Table 1).

Twenty-one (3.6%) patients belonged to ethnic minorities.
Among the 587 patients, 93 (15.8%) had at least one co-infectious
disease: HIV infection in 83 (14.1%), diabetes mellitus in 29 (4.9%),
hepatitis B virus in 12 (2.0%), and hypertension in 9 (1.5%), syphilis
in 3 (0.5%), and hepatitis E virus in 1 (0.2%). Additionally, 99
(16.8%) patients experienced at least one adverse drug reaction:
liver dysfunction in 82 (14.0%), hyperuricemia in 24 (4.1%),
leucopenia in 19 (3.2%), thrombocytopenia in 8 (1.4%), and drug
eruption in 7 (1.2%) patients.

NTM species identification

The DNA microarray chip identified NTM species as follows:
M. avium in 154 (26.2%), M. chelonae/M. abscessus in 151 (25.7%),
M. intracellulare in 145 (24.7%), M. kansasii in 37 (6.3%), M.
fortuitum in 19 (3.2%), M. scrofulaceum in 15 (2.6%), M. gordonae
in 13 (2.2%), M. lentiflavum in 10 (1.7%), and mixed infections of
MTB and NTM in 13 (2.2%). Additionally, 30 specimens initially
identified as other Mycobacterium spp. by the Genechip (CapitalBio
Corporation) included M. szulgai, M. malmoense, M. terrae, M.
peregrinum, M. margueri, M. phlei, M. septicum, M. marseillense, M.
shigaense, M. xenopi, M. simiae, and M. lentil, identified through
16S rDNA sequencing or matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry systems. Moreover, a
significant rise in NTM detection was observed from 2017 to 2022
(Table 2; Figure 3).

Drug resistance of the NTM species

Out of the 587 patients with NTM disease, antimicrobial
susceptibility testing was conducted for 113, as depicted in
Table 3. Among the Slowly Growing Mycobacteria (SGM),
amikacin (high-level resistance > 64 pg/mL) demonstrated the
highest activity against M. avium, with a resistance rate of 2/29
(6.9%). Moxifloxacin (high-level resistance > 8 pg/mL) exhibited
the highest activity against M. intracellulare, with a resistance rate of
2/27 (7.4%). Clarithromycin (high-level resistance > 16 pug/mlL)
displayed effective antibacterial effects on both M. avium and M.
intracellulare, with drug resistance rates of 5/29 (17.2%) and 6/27
(22.2%), respectively. In this study, all six strains of M. kansasii were
completely sensitive to clarithromycin, linezolid (high-level
resistance > 32 ug/mL), amikacin, and moxifloxacin. Eight strains
of M. gordonae showed complete sensitivity to rifampicin (high-
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TABLE 1 General characteristics among patients with NTM disease (n=587).

C No. of subjects (NTM,
ategory

10.3389/fcimb.2023.1282902

No. of subjects (N

No. of subjects (% ) Total

n=574) MTB*, n=13) (n=587)

Sex

Male 341 8 349 (59.5)

Female 233 5 238 (40.5)
Age

Mean  SD; years 43 + 21.26 (26-80) 51 +17.53

(range) 52 + 18.47 (13-88)

<14 2 0 2(0.3)

14-24 45 0 45 (7.7)

25-44 149 7 156 (26.6)

45-65 250 4 254 (43.3)

>65 128 2 130 (22.2)
Chinese Ethnic
minorities Han 554 12 566 (96.4)

Tibetan 17 1 18 (3.1)

Others 3 0 3(0.5)
Co-infectious disease

AIDS 82 1 83 (14.1)

Syphilis 3 0 3(0.5)

C(-)mbined with 28 29 (4.9)

Diabetes 1

Combined with

hypertension ’ 0 209

Hepatitis E 1 0 1(0.2)

Hepatitis B 12 0 12 (2.0)
Adverse drug reaction

Liver dysfunction 80 2 82 (14.0)

Hyperuricemia 24 0 24 (4.1)

Leucopenia 19 0 19 (3.2)

Thrombocytopenia 8 0 8(1.4)

Drug eruption 7 0 7 (1.2)

* NTM/MTB, among 587 cases of NTM infection, 13 cases of MTB and NTM co-infection.

level resistance > 4 pg/mL), clarithromycin, linezolid, amikacin,
cefoxitin (high-level resistance > 80 ug/mL), and moxifloxacin.
Linezolid, amikacin, tobramycin (high-level resistance > 16 pg/mL),
and moxifloxacin also exhibited strong antibacterial activity against
M. scrofulaceum.

Regarding the Rapidly Growing Mycobacteria (RGM), linezolid,
amikacin, and cefoxitin were the most effective agents against M.
chelonae/M. abscessus. Rifampicin, clarithromycin, linezolid, amikacin,
and moxifloxacin showed complete sensitivity in two strains of M.
lentiflavum, while linezolid, amikacin, cefoxitin, and moxifloxacin
demonstrated complete sensitivity in three strains of M. fortuitum.
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NTM species distribution from different
specimen types

Among the 113 NTM strains tested for drug sensitivity in this
study, over 90% were isolated from respiratory tract samples
[sputum 90/113 (79.6%), bronchoalveolar lavage fluid 12/113
(10.6%)]. Cerebrospinal fluid contributed 7/113 (6.2%) samples,
while lymph nodes, the digestive tract, and pleural effusion each
provided 2/113 (1.8%), 1/113 (0.9%), and 1/113 (0.9%) samples,
respectively. The primary NTM strains isolated from these six tissue
sources were M. chelonae/M. abscessus and MAC.
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FIGURE 2
Distribution of Male-to-Female Ratio and Proportion of Age in NTM Patients During 2017-2021. NTM, nontuberculous mycobacteria.

TABLE 2 Identification of Nontuberculous Mycobacteria among patients with NTM disease (n=587).

Species 2019 2020 2021 Total (%)
M. intracellulare 4 13 33 17 27 51 145 (24.7)
M. avium 0 9 29 31 32 53 154 (26.2)
M. scrofulaceum 0 0 1 2 2 10 15 (2.6)
M. chelonae / M. abscessus 5 11 29 23 31 52 151 (25.7)
M. Kansasii 1 1 8 5 10 12 37 (6.3)
M. fortuitum 0 0 3 4 5 7 19 (3.2)
M. gordonae 0 0 2 5 4 2 13 (2.2)
M. lentiflavum 0 0 0 3 3 4 10 (1.7)
M. tuberculosis /| NTM co-infection 0 0 1 7 2 3 13 (2.2)
Other species* 1 3 4 7 6 9 30 (5.1)
Total (%) 11 37 110 104 122 203 587

Other species* include M. szulgai, M. malmoense, M. terrae, M.peregrinum, M. margueri, M. phlei, M. septicum,M. marseillense,M. shigaense, M. xenopi, M. simiae and M. lentil.
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Identification of Nontuberculous Mycobacteria Among Patients with NTM Disease (n=587).

Discussion

According to recent reports from China and other countries, there
has been a gradual increase in the incidence of NTM infection and
laboratory isolation rates (Wang et al., 2016; Wang et al., 2019; Guo
et al, 2021; Liu et al, 2021; Thornton et al,, 2021). NTMs are
inherently resistant to many anti-TB drugs (ATDs), and treatment
plans depend on factors such as the NTM species, infection site, and
the severity of the infection (Lee et al, 2015; Daley et al, 2020;
Gopalaswamy et al,, 2020). The prevalence of NTM strains varies
among different regions and populations. For instance, the most
common NTM isolates reported in various countries include M.
kansasii and MAC in Poland (Przybylski et al., 2023), MAC and M.
gordonae in Italy (Giannoni et al., 2023), M. fortuitum, and M. simiae
in Iran (Tarashi et al,, 2023), and MAC, M. abscessus, and M. kansasii
in Turkey (Babalik et al, 2023). In Switzerland, common NTM
isolates include M. avium and M. gordonae (Vongthilath-Moeung
et al,, 2022). However, information regarding NTM isolates and drug
resistance profiles in southwest China has been scarce. Therefore,
accurately understanding the NTM epidemic and drug resistance
situation is crucial for early differential diagnosis and treatment of TB
and NTM diseases.

In southwest China, there has been limited data on NTM
infections. Our preliminary study discussed only a small sample of
NTM-infected individuals in Southwest China, while a few studies
have reported on large samples of clinically NTM-infected
individuals and the dynamic sensitivity of NTM to multiple
antibiotics in China and worldwide (Jeong et al, 2017; Zhou
et al, 2020; Maya et al, 2022). In this study, we conducted a
systematic analysis of NTM clinical infection cases in Southwest

Frontiers in Cellular and Infection Microbiology

China over the past six years. The results indicated a rising trend
in the number of patients visiting PHCC for mycobacteria culture
evaluation each year from 2017 to 2022. This trend may be
attributed to increased public awareness of healthcare in recent
years and the expanding reach of PHCC in Southwest China.
However, in 2020, there was a slight decline in this trend, likely
due to the initial COVID-19 pandemic control measures, which
resulted in reduced public mobility and hospital visits.
Nevertheless, the trend resumed its upward trajectory after 2021.
Moreover, among mycobacteria-positive cultures, the count of
MTB cases increased from 2017 to 2019 and then gradually
decreased until 2020. This trend is consistent with the recent
control measures for TB, which have led to decreasing incidence
and mortality rates each year (World Health Organization, 2021).
Notably, the number of isolated clinical NTM cases showed a
continuous upward trend from 2017 to 2022, rising from 11 cases
in 2017 to 203 cases in 2022. This finding aligns with reports of
increasing NTM infection cases worldwide and the observation
that laboratory isolation rates have been on the rise each year
(Lopez-Roa et al., 2020).

In this study, NTM infections were primarily observed in
middle-aged and elderly individuals, with those aged over 45
accounting for 65.5% of the cases. This is in contrast to our
previous studies, where the majority of MTB infections were in
middle-aged and young individuals (Wang et al., 2017; Lopez-Roa
et al,, 2020; Wang et al,, 2020). The co-infection rate of acquired
immune deficiency syndrome (AIDS) with NTM cases was 14.1%,
slightly higher than the 11.5% reported in our previous study
(Wang et al, 2019). This increase may be linked to the rising
incidence of AIDS cases in southwest China in recent years
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TABLE 3 Number of Nontuberculous Mycobacteria clinical strains resistant to drugs in vitro experiments.

No of NTM species/complex (%)

Antimicrobial SGM (n=73) RGM (n=40)
agents
M. avium : Ml.l 0 M. kansasii 34 fAI/I' M. chelonae/ M. [ ?14 p M.' Total
(n=29) intracellulare (n=6) gordonae scrofulaceum e e entiflavum ortuitum (%)
(n=27) (n=8) (n=3) (n=2) (QEX))
Rifampici 14 (48.3) 8 (29.6) 3 (50.0) 0 (0) 2 (66.7) 7 33 (94.3) 0 (0.0) 3 (100.0) 36
1fampicin . . . . (37.0) o . . (90.0)
Clarith, i 5(17.2) 6 (222) 0 (0) 0 (0) 2 (66.7) 13 22 (62.9) 0 (0.0) 3 (100.0) 2
arithromycin . . . (17.8) . . . (62.5)
Imipenem/ cilastatin 72 40
(IPM/ CS) 29 (100.0) 26 (96.3) 6 (100.0) 8 (100.0) 3 (100.0) (986) 35 (100.0) 2 (100.0) 3 (100.0) (1000)
linezolid 11 (37.9) 11 (40.7) 0 (0) 0 (0) 1(33.3) > 15 (42.9) 0 (0.0) 0 (0.0) 1>
nezo E . . (31.5) . . ’ (37.5)
Amikacin 2(6.9) 5 (18.5) 0 (0) 0 (0) 1(33.3) 8 (11.0) 18 (51.4) 0 (0.0) 0(0.0) ( 41580)
Ethambutol 19 (65.5) 10 (37.0) 1(16.7) 2 (25.0) 2 (66.7) 34 33 (94.3) 1 (50.0) 2 (66.7) 36
ambuto : : : : : (46.6) : : : (90.0)
Rifabuti 19 (65.5) 15 (55.6) 2(33.3) 1(12.5) 2 (66.7) 39 33 (94.3) 1 (50.0) 3 (100.0) 37
1rabutin . K . . . (53‘4) . . . (92'5)
Cefoxiti 19 (65.5) 17 (63.0) 6 (100.0) 0 (0) 2 (66.7) N 20 (57.1) 1 (50.0) 0 (0.0) 2
Tob i 7 (24.1 8 (296 4 (66.7 7 (875 1333 27 33 (943 2 (100.0 1(333 36
obramycin (24.1) (29.6) (66.7) (87.5) (33.3) (37.0) (94.3) (100.0) (33.3) (90.0)
Moxifloxaci 9 (31.0 2(74 0(0 0(0 1333 12 29 (82.9 0 (0.0 0 (0.0 29
oxifloxacin (31.0) (74) (0) (0) (33.3) (16.4) (829) (0.0) (0.0 725)
D i 29 (100.0) 25 (92.6) 6 (100.0) 6 (75.0) 3 (100.0) 69 35 (100.0) 1 (50.0) 2 (66.7) 38
oxycycline . X . . . (94.5) . . . (95.0)
Mi li 28 (96.6 25 (92.6 2(333 5 (62.5 3 (100.0 63 35 (100.0 2 (100.0 2 (66.7 39
inocycline (96.6) (92.6) (33.3) (62.5) (100.0) (86.3) (100.0) (100.0) (66.7) (97.5)
Sulfameth, 1 27 (93.1) 25 (92.6) 4 (66.7) 7 (87.5) 3 (100.0) 66 34 (97.1) 2 (100.0) 3 (100.0) 39
ulifamethoxazole . N . . . (90'4) . . . (97‘5)

RGM, rapidly growing non-tuberculous mycobacteria; SGM, slowly growing non-tuberculous mycobacteria. rifampicin (1, 4, 6, 16 pg/mL), clarithromycin (0.5, 4, 16, 64 ug/mL), imipenem/cilastatin (IPM/CS) (0.5, 4, 16, 64 ng/mL), linezolid (0.5, 2, 8, 32 ng/mL), amikacin
(1, 4, 16, 64 pug/mL), ethambutol (2.5, 5, 10, 20 pg/mL), and rifabutin (0.5, 2, 8, 32-10 pg/mL), at four concentrations, while cefoxitin (4, 16, 32, 40, 64, 80, 128, 160 Lg/mL), tobramycin (0.5, 1, 2, 4, 8, 16, 32, 64 ig/mL), moxifloxacin (0.125, 0.25, 0.5, 1, 2, 4, 8, 16 Lig/mL),
doxycycline (0.5, 1, 4, 8, 16, 32, 64, 128 ug/mL), minocycline (0.5, 1, 4, 8, 16, 32, 64, 128 ug/mL), and sulfamethoxazole (8, 16, 32, 64, 80, 128, 160, 256 jig/mL) was used at eight concentrations.The bold and italic markings in the above drug concentrations indicate the
resistance breakpoint of each drug.
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(Zhang et al., 2015; Wang et al, 2016; Yang et al, 2018).
Additionally, some NTM cases were complicated by varying
degrees of diabetes and hypertension, indicating that middle-
aged and elderly patients with underlying pulmonary diseases,
HIV, and compromised immunity are risk factors for
NTM infections.

In our previous study, we observed that MTB infections
accounted for a significant proportion of ethnic minorities,
particularly among children with TBM in Southwest China
(Wang et al, 2020). However, in this study, 96.4% of NTM-
infected patients were of Han ethnicity from central cities, with
minority groups representing a small subset of the infected
individuals. This pattern contrasts with the MTB-infected
population model in southwest China, suggesting a positive
correlation between NTM infection and the regional level of
economic development and sanitation conditions.

Among the 587 NTM cases in this study, the top three isolated
strains were M. avium, M. chelonae/M. abscessus, and M.
intracellulare, followed by M. kansasii. These clinical strains
mirrored the domestic epidemic trend (Jing et al, 2012; Wu
et al., 2014; Tan et al,, 2018; Liu et al, 2019). Among the 113
cases that underwent in vitro drug sensitivity testing, 90.3% of the
strains originated from the respiratory tract, followed by
cerebrospinal fluid, lymph nodes, the gastrointestinal tract, and
pleural effusion. Intriguingly, MAC and M. chelonae/M. abscessus
were the predominant strains in various tissues, followed by M.
kansasii, M. fortuitum, M. scrofulaceum, M. gordoniae, and
M. lentiflavum.

NTM naturally exhibits resistance to various anti-TB drugs,
and its clinical isolation rate is relatively low. Furthermore, the
emergence of NTM resistance poses a significant challenge in
clinical treatment. Currently, research on NTM drug resistance is
limited, with only a few reports on the sensitivity of NTM to
various antibiotics in China, often based on small sample sizes or
focused on a single antibiotic (Lan et al., 2011; Li et al,, 2017). In
this study, we conducted comprehensive in vitro sensitivity tests
on 113 NTM strains with 13 antibiotics. The results revealed that
clarithromycin exhibited significant antibacterial efficacy against
M. avium and M. intracellulare, with drug resistance rates of 17.2%
and 22.2%, respectively. The average drug resistance rate among
SGM was 17.8%, while for RGM, it was 62.5%. Aminoglycosides
are commonly used and effective drugs for NTM treatment. In our
study, amikacin demonstrated potent antibacterial effects on M.
avium and M. intracellulare, with low drug resistance rates of 6.9%
and 18.5%, respectively. The antibacterial activity of amikacin
against MAC was superior to that of clarithromycin. Notably,
amikacin also displayed good antibacterial efficacy against both
SGM and RGM, with drug resistance rates of 13.7% and 45.0%,
respectively. In addition to its effectiveness against MAC,
tobramycin’s antibacterial activity against M. chelonae/M.
abscessus was notable at 94.3%, although it differed from
amikacin at 51.4%. This discrepancy may be attributed to
variations in ethnicity, geographical regions, or clinical isolates.
While aminoglycosides demonstrate potent antibacterial activity
against NTM, their prolonged use can lead to hepatorenal toxicity
and ototoxicity. Therefore, these drugs should be used judiciously
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in clinical practice. Additionally, in this study, the fluoroquinolone
moxifloxacin exhibited robust antibacterial activity against SGM
but showed weaker effectiveness against RGM.

Conclusions

The isolation rate of NTM in southwest China has shown an
increasing trend in recent years. The majority of infected cases
involve elderly patients, and there has been an elevated proportion
of individuals with HIV infection. The predominant clinical isolates
are MAC and M. chelonae/M. abscessus, followed by M. kansasii
and M. fortuitum. Among the tested antibiotics, amikacin,
moxifloxacin, clarithromycin, and linezolid demonstrated effective
antibacterial activity against SGM, whereas linezolid and
amikacin exhibited relatively better antibacterial activity against
RGM. The incidence of NTM infection may be positively
correlated with the level of regional economic development and
healthcare conditions.

Limitations

One significant limitation of this study is the extended
treatment cycle required for NTM infections (Lee et al, 2015;
Daley et al., 2020; Gopalaswamy et al., 2020), often exceeding one
year or even longer. Consequently, many cases experience issues
such as loss to follow-up, poor treatment outcomes, and a high
recurrence rate. Although follow-up observations are ongoing for
some cases to assess treatment efficacy, the data collection for these
cases is incomplete. Future research should aim to provide more
comprehensive and valuable reference information for clinical use.
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Biofilms are a common survival strategy employed by bacteria in healthcare
settings, which enhances their resistance to antimicrobial and biocidal agents
making infections difficult to treat. Mechanisms of biofilm-induced
antimicrobial resistance involve reduced penetration of antimicrobial
agents, increased expression of efflux pumps, altered microbial physiology,
and genetic changes in the bacterial population. Factors contributing to the
formation of biofilms include nutrient availability, temperature, pH, surface
properties, and microbial interactions. Biofilm-associated infections can have
serious consequences for patient outcomes, and standard antimicrobial
therapies are often ineffective against biofilm-associated bacteria, making
diagnosis and treatment challenging. Novel strategies, including antibiotics
combination therapies (such as daptomycin and vancomycin, colistin and
azithromycin), biofilm-targeted agents (such as small molecules (LP3134,
LP3145, LP4010, LP1062) target c-di-GMP), and immunomodulatory
therapies (such as the anti-PcrV IgY antibodies which target Type
Illsecretion system), are being developed to combat biofilm-induced
antimicrobial resistance. A multifaceted approach to diagnosis, treatment,
and prevention is necessary to address this emerging problem in
healthcare settings.

KEYWORDS

biofilms, diagnosis, antimicrobial resistance, infections, treatment

1 Introduction

Biofilms are complex structures formed by communities of microorganisms that
attach to biotic and/or abiotic surfaces. With the continuous influx of new colonizers
and outflow of old colonizers, the formation and dispersion occur in a periodical cycle
that makes biofilm an open system (Ma et al., 2022; Sauer et al, 2022). This
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development cycle contains complex and progressive processes
which are divided into four stages: initial adhesion, formation of
microcolonies, biofilm maturation, and detachment and dispersion
(Figure 1). The process of biofilm formation is reversible in the
initial stages and depends on environmental conditions but once
the colonies pass the initial attachment and adhesion phase, it can
lead to irreversible attachment to different surfaces (Caixeta
Magalhées Tiburcio et al., 2022; Sauer et al., 2022). Later, genetic
and phenotypic changes take place within the bacteria encapsulated
in the matrix of biofilm and lead to biofilm-induced resistance. We
divide these changes into physical mechanisms and biological
mechanisms. Physically, bacteria produce a thick biofilm matrix
to evade antimicrobial agents (Flemming et al., 2023). Biological
mechanisms involve the upregulation of efflux pumps (Lewis et al.,
2023), cyclic di-GMP regulation (Yu et al., 2023), quorum sensing
system (Oliveira et al., 2023), presence of persister cells (Kouhsari
et al,, 2023), and horizontal gene transfer (Moura de Sousa et al.,
2023). These changes occur in bacteria potentially increasing their
ability to survive from antibiotics and other life-threatening
conditions, and might also enable them to be multi-drug
resistance strains. Unfortunately, biofilms have been identified in
various clinical settings (Chakraborty et al., 2021; Jakubovics et al.,
2021) and pose significant challenges for biofilm-mediated infection
management, including difficulties in diagnosing and treating
infections caused by biofilm forming bacteria, increased risk of
persistent and recurrent infections, and the potential for the spread
of resistant bacteria to other patients and healthcare settings. The
objective of this review summarizes mechanisms of biofilm-induced
resistance, bacteria involved in biofilm formation and biofilm-
related diseases, and provides novel precise target strategies which
can be effective in the treatment of biofilms-induced infections.

Recently bacterial biofilm has been proven to be an aggressive
strategy employed by bacteria, which can not only provide shelter
for bacteria in extreme environments like the immune system but
also able to attack them (Bordon, 2023).

10.3389/fcimb.2023.1327069

According to the study conducted by Lucia Vidakovic et al., the
human pathogen Vibrio cholerae forms biofilms on the surface of
various human immune cells, which encases the immune cells and
kill them with a high local concentration of a secreted hemolysin
before the biofilms disperse in a c-di-GMP-dependent manner
(Vidakovic et al., 2023). Besides, differences in biofilm matrix
composition and the mechanism of surface attachment are found
between biofilms on macrophages and other surfaces. Although
many bacterial pathogens can form biofilms during infections,
knowledge of whether other pathogens can have similarities in
biofilm formation and extra function on immune cells remains
unknown. While multispecies biofilms often have distinct
properties from single species biofilms, little is known about
modulation and interactions among such commensals. A study by
Liju Wang et al. shows the interspecies biofilm matrix between
Staphylococcus aureus and streptococcus is able to mediate
polymicrobial interactions (Wang et al., 2023). Another research
by Wucher et al. examined how interactions among bacteria at the
start of biofilm growth influence the eventual multispecies biofilm
architecture and thereby determine predator access to cells within
the community (Wucher et al.,, 2023). Now is the time for us to
understand the complex interactions between microorganisms and
their host, which is essential in identifying new therapeutic targets
for the prevention and treatment of chronic infections. This review
summarizes biofilm formation in biofilm-induced antimicrobial
resistance in healthcare and provides possible ways to prevent
biofilm formation or eliminate mature biofilms.

2 Mechanisms of antimicrobial
resistance in biofilms

Bacteria within a biofilm are embedded in a matrix of
extracellular polymeric substances (EPSs), now may also be

Reversible Irreversible phases
phases
Free ﬂgating cells
@
- - -Persister cell
a® O \
Motility Adhesion Maturation Dispersion new niches
planktonic cell initial microorganisms Formation and Beginning of a
adhension embedded in EPS release balance new cycle

FIGURE 1

Life cycle of biofilm: Expanding the conceptual model of biofilm formation.
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presented as “matrixome”, which primarily consists of
polysaccharides, proteins, water-insoluble compounds, and lipids.
Interactions among EPS molecules and the bacteria surrounded by
them are complex, but closely related to antimicrobial resistance in
biofilms that involves both physical and biological mechanisms
(Flemming et al., 2023).

2.1 Physical mechanisms of antimicrobial
resistance in biofilms

2.1.1 EPSs and environmental factors

EPSs are dynamic in space and time and the inclusive
components interact in involute ways. This enables EPSs to fulfill
various functions: (i) stabilize the matrix (ii) acquire nutrients (iii)
modulate chemical gradients and (iv) maintain microenvironments
within biofilms. As a physical barrier of a biofilm, EPSs prevent
antimicrobial agents from reaching the bacterial cells by physically
hinder the penetration of antimicrobial agents and decrease their
effectiveness. The effects of EPSs on the diffusion of antibiotics have
different outcomes based on drug concentration: (i) subinhibitory
level of antibiotics may not trigger the defense of bacteria but can be
hindered by the formation of EPS (ii) slow growth rate within
biofilm weaken the interaction between antibiotics and bacteria,
and antibiotics can be removed by efflux pumps,(iii) the antibiotic
effect weakens the bacteria that cause absorption, which seems to be
a defensive effect of the bacteria, and (iv) slowing down of diftusion
decreases (Kosztolowicz and Metzler, 2020). The low penetration
rate can lead to inadequate concentrations of antimicrobial agents
within the biofilm, and reduce their efficacy. Till now, the
information on EPSs is mostly gained from single-species biofilms
grown under controlled laboratory conditions. Although we are
now short of knowledge in the context of polymicrobial biofilms,
the formation, maintenance and transformation of EPSs are
identified to be highly regulated by genetic control (cyclic-di-
GMP, quorum sensing molecules, small RNAs)and environmental
factors (such as oxygen, temperature, nutrients, osmolarity, etc.)
(Flemming et al., 2023). Genetic factors we will discuss in the later
part of the article.

Environmental factors that affect biofilm formation, include
hypoxia, which can create an infectious hypoxic environment that
promotes virulence gene expression (Andre et al., 2022); acidosis
can alter the composition of biofilms, with low pH levels that can
impair immune system function (Dalwadi and Pearce, 2021;
Behbahani et al., 2022). Besides, iron metabolism plays a crucial
role in biofilm formation and antibiotic resistance in various
pathogenic microorganisms (Zhang et al., 2021; Liu K et al,
2022). A recent study found that iron availability significantly
enhances the formation of biofilm structures, suggesting that
targeting iron metabolism may disrupt biofilm formation and
increase the effectiveness of antibiotic treatment (Liu K et al., 2022).

But different species manage their regulation in different ways,
and there is no mutual regulatory pathway for all EPS components
in all biofilms of various bacterial strains. Since the research on
mixed species biofilms is limited, it is imagined that managing
biofilms in technical systems intending to upper-or lower-produce

Frontiers in Cellular and Infection Microbiology

10.3389/fcimb.2023.1327069

EPS is not feasible. In addition, it is still challenging to identify
which member in a given biofilm community produces certain
components at what time point and for what function. The existent
methods of analysis have merely revealed snapshots of the matrix
only. However, what triggers or inhibits the production of specific
EPS molecules, and how it interacts with different community
members remains unexplored. Besides, bacterial biofilms may
display changes in bacterial cell envelop due to the production of
a slimy outer layer or the formation of thicker cell walls (Vandana
and Das, 2022). These modifications can reduce the permeability of
the cell envelope to antimicrobial agents, making it more difficult
for them to penetrate the cells.

2.2 Biological mechanisms of antimicrobial
resistance in biofilms

2.2.1 Efflux pumps

Biofilm-associated resistance can be attributed to the
upregulation of efflux pumps such as AcrAB-TolC in E. coli,
MexAB-OprM in P. aeruginosa, AdeFGH in A. baumannii, and
AcrD in S. enterica. They play a key role in the develop of drug
resistance in bacteria:(i) efflux drugs to reduce the concentration,
(ii) efflux molecules from EPSs to facilitate biofilm matrix formation
and (iil) efflux quorum sensing (QS) molecules to regulate QS
system. QS is a system that bacteria utilize to synchronize their gene
expression and form a biofilm, which we will explain in the later
part. Efflux pumps indirectly regulate genes involved in biofilm
formation, antibiotic molecules and metabolic intermediates, and
influence aggregation by promoting or preventing adhesion to
surfaces and other cells (Stephen et al., 2022). Bacteria in the
biofilm can upregulate the expression of efflux pumps in response
to antimicrobial exposure, thereby reducing the intracellular
concentration of the drug (Figure 2). Efflux pumps often have a
broad spectrum of activity and can extrude multiple classes of
antimicrobial agents, making them important targets to control
antibiotic resistance.

To date, eight classes of efflux pump inhibitors (EPIs) have been
reported (Table 1). (i) One major class of EPIs display
broadspectrum efflux pump inhibitory activity by competitive
inhibition (such as Phenylalanine-Arginine-B-Naphthylamide
(PaPN)) (Salehi et al.,, 2021). (ii)Another class of EPIs act directly
on the AcrAB-TolC efflux pump by binding to the pocket in the TM
region of the L promotor of AcrB (like Pyridylpiperazine-based
allosteric inhibitors) (Ple et al., 2022). (iii)EPIs may also function by
binding to the “hydrophobic trap” in the T promotor of asymmetric
AcrB. This type of inhibitor includes three classes of EPIs,
pyridopyrimidine (such as D13-9001 (Kumar Roy and Patra,
2020), the pyranopyridine derivatives (like MBX series (Vargiu
et al, 2014), and benzo[h]chromene compounds (Wang et al,
2021). (iv)Also, EPIs can deactivate efflux pumps via binding to
site IIT of AcrA within the AcrAB-TolC complex,like NSC-33353
(D’Cunha et al, 2021). (v)And EPI TXA compounds (such as
TXA09155) act by membrane disruption and support efflux
inhibition (Zhang et al., 2022b). (vi)Finally, Arylpiperazines can

increase the intracellular accumulation of antibiotics (Casalone
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Mechanisms of resistance to antimicrobial agents in a biofilm,Created with BioRender.com. Schematic overview of the major mechanisms involved
in antimicrobial resistance employed by bacterial biofilms. (1) The second messenger molecule, c-di-GMP, is associated with biofilm formation,
virulence, and metabolic activity; Individual bacteria can synchronize their gene expression and alter their behaviour through chemical interactions
between organisms in microbial communities, which is generally referred to as quorum sensing (QS)system. (2)N-Acyl homoserine lactones (AHLs)
mediated QS system, the main QS systemin Gram-negative bacteria;(3) Autoinducer-2(Al-2) is the most common QS signal that mediated
communication between intraspecies and interspecies; (4) Antibiotics-modifying enzymes induce resistance to multiple antibiotics, specially B-

lactams, by transforming antimicrobials to a non-toxic form. (5) Efflux pump

the functional molecules (c-di-GMP, AHLs, Al-2 and antibiotics-modifying enzymes). extracellular polymeric substances (EPS), also efflux harmful
ingredients (such as antibiotics and the metabolic intermediates) out of the bacteria. And is proven to be involved in the regulation of aggregation of
the microcolonies and gene expression within biofilm; Horizontal gene transfer (HGT) is the process that passing antibiotic-resistant genes between
bacterium. Here we present HGT in two ways: (6) conjugation between bacterium transmitted by plasmids and T4SS, (7) transduction between
bacterium transmitted by bacteriophages. (8)T3SS in associated with phagocytic avoidance, cytotoxicity and systemic spread of bacteria. And is
function by injecting effectors into the host cell directly, here we take effectors of Pseudomonas aeruginosa (ExoS, ExoT, ExoU, ExoY) as an example.
(9) The components of EPS, including extracellular DNA, extracellular proteins and polysaccharides, hinder drug penetration and therefore cause

drug resistance in biofilm.
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plays an important role in antibiotic resistance, including the efflux of

et al,, 2020). Each of the EPIs above can boost the efficiency of one
or more antibiotics, but the effectiveness of the eight classes of EPIs
has not been compared in parallel groups. However, a recent study
suggests that the role of the RND efflux pumps AdeABC, AdeFGH,
and AdelJK in biofilm formation may not be crucial, indicating that
these pumps may not be promising targets for biofilm inhibition
(Abd El-Rahman et al.,, 2023).
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2.2.2 Second messengers
Cyclic di-GMP (c-di-GMP) is a second messenger molecule

that has an impact on the biofilm formation and metabolism of
bacteria. When the concentration of ¢-diGMP is high, it promotes
biofilm formation, while low levels lead to a planktonic lifestyle, and
also influence the antimicrobial resistance of the bacteria (Table 2).
High c-di-GMP level in biofilm cause rapid energy spent on the
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TABLE 1 Mechanisms of biofilm-induced antibiotic resistance and inhibitors.

Mechanism

Effects

Inhibitors

10.3389/fcimb.2023.1327069

Inhibitory activity

Target
bacteria

i)High level of c-di-GMP is associated
with biofilm formation, low level of c-di-
GMP is associated with a planktonic
lifestyle. ii)High level of c-di-GMP forces

small molecules
(LP3134, LP3145,
LP4010,LP1062)

Pseudomonas

c-di-GMP bacteria to rapidly produce biofilm (Andersen et al., Antagonize DGC enzymes that synthesise c-di-GMP )
aeruginosa
matrix products with high energy 2021a; Dong et al., g
consumption, as a result, bacteria in the 2022; Lichtenberg
biofilm enter a subsequent low et al., 2022)
metabolic state.
Ebselen and ebselen oxide are both inhibitors of c-di-
ebselen, ebselen . . .
. . GMP binding to receptors containing an RXXD domain Pseudomonas
oxide(Lieberman X X g X
 al, 2014) including PelD and diguanylate cyclases (DGC). They aeruginosa
both function by covalently modifying cysteine residues.
V2L2MD
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Inject effectors (ExoS, ExoT, ExoU, (un'mun'o erapeutic . . Pseudomonas
T3SS . antibodies) Target PcrV tip protein )
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(Warrener
et al,, 2014)
natural compounds L .
Prevent the binding of PscF to PscE-PscG (two cognate Galleria
(12(6.4),12(4,6)) . .
chaperones of the T3SS needle subunit protein PscF) mellonella
(Ngo et al,, 2019)
tin (G Pseud;
LuxI/R gene Primarily mediated by AHL, controls Querce m_( opu . A . se ?monas
. et al,, 2015; Act as a competitive inhibitor for signalling compounds aeruginosa,
(AI-1 quorum-sensing-controlled gene L. . .
QS system) expression in a tandem regulato . Chittasupho in LasR receptor pathway. Klebsiella
X] way.
4 P Ty way et al, 2021) pneumoniae
azithromcin/PABN
(Phenylalanine- . . .
o inhibit the production of autoinducer C4HSL and four
Arginine-f- . Pseudomonas
i QS-dependent virulence factors (lasl, lasR, Rh1I X
Naphtylamide,1) . aeruginosa
and rhiR)
(Elsheredy
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. . L. (Sedlmayer A quorum-quencher L .
QS system intraspecies communication by AI-2 et al, 2021) Escherichia coli,
N Vibrio Harveyi
Hinder Nanoparticles Gram-positive
reduce bacterial susceptibility combined with laser Increase drug diffusion and lead to biofilm disruption by P
drug L L K X and Gram-
. to antibiotics (Teirlinck forming laser-indued vapour nanobubbles (VNBs) . .
penetration negative bacteria
et al., 2018)
PABN i)a competitive inhibitor of the three RND pumps of P.
i)efflux extracellular polymeric substances (Phenylalanine aeruginosa (MexAB-OprM, MexCD-Opr], and MexEF-
ine-
(EPSs) to facilitate biofilm matrix . Y OprN). PABN is able to potentiate the activity of
L . Arginine-f- A . . ] Pseudomonas
formation; ii) efflux quorum sensing (QS) i different families of antibiotics, including X
Naphtylamide,1) X X . aeruginosa,
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ii) PABN inhibits the expression of EF system genes
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Sodium Malonate
(Cauilan and
Ruiz, 2022)

D13-9001

An inhibitor of AcrAB-TolC functions by binding to
multiple AcrBlocations, including the AcrB proximal
binding pocket.

A specific inhibitor of MexAB-OprM of P. aeruginosa via

Escherichia coli

Frontiers in Cellular and Infection Microbiology

Nakashima et al., d
(Nakashima et a binding to MexB and AcrB in the deep binding pocket peeu ?monas
2013; Kumar Roy ion ko the hydrophobic t aeruginosa

region n r ic tr
and Patra, 2020) cglo own as the hydrophobic trap
MBX2319(Vargiu MBX2319 binds to the lo.wer Pa'rt of the distal p.ock'et in '

the B protomer of AcrB, impairing the proper binding Enterobacteriaceae
et al., 2014)

of substrates

(Continued)

76

frontiersin.org


https://doi.org/10.3389/fcimb.2023.1327069
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Pai et al.

TABLE 1 Continued

Mechanism Effects

Inhibitors

10.3389/fcimb.2023.1327069

Target

Inhibitory activity e

2H-benzo[h]
chromene(Wang
et al., 2021; Guo
et al., 2023)

production of the biofilm matrix components, and results in a
subsequent low metabolic state of bacteria in mature biofilms, to
some extent, which is a c-di-GMP regulated survival strategy opted
by most bacteria (Feng et al., 2020; Lichtenberg et al., 2022).

In P. aeruginosa, there are 41 genes responsible for the synthesis
and degradation of c-di-GMP, including PA 1120, which synthesizes
c-di-GMP, and PA2133, which degrades it (Andersen et al., 2021b).
Another important gene involved in this process is PA5487, also
known as dgcH. Which is a diguanylate cyclase that helps to
maintain the basal level of ¢c-di-GMP in bacteria (Wei et al,
2019). Interestingly, dgcH has been found to boost the fitness of
bacteria in the presence of imipenem, a commonly used antibiotic,
thus contributing to the development of antimicrobial resistance in
P. aeruginosa (Figure 2).

Cross-regulating between cAMP and c-di-GMP has been well
studied. (Hengge, 2021). For example, cCAMP has been reported to
regulate the transcription of certain genes that encode c-di-GMP
receptors or DGCs/PDEs. Liu et al. described a regulatory pattern in

TABLE 2 Infections associated with biofilm .

Biofilm infections

Microscopic changes and paraclinical changes

C-2 position of 2H-benzo[h]chromene binds to the

hydrophobic trap to impair the function of the AcrB- Escherichia coli

mediated efflux pump

which cAMP and c¢-di-GMP interact to synergistically regulate
biofilm maintenance through their effectors. (Liu C. et al., 2022).

2.2.3 cAMP-Vfr system and T3SS

The Cyclic AMP (cAMP)-Vfr system (CVS) is a global regulator
of virulence gene expression in P. aeruginosa, including the type III
secretion system (T3SS), which is a complex molecular syringe that
injects effectors into host cells. The T3SS is a crucial virulence
determinant and is composed of three main parts: the basal body,
the needle, and the translocon (Ngo et al., 2019). Four effectors have
been identified, including ExoS, ExoT, ExoU, and ExoY, which
manipulate host cell signaling and/or cause cytotoxicity (Khodayary
et al., 2019).

T3SS genes are organized into 10 transcriptional units, each of
which is controlled by an ExsA-dependent promoter. Vfr, a cAMP-
dependent DNA-binding protein, plays a significant role in
regulating virulence gene expression, specifically type IV pili and
T3SS (Janssen et al., 2020). ExsA, a member of the AraC/XyIS family

Common

pathogens

dental caries and periodontal
disease(Mosaddad et al., 2019;
Valm, 2019; Moussa

et al., 2022)

Microbial community transit from states of health to states of dysbiosis. Which can also be correlated
with immune-mediated inflammatory disease in the distant part of the body.

Streptococcus mutans,
Porphyromonas
gingivalis, Prevotella and
its species

Chronic rhinosinusitis Biofilm formation is associated with ciliary destruction and mucus stasis. Persistence of infection and Staphylococcus,

(Wagner Mackenzie immune provocation may result from superantigens and direct activation of TLR-2 receptors. Propionibacterium,

et al,, 2017) Corynebacterium,
streptococcus

Pseudomonas Mutation of CFTR gene causes abnormality of chloride channels in mucus and sweating cells which lead Pseudomonas aeruginosa,

aeruginosa in Cystic fibrosis
(CF)/COPD (Cantin et al.,
2015;

Phuengmaung et al., 2022)

biofilm formations

chronic wounds
(Khalid et al., 2023)

Inflammatory bowel
disease(IBD)(Santana

et al., 2022) and bacterial dysbiosis.

to mucosal hyper concentration on the airway surfaces of CF patients. These thick mucus layer hinders
the clearance of pathogenic microorganisms and. make the lung of CF patients favorable for

Biofilm formation impairs healing in chronic wounds. The spatial distribution of microbials in multi-
species biofilms tougher the diagnosis and treatment of wounds.

A group of disorders featured with prolonged inflammation in colon and small intestine, which have
been observed with endoscopic mucosal biofilm formation but possess disrupted bile acid metabolism

Candida albicans,
A. fumigatus

Staphylococci aureus,
Pseudomonas
aeruginosa, E. coli, E.
faecalis, C. freundill

enteropathogenic E. coli,
Faecalibacterium
prausnitzii, Bilophila

Urinary tracts infections
(UTIs) (Zhao et al., 2020)
reiterative UTIs.

Prosthetic joint infections(Li
et al,, 2018)
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Biofilms were formed inside the bladder epithelial cells; these intracellular bacterial communities are
protected from neutrophil attack and could proliferation. Which properly contribute to chronic and

Bacteria colonize the surface of artificial joint by forming biofilm

uropathogenic E. coli,
Staphylococci aureus,
Klebsiella, Enterobacter,
Proteus mirabilis

Staphylococcus aureus,
Staphylococcus epidermidis
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of transcriptional regulators, serves as the central regulator of T3SS
gene expression (Janssen et al., 2020). In the latest study, citrus peel
extract from Jeju Island (CPEJ) can inhibit bacterial biofilm
formation (Kim et al., 2023). The result shows that CPEJ can
significantly reduce the c-di-GMP level through increased
phosphodiesterase activity, which suggests the potential of CPE]J
for applications in clinical.

2.2.4 Quorum sensing

Quorum sensing (QS) is a process by which bacteria can
communicate with each other and coordinate their behavior. It
can influence the formation and maintenance of biofilms, as well as
the expression of genes involved in antimicrobial resistance. For
example, some biofilm bacteria can produce QS-dependent
enzymes that modify or degrade antimicrobial agents, reducing
their effectiveness. The QS system is divided into four types, each
using different signal molecules, including N-Acyl homoserine
lactones (AHLs), such as autoinducer-2 (AI-2), and diffusible
signaling factor (DSF) (Huang et al., 2022).

The LuxI/R signaling pathway mediates quorum sensing using
N-Acyl homoserine lactones (AHLs), which tandemly regulate
quorum-sensing-controlled gene expression (Yu et al, 2019). In
P. aeruginosa, LasI produces and LasR responds to the autoinducer
30C12-HSL. The LasR:30C12-HSL complex activates the
transcription of many genes including RAIR, which encodes a
second quorum-sensing receptor. RhIR binds to the autoinducer
C4-HSL, the product of RhII. RhIR: C4HSL also directs a large
regulon of genes, some of which are also members of the LasR
regulon. This tandem regulatory arrangement allows LasI/R to
control the first wave of quorum-sensing-controlled gene
expression and RhlI/R to control the second (Yu et al.,, 2019). The
LuxS/AI-2 QS system uses AI-2 to mediate interspecies quorum
sensing and controls virulence and biofilm formation in various
human pathogens (Sedlmayer et al., 2021). Mutations in different
QS systems can impact bacterial fitness and virulence (Jayakumar
et al., 2022).

Maryam Alshammari et al. have employed CRISPR/Cas9-HDR
system to target quorum sensing and adhesion genes in Escherichia
coli (Alshammari et al., 2023). The result indicates that the
knockout of luxS, fimH, and bolA genes reduced EPS matrix
production, which is considered the main factor in adherence, cell
aggregation, and biofilm formation.

2.2.5 Persister cells

Another challenge associated with biofilm infections is the
presence of persister cells. Persisters are a subpopulation of
antibiotic-tolerant bacterial cells that are often slow-growing or
growth-arrested (Fisher et al., 2017), but this slow growth rate is
reversible under lethal stress. The presence of persister cells
contributes to the recalcitrance and relapse of persistent bacterial
infections. A recent research has confirmed the ability of persister
cells in Pseudomonas aeruginosa to evade the innate host response
and to contribute to chronic infection (Hastings et al., 2023). Also, it
is related to an increase in the risk of antimicrobial resistance in
biofilm associated infections.
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These phenotypes can occur through several mechanisms,
including stress response (RpoS-mediated), toxin-antitoxin (TA)
systems, inhibition of ATP production, reactive oxygen species
(ROS), efflux pumps, bacterial SOS response, cell-to-cell
communication and stringent response (ppGpp- mediated)
(Kouhsari et al., 2023). Once formed, persisters can survive
exposure to high concentrations of antimicrobial agents, and can
remain viable for extended periods of time, even in the absence of
nutrients or growth factors (Soares et al., 2019). Fortunately, there is
a possible way to wake up these “sleeping bombs” to back to growth.
Another study found that reactive nitrogen species (RNS) is
produced by the host in response to Salmonella infection after
persister formation in macrophages, which intoxicate the TCA cycle
of persisters and struck them in the growth arrest stage through
lowering cellular respiration and ATP production (Ronneau et al.,
2023). This research indicates that inhibition of RNS production
can force persister cells to regrow during antibiotic treatment which
will boost the effects of antibiotics and facilitate their eradication.

2.2.6 Horizontal gene transfer

Recent studies have highlighted the role of horizontal gene
transfer in biofilm-associated antimicrobial resistance (Michaelis
and Grohmann, 2023). Horizontal gene transfer can facilitate the
spread of resistance genes among bacterial populations within
biofilms, leading to the emergence of multidrug resistant strains.
Mobile genetic elements, such as plasmids, transposons, and
integrons, can transfer antimicrobial resistance genes between
bacterial species and strains (Figure 2). A better understanding of
the mechanisms of antimicrobial resistance in biofilms is necessary
to develop more effective strategies for the prevention and
treatment of biofilm-associated infections. New approaches that
target the physical and biological barriers to antimicrobial
penetration, as well as the mechanisms that contribute to the
formation and maintenance of biofilms, may be required to
overcome the challenges posed by biofilm-associated
antimicrobial resistance. Additionally, the development of new
antimicrobial agents or the repurposing of existing drugs may
also be necessary to combat biofilm infections, particularly those
caused by multidrug-resistant strains.

3 Biofilm-associated infections

Biofilm-associated infections are a significant healthcare
challenge, as they are often resistant to conventional antibiotics
and can lead to chronic infections. They include different conditions
such as oral infection, infection in upper and lower airways,
wounds, gastrointestinal infections, urinary tract infections (UTIs)
and prosthetic joint infections (P]Is).

3.1 Oral infection

The oral cavity contains various microbial communities living
as biofilms, which can lead to dental caries and periodontal disease
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(Valm, 2019) (Table 1). The transition from health to dysbiosis is
caused by changes in community structure, both in vivo and in vitro
(O’Connell et al., 2020; Moussa et al., 2022).

3.2 Infection in airways

There is strong evidence suggests that bacterial biofilm attached
to sinonasal mucosa has played a potential role in the pathogenesis
of chronic rhinosinusitis (CRS), an infection in the upper airways
(Vickery et al., 2019), where Staphylococcus aureus has been implied
to be the major pathogen. Besides this, fungal-bacterial interaction
has been observed to have affected the virulence of fungi and
bacteria and host immune responses (Shin et al., 2023). Although
CRS manifests in self in a variety of pathogenic patterns, there is a
piece of increasing evidence suggesting that it is associated with
sinonasal dysbiosis and the presence of biofilm (Sabino et al.,, 2021).

As to the lower respiratory tract infections, repeated episodes of
infection were caused by Pseudomonas aeruginosa in Cystic fibrosis
(CF). Which is an autosomal recessive disease characterized by
abnormality of chloride channels due to mutations in Cystic
Fibrosis Transmembrane Conductance Regulator (CFTR) gene.
Recently, rapid synergistic biofilm formation of Pseudomonas
aeruginosa and Candida albicans has been observed in vitro and
mice (Phuengmaung et al., 2020; Phuengmaung et al., 2022). These
biofilms were more prominent than those induced by Pseudomonas
aeruginosa alone, which supports Candida-enhanced Pseudomonas
growth. Besides, mixedspecies biofilm was attenuated by N-acetyl-
1-cysteine (Phuengmaung et al., 2020).

3.3 Wounds

In chronic wound infections, biofilms consisting of S. aureus
and P. aeruginosa are commonly found together leading to delayed
healing and persistent infections (Borges et al., 2022). Laboratory
models developed to monitor biofilm colonization in chronic
wounds and biopsies reveal that bacteria form species specific
aggregates in distinct regions of the tissue (Khalid et al., 2023).
Real-time detection of volatile metabolites can be used to
discriminate between different microbial species in biofilms (Slade
et al., 2022).

3.4 Gastrointestinal infections

Biofilm formation is a crucial factor in the development of
inflammatory bowel disease and urinary tract infections. The
presence of mucosal biofilms disrupted bile acid metabolism and
bacterial dysbiosis in the gut microbiome of Inflammatory bowel
disease (IBD) patients (Baumgartner et al., 2021). Previous result
link the presence of biofilms to a dysbiotic gut microbiome,
including the overgrowth of Escherichia coli and Ruminococcus
gnavus (Baumgartner et al,, 2021).
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3.5 Urinary tract infections

In UTIs, biofilm formation is a major mechanism used by
bacteria and is significantly correlated with virulence factors and
antibiotic resistance (Zhao et al,, 2020). Multidrug-resistant
uropathogenic bacteria have an increasing impact on UTI
management (Mark et al., 2021). Programmable probiotics show
promise as a therapeutic method for treating gut-related diseases
(Zhou et al., 2022).

3.6 Prosthetic joint infections

PJIs occur when bacteria colonize the surface of an artificial
joint, such as a hip or knee replacement, and form a biofilm that
makes them more resistant to antibiotics and the body’s immune
response. PJIs can occur through several routes, including
contamination during surgery, hematogenous seeding from
another site of infection, or direct extension from adjacent
infected tissue (Ahmed et al., 2019). Biofilm formation on
prosthetic joints reduces the effectiveness of treatment of PJIs that
lead to significant morbidity and mortality. For further therapeutic
benefit, new strategies to prevent, diagnose, and treat biofilm-
associated infections are needed to be explored.

3.7 Microorganisms involved in biofilm-
related infections

3.7.1 Pseudomonas aeruginosa

P. aeruginosa displays resistance to multiple antibiotics,
including aminoglycosides, quinolones and B-lactams (Jurado-
Martin et al., 2021). Biofilm formation is essential for its
tremendous ability to adapt to altered environments. The main
virulence factors of P. aeruginosa consist of: biofilm formation
ability, three types of QS(Las, RhI and Pqs), efflux pumps, flagella,
type IV pili, T3SS, type VI secretion system, and type II secretion
system (Jurado-Martin et al., 2021).

3.7.2 Acinetobacter baumanni

A. baumannii can form biofilm on medical surfaces, such as
catheters, endotracheal tubes, and ventilators, enables its persistence
in hospitals (Roy et al., 2022). The clinical outcome of patients with
Carbapenem-resistant A. baumannii and K. pneumoniae is
associated with high mortality rates, particularly in the mid-south
region of China, and predominantly belongs to ST457 A.
baumannii (Li et al.,, 2020). In addition to biofilm formation, A.
baumannii acquires antibiotic-resistant genes via horizontal gene
transfer (HGT), allowing it to evade the immune system and gain an
advantage in hospitals. Antibiotic-resistant genes are transferred via
conjugation, transformation, bacteria phage-mediated, nanotube-
mediated, or outer membrane vesicles (Roy et al., 2022). A.
baumannii strong biofilm-forming ability, high efficiency of HGT,
and the expression of efflux pumps and antibiotic modifying
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enzymes render the pathogen resistant to multiple drugs, including
carbapenems, aminoglycosides, and fluoroquinolones.

3.7.3 Klebsiella pneumoniae

KP is a Gram-negative facultative anaerobic pathogen with
striking virulence factors consisting of adhesive fimbriae, capsule,
lipopolysaccharide (LPS), and siderophores or iron carriers. The
carbapenem-resistant Klebsiella pneumoniae (CRKP) has enzymes
such as blagpc , which is one of the most observed carbapenemase
genotypes, followed by blaxpy, blaoxa as ke, and blapgp (Wang
et al, 2022). The dominant carriage pattern of the antibiotic
resistance genotype is the carriage of a single carbapenemase
gene. However, the combination of a single genotype results in
hypervirulence in bacteria and the convergence of hypervirulence
and carbapenem resistance (Roy et al., 2022).

3.7.4 Escherichia coli

E. coli has been observed to possess many virulence factors,
especially uropathogenic E. coli (UPEC), which include: immune
suppressors (invasins like the sisA and sisB), adhesins (fimH
adhesion, P-fimbrial adhesins) (Bunduki et al., 2021). Tetracycline
resistance in E.coli is generally very high, followed by quinolones
and B-lactams. The results show that shiA is the gene mostly
associated with virulence, followed by CSH, fimH/MSHA, traT,
sisA, iucD, iutA, kpsMTI and PAI (Bunduki et al., 2021).

3.7.5 Enterococcus faecium

In the case of Enterococcus faecium the efa gene was the most
frequently observed virulence gene, followed by ace, esp, ebp, cylA,
hyl, asal, gelE, sprE, fsrC, fsrA and fsrB (Gok et al., 2020). And the
highest resistance rate has been observed in ciprofloxacin. Also,
Enterococcus faecium is highly resistant to ampicillin, streptomycin,
gentamicin, vancomycin, teicoplanin and linezolid (Gok et al., 2020).

3.7.6 Staphylococcus aureus

In the case of Gram-positive bacteria, Staphylococcus aureus is
the most commonly isolated pathogen in biofilm-related infections
and the leading cause of numerous diseases (such as bacteremia,
infectious endocarditis, infections of the skin, soft tissue,
pleuropulmonary and the periprosthetic joint infection)
(Pietrocola et al., 2022). Which is also the major colonizer of a
medical device. An identified mutation in the genome is associated
with enhanced biofilm production in S. aureus in vitro, that high-
level expression of manA and fruB corrected biofilm deficiencies
and enhanced biofilm formation (Long et al., 2023). The emergence
of methicillin-resistant Staphylococcus aureus (MRSA) strains,
which is the result of the acquisition of mecA gene coding for
penicillin-binding protein-2a that blocks inhibitory action on
peptidoglycan cross-linking, has prompted research into potential
anti-virulencetargeted approaches. The strong pathogenicity of S.
aureus due to its large repertoire of toxins (such as a-hemolysin,
exfoliative toxins, and Panton-valentine leucocidin) (Ahmad-
Mansour et al,, 2021), also results from its facultative anaerobe
characteristics (Vudhya Gowrisankar et al., 2021). As one of the
main efflux pumps, NorA is an efficient multidrug-resistant system
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that could enhance drug resistance by increasing drug efflux, thus
appearing to be an important target for efflux pump inhibitors such
as quino-4-carboxamide derivatives (3a and 3b), which enhanced
the bactericidal activities of ciprofloxacin and fluoroquinolone via
NorA inhibition in vitro (Cannalire et al., 2020). There are also
plenty of novel inhibitors that have been proven effective in vitro
(Cernicchi et al, 2021), but they widen the gap between clinical
application and experimental achievement.

4 Discussion

4.1 Detection and monitor of
biofilm formation

Recent research has shown that biofilm growth is a
developmental process resembling developmental processes in
multicellular eukaryotes (Futo et al, 2022). But studying the
ontogeny of biofilm in vivo is still problematic since it is difficult
to develop in vitro models of biofilm formation that mimic the
internal environment. As a result, the traditional four-step model of
biofilm formation is not suitable for biofilm-mediated infections,
which has failed to capture many aspects of bacterial biofilm
physiology, especially in clinical settings (Sauer et al., 2022).
Karin Sauer et al., have presented a new developmental model for
biofilm formation that may include all the diverse scenarios and
microenvironments where biofilms are formed (Sauer et al., 2022).
This expanded model considers biofilm as an open system with a
continuous influx of new members in an external/internal
environment. Although it is a work in progress based on current
knowledge, this new model has interesting insight into the study of
biofilm formation.

To define the dynamics and critical transitional phases of the
formation process, as well as microbial interactions and colony
dynamics, there is an urgent need for non-invasive methods that
can provide in vivo visual information to record the gross
morphological changes of the biofilm. Carlos Molina-Santiago
et al. has detailed a novel non-invasive method for tracking
bacterial growth and biofilm dynamics, Baclive (Molina-Santiago
et al., 2022). However, our ability to follow complex intraspecies
and interspecies interactions in vivo at the cellular level
remained limited.

In addition, early detection and monitoring of biofilms holds
significant importance for the diagnosis of biofilm-mediated
infections and the prevention of further spread and new lesions.
Several methods are currently used for the detection of bacterial
communities in biofilm in controlled laboratory settings, including
molecular methods (such as quantitative polymerase chain reaction
(q-PCR)); microscopy techniques (such as confocal laser scanning
microscopy (CLSM), scanning electron microscopy (SEM));
spectroscopic method (Raman spectroscopy and surface-enhanced
Raman spectroscopy); identification and localization of
microorganisms in biofilm (such as fluorescence in situ
hybridization (FISH)). Various FISH techniques related to biofilm
have been developed. For example, FISH can be modified to
catalyzed reporter deposition-FISH (CARD-FISH), peptide
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nucleic acid (PNA)-FISH, locked nucleic acids (LNA)-FISH that
allow multiple bacteria to be identified at the same time (Azeredo
et al, 2017). However, these methods are limited in biofilm
detection in clinical settings (Xu et al., 2020).

Several new approaches have been recently developed for
biofilm studies which can contribute to a more comprehensive
understanding of biofilm physiology, structure and composition.
One promising approach is optical coherence tomography (OCT), a
non-contact method for imaging the topological and internal
microstructure of samples in three dimensions (Bouma et al,
2022). In a recent study, OCT has been used to differentiate
pathogenic bacteria and biofilms in otitis media (Locke et al,
2022). Another study uses longitudinal catheter-based 3-D OCT
to monitor biofilm formation in endotracheal tubes (ETTs) (Dsouza
et al,, 2021), their results indicate that catheter-based OCT provides
a non-invasive way to identify biofilm within the tube and can
differentiate biofilm-positive from biofilm negative groups.
Moreover, the OCT image-based features obtained can offer
possible biomarkers to detect biofilm in vivo (Dsouza et al., 2019).
Biofilm associated biomarkers are unique molecules produced
during biofilm growth (such as specific proteins on bacterial cells,
metabolites), or stimulated by biofilm specific host responses (such
as antibodies). That can be detected using standard methods (Xu
etal., 2020). Elisabeth A. Slade et al. presents a real-time detection of
biofilms in a clinical wound infection model by detecting volatile
metabolites for species-level discrimination (Slade et al., 2022). The
volatile compounds successfully differentiate between the pathogens
studied, which can be developed as rapid point-of-care diagnostics
for wound infection. Although studies are limited to biomarkers
that are unique to bacterial biofilms, especially those present in
multiple bacterial species, but detection of biofilm matrix
components (such as cellulose (Perumal et al, 2021)) and QS
signal profiling might discover potential biomarkers. Other novel
approaches, including targeted nanopore sequencing (TNPseq)
(Zhang et al., 2022a); metagenomics (Tas et al., 2021); and
nanoparticles (Funari and Shen, 2022).

4.2 Treatment strategies

Biofilm targeting therapies can help to prevent and treat
bacterial infections by inhibiting the formation of biofilms. One
approach is to target the cyclic-di-GMP pathway, which involves
inhibiting diguanylate cyclase (DGC) enzymes that synthesize c-di-
GMP (Andersen et al., 2021a). Small molecules have been identified
that can disperse P. aeruginosa and A. baumannii biofilms without
toxic effects on eukaryotic cells. Another approach targets T3SS
which can cause severe tissue damage and inhibit wound repair.
Antibodies and natural compounds can interfere with the T3SS
structure and/or its function (Ngo et al., 2019; Ranjbar et al., 2019).
The cytostatic anti-cancer drug 5fluorouracil (5-FU) has been
shown to inhibit AI-2 production and release by MRSA, S.
epidermidis, E. coli, and V. harveyi, and could potentially be used
as an anti-infective therapy (Sedlmayer et al., 2021). CRISPR/Cas9-
HDR system may provide an efficient and site-specific gene editing
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approach which targets the QS mechanism and adhesion property
to suppress biofilm formation (Alshammari et al., 2023).

Novel strategies for biofilm-related infection management
include (i) the use of nanoparticles combined with a laser to
improve drug diffusion (Teirlinck et al.,, 2019), (ii)pH-responsive
drug delivery systems (Ding et al., 2022), and (iii)targeting the
extracellular polymeric substances (EPS) in a mature biofilm to
expose the bacteria and permit antibacterial agents to reach the
biofilm (Han et al., 2022). Moreover, interfering with iron
metabolism can also disrupt iron-dependent biological processes
by binding iron-utilizing proteins (Ribeiro et al., 2022). (v) Apart
from that, the dispersal of biofilm produced by multi-drug resistant
bacteria can be achieved through phage therapy. (Pallavali
et al,, 2021).

In all, real-time detection and non-invasive biofilm detection of
biofilm, as well as biofilm specific labels are to be discovered. With
increased sensitivity in signal detection of biofilm formation,
localized imaging is for certain to be combined with a therapeutic
benefit. In the future, more experiments are required to explore
more regulation of biofilm formation and dispersal, in order to
induce the dispersal of mature biofilms and restore the bacteria
planktonic growth. Besides, ongoing studies show that inhibition of
c-di-GMP and cAMP synthesis, as well as interfering QS system can
prevent the maintenance of biofilm. And destroying EPS while
applying antibiotics would be an effective way to boost antibiotic
efficacy. Currently, the combination of nanomaterials and
antibiotics is the most feasible way to disrupt biofilms.

5 Conclusion

In conclusion, biofilms represent an emerging battleground in
healthcare due to their ability to induce antimicrobial resistance.
These microbial communities have developed complex mechanisms
that protect them against the action of antibiotics and host defenses,
making them challenging to eradicate. The development of biofilm-
specific therapies is crucial to overcome these challenges and prevent
the emergence of new antibiotic-resistant strains. Several approaches,
such as the use of alternative antimicrobial agents, quorum sensing
inhibitors, and biofilm disruptors, have shown promising results in
laboratory studies. However, the translation of these findings into
clinical practice remains a significant challenge. Further research is
needed to understand the mechanisms of biofilm formation and
antibiotic resistance better, identify novel targets for intervention, and
develop more effective strategies for the prevention and treatment of
biofilm-related infections. In summary, the battle against biofilm-
induced antimicrobial resistance requires a multifaceted approach
that involves collaboration between researchers, clinicians, and
policymakers to mitigate the public health threat posed by these
microbial communities.
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Southern University of Science and Technology, Shenzhen, Guangdong, China

Background: PCV13 introduction in China has led to a significant reduction of
vaccine serotype Streptococcus pneumoniae. However, non-vaccine serotypes
with highly resistance and invasiveness were often reported in the post-
pneumococcal conjugate vaccine era and there was regional differences.

Methods: A total of 669 S. pneumoniae strains were collected from the respiratory
tracts of hospitalized children at Shenzhen Children’s Hospital in 2021 and 2022.
Antimicrobial resistance (AMR) characteristics were assessed through antibiotic
susceptibility testing performed with the VITEK 2 compact system. AMR genes and
single nucleotide polymorphisms (SNPs) in pbpla, pbp2b, and pbp2x were
identified via analysis of whole genome sequencing data. Statistical examination
of the data was conducted employing chi-square and Fisher's exact tests.

Results: We found that non-vaccine serotypes strains had accounted for 46.6%
of all the pneumococcal isolated strains. The most common non-vaccine
serotype is 23A, with a prevalence rate of 8.9%, followed by 15A (6.6%), 6E
(5.7%), 34 (3.2%), and 15B (2.9%). The multidrug resistance rates (MDR) of vaccine
serotypes were 19F (99.36%), 19A (100%), 23F (98.08%), 6B (100%), and 6C
(100%). Meanwhile, the MDR of non-vaccine serotypes were 15B (100.00%), 6E
(100%), 15C (100%), 34 (95.24%), and 23A (98.31%). Resistance rates of 6E to more
than six antibiotic classes reached 89.47%, which is similar to 19F (83.33%) and
19A (90%). Unique resistance profiles were also identified for non-vaccine
serotypes, including significantly higher resistance to chloramphenicol in 6E,
15B, and 15C than in 19F and 19A. Furthermore, through genome sequencing, we
revealed strong correlation of cat-TC with chloramphenicol resistance, patA/
patB with tetracycline resistance, ermB and pmrA with erythromycin resistance.
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Conclusion: The introduction of PCV13 into China from 2017 has led to a shift in
the dominant composition of pneumococcal strains. There has been a notable
rise and spread of multidrug-resistant non-vaccine serotypes among children.
Specifically, the non-vaccine serotype 6E, which was not widely reported in
China previously, has emerged. To comprehend the resistance mechanismes, it is
crucial to further investigate the molecular and genetic characteristics of these
non-vaccine serotypes.

KEYWORDS

pneumococcus, PCV13, whole genome sequencing, non-vaccine serotype,

MDR phenotype

Introduction

Streptococcus pneumoniae (pneumococcus), has a significant
threat to children’s health due to their underdeveloped immune
systems (CDC, 2022). Pneumococcus frequently colonizes the
respiratory tract of children (Fu et al, 2021), leading to various
infections, such as community-acquired pneumonia, otitis media,
bacteremia, and meningitis (Bogaert et al., 2004). Infections caused
by pneumococcus is the leading cause of mortality in children under
the age of five globally, responsible for an estimated 294, 000 deaths
in HIV-negative children aged 1-59 months in 2015 (Wahl et al,
2018). Over the past two decades, the development of
pneumococcal conjugate vaccines (PCVs) has led to a decline in
the incidence of invasive pneumococcal disease (IPD) caused by
vaccine serotypes (VTs) (Briles et al., 2019; Musher et al., 2022).
PCVs also help to reduce antimicrobial resistance (AMR) by
preventing infections, reducing antibiotic usage, and promoting
herd immunity (Jansen et al., 2021).

However, with the rapid decline of vaccine serotypes after
vaccination, there has been a relative increase in the proportion
of cases caused by NVT compared to the pre-vaccine era (source:
https://www.cdc.gov/pneumococcal/surveillance.html). This
highlights the need for increased attention to the epidemiology of
NVT serotypes. The prevalence of NVT serotypes varies across
different regions, which may be attributed to variations in vaccine
coverage, the pre-existing pool of serotypes before vaccination, and
the use of different types and dosages of antibiotics. For example, in
South Africa, NVTs 15B, 8, and 23B are more commonly associated
with pneumococcal disease in children under two years old
(Gottenberg et al., 2014). In the United States, NVTs such as 22F,
33F, and 15B/C have become more prevalent (Moore et al., 20165
Balsells et al,, 2018). In Asia, NVTs such as 35B and 15A are
commonly observed in Japan (Miyazaki et al., 2017), while in Korea,
serotypes 10A, 34, and 22F have increased in prevalence after the
introduction of PCV13(Kim et al., 2023). In Taiwan, NVTs such as
15A, 23A, 23B, and 34 have been frequently observed (Wu et al,
2020). The emergence of non-vaccine serotypes (NVTs) due to
serotype replacement and the development of multi-drug resistance
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in NVTs pose ongoing challenges (Sings et al., 2019; Wu et al,
2022). Pneumococcus possesses high genome mutation capabilities
and the ability to acquire resistance genes from other species by
horizontal gene transfer (D’Aeth et al.,, 2021). Although vaccines
offer strong protection against highly pathogenic and highly
resistant strains, pneumococcus can still develop vaccine-escape
strains that carry multiple resistances within the limits of genetic
variation (Azarian et al., 2018). Indiscriminate antibiotic usage has
also contributed to the selection pressure for highly resistant
bacteria, complicating the treatment of pneumococcal infections.
In Asian countries from 2008 to 2009, 59.3% of pneumococcus
exhibited multidrug resistance (MDR), with the most prevalent
serotypes being 19F, 23F, 19A, 14, and 6B, and the highest MDR
rates were found in China at 83.3% (Kim et al., 2012). Importantly,
the emergence of MDR in non-vaccine serotypes has caused
extensive concern as the proportion of infections increases (Kim
et al., 2020; Yamba Yamba et al., 2022). Therefore, it is crucial to
monitor and comprehend the impact of PCV13 on serotype
replacement and antibiotic resistance in children to inform
treatment strategies and guide the development of effective
pneumococcal vaccines.

In China, PCV13 was introduced in June 2017, and quickly
replaced PCV7 to become the primary pneumococcal conjugate
vaccine for children due to its broader serotype coverage and better
cost-effectiveness (Ma et al., 2013; Li et al., 2021). Shenzhen is the
city with the largest children population and the highest vaccination
rate of PCVI13 in the south of China. In the clinical data of
hospitalized children from 2021 to 2022, we found that the
vaccination rate has exceeded 80% in Shenzhen. To promptly and
efficiently monitor the characteristics of non-vaccine serotypes in
the context of rising vaccination rates, we identified and compared
the serotype distribution, resistance profiles, and carried resistance
genes of 669 strains collected from the children’s respiratory tract,
who were hospitalized because of different kinds of respiratory
infection diseases in 2021 and 2022. Our findings revealed a high
prevalence of MDR among NVT serotypes, particularly 6E, which
exhibited a non-susceptibility rate of 89.47% to more than six
classes of antibiotics, akin to 19F. Given the lack of effective
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defense against NVT strains, monitoring the drug resistance of
NVT is of paramount importance. Furthermore, molecular
detection demonstrated a strong correlation between non-
susceptibility to different antibiotics and the presence of detected
genetic materials, indicating a more efficient approach to
monitoring changes in resistance trends among prevalent serotypes.

Materials and methods

This study was conducted in accordance with the guidelines of
the Declaration of Helsinki and approved by the Institutional Ethics
Committee, Shenzhen Children’s Hospital, reference number:
202200302 which complies with international ethical standards.

Sputum and BALF culture

A total of 669 non-duplicated (one specimen from one patients)
Streptococcus pneumoniae strains were isolated from sputum and
bronchoalveolar lavage fluid (BALF) samples collected from the
children’s respiratory tract in the largest tertiary children’s hospital
in south of China, Shenzhen Children’s Hospital, between March, 1,
2021 and March, 31, 2022. The clinical information, including age,
sex, source of samples, disease types, vaccination status, etc.,
is collected.

Sputum and bronchoalveolar lavage fluid (BALF) samples were
routinely collected for etiological detection from a diverse patient
population with various respiratory illnesses, including acute
bronchopneumonia, protracted bacterial bronchitis, bronchiolitis,
severe pneumonia, acute bronchitis, chronic pneumonia,
bacteremia, and asthma. Upon microscopic examination of the
smear, Sputum specimens with white blood cells >25 per low
magnification field and squamous epithelial cells <10 per low
magnification field are considered satisfactory and subsequently
included in the study. The specimens were cultured on blood agar
plates, and the resulting colonies were examined for morphology
and phenotypic characteristics. The identification of S. pneumoniae
isolates was performed according to the guidelines provided in the
Manual of Clinical Microbiology, 11th edition. Furthermore, the
isolates were confirmed using two complementary methods: first, by
using automated VITEK 2 system (Biomerieux, France) and second
by using mass spectrometry (MALDI-TOF MS, Merier, France).
MALDI-TOF MS is a rapid and reliable method for microbial
identification that involves the analysis of mass spectra generated
from ionised microbial proteins. All strains were preserved in 40%
glycerol broth medium at -80°C and were re-culture on 5% horse
blood agar under conditions of 5% CO2 and 37°C for 12-15 hours
before being subjected to further studies.

Antibiotic sensitivity testing
The antimicrobial susceptibility test (AST) was performed for

all 669 confirmed S. pneumoniae isolates using the VITEK 2
compact system (BioMerieux, France) with AST-GP68 card. AST
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was tested for commonly used antibiotics includes; clindamycin
(CLI), cefotaxime (CTX), ceftriaxone (CRO), penicillin (PEN),
chloramphenicol (CHL), ertapenem (ETP), meropenem (MEM),
erythromycin (ERY), linezolid (LNZ), levofloxacin (LVX),
moxifloxacin (MFX), ofloxacin (OFX), tetracycline (TCY),
trimethoprim-sulfamethoxazole (SXT), and vancomycin (VAN).
The AST results were accurately interpreted according to the
Clinical and Laboratory Standards Institute (CLSI) breakpoints
2021 (CLSIL 2021). The results for penicillin were interpreted
using non-meningitis oral administration breakpoints, whereby
susceptibility was defined as < 0.06 pg/ml, intermediate as 0.12-1
ug/ml, and resistance as >2 pg/ml. The classification of multi-drug
resistance (MDR) phenotype was performed as described
previously by Magiorakos et al., MDR was defined as resistance to
at least one agent in three or more antimicrobial groups
(Magiorakos et al, 2012). MDR3, MDR4, MDR5, and MDR6
were used to represent non-susceptibility to at least 3, 4, 5, and 6
classes of antimicrobials, respectively.

Molecular analysis

The whole-genome DNA was extracted using the TianGen
Magnetic Bead Soil and Fecal Genomic DNA Extraction Kit from
TianGen, China. The extracted DNA was then quantified using the
QubitTM dsDNA BR Assay Kit (Thermo Fisher Scientific). The
DNA library was prepared using the TruSeq® DNA PCR-Free
Sample Preparation Kit from Illumina, San Diego, CA, USA.
Sequencing was performed on an Illumina Novaseq6000 from
Mumina, San Diego, CA, USA. To ensure high quality, sequence
segments with low quality were removed using Trimmomatic v0.36
(Bolger et al,, 2014) with a SLIDINGWINDOW parameter of 4:20
and a MINLEN parameter of 70. The remaining high-quality reads
were assembled using SPAdes v3.11 (Prjibelski et al., 2020). For
molecular serotyping, raw reads were analyzed using seroBA v1.0.2
(Epping et al., 2018) with the default parameters and a
recommended k-mer size of 71. Antimicrobial resistance genes
(ARGs) were detected by performing a blast search (Camacho
et al., 2009) against the CARD database (https://
card.mcmaster.ca). Genes with a nucleotide identity higher than
99% were considered ARGs.

Statistical analysis
Statistical analysis was performed to compare antibiotic-

resistant profiles and genes using the chi-square test and Fisher’s
exact test. p < 0.05 was considered statistically significant.

Results
Epidemiology of pneumococcal infections

An overview of demographic information for 669 patients,
including age, sex, and sample types provides Table 1. The
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distribution of male (n=396, 59.4%) and female (n = 271, 40.6%)
patients is nearly even, with a slight male predominance (Figure 1).
Sputum samples comprise the majority of samples (n = 613, 91.6%),
while bronchoalveolar lavage fluid (BALF) samples account for the
remaining 8.4% (n=56). The median age of patients is 24.9 months,
with an interquartile range (IQR) of 12.0-43.0 months. All these
children were admitted into Shenzhen children’s hospital because of
acute or chronic lower respiratory tract infection, including acute
bronchopneumonia, protracted bacteria bronchitis and so on.

Distribution of serotypes and coverage
of PCVs

Overall, this study reveals the NVT group has a high detection
rate of 46.61% among all 669 samples, which is close to the VT
group’s 53.39%. The most prevalent vaccine serotype is 19F, with a
prevalence rate of 23.38%, followed by 23F (7.84%), 6B (7.84%), 6A
(4.07%), and 14 (3.02%). The most prevalent non-vaccine serotype
is 23A, with a prevalence rate of 8.9%, followed by 15A (6.64%), 6E
(5.73%), 34 (3.17%), and 15B (2.87%) (Figure 2A). The data also
indicates a consequential shift in prevalence due to vaccination
application, with a decrease in VT strains and a corresponding
increase in NVT strains (Figure 2B).

TABLE 1 Clinical characteristics.

Characteristics All patients (n=669)

Age, median (IQR), month 24.9 (12.0-43.0)

Sex, n (%)
Male 396 (59.4)
Female 271 (40.6)
Sources, n (%)
BALF 56 (8.4)
Sputum 613 (91.6)
Major Diseases
Acute bronchopneumonia 336
Acute bronchitis 60
Severe pneumonia 36
Bronchiolitis 22
Protracted bacterial bronchitis 21
Acute asthmatic bronchitis 18
Prolonged pneumonia 13
Sepsis 10
Chronic cough 8
Bronchiolitis 8
Others 137
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The antimicrobial susceptibility testing

The result of antimicrobial susceptibility analysis of the ten
classes of antibiotics was presented in Table 2. Based on the AMR
profiles, lincosamides and macrolides have the highest rates of non-
susceptibility in the major serotypes tested, with rates ranging from
94.4% to 100%, while oxazolidinones, fluoroquinolones, and
glycopeptides have extremely low rates of non-susceptibility
(Table 2). For penicillin, cefotaxime and ceftriaxone, which are
often used to treat pneumococcal diseases in China, in common
VTs (19F, 19A, 23F, 14, 6A and 6B), the non-susceptibility rate of
penicillin were between 95.0% and 97.4%, the non-susceptibility
rate of cefotaxime were between 0% and 67.7%, the non-
susceptibility rate of ceftriaxone were between 0 and 60.6%,
respectively. The serotype of 19F and 19A had the highest drug-
resistance to penicillin, cefotaxime and ceftriaxone. In common
NVTs (23A, 15A/B/C, 6E and 6C), the non-susceptibility rates of
penicillin resistance were between 47.4% and 98.3%, the non-
susceptibility rate of cefotaxime were between 0% and 23.5%, the
cefotaxime rate of ceftriaxone resistance between 0 and 1.7%
respectively. The serotype of 6E and 23A had the highest drug-
resistance to penicillin in these common NVTs strain. (Table 2).
Furthermore, the resistance rate of serotype 6E to chloramphenicol
is significantly higher compared to serotype 19F and other serotypes
(p < 0.001, Supplementary Table 1).

MDR profiling

The MDR combination patterns vary across different serotypes,
as demonstrated in Table 3. The combination of CLI|ERY|TCY is
the most frequently observed MDR pattern across all serotypes. The
specific MDR combinations differ among serotypes due to
resistance to other specific antibiotics. For instance, within the
19F serotype, the most common MDR combination is CLI|ERY]|
TCY|PEN|SXT|MEM|CRO|CTX (83/156), while within the 6E
serotype, the most common MDR combination is CLI|ERY|TCY]|
PEN|SXT|MEM|CHL (20/38). Through comparison of this
combination, we found that chloramphenicol replacing
ceftriaxone and cefotaxime constitutes the most common MDR
combination of 6E.

MDR patterns of NVT serotype 6E
compared to VT serotype 6B

As an NVT serotype, 6E has a similar occurrence rate compared
to the VT serotype 6B, as shown in Figure 2A However, 6E exhibits
significantly higher rates of multidrug resistance (MDR) than 6B,
particularly in MDR5, and MDR6, with rates of 92.1%, and 89.5%,
respectively, compared to 6B’s rates of 84.6%, and 42.3%,
respectively (Table 4). Additionally, 6E shows a higher resistance
rate to antibiotics such as chloramphenicol and meropenem, where
25/38 and 34/38 bacterial strains are non-susceptible, respectively,
compared to 6B with 0/52 and 22/52 non-susceptible strains (p <
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Histogram of patients’ age and sex. The x-axis represents age in months, with 12-month intervals. The y-axis represents the number of individuals

with a given serotype within a particular age range.

0.01, Table 5). These findings suggest that both distinct MDR
patterns and vaccine use could play crucial roles in shaping the
future prevalence of serotypes 6E and 6B. Therefore, further
analysis and monitoring of the spreading of these serotypes are
necessary to fully understand their eventual impact.

Characteristics of antibiotic
resistance genes

In our study, we observed a strong correlation between the
detection of antibiotic resistance genes and the corresponding
antibiotic resistance profiles, as illustrated in Figure 3. Specifically,
the cat-TC gene exhibited the highest consistency of 99.4% with
chloramphenicol non-susceptibility. This was followed by the tetM
gene which showed consistency of 97.3% with tetracycline non-
susceptibility. And ErmB gene showed consistency of 96.5% with
erythromycin non-susceptibility, while the PatA/PatB gene showed a
consistency of 92.3% with tetracycline non-susceptibility. Lastly, the
pmrA gene exhibited a correlation of 89.1% with erythromycin non-
susceptibility. These findings suggest that the identification of specific
antibiotic resistance genes can serve as reliable predictors of the
corresponding antibiotic resistance profiles. In addition, we found
dozens important polymorphic loci of PBP (Penicillin-binding
protein) genes that are strongly associated with penicillin
susceptibility, prominently including pbp2b’s A1336G (Thr446Ala),
T1542C, pbpla’s T1740A and pbp2x’s T/G1713A (Supplementary
Figure 1; Supplementary Table 2). These polymorphic sites can be
used to accurately predict penicillin susceptibility.

Discussion

In Chinese mainland, PCV13 was introduced in 2017. However,
it has not been incorporated into the national immunization
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schedule, resulting in a low nationwide vaccination rate.
Shenzhen, the largest city in southern China and a significant
economic hub, presents a contrasting picture with an estimated
50% of children receiving the PCV13 vaccine, according to data
from the Chinese CDC. However, in the clinical data we gathered
from Shenzhen Children’s Hospital for the years 2021 to 2022,
pertaining to hospitalized children, it was observed that the
vaccination rate among these patients has surpassed 80%. Given
this, it becomes crucial to investigate the potential changes in the
prevalence of NVTs in Shenzhen in the post-PCV13 era.

As the prevalence of NVT serotypes increase, we also found a
concurrent shift in the overall drug resistance profile. A study in
Taiwan found that the non-susceptibility of pneumococcus to
penicillin, cefotaxime and ceftriaxone was decreased along with
the decrease of serotypes 19F and 19A (Huang et al., 2022), which is
consistent with our data that 19F and 19A provide the majority
non-susceptibility to penicillin, cefotaxime and ceftriaxone, while
the major NVT serotypes are much more susceptible to these three
kinds of antibiotics. It is worth noting that NVT resistance possesses
distinctive uniqueness which leads to the emergence of multidrug-
resistant serotypes (Lo et al., 2022). Our data reveals that in all
airway samples, 65.8% of strains of serotype 6E, 42.1% of strains of
serotype 15B, and 41.2% of strains of serotype 15C are non-
susceptible to chloramphenicol, while most VT serotypes are
susceptible to this antibiotic. Serotype 6E, the third most
prevalent NVT serotype, exhibits a comparable level of MDR to
serotypes 19F and 19A, with a 89.5% non-susceptibility rate to six
classes of antibiotics. With the increasing prevalence of serotypes 6E
and 15B/C detected in IPD, it is crucial to closely monitor their
MDR profiles (Lo et al., 2022).

The genetic flexibility of Pneumococci allows for rapid
adaptation to changing environmental pressures, including
vaccine selection pressure (Nj et al., 2013). Resistance to specific
antibiotics can result from mutations and genetic recombination in
chromosomal genes, such as pbp2x, pbp2b, and pbpla, which confer
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resistance to beta-lactam antibiotics (Mosadegh et al., 2022).
Additionally, antibiotic resistance genes are often carried on
mobile genetic elements (MGEs). For example, Tn916-type
integrative and conjugative elements (ICEs) can transfer
resistance genes for tetracycline and erythromycin, such as tetM
and ermB (Cochetti et al., 2007; Croucher et al.,, 2009). The cat-TC
gene, which confers resistance to chloramphenicol, is often carried
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on the transposon Tn5253, which serves as an important hotspot
for insertion sites (Shoemaker et al, 1979; Ayoubi et al, 1991;
Santoro et al., 2019). In our data, we found that the resistant genes
pmrA, ermB, rimA", pafA/B, and tetM are commonly present in
streptococcus, which contribute to the widespread multidrug
resistance patterns against macrolides, tetracyclines, and
clindamycin. In addition, our study highlights the significance of
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TABLE 2 AMR profiles of major serotypes.

Antibiotics 23F 6B 6A 3 6C
(NS %) (NS %) (NS %) (NS %) (NS %)
Lincosamides cLI 152(1000) | 52(100.0)  52(100.0) | 27(100.0)  20(100.0) | 20(100.0) 59 (100.0) 44 (100.0)  38(100.0) | 21(1000)  18(100.0) | 17 (100.0) | 18 (100.0)
Beta-Lactam crx 155(67.7) | 52(115)  52(38) 27 (0.0) 20(250) | 20(350) 59 (638) 144 23) 38 (2.6) 21 (0.0) 19 (10.5) 17235  18(0.0)
CRO 155 (60.6) | 52(58) 52 (3.8) 27 (0.0) 202000 | 20(250) 59 (17) 44 (0.0) 38 (0.0) 21 (0.0) 19 (0.0) 17 (0.0) 18 (0.0)
PEN 155 (97.4) | 52(962)  52(90.4)  27(963)  20(950) | 20(950)  59(983) 44 (727)  38(97.4) | 21(57.1) 19 (47.4) 17 (52.9) 18 (50.0)
Phenicols CHL 155 (0.6) 52 (1.9) 52 (0.0) 27 (0.0) 20 (0.0) 20 (0.0) 59 (0.0) 44 (0.0) 38 (658) | 21(0.0) 19 (42.1) 17 (41.2) 18 (5.6)
Carbapenem ETP 155 (1.9) 52 (1.9) 52 (0.0) 27 (0.0) 20 (0.0) 20 (0.0) 59 (0.0) 44 (0.0) 38 (0.0) 21 (0.0) 19 (10.5) 17 (0.0) 18 (0.0)
MEM 151 934) | 51(667)  52(423)  27(556)  20(950) | 20(90.0)  59(186) 44 (409)  38(89.5) | 21(143) 19 (36.8) 17(529) | 18 (27.8)
Macrolide ERY 152(993) | 51(980)  51(9.1) | 25(100.0)  20(100.0) | 20(100.0)  55(982)  41(97.6)  38(100.0) | 19 (100.0) | 18 (94.4) 16 (100.0) 17 (100.0)
Oxazolidinone LNZ 155 (0.0) 52 (0.0) 52 (0.0) 27 (0.0) 20 (0.0) 20 (0.0) 59 (0.0) 44 (0.0) 38 (0.0) 21 (0.0) 19 (0.0) 17 (0.0) 18 (0.0)
Fluoroquinolone  LVX 155 (0.0) 52 (0.0) 52 (0.0) 27 (0.0) 20 (0.0) 20 (0.0) 59 (0.0) 44 2.3) 38 (0.0) 21 (0.0) 19 (0.0) 17 (0.0) 18 (0.0)
MEX 155 (0.0) 52 (0.0) 52 (0.0) 27 (0.0) 20 (0.0) 20 (0.0) 59 (0.0) 44 (0.0) 38 (0.0) 21 (0.0) 19 0.0) 17 (0.0) 18 (0.0)
OFX 155 (0.0) 52 (0.0) 52 (0.0) 27 (0.0) 20 (0.0) 20 (0.0) 59(119) 44 (2.3) 38 (0.0) 21 (0.0) 19 (0.0) 17 (0.0) 18 (0.0)
Tetracycline TCY 155(96.8) | 52(962)  52(962)  27(741)  20(90.0) | 20(1000) 58 (966) 44 (75.0)  38(89.5) | 21(85.) 19 (94.7) 17 941) | 18 (94.4)
Folate pathway — SXT 155 (98.7) 52 (96.2) 52(100.0) | 27 (70.4) 20 (5.0) 20 (100.0) | 59 (458) 44 (6.8) 38 (92.1) 21 (90.5) 19 (94.7) 17 (94.1) 18 (83.3)
antagonists
Glycopeptide VAN 155 (0.0) 52 (0.0) 52 (0.0) 27 (0.0) 20 (0.0) 20 (0.0) 59 (0.0) 44 (0.0) 38 (0.0) 21 (0.0) 19 (0.0) 17 (0.0) 18 (0.0)

CLI, clindamycin; CTX, cefotaxime; CRO, ceftriaxone; PEN, penicillin; CHL, chloramphenicol; ETP, ertapenem; MEM, meropenem; ERY, erythromycin; LNZ, linezolid; LVX, levofloxacin; MFX, moxifloxacin; OFX, ofloxacin; TCY, tetracycline; SXT, trimethoprim-
sulfamethoxazole; VAN, vancomycin.
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TABLE 3 The common antimicrobial resistance patterns of pneumococcus.

Total 19F 23F 6B 6A 14 19A 23A 15A 6E 34 15B 15C 6C

CLI/ERY/TCY 10 6 1 1 1 1
CLI/ERY/TCY/SXT 23 2 1 5 1 1 7
CLI|PEN|ERY 11 7 1 2 1
CLI|PEN|ERY|TCY 38 1 1 27 6 2 1
CLI|PEN|ERY|TCY|SXT 65 6 13 21 2 1 6 3 1 8 2 2
CLI|PEN|ERY|TCY|SXTIMEM 134 34 26 21 14 1 7 9 1 3 4 4
CLI|PEN|ERY|TCY|MEM 32 1 1 12 16 2
CLI|PEN|ERY|TCY|SXTIMEM|CRO|CTX 91 83 1 1 5 1

CLI|PEN|ERY|TCY|SXT|MEM|CTX 23 10 3 2 3 1 4
CLI|PEN|ERY|TCY|SXT|MEM|CHL 21 20 1

CLL clindamycin; CTX, cefotaxime; CRO, ceftriaxone; PEN, penicillin; CHL, chloramphenicol; ETP, ertapenem; MEM, meropenem; ERY, erythromycin; LNZ, linezolid; LVX, levofloxacin; MFX,
moxifloxacin; OFX, ofloxacin; TCY, tetracycline; SXT, trimethoprim-sulfamethoxazole; VAN, vancomycin.

TABLE 4 MDR rate of major serotypes.

Serotypes Total No. of No. of No. of No. of MDR3% MDR4% MDR5% MDR6%
strains  MDR3 MDR4 MDR5 MDR6
strains strains strains strains
6E 38 38 37 35 34 100.00 97.37 92.11 89.47
I9F 156 155 154 151 130 99.36 98.72 96.79 83.33
19A 20 20 20 19 18 100.00 100.00 95.00 90.00
23F 52 51 51 48 33 98.08 98.08 92.31 63.46
15C 17 17 16 15 8 100.00 94.12 88.24 47.06
6B 52 52 50 44 22 100.00 96.15 84.62 42.31
15B 19 19 17 15 6 100.00 89.47 78.95 31.58
6A 27 27 20 17 14 100.00 74.07 62.96 51.85
14 20 19 19 19 0 95.00 95.00 95.00 0.00
234 59 58 54 24 18 98.31 91.53 40.68 30.51
6C 18 18 15 7 5 100.00 83.33 38.89 27.78
34 21 20 18 11 1 95.24 85.71 52.38 4.76
15A 44 37 27 20 0 84.09 61.36 45.45 0.00

CLL clindamycin; CTX, cefotaxime; CRO, ceftriaxone; PEN, penicillin; CHL, chloramphenicol; ETP, ertapenem; MEM, meropenem; ERY, erythromycin; LNZ, linezolid; LVX, levofloxacin; MFX,
moxifloxacin; OFX, ofloxacin; TCY, tetracycline; SXT, trimethoprim-sulfamethoxazole; VAN, vancomycin.

TABLE 5 Comparison of antibiotic resistance of 6E and 6B.

6E 6B p
Susceptible Intermediate Resistant Susceptible Intermediate Resistant
CHL 13 0 25 52 0 0 < 0.001
CLI 0 0 38 0 0 52 1.000
CRO 38 0 0 50 2 0 0.507
CTX 37 1 0 50 1 1 1.000
ERY 0 0 38 2 0 49 0.505
(Continued)
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TABLE 5 Continued

6E 6B p
ETP 38 0 0 52 0 0 1.000
LNZ 38 0 0 52 0 0 1.000
LVX 38 0 0 52 0 0 1.000
MEM 4 31 3 30 21 1 < 0.001
MFX 38 0 0 52 0 0 1.000
OFX 38 0 0 52 0 0 1.000
PEN 1 32 5 5 44 3 0.245
SXT 3 0 35 0 42 10 < 0.001
TCY 4 1 33 2 1 49 0.422
VAN 38 0 0 52 0 0 1.000

CLI clindamycin; CTX, cefotaxime; CRO, ceftriaxone; PEN, penicillin; CHL, chloramphenicol; ETP, ertapenem; MEM, meropenem; ERY, erythromycin; LNZ, linezolid; LVX, levofloxacin; MFX,
moxifloxacin; OFX, ofloxacin; TCY, tetracycline; SXT, trimethoprim-sulfamethoxazole; VAN, vancomycin.
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FIGURE 3

The heatmap of antimicrobial resistance phenotypes and resistance genes co-detection. The heatmap displays the clustering results of ARGs and
AMR profiles in bacterial isolates. The color of each cell in the heatmap indicates the non-susceptibility (red), and susceptibility (blue) of a particular
kind of antibiotic, and the presence (red) or absence (blue) of a particular ARG in a S. pneumoniae isolate.
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both synonymous and non-synonymous mutation sites in PBP
alleles. The non-synonymous mutation, specifically the PBP2b
Thr446Ala, which is known to contribute to adaptive resistance
to penicillin (Pagliero et al, 2004), holds the highest predictive
importance value. However, the results also suggest that
synonymous mutation sites could be valuable predictors of
penicillin resistance, potentially due to their impact on PBP
proteins’ expression or function. In summary, to effectively
control the spread of antibiotic resistance in S. pneumoniae, a
multifaceted approach is required. This includes the judicious use
of antibiotics, monitoring resistance patterns, and developing new
strategies for prevention and treatment of infections caused by
resistant strains. The combination of antibiotic resistance genes and
chromosomal mutations in different serotypes can result in varying
resistance profiles, highlighting the need for continued monitoring
of antibiotic resistance in pneumococcal populations. Additionally,
due to the limited coverage of vaccines, it is essential to pay
attention to multidrug resistance in NVT serotypes of S.
pneumoniae, as they lack specific preventive measures. Thus, it is
necessary to strengthen monitoring and treatment of NVT
serotypes of S. pneumoniae to reduce their threat to public health,
particularly serotype 6E, which exhibits a high level of MDR and is
not currently covered by any existing vaccine.

Limitation: It is important to note that this was a retrospective,
single-center study and the isolated strains were collected within a
year from March 2021 to March 2022. The provided data cannot
represent the overall situation of pneumococcal vaccine usage and
serotype prevalence in China. However, given the increasing
vaccination rates year by year, it can serve as a basis for predicting
future trends. Direct comparison data on the drug resistance of pre-
vaccine serotypes were not available, and our findings only provide
the antimicrobial drug resistance rate for airway colonized serotypes,
without inclusion of invasive strains. To address these limitations, we
plan to extend our work by including samples from other parts of the
country and invasive strains to gain a more comprehensive
understanding of the drug resistance patterns. This could
potentially provide valuable insights into the emergence of
multidrug-resistant non-vaccine type serotypes and guide the
development of effective prevention and treatment strategies.
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PgsA mutation-mediated
enhancement of phage-

mediated combat against
Pseudomonas aeruginosa

Qiao Su', Di Lu', Jiuna Kong, Hong Lin,
Guanhua Xuan* and Jingxue Wang*

State Key Laboratory of Marine Food Processing & Safety Control, College of Food Science and
Engineering, Ocean University of China, Qingdao, China

Phage therapy is a potential approach in the biocontrol of foodborne pathogens.
However, the emergence of phage resistance and the narrow host range of most
phage isolates continue to limit the antimicrobial efficacy of phages. Here, we
investigated the potential of the pgsA gene, encoding the anthranilate-CoA ligase
enzyme, as an adjuvant for phage therapy. The knockout of the pgsA gene
significantly enhanced the bactericidal effect of phages vB_Pae_QDWS and
vB_Pae_S1 against Pseudomonas aeruginosa. Under phage infection pressure,
the growth of the PaApgsA was significantly inhibited within 8 h compared to the
wild-type PAOL. Furthermore, we found that altering phage adsorption is not
how PaApgsA responds to phage infection. Although pgsA represents a
promising target for enhancing phage killing, it may not be applicable to
all phages, such as types vB_Pae_W3 and vB_Pae_TR. Our findings
provide new material reserves for the future design of novel phage-based
therapeutic strategies.

KEYWORDS

P. aeruginosa, pgsA, resistance, phage, enhancement of phage therapy

Introduction

Pseudomonas aeruginosa (P. aeruginosa) is an opportunistic pathogen that commonly
causes spoilage in various vegetables, milk, and meat products (Garedew et al., 2012; Alimi
et al, 2022; Gao et al.,, 2023; Wu et al,, 2023). It has the ability to form biofilms, which
provide protection against physical and chemical eradication methods, making it a
significant concern for foodborne diseases and spoilage (O'Toole et al., 2000; Ma et al.,
20225 Li et al., 2023). The global prevalence of multidrug-resistant (MDR) P. aeruginosa
strains has become a serious threat to public health (Horcajada et al., 2019). In human
beings, P. aeruginosa is responsible for a wide range of infections with varying levels of
severity. P. aeruginosa infections can lead to pneumonia, urinary tract infections,
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bloodstream infections, wound infections, and respiratory tract
infections (Bassetti et al., 2018; De Sousa et al., 2021). Therefore,
precise and efficient prevention and control of P. aeruginosa
infection is of great significance in ensuring food safety and
quality, reducing the incidence of foodborne diseases, and
protecting public health.

Bacteriophages, which are viruses that specifically infect
bacteria, possess significant potential for selectively targeting and
combating harmful bacteria (Kortright et al., 2019; Joao et al., 2021;
Strathdee et al., 2023). Phages are naturally found in food and their
effectiveness as powerful antimicrobials has been extensively
documented (Guenther et al.,, 2009; Goodridge and Bisha, 2011;
Sarhan and Azzazy, 2015; Kauppinen et al., 2021). The European
Food Safety Authority (EFSA) has evaluated phages and concluded
that they are safe for both consumers and the environment,
although each phage or phage cocktail intended for use in food
must be assessed on a case-by-case basis (Ricci et al., 2017;
Rendueles et al.,, 2022). However, phage therapy can be
complicated by the ability of bacteria to defend against phage
attacks through various antiviral mechanisms, including
spontaneous mutations, DNA restriction-modification, abortive
infection systems, and the CRISPR-Cas adaptive immunity
system (Labrie et al.,, 2010; Dupuis et al., 2013; Monteiro et al.,
2019; Xuan et al., 2022). Overcoming phage resistance is a key issue
that urgently needs to be addressed to enhance the effectiveness of
phage therapy.

Several studies have focused on this issue and proposed diverse
strategies to enhance the effectiveness of phage therapy. For
example, phage genomes can be constructed using synthetic DNA
fragments to introduce specific genetic modifications to enhance the
efficacy of phage therapy (Lenneman et al., 2021). Researchers have
also utilized phages as carriers to deliver biofilm-depolymerases,
capsule-depolymerases, quorum-quenching enzymes, and cross-
genus cell wall hydrolases with lytic activity, thereby enhancing
the antimicrobial activity of phages (Pei et al., 2014; Born et al,
2017; Kilcher et al., 2018). Based on the temperate phage ®CD24-2,
Selle et al. (Selle et al., 2020) engineered a modified version that
converted the phage’s lifestyle from temperate to virulent using
genomic deletions, and simultaneously delivered host-targeting
crRNA as a toxin, resulting in significantly enhanced phage-
killing efficacy in vitro and in a C. difficile mouse infection model.

PgsA, an enzyme belonging to the CoA-ligase family, functions
as the primary synthase in the biosynthetic pathway of alkyl
quinolone (AQ) (Coleman et al., 2008; Witzgall et al, 2017).
PgsA plays a pivotal role in regulating the production of
virulence factors. Studies have shown that mutations in the pgsA
gene significantly reduce P. aeruginosa’s ability to produce several
virulence factors, including pyocyanin and elastase, which are key
factors that contribute to P. aeruginosa pathogenicity (Bala et al.,
2014). Thus, PgsA is often considered as a promising therapeutic
target for mitigating or eradicating the virulence of P. aeruginosa
(Jietal, 2016; Shaker et al., 2020; Chen et al., 2022). While there is a
research foundation for studying the functionality of PqsA protein
and screening for inhibitors, its application in combating P.
aeruginosa infections remains limited, and there is an urgent need
to develop more effective treatment options such as phage therapy.
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However, phage therapy still faces the challenge of bacterial
resistance to phage (Labrie et al, 2010; Dupuis et al., 2013;
Monteiro et al., 2019; Xuan et al,, 2022). Therefore, we initially
focus on exploring the potential application of PqsA protein in
enhancing phage therapy and identifying essential gene targets for
designing phage-antibacterial agents combination therapy to
effectively combat P. aeruginosa infections. However, there is
scarce evidence on the significance of pgsA as a crucial gene
target in phage therapy for combating P. aeruginosa.

In this study, we reported that mutations in the pgsA gene make
P. aeruginosa less likely to develop resistance to phage infection in a
short period of time, thereby enhancing phage sterilization. PqsA is
expected to act as a new target for designing efficient phage therapy
for the control of P. aeruginosa.

Materials and methods
Strains, plasmids, and growth conditions

P. aeruginosa strains were cultured under standard conditions
at a temperature of 37°C in Luria Bertani broth (LB). Gentamicin
and tetracycline were added at concentrations of 30 pg/mL and 50
pug/mL, respectively, for strain construction and plasmid
maintenance purposes. Phages specific for P. aeruginosa PAO1
were isolated from sewage samples collected in Qingdao, China.
The Pseudomonas phages, vB_Pae_S1 (accession number
0OL802210.1), vB_Pae_ QDWS (accession number MZ687409.1),
vB_Pae_W3 (accession number OK094665.1), and vB_Pae_TR
(accession number OL802211.1) have been sequenced and
deposited in NCBI GenBank.

Gene knockout

The PaApgsA strain was generated following a previously
described protocol (Xuan et al, 2021). To construct a pgsA-
deletion mutant, a 1047-bp fragment and a 1018-bp fragment
upstream and downstream of pgsA were PCR-amplified from P.
aeruginosa PAO1 genomic DNA. The two PCR products were fused
together and cloned into pK18mobsacBtet plasmid at the EcoRI site.
The constructed plasmid was transformed into E. coli S17-1 and
then transferred via conjugation into P. aeruginosa PAOIL.
Integration into the chromosome of PAO1 was achieved through
the first crossover event, followed by selection on tetracycline-
containing agar plates with a chemically defined medium that
solely utilized sodium gluconate as the carbon source. The double
crossover was selected using 12% sucrose, resulting in the pgsA-
deletion mutant. The colony PCR and DNA sequencing were
performed to confirm the correct mutant.

Phage resistance assay

Spot assay. A mixture of 100 uL of bacterial cultures
(approximately 1.4 x10° CFU/mL) was added to 5 mL of 0.75%
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molten agar and poured onto the prepared LB plate. Subsequently, 3
L of the phage suspension with serial dilutions was added onto the
double-layer agar containing bacterial suspension. The plates were
then incubated at 37°C without agitation. After incubation, the
plates were examined for the presence of clearing zones.

The bacterial growth reduction assay. P. aeruginosa strains were
co-cultivated with phage vB_Pae_S1 or vB_Pae_QDWS at a
multiplicity of infection (MOI) of 0.1 at 37°C (The initial ratio of
phage concentration to bacterial concentration is 1 x 107 PFU/mL:
1.0 x 10® CFU/mL). Bacteria cells were collected at different time
points and the absorbance values at ODggonm Were measured and
recorded using a microplate reader in a 96-well plate.

The efficiency of plating (EOP) assay. 3 uL of the phage
suspension at various dilutions (10°, 10%,10% and 10? PFU/mL)
were applied to the surface of P. aeruginosa strains. The plates
were then incubated at 37°C for 4 h. After incubation, the number
of plaque-forming units (PFUs) was counted. The relative efficiency
of plating (EOP) was calculated by dividing the average PFU count
on the target bacteria by the average PFU count on the control
PAOI bacteria.

One-step growth curve

The one-step growth curve experiment was conducted with
some modifications following previously described methods (Xuan
et al,, 2023b). Briefly, P. aeruginosa cells were exposed to isolated
phage at an MOI of 0.01 and allowed to adsorb for 3 min (for
vB_Pae_QDWS) or 5 min (for vB_Pae_S1) at a temperature of
37°C. The mixture was then centrifuged at 10,000 x g for 1 min, and
the resulting pellets were washed three times using LB medium. The
supernatant was removed, and the pellets containing the phage-
infected bacterial cells were resuspended in 25 mL of fresh LB broth.
The suspension was incubated with shaking at 180 rpm and 37°C.
Throughout the incubation period, samples were collected at
specific time intervals, and the titers of the phage in the aliquots
were immediately determined using the double-layer agar method.

Phage killing assay

The overnight cultures of PAO1 and PaApgsA were diluted
1:100 and cultured in fresh Casein Soya Bean Digest Broth (TSB)
liquid medium to obtain a final bacterial concentration of
approximately 0.4-0.6. Then, the bacterial cultures were subjected
to a dilution with TSB liquid medium to achieve a final bacterial
concentration of about 10* CFU/mL. Simultaneously, the different
multiplicity of infections (0.001 and 0.01) of phage vB_Pae_QDWS
or vB_Pae_S1 were added to the TSB medium. The cultures were
incubated at 37°C with shaking, and samples were collected at 0 h,
2h,4h,8h, and 12 h time points. The cells were harvested by
centrifugation and washed twice with phosphate-buffered saline
(PBS). Subsequently, the cell counts of PAO1 and PaApgsA infected
with phage vB_Pae_QDWS or vB_Pae_S1 were determined at each
time point.

Frontiers in Cellular and Infection Microbiology

10.3389/fcimb.2024.1296777

Host range analysis

Thirteen P. aeruginosa isolates were used to test the infectivity
of phage vB_Pae_S1, vB_Pae_QDWS, vB_Pae_W3, and
vB_Pae_TR. To determine the infectivity of the phages on the
bacterial strains, a total of 3 UL of phage lysate with a titer of 10"’
plaque-forming units (PFU) was applied onto an agar plate
containing P. aeruginosa mixed with 0.5% (w/v) top agar. The
plate was then incubated overnight. The infectivity of the phages
was assessed by evaluating the turbidity of the plaques formed at the
location where the phage lysate was dropped.

Transmission electron microscope
(TEM) analysis

Phage adsorption was observed by TEM as described previously
(Xuan et al,, 2023a). Briefly, P. aeruginosa cells were cultivated until
reaching an optical density at 600 nm (ODgoonm) of 2.5.
Subsequently, the cells were mixed with phages vB_Pae_ QDWS
and vB_Pae_S1 at a multiple infection index (MOI) of
approximately 100. After a 5 min (for vB_Pae_S1) or 3 min (for
vB_Pae_QDWS) adsorption period, the samples were analyzed
using TEM. The specific procedure for TEM analysis involved
loading the samples onto a carbon-coated copper grid for 5 min,
followed by negative staining with 2% (w/v) phosphotungstic acid
(PTA, a common reagent in histological staining, pH 6.8). After
drying, the samples were examined using a JEM-1200EX
transmission electron microscope (JEOL, Tokyo, Japan) operating
at 100 kV.

Adsorption rate assay

Overnight cultures of P. aeruginosa strains PAO1 and PaApgsA
were diluted 1:100 and cultured in fresh LB medium until reaching
an ODgoonm of approximately 0.4-0.6. To promote phage
adsorption, 0.5 mL of a phage solution (10° PFU/mL) was mixed
with 0.5 mL of the cell suspension (10® PFU/mL) and incubated at
37°C for 5 min (for vB_Pae_S1) or 3 min (for vB_Pae_QDWS). As a
control, LB broth mixed with phage vB_Pae_S1 or vB_Pae_QDWS
without bacteria was used. Following incubation, the cultures were
centrifuged at 7,378 x g for 2 min, and the titer of free phage in the
supernatant was determined using the double-layer agar method.
The phage adsorption rate was calculated as follows: adsorption rate
(%) = [(initial phage titer - phage titer in the supernatant)/(initial
phage titer)] x 100.

Bioinformatics analysis
The ViPTree (Nishimura et al., 2017) service (https://
www.genome.jp/viptree/) was used to analyze the similarities and

relationships between vB_Pae_QDWS and other reported
prokaryotic double-stranded DNA viruses. A total of 3080 phage
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genomes were used as reference sequences to construct
phylogenetic trees using VipTree. Sequence alignment of the
whole genomes of four Pseudomonas phages was visualized using
VipTree software.

Results and discussion

Disruption of pgsA of PAO1 could promote
phage infection

Here, we evaluated the effect of pgsA deletion on the
survival of P. aeruginosa under the predation pressure of
vB_Pae_QDWS. In the bacterial growth reduction assay, we
found that phage vB_Pae_QDWS significantly reduced the cell
count of P. aeruginosa. However, with the passage of time, a slow
growth of PAO1 was observed after 240 min. Nevertheless, the
growth of PaApgsA remained significantly inhibited (Figure 1A).
In different time intervals, the spot test findings also indicate
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that PaApgsA is more prone to phage vB_Pae_QDWS
infection, leading to the formation of more translucent plaques
(Figure 1B). However, there was no significant difference in EOP
of vB_Pae_QDWS on PAOI and PaApgsA strains (Figure 1C).
Furthermore, growth curve analysis showed similar trends in
one-step growth curves of the vB_Pae_QDWS using PAO1 and
PaApgsA as hosts (Figure 1D).

Similar to the findings with phage vB_Pae_QDWS, we observed
that phage vB_Pae_S1 also exhibited significantly higher infectivity
towards the knockout strain PaApgsA compared to the wild-type
PAOL. Stronger growth inhibition after 240 min (Figure 2A) and
more translucent plaques (Figure 2B) formed by the phage
vB_Pae_S1 on the pgsA knockout strain during the phage
infection assays were observed. However, there was no significant
difference in EOP of vB_Pae_S1 on PAOI and PaApgsA strains
(Figure 2C). Furthermore, growth curve analysis showed similar
trends in one-step growth curves of the vB_Pae_S1 using PAO1 and
PaApgsA as hosts (Figure 2D). These results indicated that the
knockout of the pgsA gene can enhance phage bactericidal efficacy.
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calculated from three independent experiments.

Our findings unveil a paradigmatic phage-bacteria interaction
mediated by the pgsA target. This discovery provides crucial
insight for further research and development of therapeutic
strategies harnessing the phage-bacteria interaction, particularly
through targeted silencing of the pgsA gene to enhance the
precision of phage therapy against P. aeruginosa. This
advancement contributes to filling the research gap in the field of
precise pathogen control.

Phages vB_Pae_QDWS and vB_Pae_S1 had genome sizes of
43,170 and 43,058 bp, respectively. Both of them are lytic phages
targeting P. aeruginosa. The two phages vB_Pae_QDWS and
vB_Pae_S1 shared an intergenomic nucleotide identity of 98.39%
(Table 1). Here, we explored the lytic abilities of phages
vB_Pae_QDWS and vB_Pae_S1 against both PAO1 and PaApgsA
at MOI 0.001 and MOI 0.01. Phage vB_Pae_QDWS effectively
suppressed the growth of both PAO1 and PaApgsA, as there was no
significant increase in bacterial cell numbers within 8 h. However,
with prolonged co-cultivation, a noticeable growth acceleration of
PAOI was observed, while PaApgsA maintained a lower cell count
(Figure 3A). The results of the lysis assay for phage vB_Pae_S1 were
similar to those of vB_Pae_QDWS (Figure 3B). Therefore, our data
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suggest that the knockout of the pgsA gene can enhance the efficacy
of phage therapy.

Enhanced infection mediated by pgsA
mutation is independent of adsorption

Adsorption, as the primary step of phage invasion into the
host, often affects the bactericidal efficacy of phages due to
changes in their adsorption efficiency (Denes et al, 2015;

TABLE 1 Comparative analysis of the genomic characteristics of
vB_Pae_Q+.

coverage (96%)

identity (98.39%)

vB_Pae_QDWS vB_Pae_S1
Genome size (bp) 43,170 43,058
G+C (%) 62.3 62.22
tRNAs 0 0
Predicted ORFs 53 57
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Harvey et al,, 2018). We conducted phage adsorption assays
using the PAO1 and PaApgsA strains. The results of TEM
analysis revealed that a higher number of vB_Pae_QDWS
phages were observed surrounding the PAO1 strain compared
to the host PaApgsA strain (Figure 4A). Additionally, we
observed a decrease in the adsorption rate of phages to the
PaApgsA strain compared to the PAOI strain (Figure 4B).
Similar results were also observed for vB_Pae_S1, with
significantly lower adsorption efficiency to PaApgsA compared
to its efficiency to PAO1 (Figures 4C, D). In theory, a decrease in
the adsorption efficiency of phages would significantly reduce
their chances of invading the host. However, PaApgsA exhibited
greater sensitivity to phages compared to PAO1 (Figures 1, 2).
These results supported that the enhanced sensitivity of the host
to phages mediated by pgsA mutation is not attributed to the
enhancement of phage adsorption pathway.

Hypothesizing the mechanism of phage
sensitivity mediated by pgsA mutation

Based on the experimental data mentioned above, we have
reasons to speculate that pgsA mutation significantly inhibits the
development of phage resistance. Literature reports have indicated
that phase variation in receptor structure mediates the coexistence
of phages and bacteria, maintaining a balance between host
sensitivity and phage resistance (Shkoporov et al., 2021; Ramos-
Barbero et al., 2023). Growth curve analysis of phage-host
cocultures revealed that, after 240 min, the wild-type PAOI
strain exhibited significant growth, while PaApgsA remained
suppressed (Figures 1A, 2A, 4B), suggesting that the pgsA
mutant strain might have lost the ability to regulate flexible
phase variation in receptor structure in the face of peak phage
predation pressure, leading to a deficiency in bacterial immunity
against phages compared to the wild-type strain PAO1. The pgsA
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mutation does not affect phage infectivity, as evidenced by the
similar phage burst efficiencies (Figures 1C, 2C), as well as
comparable growth curve trends of phage infection in the wild-
type PAO1L and PaApgsA (Figure 1D, 2D). The pgsA mutation
specifically impairs bacterial immunity against phages, likely
mediated by changes in receptor structure phase variation,
which is consistent with our observation that knocking out the
pgsA gene significantly reduces phage adsorption efficiency
(Figure 4). Although the pgsA gene mutation hinders the rapid
development of phage resistance in the host, further research is
needed to uncover and elucidate the involvement of PgsA in the
regulation of phage-host interactions mediated by receptor phase
variation. Future integration of transcriptomic analysis with
phenotype association is expected to elucidate important
pathways and mechanisms through which the changes in phage-
bacteria interactions mediated by pgsA mutations.

The multiple effects of silencing the pgsA
gene on the application of phage therapy

We also compared and investigated multiple P. aeruginosa
phages (vB_Pae_QDWS, vB_Pae_S1, vB_Pae_W3, and
vB_Pae_TR) to analyze the impact of silencing the pgsA gene on
the bactericidal ability of the phages. As shown in Figure 5A, phage
vB_Pae_QDWS and vB_Pae_S1 were classified into different
branches from vB_Pae W3 and vB_Pae_TR, indicating different
divergences. Comparative analysis of four P. aeruginosa phages in
BLASTn is given in Figure 5B. Phage vB_Pae_QDWS and
vB_Pae_S1 displayed a close relationship, and vB_Pae_W3 had
similarities with vB_Pae_TR. However, except for S1, QDWS shows
no similarity to vB_Pae_W3 or vB_Pae_TR. In the bacterial growth
reduction assay, we found that deletion of the pgsA gene leads to
enhanced resistance of the host strain to phage vB_Pae_W3 and
vB_Pae_TR. After 180 min, it was observed that the growth rate of
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PAO1 was significantly delayed compared to that of PaApgsA
(Figure 5C), which is quite different from the bactericidal effects
observed during phage vB_Pae_QDWS and vB_Pae_S1 treatment.
Therefore, silencing the pgsA gene leads to different outcomes in the
interaction between the host and phages, which may be attributed
not only to the regulation mediated by changes in the host’s genetic
and metabolic networks but also to the type of phage involved.

Host range analysis of four
Pseudomonas phages

The efficiency of the lytic activity of four phages was measured
against thirteen P. aeruginosa strains using the visual assessment of
plaques on the spot test. Seven (53.8%) and six (46.2%) of the P.
aeruginosa strains tested were lysed by vB_Pae_W3 and vB_Pae_TR,
respectively, while phages vB_Pae_QDWS and vB_Pae_S1 exhibit
similar lysis spectra, being able to lyse ten (76.9%) P. aeruginosa
strains. Phages vB_Pae_QDWS and vB_Pae_S1 exhibit stronger lytic
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activity and a broader range of lysis compared to phages vB_Pae_W3
and vB_Pae_TR, making them appear to have a competitive advantage
in combating P. aeruginosa (Table 2).

Conclusion

In this study, we show that pgsA has the potential to become an
important gene target to enhance phage therapy. The deletion of the
pgsA gene could significantly promote the lysis of phages
vB_Pae_QDWS and vB_Pae_S1 on the P. aeruginosa PAOl. We
speculate that the mechanism may be related to the defect in
bacterium-phage immune capability mediated by pgsA mutation, as
we observed that pgsA mutation mainly affects the later stage of phage-
host interaction, specifically inhibiting the development of phage-
resistant strains. However, the specific regulatory mechanisms still
require further research and clarification. Although silencing the pgsA
gene is expected to enhance the efficacy of phage therapy against P.
aeruginosa, it also depends on the specific phage type used. For
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The response of PaApgsA strain to the infection of phages vB_Pae_W3 and vB_Pae_TR. (A) ViPTree analysis of four Pseudomonas phages. Phages
are identified according to their official ICTV classification, with the outer and inner rings indicating their host group and virus family, respectively. (B)
Comparative genome alignment of the Pseudomonas phages vB_Pae_QDWS, vB_Pae_S1, vB_Pae_W3, and vB_Pae_TR. Analysis was performed
using VipTree software. The color indicates the nucleotide sequence identity level (from 0 to 100%). (C) The growth curves of PAO1 and PaApgsA
strains, when infected with phage vB_Pae_W3 and vB_Pae_TR, were measured at various time points.

TABLE 2 Lytic activity of four Pseudomonas phages (+, infected; —, uninfected).

Pseudomonas phages

vB_Pae_W3 vB_Pae_TR vB_Pae_S1 vB_Pae_QDWS

P. aeruginosa PAO1 Standard strain + + + +
P. aeruginosa Y3 this study - - - -
P. aeruginosa Y4 this study + + + +
P. aeruginosa Y9 this study + - + +
P. aeruginosa Y14 this study + + - -
P. aeruginosa SJ-1 this study - - + +
P. aeruginosa SJ-2 this study - - + +
P. aeruginosa SJ-4 this study + + + +
P. aeruginosa SJ-6 this study + + + +
P. aeruginosa SJ-8 this study - - + +
P. aeruginosa SJ-10 this study - - + +
P. aeruginosa SJ-76 this study + + - -
P. aeruginosa PA14 Standard strain - - + +
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example, silencing pgsA may significantly decrease the therapeutic
effectiveness of phages vB_Pae_W3 and vB_Pae_TR. Regardless, we
propose that the pgsA gene plays a crucial role in mediating the phage-
bacteria interaction process. However, in future studies aiming to
design novel phage therapies targeting the pgsA gene, further
validation is required using a broader range of phage targets.
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Background: During the coronavirus disease 2019 (COVID-19) pandemic, in
patients treated for SARS-CoV-2 infection, infections with the Klebsiella
pneumoniae bacteria producing New Delhi metallo-B-lactamase (NDM)
carbapenemase in the USA, Brazil, Mexico, and Italy were observed, especially
in intensive care units (ICUs). This study aimed to assess the impact of Klebsiella
pneumoniae NDM infection and other bacterial infections on mortality in
patients treated in ICUs due to COVID-19.

Methods: The 160 patients who qualified for the study were hospitalized in ICUs
due to COVID-19. Three groups were distinguished: patients with COVID-19
infection only (N = 72), patients with COVID-19 infection and infection caused by
Klebsiella pneumoniae NDM (N = 30), and patients with COVID-19 infection and
infection of bacterial etiology other than Klebsiella pneumoniae NDM (N = 58).
Mortality in the groups and chosen demographic data; biochemical parameters
analyzed on days 1, 3, 5, and 7; comorbidities; and ICU scores were analyzed.

Results: Bacterial infection, including with Klebsiella pneumoniae NDM type, did
not elevate mortality rates. In the group of patients who survived the acute phase
of COVID-19 the prolonged survival time was demonstrated: the median overall
survival time was 13 days in the NDM bacterial infection group, 14 days in the
other bacterial infection group, and 7 days in the COVID-19 only group.
Comparing the COVID-19 with NDM infection and COVID-19 only groups, the
adjusted model estimated a statistically significant hazard ratio of 0.28
(p = 0.002). Multivariate analysis revealed that age, APACHE Il score, and CRP
were predictors of mortality in all the patient groups.

Conclusion: In patients treated for SARS-CoV-2 infection acquiring a bacterial
infection due to prolonged hospitalization associated with the treatment of
COVID-19 did not elevate mortality rates. The data suggests that in severe

106 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fcimb.2024.1297312/full
https://www.frontiersin.org/articles/10.3389/fcimb.2024.1297312/full
https://www.frontiersin.org/articles/10.3389/fcimb.2024.1297312/full
https://www.frontiersin.org/articles/10.3389/fcimb.2024.1297312/full
https://www.frontiersin.org/articles/10.3389/fcimb.2024.1297312/full
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fcimb.2024.1297312&domain=pdf&date_stamp=2024-04-16
mailto:jarojanc@gmail.com
https://doi.org/10.3389/fcimb.2024.1297312
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://doi.org/10.3389/fcimb.2024.1297312
https://www.frontiersin.org/journals/cellular-and-infection-microbiology

Janc et al.

10.3389/fcimb.2024.1297312

COVID-19 patients who survived beyond the first week of hospitalization,
bacterial infections, particularly Klebsiella pneumoniae NDM, do not
significantly impact mortality. Multivariate analysis revealed that age, APACHE Il
score, and CRP were predictors of mortality in all the patient groups.

KEYWORDS

coronavirus disease 2019, Klebsiella pneumoniae, metallo-B-lactamase, hospital-
acquired infection, mortality

1 Introduction

After the outbreak of COVID-19 in December 2019 in China, it
rapidly spread throughout China and all around the world. Data
presented by the World Health Organization show that more than
126 million cases of COVID-19 have been reported worldwide, of
which one-fourth have been in the USA with the remainder in other
countries, including European nations (Sun et al., 2020; Phannajit
et al., 2021).

The SARS-CoV-2 virus infects the body and causes
inflammatory changes in the vascular endothelium, activating the
immune system and coagulation and causing organ damage, mainly
to the lungs, brain, heart, and kidneys (Hekmatnia et al., 2022).
Respiratory viruses, such as coronaviruses and influenza viruses,
can cause acute damage to lung epithelial cells, allowing other
pathogens to infiltrate the affected area (de Wit et al., 2016; Zhong
et al., 2021).

This allows the subsequent invasion of other microorganisms,
including bacteria and fungi. A hospital environment poses a risk of
supra-infection with nosocomial strains. This is particularly true for
patients treated in intensive surveillance and intensive care units
(ICUs), where they may be exposed to multiple invasive therapeutic
procedures. The latter require an integrated, multifaceted approach
to preventing multidrug resistance (Pelfrene et al., 2021).

Due to elevated inflammatory parameters, which make it
difficult to distinguish COVID-19 from secondary bacterial
infections, the empirical use of broad-spectrum antibiotic therapy
is reccommended (Beovic et al., 2020; Langford et al., 2020; Monnet
and Harbarth, 2020; Rawson et al., 2020; Wan et al., 2020). This
approach has led to the propagation of multidrug-resistant strains.
During the COVID-19 pandemic, due to the large numbers of
patients with COVID-19 in hospitals, the creation of temporary
wards dedicated to the treatment of these patients and the hiring of
additional staff often not trained to care for critically ill patients
resulted in the spread of multidrug-resistant strains in hospitals.

Klebsiella pneumoniae belongs to the family Enterobacteriaceae,
which is part of the normal human intestinal flora but can also be
responsible for community- and healthcare-associated infections.
Due to acquiring resistance genes, a rapid increase in resistance to
penicillins and cephalosporins has been observed. Much more
dangerous resistance to carbapenems has been reported with
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increasing frequency and geographical spread since the 1990s
(Gupta et al,, 2011; Munoz-Price et al., 2013).

Carbapenem-resistant Enterobacterales can be resistant to
carbapenems as a result of various mechanisms. One of the
representatives of this group, Klebsiella pneumoniae, produces
metallo-beta-lactamases—enzymes that hydrolyze most beta-
lactams, including carbapenems (Nordmann et al., 2011).

During the COVID-19 pandemic, in patients treated for SARS-
CoV-2 infection, infections with the Klebsiella pneumoniae bacteria
producing New Delhi metallo-B-lactamase (NDM) carbapenemase
in the USA, Brazil, Mexico, and Italy were observed, especially in
ICUs (Nori et al., 2020; Porretta et al., 2020; Fernandez-Garcia et al.,
2022; Monteiro et al., 2023).

The Klebsiella pneumoniae NDM strain was first described in
2009, isolated from the urine of a patient in Sweden who had been
hospitalized in India (Yong et al., 2009). In Poland, the first NDM
infection was reported in 2015 (Sacha et al., 2012). The occurrence
of NDM strains is associated with the likelihood of the development
of resistance to all available antibiotics and the risk of transmitting
resistance genes to various species of microorganisms (Queenan
and Bush, 2007). The most significant problem is the production of
carbapenemases due to the possibility of horizontal gene transfer
between bacteria of the same or different species via plasmids.
Currently, there are several types of carbapenemases, including
KPC and metallo-B-lactamase enzymes, referred to as NDM (New
Delhi metallo-B-lactamase, IMP, VIM) and OXY-48-like
carbapenemases. Admission to an ICU and age over 70 years
were found to be likely risk factors for infection with CR and
ESBL K. pneumoniae, with increasing age being correlated with
greater risk factors (Wang et al, 2023). Inappropriate antibiotic
therapy treatment and extended ICU stays (15 days) were the most
significant clinical and epidemiological factors (El Mekes
et al., 2020).

Respiratory failure patients tend to have more severe illnesses
than those with chronic obstructive pulmonary disease. The ICU is
a common place to manage these patients because they frequently
require mechanical ventilation and are more likely to become
infected or colonized with CR K. pneumoniae in the airway.

Between September 2020 and September 2022, a rapid spread of
K. pneumoniae NDM-type was observed in the wards of the 4th
Military Clinical Hospital in Wroclaw, Poland. It concerned
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patients treated both in the ICU and wards dedicated to patients
with COVID-19.

Staff caring for patients with COVID-19 were protected by
required clothing, but contamination of this clothing by
microorganisms and errors in hygiene procedures led to the
spread of hospital-acquired infections in the hospital environment
(Pratt et al., 2001).

The present study aimed to assess the impact of K. pneumoniae
NDM infection and other bacterial infections on mortality in ICU
patients with COVID-19 during the pandemic. In addition, the light
sensitivity of the phenotypes occurring in this period and the
frequency and types of infection were assessed.

2 Methods
2.1 Study design and settings

The single-center cross-selection study was conducted from
September 2020 to September 2022 at the Intensive Care Unit 4
Military Hospital of Wroclaw, Poland. The study was registered in
the Australian New Zealand Clinical Trials Registry (ANZCTR)
with registration no. ACTRN12621001300864. The stands for The
Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE) were followed and the STROBE
checklist was used for enrolment and allocation of patients (von
Elm et al., 2007).

2.2 Study participants

The stratification of patients participating in the study is shown
in the Flow-chart (Figure 1).

Adult patients with clinical symptoms and lab-confirmed
COVID-19 infections (irrespective of gender) who were treated in

10.3389/fcimb.2024.1297312

the ICU of the 4th Military Clinical Hospital in Wroclaw during the
period from September 2020 to September 2022 were enrolled in
the present study. All of them were treated in an ICU for COVID-19
pneumonia (N = 160). Three groups were distinguished among
these patients: patients with COVID-19 infection only (N = 72;
COVID-19 only group), patients with COVID-19 infection and an
infection caused by Klebsiella pneumoniae NDM (N = 30; COVID-
19 with NDM infection group), and patients with COVID-19
infection and infection with bacterial etiology other than
Klebsiella pneumoniae NDM (N = 58; COVID-19 with other
infection group). RT-PCR tests for COVID-19 were used to
diagnose SARS-CoV-2 infections. Patients with test-confirmed
COVID-19 infections but without clinical symptoms, those with
negative SARS-CoV-2 tests, and those aged below 18 years were
excluded from the study.

2.3 Intervention

All patients admitted to the intensive care unit underwent a
comprehensive set of screening tests (nasal swab, rectal swab) and
diagnostic tests appropriate to the site of the ongoing infection
(blood, urine, BAL, tissue, wound swab). According to the
procedure regarding indications for collecting material for
microbiological examinations, samples from the lower respiratory
tract should be taken in the case of suspected ventilator-associated
pneumonia with concomitant deviations in clinical and radiological
findings. Urine cultures were performed in cases of fever with
concomitant abnormalities in general urine examination and
inflammatory parameter elevation. Immediate blood culture
collection was indicated in cases of suspected infection with at least
two of the following symptoms and/or parameters: body temperature
38.4-39.4°C, age > 65 years, chills, vomiting, blood pressure drops,
leukocyte count >18,000/pl, granulocyte percentage > 80%, platelet
count < 15,000/pl, and creatinine > 2 mg/dl. Tissue biopsies or wound

Identification

Assessed for eligibility
(n=1026)

Excluded (n=866)
-Not meeting inclusion criteria (n=811)

Exclusion

v

-Declined to patrticipate (n=0)
-Otherreasons: lack of complete data (n=55)

Included in the study

Inclusion
(n=1
A, Y
COVID-19 and COVID-19 and
Allocation Cczr\‘/l?;)nly NDM infection otherinfection
(n=30) (n=58)
A A\
Analysis Analysed
(n=160)

FIGURE 1
Flow-chart of study participants (STROBE
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swabs were taken only when signs of inflammation were present. The
diagnosis of systemic infection was always established based on
obtaining a positive microbiological result with concurrent clinical
symptoms. Tests were repeated during hospitalization in the event of
worsening clinical condition or lack of therapeutic success despite the
use of targeted antibiotic therapy.

Infections were diagnosed when positive microbiological results
were obtained in the presence of concurrent clinical symptoms.
Colonization was identified when MDRO microorganisms were
cultured from samples collected as part of screening tests, including
nasal and rectal swabs.

2.4 Outcomes

The present study aimed to assess the impact of Klebsiella
pneumoniae NDM infection on mortality in patients with SARS-
CoV-2 infection during the pandemic.

2.5 Measures

Demographic data (age, weight, and height) were included in
the study data. The procalcitonin (PCT), C-reactive protein (CRP),
and white blood cell (WBC) levels were determined in the blood
samples collected via venous cannula upon hospital admission and
on the third, fifth, and seventh days of hospital stay. In addition, the
Acute Physiology and Chronic Health Evaluation (APACHE II)
and Simplified Acute Physiology Score (SAPS II) scales were used
upon admission, and the Sequential Organ Failure Assessment
(SOFA) score was assessed each day. The impact of comorbidities
such as hypertension (AH), ischemic heart disease (IHD) and
diabetes (DM) was taken into account in the analysis (Table 1).

2.6 Microbiology procedure

2.6.1 Blood culture

The materials for the study included the blood taken after prior
disinfection of the skin based on the principles of collection of
material for microbiological tests. The BacT/ALERT automatic
blood culture monitoring system (bioMerieux, France) was used
in the laboratory. Blood (8-10 ml volume) was collected in bottles
intended for the cultivation of microorganisms, as follows: BacT/
ALERT FA Plus medium (aerobic medium with antibiotic
neutralizer; bioMerieux, France) and BacT/ALERT FN Plus
medium (anaerobic medium with antibiotic neutralizer;
bioMérieux, France). It was collected using a blood culture kit
consisting of a sterile “butterfly” needle connected to a holder.
Routinely, blood was drawn into a minimum of two blood culture
kits (kit = 1 aerobic bottle + 1 anaerobic bottle). The incubation
time was 5 days. When information about a positive sample was
obtained from the automatic system, inoculation was done on the
following solid media: Columbia agar with 5% sheep blood
(bioMérieux, France), chocolate agar (bioMeérieux, France), and
MacConkey agar (bioMérieux, France). Then the plates were
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incubated at 35-37°C under aerobic conditions and with the
addition of CO,.

2.6.2 Urine culture

Urine samples were obtained either through self-administered
clean catch or catheterization. The urine was mixed, and a sterile
plastic loop (10 uL) was used to inoculate CHROMID® CPS® Elite/
Columbia CNA + 5% sheep blood culture media (bioMérieux,
France). All the plates were incubated at 37°C for > 18 h and
then examined for evidence of growth. Plates with < 10° colony-
forming unit (CFU)/UL were reported as normal urogenital
flora. Plates with growth (> 10° CFU/uL) were subcultured
based on the standard procedures for bacterial identification
and susceptibility.

2.6.3 Quantitative culture of bronchial secretion

Another material for the study was a secretion from the lower
respiratory tract using bronchoalveolar lavage (BAL). Quantitative
inoculation of BAL was done on the following culture media:
Columbia agar with 5% sheep blood (bioMérieux, France),
chocolate agar (bioMérieux, France), MacConkey agar
(bioMérieux, France), Mannitol salt agar (bioMérieux, France),
and Sabouraud medium with chloramphenicol (bioMerieux,
France). The plates were incubated at 35-37°C under aerobic
conditions and with the addition of CO,.

2.6.4 Wound swabs/biopsy tissue samples/
peritoneal fluid

Wound swabs were taken and placed in Amies transport media
(bioMeérieux, France), and biopsy tissue samples and peritoneal
fluid were stored in thioglycollate broth (bioMérieux, France). A
semi-quantitative technique was used to assess bacterial growth
from the swabs. The samples were inoculated on Columbia agar
(bioMerieux, France), chocolate agar (bioMerieux, France),
MacConkey agar (bioMérieux, France), Mannitol salt agar
(bioMérieux, France), and Sabouraud agar (bioMerieux, France)
for overnight incubation at 37°C + 5% CO,.

2.6.5 Central catheter tip

Semi-quantitative inoculation of the catheter according to
Maki was performed using the following culture media: Columbia
agar with 5% sheep blood (bioMeérieux, France), MacConkey
agar (bioMérieux, France), Mannitol salt agar (bioMerieux,
France), and Sabouraud medium with chloramphenicol
(bioMérieux, France). The plates were incubated at 35-37°C under
aerobic conditions.

2.6.6 Rectal swabs

Rectal swabs for carbapenemase-producing bacilli were taken
and placed in Amies transport media (bioMeérieux, France);
inoculated on CHROMID® CARBA SMART agar (bioMeérieux,
France), CHROMID® ESBL agar (bioMeérieux, France),
CHROMID® VRE agar (bioMérieux, France), and CHROMID®
MRSA SMART (bioMeérieux, France); and incubated aerobically at
35-37°C for 24 h.
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TABLE 1 Demographic characteristics of study population.

10.3389/fcimb.2024.1297312

Variable Total COVID-19 and NDM infection = COVID-19 and other infection COVID-19 only p-value
Population (N) 160 ‘ 30 58 72

Gender

Women, 1 (%) | 56 (35%) 8 (27%) 17 (29%) 31 (43%) 0.15%
Men, 7 (%) 104 (65%) 22 (73%) 41 (71%) 42 (57%)

Age (years)

M+ SD 63.6 +12.8 65.6 + 8.7 62.1+152 63.9 + 12.0 0.74*
Me [Q1; Q3] 67 [57; 72] 67 [61; 73] 66 [51; 73] 67 [55; 71]

Min - Max 27 - 86 42-78 27 - 86 34 - 86

Body high (cm)

M+ SD 171 10 172+9 172.2 9.0 1704 + 10.2 0.55*
Me [Q1; Q3] 174 [164; 180] | 175 [164; 180] 175 [165; 180] 170 [160; 179]

Min - Max 150 - 194 156 - 187 152 - 190 150 - 194

Body weight (kg)

M+ SD 88 + 22 91 +22 88.8 +19.7 86.4 +24.1 0.37*
Me [Q1; Q3] 85 [73; 100] 90 (765 101] 88 [74; 100] 83 [70; 97]

Min - Max 42 - 193 42 - 170 57 - 148 43 - 193

BMI (kg/m?)

M= SD 30.0 7.0 307 £ 6.6 299 £58 297 £79 0.38*
Me [Q1; Q3] 29 [25; 34] 29 [27; 35] 29.2 [25; 35] 28 [24; 33]

Min - Max 16 - 65 16 - 50 19 - 43 19 - 65

AH

0, 1 (%) 67 (42%) 11 (37%) 25 (43%) 31 (43%) 0.81%
1, 1 (%) 93 (58%) 19 (63%) 33 (57%) 41 (57%)

IHD

0, 1 (%) 108 (68%) 20 (67%) 38 (66%) 50 (69%) 0.89**
1, 1 (%) 52 (52%) 10 (33%) 20 (34%) 22 (31%)

DM

0, 1 (%) 97 (61%) 19 (63%) 35 (60%) 43 (60%) 0.94*
1, 1 (%) 63 (39%) 11 (37%) 23 (40%) 29 (40%)

n, number of participants; M, mean; Me, median; Min, minimum value; Max, maximum value; Q1, lower quartile; Q3, upper quartile; p, level of statistical significance.

*Kruskal-Wallis test; **Chi-square test.
AH, Arterial Hypertension; IHD, Ischemic Heart Disease; DM, Diabetes mellitus.

2.6.7 Nasal swabs

Nasal swabs for MRSA screening were taken and placed in
Amies transport media (bioMerieux, France), inoculated on
CHROMID® MRSA SMART (bioMérieux, France), and
incubated aerobically at 35-37°C for 24 h.

2.6.8 Identification and drug susceptibility

When a homogeneous bacterial culture had been obtained, the
microorganisms were identified, and their drug susceptibility was
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determined, using the VITEK automated system (bioMérieux,
France). If necessary, drug susceptibility could be tested manually
using concentration gradient strips (Liofilchem, Italy) and a
MuellerHinton II medium (bioMeérieux, France). The sensitivity
level of the cultured strains to colistin was determined using the
commercial ComASP Colistin test (Liofilchem, Italy). The results of
the susceptibility tests were interpreted according to the current
criteria of the European Committee on Antimicrobial Susceptibility
Testing (EUCAST) (2021, 2022).
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2.6.9 Assessment of carbapenemase production
For all bacterial strains resistant to carbapenems, the type of
carbapenemase produced was determined using the commercial test
RESIST-5 O.0.K.N.V. (CORIS BioConcept, Belgium), and
phenotypic methods were used. In addition, strains from
infections were sent to the National Reference Center for
Microbial Antimicrobial Susceptibility (KORLD) for confirmation.

2.7 Ethical considerations

The study protocol was approved by the Bioethics Committee at
The Military Medical Chamber in Warsaw, Jelinka 48 str., 01-646
Warsaw, Poland (approval no.: KB-3/21, approval date: 21.05.2021).
The study was carried out in accordance with the guidelines of the
Declaration of Helsinki and Good Clinical Practice. Informed and
written consent was obtained from all the patients.

2.8 Sample size

Based on the preliminary analysis (COVID-19 only group n=72
vs. COVID-19 and NDM infection group n=30) of the number of
events comparisons, the sample size was calculated. The following
parameters were used to calculate the sample size: HR = 0.6, alpha =
0.05; power =0.8. In addition, the Bonferroni correction was
included. Based on these parameters, the sample size was set at
160 patients (including a 10% dropouts and refusals). The required
number of events for the log-rank test are calculated according to
Schoenfeld’s formula (Schoenfeld, 1983).

2.9 Statistical analysis

The calculations were carried out using STATISTICA v. 13.3
software (TIBCO Software Inc., USA). The qualitative variables
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were expressed as frequencies (n) and percentages (%). The Fisher’s
exact test was utilized to assess the association between qualitative
variables. The quantitative variables (SOFA, APACHE II, SAPS II,
PCT, CRP, WBC, LYMPH, NEUT, NLR) were presented as median
values (Me) and quartiles (Q1, Q3) in the tables. The Kruskal-
Wallis test was employed to determine the significance of
differences in means between the COVID-19 and NDM infection,
COVID-19 and other infection, and COVID-19 only groups. The
overall survival (OS) was evaluated using the Kaplan-Meier method,
and the log-rank test was used to compare the survival curves. The
multivariate analysis was performed using the Cox proportional
hazard regression model. A p-value less than 0.05 was considered to
be statistically significant.

3 Results
3.1 Study group characteristics

The demographic data of the study population, divided into the
COVID-19 with NDM infection, COVID-19 with other infection,
and COVID-19 only groups, are shown in Table 1. The p-values
represent the significance levels of the differences between the
groups. There were no significant differences in age, body height,
body weight, or body mass index between the groups.

No statistically significant differences were found in the groups’
scores (APACHE II, SAPS IT, SOFA—1, 3, 5, and 7 days), morphological
test results (WBC, LYM, NEUT, TC, NRL), or biochemical test results
(CRP, PCT) repeated at 1, 3, 5, and 7 days (Table 2).

No statistically significant differences were found in the groups
regarding comorbidities (AH, THD, DM) (Table 1).

Median length of hospitalization in the overall group (N = 160)
and in the COVID-19 with other infection and COVID-19 only
groups was 9 days; median length of hospitalization in the COVID-
19 with NDM infection group was 12.5 days. (Table 3).

TABLE 2 Comparison of selected morphological, biochemical, and score tests between the group of: COVID-19 and NDM infection, COVID-19 and
other infection and COVID-19 only.

Total COVID-19 and COVID-19 and
. N = 160 NDM infection other infection conlpgenly
Variables
Me (Q1; Q3) Me (Q1; Q3) Me (Q1; Q3) Me (Q1; Q3)
APACHET | 1 19.0 (15.0; 25.0) 21.5 (19.0; 27.0) 18.0 (15.0; 22.0) 19.0 (15.0; 27.5) 0.11
SAPS II 1 50.5 (37.5; 66.0) 495 (40.0; 70.0) 49.0 (36.0; 59.0) 51.5 (37.0; 68.0) 0.41
1 8.0 (5.0 11.0) 9.5 (7.0 11.0) 7.5 (5.5 11.0) 8.0 (5.05 11.0) 0.19
3 10.0 (7.05 12.0) 11.0 (9.0; 12.0) 9.0 (7.0 12.0) 10.0 (7.0; 13.0) 0.39
SOFA
5 10.0 (6.0; 13.0) 11.0 (8.0; 13.0) 10.0 (7.0; 12.0) 11.0 (5.0; 14.0) 0.47
7 10.0 (7.0; 14.0) 12.0 (8.0; 14.0) 10.0 (7.0; 13.0) 10.0 (4.0; 13.0) 0.33
1 14.0 (9.4; 19.4) 142 (102 19.3) 14.0 (9.3 19.8) 13.4 (8.9 19.6) 0.98
WEBC 3 12,9 (9.4; 18.1) 11.7 (9.5; 15.9) 13.0 (9.0; 20.9) 13.5 (106 19.2) 0.61
(x1073/ul) 5 13.9 (9.5; 19.8) 13.1 (9.0; 20.1) 13.7 (9.5; 17.8) 14.8 (10.15 19.9) 0.79
7 133 (10.5; 18.1) 12.7 (10.7; 17.0) 14.4 (10.3; 18.6) 12,6 (10.5; 16.2) 0.63
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Total COVID-19 and COVID-19 and
: . . . COVID-19 only
. N = 160 NDM infection other infection
Variables
Me (Q1; Q3) Me (Q1; Q3) Me (Q1; Q3) Me (Q1; Q3)
1 5.6 (3.3; 8.2) 55 (4.3; 7.9) 47 (2.7, 7.5) 6.0 (3.7; 8.8) 0.18
3 5.9 (3.4; 8.5) 52 (3.4; 8.0) 5.0 (2.9; 8.0) 6.3 (3.9; 8.8) 0.60
LYM (%)
5 5.8 (4.1;9.2) 5.8 (4.5; 8.3) 55 (2.7;9.2) 6.4 (4.2;10.4) 0.38
7 6.2 (3.5; 10.1) 5.5 (4.0; 8.0) 54 (2.8;9.2) 8.0 (4.8; 12.1) 0.11
1 88.0 (82.7; 91.2) 87.9 (85.0; 91.8) 88.8 (83.0; 91.0) 87.3 (82.2; 91.2) 0.44
3 86.8 (82.0; 90.8) 89.1 (84.5; 92.0) 87.7 (80.0; 90.6) 86.2 (82.0; 90.0) 0.17
NEUT (%)
5 85.0 (78.2; 89.6) 85.8 (80.8; 90.2) 85.5 (78.4; 90.7) 83.9 (77.0; 87.3) 022
7 83.8 (77.7; 88.8) 85.8 (79.3; 89.8) 84.1 (78.1; 90.4) 81.0 (77.0; 85.0) 0.08
1 15.6 (10.4; 26.9) 16.2 (10.4; 21.5) 19.0 (11.2; 34.6) 14.0 (9.8; 24.4) 0.18
3 14.9 (9.9; 27.3) 17.3 (11.0; 27.0) 17.3 (10.4; 31.9) 13.7 (9.6; 23.7) 0.56
NLR
5 14.8 (9.1; 22.0) 15.3 (10.0; 19.2) 15.6 (9.3; 35.0) 12.8 (7.4; 20.4) 0.34
7 13.9 (8.3; 24.2) 16.0 (10.3; 23.0) 15.9 (8.7; 33.3) 9.7 (6.3; 17.8) 0.10
1 235.5 (160.5; 328.0) 216.5 (165.0; 291.0) 246.0 (165.0; 341.0) 237.5 (143.0; 317.0) 0.55
PLT 3 241.0 (148.0; 317.0) 265.0 (177.5; 320.0) 234.0 (168.0; 323.0) 240.0 (141.0; 302.0) 0.50
1073/ 5 2435 (159.0; 329.0) 2705 (163.0; 348.5) 2265 (149.0; 277.0) 250.0 (156.5; 334.0) 0.46
7 229.5 (162.5; 313.5) 293.0 (186.0; 334.0) 206.0 (142.0; 296.0) 266.5 (176.0; 354.0) 0.05
1 154.5 (68.7; 230.0) 160.0 (104.0; 231.0) 124.8 (61.9; 220.0) 164.0 (66.9; 230.0) 0.46
3 120.0 (71.7; 196.0) 139.1 (84.5; 205.0) 111.4 (55.0; 191.0) 126.5 (88.5; 209.0) 022
CRP (mg/L)
5 137.8 (60.7; 224.0) 165.0 (102.5; 273.5) 123.4 (67.0; 213.0) 146.9 (44.9; 216.9) 0.18
7 150.0 (70.0; 225.0) 172.5 (81.0; 297.0) 137.0 (69.0; 224.0) 140.5 (70.0; 222.0) 0.60
1 0.7 (0.2; 2.1) 1.0 (0.3; 3.4) 0.7 (0.2; 1.4) 0.7 (0.2; 2.3) 021
PCT 3 0.6 (0.2; 2.5) 0.8 (0.2; 3.5) 0.5 (0.1; 2.3) 0.7 (0.2; 2.3) 047
(ng/mL) 5 0.5 (0.2; 1.7) 0.9 (0.2; 2.8) 0.5 (0.1; 1.5) 0.5 (0.2; 1.2) 0.35
7 0.8 (0.2;2.2) 1.4 (0.4; 3.9) 0.6 (0.2; 1.7) 0.5 (0.1; 1.8) 0.16

SOFA, the Sequential Organ Failure Assessment score; APACHE II, the Acute Physiology and Chronic Health Evaluation IT score; SAPS IT; WBC, White Blood Cells; LYM, Lymphocytes; NEUT,
Neutrophils; NLR, neutrophil to lymphocyte ratio; PLT, platelets; CRP, C-reactive protein; PCT, procalcitonin.

3.2 Mortality

The overall survival rates of the COVID-19 with NDM
infection, COVID-19 with other infection, and COVID-19 only
groups are compared in Figure 2. Bacterial infection, including with
Klebsiella pneumoniae NDM type, did not elevate mortality rates. In
the group of patients who survive the acute phase of COVID-19 the
prolonged survival time was demonstrated. The median overall
survival time was 13 days in the COVID-19 with NDM infection
group, 14 days in the COVID-19 with other infection group, and 7
days in the COVID-19 only group (Figure 2).
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3.3 Independent predictors of outcomes

Both univariate and multivariate Cox proportional hazard
regression models were used in the present study to examine the
factors linked to mortality. The factors found to be significant in
both the univariate and multivariate analyses were regarded as
being associated with mortality (as indicated in Table 4). The results
of the multivariate analysis revealed that age (HR = 1.017;
p = 0.046), APACHE II score (HR = 1.042; p < 0.001), and CRP
(HR = 1.002; p = 0.008) were predictors of mortality in all the
groups. Comparing the COVID-19 with NDM infection and
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TABLE 3 Length of hospitalization.

Length of stay (days) Me Q1 Q3
Total n=160 9 5 14
COVID-19 and NDM infection 12,5 7 19,75
COVID-19 and other infection + COVID-19 only 9 5 13

n, number of participants; Me, median; Q1, lower quartile; Q3, upper quartile.

COVID-19 only groups, the adjusted model estimated a statistically
significant hazard ratio of 0.28 (p = 0.002), indicating that the
patients in the COVID-19 with NDM infection group had a lower
28-day mortality rate (Table 4).

3.4 Susceptibility testing of NDM-
producing Klebsiella pneumoniae

Susceptibility was tested against antibiotics routinely used in the
treatment of infections. New therapeutic options, like cefiderocol,
were not available in Polish hospitals during the study period. All
the identified strains showed resistance to carbapenems. Seventy-
five percent of the strains were sensitive to colistin, 84% were
sensitive to amikacin, 94% were sensitive to trimethoprim/
sulfamethoxazole, and 72% were sensitive to fosfomycin. Only 3%
of the tested strains were sensitive to gentamycin. All examined
isolates exhibited varied drug resistance. The phenotypic resistance
patterns of the analyzed strains are presented in Figure 3.

4 Discussion

A 2022 report by the European Center for Disease Prevention
and Control (2022) highlighted an escalating antimicrobial
resistance, especially carbapenem-resistant strain of Klebsiella

10.3389/fcimb.2024.1297312

pneumoniae, from 2016 to 2020. The data revealed a concerning
trend, and the situation in Poland, as confirmed by the National
Reference Center for Antimicrobial Susceptibility Testing of
Microorganisms, reflected this issue. The number of confirmed
cases of carbapenemase-producing Enterobacterales strains surged
from 2,064 in 2019 to 4,172 in 2021. Specifically, cases of NDM
strains from infections increased from 1,527 in 2019 to 3,036 in
2021 (Hryniewicz et al., 2022).

Preventing the spread of multidrug-resistant strains, especially
in ICUs, is a great challenge. In addition, during the COVID-19
pandemic, isolating patients with COVID-19 and ensuring an
appropriate sanitary regime were significant challenges due to the
need to use PPE. There was a rapid spread of infections caused by
Gram-negative rods of the Enterobacterales family in this group of
patients. Under natural conditions, these microorganisms colonize
the digestive tract, being a component of the physiological flora
(Pratt et al., 2001; Pelfrene et al., 2021).

In immunocompromised patients with accompanying
lymphopenia (e.g., caused by SARS-CoV-2 infection), Gram-
negative bacteria can cause respiratory infections, urinary tract
infections, soft-tissue infections, and postoperative wound
infections, including sepsis and septic shock. Carbapenem-resistant
bacilli are currently the biggest clinical problem. The mechanisms
responsible for the development of resistance are a decrease in the
permeability of the outer sheaths with the simultaneous increased
production of extended-spectrum beta-lactamases (ESBLs) or AmpC
cephalosporins, as well as carbapenemase-type B-lactamases
(Nordmann et al.,, 2011, 2012; European Centre for Disease
Prevention and Control (ECDC), 2017).

During the COVID-19 pandemic, from September 2020 to the
end of September 2022, the 4th Military Clinical Hospital in
Wroclaw served as a center for the treatment of patients with
COVID-19. It ensured the availability of 160 internist beds with an
infectious profile, including 16 ICU beds. It provided security for
patients with SARS-CoV-2 infection requiring surgery in the fields
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Kaplan-Meier survival curves — comparison depending on additional bacterial infection.
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TABLE 4 Univariate and multivariate Cox regression analysis of risk
factors influence on 28-days mortality.

Univariate model

Variables p-
95% ClI
value

Age 1.024  1.009 | 1.039 = 0.002

APACHE 1I 1.039  1.019 | 1.059  0.000

SAPS 1I 1022 1.013 | 1.031  0.000

SOFA LI111 | 1.060 | 1.164  0.000

WBC (x103/ul) 1.024  1.001 | 1.046  0.039

LYM (%) 0.999 0968  1.030 0937

NEUT (%) 1.002 0978 | 1.026 = 0.885

NLR 0.998 0993  1.004 0514

PLT (x10A3/ul) 0.998 0996  1.000  0.036

CRP (mg/L) 1.002  1.001 | 1.004  0.006

PCT (ng/mL) 1.008  1.003 | 1.013 | 0.001

Sex (ref. M) 1102 0750 | 1.619 | 0.621

NDM (ref. non-NDM) 0751 0473 | 1191 = 0223
- . COVID-19 and

Bacterial infection 0421 | 0252 | 0702 = 0.122
NDM infection

group

(ref. COVID- COVID-19 and

19 only) o 0370 | 0241 | 0569  0.006
other infection

Multivariate model 1

Age 1.018 = 1.002 | 1.034 0.032
APACHE II 1.037  1.016 | 1.059 0.001
CRP (mg/L) 1.002 = 1.001 1.004 0.005

NDM (ref. non-NDM) 0.526  0.324 | 0.853 0.009

Multivariate model 2

Age 1.017 1.000 1.034 0.046
APACHE II 1.042 1.020 1.063 0.000
CRP (mg/L) 1.002 1.001 1.004 0.008
Bacterial infection COVID-19 and 0280 0.161 @ 0.486 0.002
NDM infection
group
(ref. COVID- COVID-19 and
19 only) o 0.365 0234 0569  0.075
other infection

HR, hazard ratio; CI, confidence interval; SOFA, the Sequential Organ Failure Assessment
score; APACHE II, the Acute Physiology and Chronic Health Evaluation II score; SAPS IIj
WBC, White Blood Cells; LYM, Lymphocytes; NEUT, Neutrophils; PLT, platelets; CRP, C-
reactive protein; PCT, procalcitonin.

of neurosurgery, urology, general surgery, laryngology,
maxillofacial surgery, vascular surgery, oncology surgery,
orthopedics, traumatology, and cardiac surgery. Overall, 1026
patients were hospitalized in the ICU in the analyzed period of
which 160 were being treated for COVID-19. Despite the isolation
of COVID-19 patients with confirmed infection and the elimination
of additional risk factors for infection (e.g., restrictions on the
movement of personnel, modification of airlocks, special
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supervision of hand decontamination, and double protection by
protective clothing), an increase in the number of super-infections
was observed. In the group of 160 ICU patients treated for COVID-
19, Klebsiella pneumoniae ESBL or NDM strains were observed. The
Klebsiella species are among the top 10 pathogens causing
nosocomial bacterial infections (Mahmud et al.,, 2022). No
Klebsiella pneumoniae infection carbapenemase- (KPC-), VIM-,
or IMP-type cases was reported in the aforementioned period.

In our study the percentage of infections caused by CRE in
patients on ICU with COVID-19 during the pandemic was 18.75%.
According to available publications, the prevalence of CPE in
patients with COVID-19 ranges between 0.35% and 54 (Lai et al.,
2020; M(;drzyckafDe}browska et al,, 2021; Yahya, 2022). According
to Tiri et al. (2020), the number of cases during the COVID-19
pandemic increased from 6.7% to 50% of the patients treated in
the ICU.

In the present study, three groups of ICU patients were
extracted: those with NDM bacterial infection, those with other
bacterial infection, and those with “pure” COVID-19. The
estimated 28-day mortality rate in the whole group of ICU
patients was 71.25%. This high mortality rate resulted from the
severe course of COVID-19 in most patients in the first days after
the onset of the disease. In particular, elderly patients with COVID-
19 (COVID-19 only group) who were admitted in a serious
condition to the ICU from intermittent wards, where steroids,
antibiotics, non-invasive ventilation, prone position, and invasive
ventilation had previously been used, which significantly limited
their chances of survival. The patients who survived the first phase
of the disease developed a bacterial infection. In the COVID-19 only
group, there were 72 patients with a median survival time of 7 days.
The patients in the COVID-19 and NDM infection and COVID-19
and other infection groups had an average survival time of 13 or 14
days. Fast identification of the pathogen and application of targeted
treatment on ICU were shown to be major factors limiting mortality
in the case of bacterial infection in the course of COVID-19.

The prolonged survival observed in the bacterial infection groups is
hypothesized to be influenced by extended hospitalization durations,
thereby establishing an association with a heightened risk of developing
multidrug-resistant infections. This suggests a potential relationship
between prolonged hospital stays, increased susceptibility to infections,
and the subsequent development of multidrug-resistant infections.
Patients who survived the acute phase of COVID-19 demonstrated
an increased susceptibility to subsequent infections, potentially
attributed to prolonged hospitalizations and, consequently, extended
survival periods. This observation suggests a correlation between
prolonged hospital stays, increased vulnerability to infections, and
extended overall survival in this patient cohort.

The results of the multivariate analysis in the present study
revealed that age (HR = 1.017; p = 0.046), APACHE 1II score
(HR = 1.042; p < 0.001), and CRP (HR = 1.002; p = 0.008) were
predictors of mortality in all the patient groups.

In previous research, COVID-19-associated bacterial infections
have resulted in increased mortality, particularly in the group with
Klebsiella pneumoniae-type NDM infection (Said et al, 2022).
In our study, no increase in mortality was demonstrated in the
group of patients with additional infections (COVID-19 with NDM
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PHENOTYPE

FIGURE 3

Phenotypes of resistance. IMP, imipenem; MEM, meropenem; AK, amikacin; GE, gentamycin; SXT, trimethoprim/sulfamethoxazole; COL, colistin;

FOSF, fosfomycin.

infection and COVID-19 with other infection groups). This finding
differs from the findings presented in existing publications.

Based on the available data, the variant of the virus causing the
infection also influenced mortality in the course of COVID-19. The
lowest survival rate was observed during infection with the Delta
variant (Lavrentieva et al., 2023). The spread of the Delta variant,
which was more transmissible than the previously dominant Alfa
variant, in the autumn of 2021 caused the fourth wave of the COVID-
19 pandemic in Europe, including Poland. In the early autumn of
2021, the Delta variant of the SARS-CoV-2 virus dominated in
Poland. According to the GISDAD EpiCoV database data, as of
October 20, 2021, it accounted for over 97% of the SARS-CoV-2
sequences reported from Poland within seven days. According to
European Center for Disease Prevention and Control data, in the
42nd week of 2021, the Delta variant accounted for 99.9% of SARS-
CoV-2 infections in Poland. In addition, in the fourth wave of the
pandemic, a high mortality rate of 62.9% was observed.

4.1 Study limitations

The present study had several limitations. First, it was a single-
center study thus the results may not be representative of broader
populations or diverse settings. Second, due to the observational nature
of the study, several unmeasured confounders could have affected the
outcomes. We focused on bacterial infection and ICU mortality. More
data on the specific causes of death in COVID-19 could help interpret
mortality rates better. The variant responsible for the infection was also
not studied, which could have affected mortality.

5 Conclusions

In patients treated for SARS-CoV-2 infection acquiring a
bacterial infection due to prolonged hospitalization associated with

Frontiers in Cellular and Infection Microbiology

the treatment of COVID-19 did not elevate mortality rates. The data
suggests that in severe COVID-19 patients who survived beyond the
first week of hospitalization, bacterial infections, particularly
Klebsiella pneumoniae NDM, do not significantly impact mortality.
Multivariate analysis revealed that age, APACHE II score, and CRP
were predictors of mortality in all the patient groups.
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Antimicrobial peptides (AMPs), often referred to as nature’s antibiotics, are
ubiquitous in living organisms, spanning from bacteria to humans. Their potency,
versatility, and unique mechanisms of action have garnered significant research
attention. Unlike conventional antibiotics, peptides are biodegradable, adding to
their appeal as potential candidates to address bacterial resistance in livestock
farming—a challenge that has been under scrutiny for decades. This issue is
complex and multifactorial, influenced by a variety of components. The World
Health Organization (WHO) has proposed a comprehensive approach known as
One Health, emphasizing the interconnectedness of human-animal-environment
relationships in tackling such challenges. This review explores the application of
AMPs in livestock farming and how they can mitigate the impact of this practice
within the One Health framework.

KEYWORDS

antimicrobial peptides, veterinary medicine, mastitis, One Health, bacterial resistance

Introduction

Conventional antibiotics have been extensively used for metaphylaxis and as growth
promoters in various forms of livestock farming. The correlation between administering
antibiotics at sub-therapeutic doses and enhanced animal weight gain is the driving force
behind this practice (Dodds, 2017). These sub-therapeutic doses create a favorable environment
for beneficial bacteria while impacting intestinal mucosa and motility, i.e., reducing undesirable
pathogens and nutrient wastage (Bacanli and Basaran, 2019) and improving overall animal
health (Palma et al., 2020). However, the use and abuse of antibiotics exert selective pressure on
microorganisms, contributing to the surges of antimicrobial resistance (AMR) within intensive
animal food production systems. Metaphylaxis, in particular, extends this selective pressure to
entire animal groups when an infection is identified in one individual (Economou and Gousia,
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2015). In both cases, sensitive microorganisms in infected animals or
asymptomatic carriers among healthy animals develop resistance
(Figure 1) (Mellor et al., 2019).

The rise of AMR has direct and indirect consequences on our
public health and global economy. The direct consequences of AMR
include impacts on food security and animal health, with infected
animals facing slaughter or mutilation in the absence of effective
treatment. Indirect consequences include the associated costs of
treating and quarantining infected animals and the public health
risks of drug-resistant pathogens with zoonotic potential. The
World Health Organization (WHO) has proposed a unifying
strategy known as One Health to prevent emerging zoonoses such
as HIN1 flu and Hendra virus (Becker et al., 2022). The
organization suggests shifting the current paradigm in our global
food systems by recognizing the interdependence between the
health of humans, domestic and wild animals, and the wider
environment. This approach relies on the collective participation
of communal, federal, and national entities to ensure the
surveillance, regulation, and policy over antibiotic use (Figure 1)
(Schmidt et al., 2017; Algammal et al., 2020; Bolte et al., 2020; Maity
and Ambatipudi, 2021; Molineri et al., 2021; Velazquez-Meza et al.,
2022). By working together, government and industries can identify
emerging threats and develop more effective therapies.

Most organisms produce antimicrobial peptides (AMPs) as
defense mechanisms in response to pathogenic infections. AMPs
have gradually emerged as promising alternatives within the One
Health approach in addressing the global challenge of AMR
(Magana et al., 2020). First, the peptides exhibit broad-spectrum
microbicidal activities against various pathogens, including
bacteria, fungi, parasites, and viruses (Mookherjee et al., 2020).
This makes them invaluable in both human and veterinary
medicine. Second, AMPs do not induce bacterial resistance
mechanisms due to their non- specific mechanisms of action on
the bacterial membranes (Anaya-Lopez et al., 2013; Assoni et al.,

@

Zoonosis

Excessive and
unregulated use of
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Infections from water consumption or
food grown in contaminated water.
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2020). This property is crucial in the fight against AMR, aligning
with the One Health approach by offering a sustainable solution
across human, animal, and environmental health. Finally, AMPs
occur in Nature and are often biodegradable, posing fewer
ecological risks than conventional antibiotics, which can persist
and promote resistance development in microbial communities. By
reducing environmental contamination, AMPs support the
ecological aspect of the One Health approach. In summary,
AMPs represent sustainable, broad-spectrum, and environmental-
friendly alternatives to conventional antibiotics, directly supporting
the goals of the One Health approach. Here, we describe the
promising uses of antimicrobial peptides in veterinary medicine.

Environment and
antibiotic bioaccumulation

Antibiotics, much like plastic and fossil fuels, are among the
significant advancements of the 20th century that were developed and
utilized for their immediate value without a comprehensive
understanding of their long-term environmental and biological
impacts. Consequently, the presence of antibiotics in various
natural environments, including lakes, rivers, and fields fertilized
with biosolids, is well-documented in current scientific literature
(Storteboom et al., 2010; Booth et al, 2020). The persistence of
antibiotics in the environment (Figure 1) is a concern because a
substantial proportion of antibiotics is not entirely metabolized and is
excreted while retaining their activity (Sukul et al., 2009). These
residual antibiotics persist in natural settings, interacting with various
bacteria. This includes organisms such as Escherichia coli, which can
originate from wastewater discharges, and free-living bacteria like
Vibrio cholerae (Jang et al., 2017; De, 2021). In these interactions,
residual antibiotics can trigger various biological mechanisms that
promote bacterial resistance. Among these mechanisms are selective

Antibiotic excreted in

active form

2
28
V4

Promotes bacterial
resistance in cattle

Soil and water contamination

Promotes resistance in
free-living bacteria

Schematic pathway and ramifications of antibiotic contamination in animals and the environment.
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pressure and the exchange of mobile genetic elements. Thus, the
environment plays a crucial role in disseminating antimicrobial
resistance (AMR) (Williams et al., 2016).

Zoonoses and the spread of
antimicrobial resistance

Zoonoses are transmissible diseases from animals to humans, such
as the well-documented examples of anthrax caused by Bacillus
anthracis, bovine tuberculosis by Mycobacterium tuberculosis,
brucellosis by Brucella abortus, and hemorrhagic colitis by
Escherichia coli (Rahman et al, 2020). Beyond bacteria, zoonotic
pathogens also include viruses (e.g., Hendra virus, influenza virus A)
(Leifels et al., 2022) and parasites (e.g., Trypanosoma cruzi and
Toxoplasma gondii) (Weiss, 2008). These pathogens can reach
humans through direct contact with food, water, or the environment
(Figure 1). They represent a global health threat due to our close
relationships with animals in agriculture, as companions, and in the
natural environment. Zoonoses disrupt our current food production
systems, leading to the spread of foodborne outbreaks (Abebe et al,
20205 Preena et al., 2020). Zoonoses have also become the sources of
AMR with pathogens like extended-spectrum beta- lactamase (ESBL)-
producing E. coli and methicillin-resistant Staphylococcus aureus),
becoming notably resistant to our antibiotics. Comprehensive
reviews have documented the connections between zoonotic diseases
and the spread of antimicrobial resistance (Srivastava and Purohit,
2020; Olaru et al, 2023). The indirect transmission of zoonoses
involves vector insects or pets acting as a bridge between production
areas and households (Bolte et al, 2020). The need to discover
antibacterial molecules that are environmentally non-persistent has
become a top priority. Antimicrobial peptides (AMPs) emerge as
potential alternatives to contemporary antibiotics. To understand the
progress in this domain, we listed peptides tested in livestock
production (Table 1), considering associated bacteria for different
livestock types and emphasizing achieved outcomes.

Swine livestock

In swine, one of the most important bacteria in veterinary
clinics is Haemophilus parasuis, which causes Glésser’s disease.
Teixeira and colleagues, in 2013, isolated a peptide from the culture
supernatant of Bacillus subtilis subsp. spizezinii. Characterization of
the peptide revealed antimicrobial activity against H. parasuis
(Teixeira et al., 2013). On the other hand, using peptides as
dietary additives for pigs has proven beneficial, as demonstrated
by Tang and colleagues in 2011. They analyzed the effect of dietary
supplementation with 100 mg/kg of lactoferricin peptide in a model
of gastrointestinal infections by E. coli in 21-day-old pigs.

The study yielded positive results for the animals, with one of
the main effects being the alteration of the gastrointestinal
microbiome. This led to beneficial consequences such as
improved nutrient retention and intestinal morphology, reduced
incidences of gastrointestinal diseases like diarrhea, and promoted
animal growth. This treatment reduced the concentration of E. coli

Frontiers in Cellular and Infection Microbiology

120

10.3389/fcimb.2024.1339285

and increased the presence of commensal bacteria such as
Lactobacillus and Bifidobacterium. Additionally, it counteracted
the effects of E. coli on intestinal architecture by promoting the
height of intestinal villi in the jejunum and ileum compared to the
group without the peptide. Furthermore, lower concentrations of
proinflammatory cytokines such as TNF-alpha, IL-1 beta, and IL-6
were found, along with higher concentrations of growth hormone
in the treated pigs (Tang et al., 2011). Another group of peptides
evaluated for swine pathogens were surfactins from B. subtilis and
Bacillus licheniformis against intestinal pathogens Brachyspira
hyodysenteriae and Clostridium perfringens, which cause swine
dysentery and necrotic enteritis. In this group of peptides, both
the dose-response relationship and treatment effectiveness were
compared between them. The results showed that B. subtilis
surfactin is more effective against B. hydrodysenteriae, while B.
licheniformis surfactin is more effective against C. perfringens. This
suggests that peptide isoforms between species may have selective
effectiveness against specific pathogens (Horng et al., 2019).

Goat livestock

Among the peptides studied in goats, researchers have explored
recombinant porcine defensin PBD-ml and the peptide isolated
from flies, LUC-n. The supplementation of these peptides resulted
in a notable alteration of the rumen microbiome, as demonstrated
by the analysis of 16S bacterial genes and 18S rRNA genes of ciliated
protozoa. Post-treatment analysis revealed an increase in beneficial
genera, such as Fibrobacter, Anaerovibrio, Succiniclasticum, and
Ophrysocolex, while pathogenic genera, like Selenomonas,
Succinivibrio, Treponema, Polyplastron, Entodinium, and Isotricha
decreased. Additionally, there were changes in enzymatic activity,
including xylanase, pectinase, and lipase (Liu et al., 2017). These
peptides underwent further evaluation using a different
experimental design. Goats were divided into three groups: a
control group, one supplemented with 2 grams per day of a
combination of AMPs, and another with 3 grams per day. Ren
and colleagues conducted this study in 2019 with a distinct
experimental setup but arrived at results similar to the previous
study: changes in digestion translated into an increase in the mass of
treated animals compared to the control group. It is noteworthy
that the group administered with 2 grams per day of the peptide
combination showed greater mass gain than those given 3 grams,
leading to the conclusion that the administered peptide quantity
does not linearly affect the increase in body mass of animals, at least
in goats. Therefore, an appropriate dosage is more relevant than a
high amount administered (Ren et al., 2019). Bacteriocins from
Bacillus thuringiensis were also evaluated in clinical isolates of goat
mastitis. Various pathogenic species, such as Enterococcus durans,
Brevibacillus spp., Enterobacter sp., Escherichia vulneris, Pantoea
spp., Pseudomonas brenneri, and encapsulated yeast Cryptococcus
neoformans, as well as several Staphylococcus species, were
identified. The microbiocidal activity was observed in 67% of
these isolated bacteriocins. However, species like Staphylococcus
epidermidis, Enterobacter sp., E. vulneris, and C. neoformans proved
resistant to all bacteriocins (Gutierrez-Chavez et al., 2016). Finally, a
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TABLE 1 List of AMPs used as antibiotics, supplements, and food preservatives in animal products.

Source Peptide Target Application Reference
. i o (Teixeira
B. subtilis NRWCFAGDD H. parasuis Antibiotic
et al,, 2013)
. - X (Tang
Milk Lactoferricin E. coli Suplement
et al,, 2011)
Swine
o . A . (Horng
B. subtilis Surfactins B. hydrodysenteriae Antibiotic
et al., 2019)
B. (Horng
facti N i Antibioti
licheniformis Surfactins C. perfringens ntibiotic et al, 2019)
Pigs/flics PBD-mI/LUC-n Selenomonas, Succiniv'ib'rio, TrepoTtemu, Polyplastron, Suplement (Liu i
Entodinium, Isotricha et al,, 2017)
B (Gutierrez-
Goat o Bacteriocins E. durans, B. spp., P. spp., P. brenneri. Antibiotic Chavez
thuringiensis
et al., 2016)
B . . (Luo
Silk moth Cecropin B S. aureus Antibiotic
et al,, 2013)
P. nigrella Plectasin S. aureus Antibiotic (Li et al., 2017)
Chockaling:
Bbpi Bbpi®0-99,148-161 S. aureus, E. coli, P. aeruginosa Antibiotic (Chockalingam
et al., 2007)
. . . . L (Bruni
Lactoferrin Lactoferricin E. coli, S. aureus, S. zopfii, yeasts Antibiotic
et al,, 2016)
S. aureus (Varella
S. A53/a70 S. aureus y S. agalactiae Antibiotic Coelho
Epidermidis et al,, 2007)
Bovine
Barboza-
B. Morricin 269 o (Barboza
Lo . S. aureus Antibiotic Corona
Thuringiensis Kurstacin 287
et al., 2009)
Strept Godoy-Sant
rep D,COCC”S Bovicin HC5 S. aureus, S. agalactiae, S. bovis, S. uberis Food preservative (Godoy-Santos
equinus et al., 2019)
. L. L (Castelani
L. lacti N Staphyl Antibiot
actis isin aphylococcus spp ntibiotic et al,, 2019)
Sh
Cows Tap S. aureus, E. coli Antibiotic (Sharma
et al., 2017)
B. subtili Sublanci C. perfri Antibioti (Wang
. subtili nein: . ingens ntibioti
s ublancina perjringe ote et al, 2015)
Poultry
Epinephel Tai
prnepheius Piscidina S. aureus, E. coli, P. aeruginosa Suplement (Tai
lanceolatus et al., 2020)

novel perspective on mastitis treatment in goats involves the
generation of peptides directly in milk. This is achieved by
transfecting animals with plasmid vectors containing the peptide
sequence. For instances, cecropin B, an AMP from the giant silk
moth, was transfected into goat mammary glands, resulting in
inhibitory effects against S. aureus (Luo et al., 2013).

Bovine livestock

Cattle suffer from various zoonotic diseases, including
tuberculosis (e.g., Mycobacterium bovina) and mastitis (e.g.,
Corynebacterium diphtheriae, Staphylococcus aureus), leading
severe loss in animal production. Several peptides have been
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particularly evaluated to treat S. aureus-induced bovine mastitis
and ulcers on teats, as the pathogen can reside intracellularly within
mammary gland epithelial cells (Alva-Murillo et al., 2017). For
example, the peptides NZ2114 and MP1102, derived from plectasin,
an amphipathic peptide isolated from the fungus Pseudoplectania
nigrella, were evaluated in murine models of S. aureus-induced
mastitis and sterile milk cultures. Of note, milk components
(among other pathophysiological factors) might significantly
affect peptides (Schmelcher et al., 2015). As a result, the peptides
were also tested on bovine mammary epithelial cells infected with
this bacterium. Both peptides exhibited activity against S. aureus in
sterile milk cultures, indicating that their effectiveness is not
compromised in milk. They demonstrated intracellular activity
against S. aureus without any cytotoxic effects at concentrations
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of up to 100 pg/mL. These peptides were also effective in
experimental mastitis treatment (Li et al., 2017). Bacteriocins are
another group of antimicrobial peptides that were evaluated against
S. aureus-induced bovine mastitis. As such example, in 2009,
Barbosa and colleagues determined that S. aureus AMR isolates
obtained from milk of cows diagnosed with mastitis were sensitive
to five bacteriocins from B. thuringiensis, with morricin 269 and
kurstacin 287 exhibiting the greatest activity (Barboza-Corona et al.,
2009). Likewise, bovicin HC5, a bacteriocin obtained from
Streptococcus equinus HC5 (found in the horse gastrointestinal
tract), possesses valuable characteristics for food preservation. It is
a thermo-stable peptide with a mechanism of action described as
lipid I1-dependent, soluble at neutral pH, and effective even in acidic
pH. This peptide inhibited the growth of mastitis-causing bacteria
such as S. aureus, S. agalactiae, Streptococcus bovis, and
Streptococcus uberis at concentrations ranging from 40 to 2560
arbitrary units (u.a.)/mL (Godoy-Santos et al., 2019). Finally, in
2021, Sharma and colleagues proposed the directed expression of
the tracheal antimicrobial peptide (Tap) to treat S. aureus-
associated mastitis in mice. They observed significant antibacterial
effects in both in vitro and in vivo experiments by introducing a
vector with the TAP peptide into mice infected with S. aureus
associated with bovines (Sharma et al., 2021). Similarly, in 2017, the
expression of a peptide derived from lactoferricin was carried out
using the PiggyBac plasmid in bovine mammary epithelial cells,
resulting in successful protection against S. aureus and E. coli
(Sharma et al., 2017). The aforementioned peptides are all derived
from external sources. Some peptides originally from cattle or their
milk have also been studied for their antimicrobial properties. In
2007, Chockalingam and co-workers synthesized the hybrid peptide
named bBPI90-99,148-161, where bBPI stands for bovine
bactericidal permeability-increasing protein. This hybrid peptide
had an average inhibitory concentration of 16 pig/mL against E. coli
and 128 pg/mL for Pseudomonas aeruginosa, but was ineffective
against Serratia marcescens. In addition, the antimicrobial activity
of the peptide decreased after being suspended in milk, while it
remained stable when tested in serum. These results indicated the
importance of assessing different fluids in which the peptides may
be administered (Chockalingam et al., 2007). Cow milk also holds a
rich source of proteins and potential AMPs. Examples include beta-
lactoglobulin, alpha-lactalbumin, and lactoferrin (Mohanty et al,
2016). The latter is a glycoprotein with iron- binding properties that
plays a significant role in the bovine immune system. This 692-
residue protein has demonstrated antimicrobial, anti-inflammatory,
and immunomodulatory effects (Woodman et al., 2018).
Lactoferricin is a small peptide derived from lactoferrin, which
has been effective in treating subclinical mastitis caused by E. coli
and Staphylococci in cattle. It also exhibited in vitro activity against
an alga called Prototheca zopfii, responsible for protothecal mastitis,
and yeast strains causing fungal mastitis (Bruni et al., 2016).

Poultry industry

Clostridium perfringens is one of the most significant
pathogens in the poultry industry, being the primary etiological
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agent of necrotic enteritis, a disease that causes substantial
economic losses for producers (Ben Lagha et al., 2017). Factors
predisposing to infection and various strategies to control the effects
of this pathogen have been extensively studied (Allaart et al., 2013).
In 2015, Wang and colleagues reported sublancin, a bacteriocin
produced by B. subtilis, for its potential antimicrobial effect against
C. perfringens in chickens. Their results revealed that the peptide
displayed similar antimicrobial activity to the commercial antibiotic
lincomycin. Unlike the group administered with sublancin, the
lincomycin-treated group also experienced a reduction in
Lactobacillus colonies, a commensal bacterium in the chicken
digestive system. Sublancin might not affect other bacterial
species in the avian intestinal microbiomes, but there is evidence
of potentially greater specificity between species compared to
conventional antibiotic treatments (Wang et al., 2015).
Alternatively, peptides have also been employed as dietary
supplements to promote growth in poultry. One such example is
piscidin, isolated from the fish Epinephelus lanceolatus, which was
utilized as a dietary additive and compared with control groups. Its
antimicrobial activity against strains of S. aureus, E.coli, P.
aeruginosa, and various strains of Riemerella antipestifer was
evaluated, with the first three and some R. antipestifer strains
proving sensitive to the peptide (Tai et al., 2020). Piscidin also
exhibited immunomodulatory properties, increasing the secretion
of interferon-gamma, immunoglobulins G, and interleukin-10
compared to the control group. Finally, the peptide induced
significant changes in bacterial communities, increasing the
families Enterococcaceae and Lactobacilliaceae while decreasing
Enterobacteriaceae and Staphylococceaceae.

Antimicrobial peptides in livestock-
relevant clinical strains

Antimicrobial peptides have been used against important
clinical strains of the same genus and species. For example,
bacteriocins isolated from S. aureus and S. epidermidis against
other strains of S. aureus and Streptococcus agalactiae isolated
from bovine mastitis. In 2007, Varella Coelho and co-workers
identified bacteriocin A53 had a moderate effect against some
clinical strains. However, when used in combination with A70, a
bacteriocin with a similar effect alone, the synergistic effect resulted
in increasing the inhibition percentages in S. agalactiae (i.e., from
67.6% to 91.9%) and in S. aureus (i.e., from 74.4% to 91.5%)
(Varella Coelho et al., 2007). These results suggest that
antimicrobial peptides from pathogenic bacteria might be helpful
against similar pathogens. Another bacteriocin named nisin from
Lactococcus lactis has been noted for having high antimicrobial
activity against Gram-positive bacteria. In 2019, Castelani and co-
workers evaluated its antimicrobial potential against Staphylococcus
spp. isolated from cases of bovine mastitis. The peptide exhibited
antibacterial effects against antibiotic-resistant strains. In
combination with dioctadecyldimethylammonium bromide, a
quaternary amine with broad antimicrobial activity, it enhanced
the susceptibility of isolates to the bacteriocin, reducing the
minimum bactericidal concentration from 50 to 3 pg/mL
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(Castelani et al., 2019). These two examples showed that synergistic
effects should be considered in future studies.

Conclusions

The significance of developing therapies in veterinary medicine
aligns with the “One Health” concept, acknowledging the
interdependence of health across ecosystems, including livestock,
pets, wildlife, and plants. Embracing this holistic approach, the
urgency to invest in novel peptide-based antimicrobials becomes
apparent. These peptides exhibit dual mechanisms of action: direct
effects on microorganisms and stimulation of the host’s immune
response, enhancing their effectiveness against infections. A
particularly challenging scenario is observed in bovine mastitis,
where the need for peptides capable of remaining stable in the
presence of milk components is crucial. Regulatory challenges and
concerns about resistance to AMPs complicate their applications in
livestock. Despite these challenges, the slower pace of bacterial
adaptation to these peptides compared to conventional antibiotics
places AMPs as novel therapeutic agents against infections,
extending beyond the realms of veterinary clinics and mastitis.
AMPs offer a potential solution to the scarcity of effective antibiotics
against multidrug-resistant bacteria, emphasizing the need for
responsible antibiotic use across all sectors. Efforts to manage
antibiotic use, including exploring strategies like genetically
engineered microbes for environmental clean-up, are imperative
for global health and food security.
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