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Foreword

Antibiotic resistance is one of the critical issues in modern healthcare, emerged due
to the indiscriminate and arbitrary use of antibiotics. According to the estimates by
World Health Organization (WHO), drug resistant pathogens, in absence of remedial
actions can kill 10 million people each year by 2050. Zoonotic viruses including
Avian Influenza, Ebola, Nipah, Sever Acute Respiratory Syndrome (SARS) and
Middle East Respiratory Syndrome (MERS) were seen as global threats in the
twenty-first century. Amongst these coronavirus disease 2019 (COVID-19) in
December 2019 from China’s Hubei province (Wuhan) spread to different parts of
the globe in a short span of time leading to a pandemic. It has affected millions of
people across the globe. In these unprecedented times of the Coronavirus pandemic,
use of antibiotics increased manifold to avoid secondary infections.

The present book covers the most relevant and promising research on alternative
antibacterial agents and endeavor to find way out of antibiotic resistance. This book
comprises of 22 chapters under four main sections each of which describes and
analyses the alternative approach towards the problem. The four sections cover the
most relevant and promising research on alternative approaches other than conven-
tional antibiotics to treat bacterial infection. First section of the book deals with the
naturally derived compounds/agents. Traditional healing systems that rely upon
plant-based antimicrobials (PBAs), bacteriophage or phage therapy, bacterial
quorum-quenching and enzyme-based & antibody-based antibacterial therapeutic
approaches have been discussed in this section. Second section of the book covers
the chemical compounds that are putative antibacterial agents. Metal complexes,
semi-synthetic modifications of available antibiotic arsenal and polymeric amphi-
philic molecules are covered in detail for their antibacterial activities. Third section
of the book describes the nanomaterials as antibacterial agents. Metal nanoparticles,
MoS; nanosheets, carbon-based nanomaterial etc. are the potential approaches of
antibacterial application that are discussed in detail. Fourth section of book that
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covers the probiotic/prebiotic/peptides compounds/agents primarily say about
immune-boosting and prophylactic use of these dietary components. All of these
“-biotics” are designed to modulate the gut microbiota in a way that improves health
and reduces the need to gulp antibiotics indiscriminately and thus indirect approach
to fight potential bacterial threats.

Present strategies aim to minimize the use of antibiotics in the clinical practices as
well as in animal farming and focus on endorsement of sustainable alternatives. The
growing menace of drug-resistant pathogenic bacteria warrants the need for novel
bactericidal agents that are potent, broad-spectrum, non-toxic to human cells and
possess a mechanism of action that does not favour development of resistance in the
target bacteria. Clinical use of antibiotics can be minimized by boosting up the
immune system using prebiotics and phytobiotics that up-regulate the mucosal
immunity. Probiotics can be competent alternatives to antibiotics and antibiotic
growth promoters (AGP) by resisting pathogenic bacteria and serving health pro-
moting metabolites. Efficient probiotic bacteria can boost up the immune system of
farm animals and shall prove to be economically and environmentally sustainable.
These prime areas of research have been adequately covered in the proposed book.
Conventional therapeutic antibiotics are mostly known to act on definite physiolog-
ical targets such as cell wall biosynthesis, cell membranes, ribosomes, transcription
machinery etc. in pathogenic bacteria. Many bacterial pathogens have evolved
mechanisms to evade the action of these conventional antibiotics. Synthetic amphi-
philes, nanomaterials are conceivably attractive as bactericidal agents because of
their facile synthesis, structural diversity, protease resistance and membrane
targeting ability which is counterproductive to development of resistance in the
target bacteria. Further, the high surface area to volume ratio of nanomaterials and
cationic amphiphiles are suitable to achieve enhanced interactions with the target
pathogen. Chapters that discuss these areas of research have enhanced the essence of
the proposed book. The book also highlights the phytochemicals with potent
antibacterial activities as alternatives to conventional antibiotics. Chemical modifi-
cation to develop next generation antibiotics with enhanced efficacy as well as to
overcome the inherent resistance of the parent antibiotics have also been included.
Phage therapy and targeted antibodies are considered as potential alternative
approaches to treat bacterial ailments and represent areas of cutting-edge research
and have therefore been discussed with sufficient care. So, the proposed book
highlights various approaches other than conventional antibiotics in treating bacte-
rial infections and the scientific advancements in this regard will strengthen the ‘One
Health’ approach benefiting human beings, animals and environment as well.

The endeavor in editing the book by the three young editors is commendable. I
would like to thank the authors for their dedicated effort in taking up such important
field of clinical relevance and describing the importance of alternative approaches to
treat bacterial infections. I am sure that the information will be very useful for
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Clinicians as well as Microbiologists because this covers all major developments in
research on these fields.

The editors and the authors of this book have done a fantastic job.

I wish this effort a grand success.

Jawaharlal Nehru Centre for Advanced Tapas K. Kundu
Scientific Research, Bangalore, India

CSIR-Central Drug Research Institute,
Lucknow, India



Preface

Microbial diseases are one of the leading causes of morbidity and mortality world-
wide. Conventional antibiotics have undoubtedly rescued the world population from
several life threatening infectious diseases since their development in early twentieth
century. However, some pathogens have evolved mechanisms to evade the action of
most commercially available drugs due to their indiscriminate and injudicious use.
This has resulted in the emergence of one of the critical issues in modern biomed-
icine and healthcare regime that is the surfacing of multidrug resistant (MDR)
pathogens. These MDR pathogens may emerge as completely incurable by the
available antimicrobials in near future. Innovation gap in novel antibiotic develop-
ment has severely crippled the choices for treating microbial infections. The chal-
lenge of treating diseases caused by drug-resistant pathogens hence demand progress
in the development of novel and potent alternative antimicrobial agents. Search for
alternative strategies having irrefutable cellular targets and which are counter-
productive to resistance development, has been in the prime center of attention of
the scientific community. The putative antimicrobial agents under development are
with diverse chemical structures and novel mechanisms over the conventional
antimicrobial agents rendering the pathogens with minimum scope to develop
resistance. Last few decades have witnessed profound research on different areas
for the development of alternative antimicrobial agents. These include phytochem-
icals, novel chemically synthesized molecules, nanomaterials and probiotic/prebiotic
agents as immunity boosters etc. Such multidirectional approaches need to be
collated on a unified podium enabling the academicians and upcoming researchers
to develop an unbiased knowledge on potent alternative antimicrobial agents to
combat microbial infections.

“Alternatives to Antibiotics: Recent Trends and Future Prospects” consists of
twenty-two chapters encompassing current research and developments on alternative
approaches towards naturally derived compounds, chemically synthesized com-
pounds, nanomaterials and probiotics. Section-II of the book consists of five chap-
ters that deal with naturally derived compounds/agents. Natural products and their
derivatives are reliable sources of useful drugs for their varied structure and unique

ix
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mode of actions and most importantly for their minor side effects. As novel natural
source, marine microorganisms provide numerous bioactive metabolites which are
reported as effective and promising sources of new antibiotics or drugs which can
also act against MDR strains.

Antimicrobial strategies that rely upon plant-based antimicrobials (PBAs),
enzymes-based and antibody-based antibacterial therapeutic approaches along with
secondary metabolites from plant endophytes have been discussed in these chapters.
Other than natural sources, synthetic organic moieties are also being explored as
novel antimicrobial compounds. Chemical synthesis enables researchers to develop
target based prospective drug molecules to fight against the ever-changing microor-
ganisms. The potent synthetic pathways are discussed in a chapter. The plant-based
products have traditionally been used as natural healing systems. Although, modern
scientific approaches are focusing on the active compounds. Bioactive natural
compounds as well as the synthetic drug candidates are promising therapeutic agents
for human health and disease management and their therapeutic efficacy can be
enhanced if their bioavailability is raised to the optimum level and/or delivered to the
target cells/tissue involving nanocarriers. The membrane targeting bactericidal
agents are also emerging as potent antimicrobials since developing resistance against
them demands extensive restoration of membrane compounds, which is conceivably
formidable challenge for the bacteria. In this regard, membrane-targeting nanoscale
materials, amphiphiles, antimicrobial peptides bear special merit. Two chapters
discuss the potential of cationic amphiphiles as promising antimicrobial entities
and amphiphilic nanocarriers as delivery vehicles. Another chapter discusses the
design, synthesis and antimicrobial applications of Metal-Organic Frameworks
(MOFs). Thus, amphiphiles of this new genre has enough potential to deliver several
antibacterial molecules in years to come. The emergence of nanoscience and tech-
nology in recent years offers great promise in therapeutics. Nanomaterials are
emerging as novel class of antimicrobial agents to overcome the challenges faced
by the conventional antimicrobials. The use of nanomaterials as bactericidal agents
represents is a novel approach in antibacterial therapeutics. Three chapters of
this book cover the recent development, antimicrobial prospects of biogenic metal
or metalloids nanoparticles, bactericidal QDs and MoS, based antibacterial
nanocomposites.

Devastating pandemic caused by the severe acute respiratory syndrome-causing
corona virus-2 (SARS CoV-2) virus has once again taught us that “Prevention is
better than cure”. The overburden of using xenobiotic drugs can be drastically
reduced by boosting our own immune system and fighting the disease causing
microbes in association with the helpful bacteria and their metabolites. Three
chapters of the book uncover the probiotic/prebiotic/antibacterial peptide com-
pounds as novel antimicrobial approaches and disorder-management therapies. All
of these “-biotics” are designed to modulate the gut microbiota in a way that
improves health and reduces the need to gulp antibiotics indiscriminately and thus
indirectly assist to fight potential bacterial threats. A new-age approach to combat
microbes, antimicrobial photodynamic therapy (aPDT) is discussed in a chapter.
PDT uses a nontoxic and light-sensitive dye, photosensitizer (PS) in combination
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with nontoxic visible light of the appropriate wavelength to excite the PS and oxygen
that can selectively control bacterial infections by generation of highly cytotoxic
reactive oxygen species (ROS).

The most challenging resistance phenomena of the recent years compelling the
medical professionals are diseases caused by protozoans like Plasmodium, fungi like
Candida sp., MDR bacteria like Mycobacterium and even the viruses which are
evolving as mutated pathogens and warrant novel strategies to treat these deadly
diseases. This book incorporates specific chapters that details the history of drug
development against Malaria and postulates novel therapeutic approaches towards
antimalarial drug. Emerging novel drugs effective against MDR-TB is discussed in a
separate chapter. Recently, the world is facing a threatening challenge by the
emerging novel strains of viruses including the present SARS-CoV2. Frequent
mutations of the viral strains and growing resistance to the available antiviral
drugs warrants the discovery of new drug targets and novel strategies to mitigate
the deadly viral pandemic. Viruses use host genes for their proliferation. So, host
factors comodulate their functions and thus also could impact viral pathogenesis.
This aspect of antiviral drug development is in its early phase. However, this field is
believed to have immense potential as antiviral drug targeting. A chapter discusses
this outlook regarding the host proteins’ implications in viral biology and how they
could be exploited for treating viral diseases. So, this book will provide significantly
expanded overview and updated research to a broader context regarding develop-
ment of alternative approaches against microbial infections. We believe that the
book will cater the professionals as well as learners in the academia, industry and
health services who are aiming to learn the most significant approaches towards
alternatives to existing antimicrobial therapy.

Darjeeling, West Bengal, India Tilak Saha
Darjeeling, West Bengal, India Manab Deb Adhikari
Jalpaiguri, West Bengal, India Bipransh Kumar Tiwary
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Chapter 1 ®)
Quest for Alternatives to Antibiotics: s
An Urgent Need of the Twenty-First

Century

Manab Deb Adhikari, Tilak Saha, and Bipransh Kumar Tiwary

Abstract Antibiotics have saved uncountable lives from many infectious diseases
caused by bacteria. But their inappropriate and indiscriminate use has given enough
clues to some pathogenic bacteria to evolve as resistant microbial populations.
Hence, there is a pressing need to develop new and innovative antibacterial agents
with diverse chemical structures and mechanisms. Novel approaches ranging from
naturally sourced to chemically synthesised compounds, nanomaterials and even
symbiotic bacteria or their beneficial by-products are being investigated as potential
alternatives to curb the menace of resistance development. Naturally sourced alter-
natives like phytochemicals, enzyme-based composites, antibodies, phage therapy,
use of vaccine etc. have potential to reduce the load of antibiotic treatment. Chemical
modification of antibiotics like semisynthetic modifications of vancomycin also has
given the alternative routes to bypass resistance. Additionally, metal complexes,
cationic amphiphiles and organic frameworks are also promising antibacterial enti-
ties which are synthetically designed in the chemical laboratories as alternative
approaches. Polymeric biocides, dendrimeric entities and carbon-based and metal-
based nanoparticles (NPs) also have been developed with potential antibacterial
applications. Interestingly, the use of probiotics, prebiotics and synbiotics is being
explored as alternatives to antibiotics because of their implications on enhancing
mucosal immunity, thereby lessening the need of using antibiotics. There is ample
scope to review the recent developments in these areas of research and postulate the
future directives to overcome the crisis of drug resistance and implement effective
antibacterial treatment. This chapter aims to present a cumulative introductory note

Manab Deb Adhikari and Tilak Saha contributed equally with all other contributors.
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for these promising alternative approaches and encourage the required scientific
temperament to usher in the next-generation therapeutics.

Keywords Antimicrobial resistance - Antibiotic - Quorum sensing -
Phytochemicals - CRISPR-Cas - Probiotics - Prebiotics - Synbiotics - Nanoparticles -
Antimicrobial peptide - Antibodies - Phage therapy - Antivirulence - Heterocycles -
Nanocomposites - Vaccine - Pathogenic bacteria - Antibacterial - Multidrug
resistant - Antibiotic resistance genes

Abbreviations

ARGs  Antibiotic resistance genes
MDR Multidrug resistant

AMR  Antimicrobial resistance
WHO  World Health Organisation

TB Tuberculosis

CRE Carbapenem-resistant Enterobacteriaceae
FLs Flavonoids

EOs Essential oils

MICs Minimum inhibitory concentrations
AgNPs  Silver nanoparticles

QS Quorum sensing

QQ Quorum quenching

QSIs QS inhibitors

AMPs  Antimicrobial peptides

SAR Structure—activity relationship
CNMs  Carbon-based nanomaterials
ROS Reactive oxygen species

PDT Photodynamic therapy

FDA Food and Drug Administration
AAD Antibiotic-associated diarrhoea
FOS Fructo-oligosaccharides

GOS Galacto-oligosaccharides

XO0S Xylo-oligosaccharides

WGS Whole genome sequencing
AV Antivirulence

1.1 Introduction

Bacteria-caused infectious diseases are serious and growing clinical issues in recent
years and causing major economic burden and public health menace (de Kraker et al.
2016). The emergence of antibiotic resistance to almost all currently available
antibiotics and the lack of progress in the development of novel antibacterial drugs
are contributing to a global health crisis (Solomon and Oliver 2014).
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Antibiotic resistance problem is augmented by the evolution and transfer of genes
within bacterial population that confer resistance to antibiotics (San Millan 2018;
Peterson and Kaur 2018; Munita and Arias 2016). Acquisition of antibiotic resis-
tance genes (ARGs) by pathogens leads to treatment failure, increasing morbidity
and mortality rates and simultaneously healthcare costs also. Resistance develop-
ment in bacteria is a continuous phenomenon regularly making the antibiotics of
even the last resort to become ineffective.

The complex factors that have led to the antibiotic resistance in bacteria are
revealed when potential solutions to reduce or prevent this problem are being
examined. First of all, more than 80 years of antibiotic use have created a selection
pressure on the bacteria to evolve certain mobile ARGs particularly in pathogenic
bacteria. These resistant bacteria in the environmental “hot spots” spread the resis-
tance phenomenon horizontally to other related species. Therefore, strategies have to
be implemented to cut the routes of dissemination of ARGs from bacteria (Prestinaci
et al. 2015; Larsson and Flach 2021). Second, horizontal transfer of ARGs can be
stimulated by antibiotics themselves. Hence, careful use of antibiotics is the need of
time to slow down the spread of ARGs among bacteria. Furthermore, ecological
food chain has been identified as another major factor in the development of
multidrug-resistant (MDR) bacteria (Founou et al. 2016; Rousham et al. 2018; Ma
et al. 2021), which then affects both commensal and pathogenic bacteria in humans
via dietary interaction. Aside from these, treating persistent infections, which are
frequently caused by internal germs or extracellular microorganisms capable of
forming biofilms, is a significant issue in antimicrobial therapy (Lahiri et al. 2021;
Bowler et al. 2020; Uruén et al. 2021). Due to the limited availability of drugs inside
the cells, intracellular infections are more difficult to cure than extracellular infec-
tions. Some microorganism’s intracellular position protects them both from the
host’s defence mechanisms and from the antibiotics which are unable to infiltrate
the cells effectively.

Recently, propagation of multidrug-resistant (MDR) bacteria has been acceler-
ated during the COVID-19 pandemic due to the overuse and misuse of existing
antimicrobial drugs (Pelfrene et al. 2021; Manohar et al. 2020), in addition to other
driving factors of antimicrobial resistance (AMR) (Fig. 1.1). So, there is a huge need
to discover novel strategies and identify new antimicrobial drugs in order to maintain
the existing capability to treat infectious diseases, especially those caused by MDR
pathogens. The use of alternatives to antibiotics aims to promote health and decrease
the overuse of antibiotics, thereby decreasing selective pressure for the emergence
and spread of ARGs. The current rate of drug discovery is not fast enough to combat
the serious threat of drug-resistant diseases. To limit the rate of resistance,
researchers must look at emerging bacteria, resistance mechanisms and antimicrobial
drugs. Multidisciplinary approaches are required in the healthcare, environmental
and agricultural sectors.
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Fig. 1.1 Possible driving factors for antimicrobial resistance

1.2 Historical Perspectives of Antibiotic Resistance

Antibiotics, which have previously revolutionised medical science, are now being
seriously encountered due to the emergence of ARGs among pathogenic microor-
ganisms. MDR pathogens have emerged as global health concern, affecting detec-
tion of infection, treatment and prevention. Such high priority pathogens according
to the World Health Organisation (WHO) are enlisted in Table 1.1 (World Health
Organization 2017). The scientific community has found three instances of antibiotic
misuse that have been linked to antibiotic resistance. The first example of misuse is
the overuse of antibiotics to treat viral illnesses. Antibiotics are only effective against
bacteria and have no effect on viral infections; however, they help in controlling the
secondary infections. Misdiagnosis is the second type of antibiotic usage that
contributes to antibiotic resistance. The third scenario of antibiotic misuse that
leads to antibiotic resistance is the inappropriate usage of antibiotics. Inadequate
use relates to dosages, durations and frequencies that are incorrect. This could be
linked to erroneous prescriptions or poor patient care. Drug resistance in pathogenic
bacteria is caused by a number of molecular mechanisms, including enzyme-
catalysed target change, drug impermeability, drug inactivation, the presence of
efflux pump and others (Lewis 2013).
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Table 1.1 List of high priority pathogens as reported by World Health Organization (2017)
Priority | Organism Resistance
Critical | Acinetobacter baumannii | Carbapenem resistant
Pseudomonas Carbapenem resistant
aeruginosa
Enterobacteriaceae Carbapenem resistant, ESBL producing
High Enterococcus faecium Vancomycin resistant
Staphylococcus aureus Methicillin resistant, vancomycin intermediate and
resistant
Helicobacter pylori Clarithromycin resistant
Campylobacter spp. Fluoroquinolone resistant
Salmonellae Fluoroquinolone resistant
Neisseria gonorrhoeae Cephalosporin resistant, fluoroquinolone resistant
Medium | Streptococcus Penicillin non-susceptible
pneumoniae
Haemophilus influenzae | Ampicillin resistant
Shigella spp. Fluoroquinolone resistant

Infections due to the resistant bacteria have a twofold higher chance of having
detrimental consequences than infections caused by susceptible bacteria. Persister
cells are becoming more well recognised as a key contributor to the recurrence of
chronic infectious diseases, and they may also play a role in the development of
antibiotic resistance. The persistence phenomena were initially described in the
1940s, although it remained poorly understood for decades. Only recently has a
flurry of groundbreaking research begun to shed light on persister physiology and
the molecular and genetic basis of persister development. The discovery of
penicillin-resistant Staphylococcus in the 1940s sparked the first concern about
antimicrobial resistance (Ventola 2015). In hospitals and other healthcare settings,
S. aureus is the most common resistant bacterium. When sulphonamides were used,
this bacterium quickly developed resistance to them. Penicillin was initially effective
to this bacterium; however, resistant strains that produce penicillinase boomed in the
1950s. Soon, penicillinase-stable methicillin was marketed in 1960. However, as
early as the next year, in 1961, methicillin-resistant S. aureus (MRS A) was identified
in the United Kingdom (Jevons 1961) and in the United States, in 1968 (Sengupta
et al. 2013; Grema et al. 2015). The bacterium Pseudomonas aeruginosa is the most
common cause of cystic fibrosis (CF) lung infections and resistant to antibiotic
treatment, resulting in deterioration of pulmonary function and, eventually, death
in CF patients (Pang et al. 2019). The most prevalent cause of death from an
infectious pathogen is Mycobacterium tuberculosis, the causative agent of tubercu-
losis (TB). In 2015, around 1.5 million individuals died from tuberculosis (TB), and
the rise of multidrug-resistant TB and extensively drug-resistant TB strains has made
TB eradication an enormously difficult task (Kerantzas and Jacobs Jr 2017).
Carbapenem-resistant Enterobacteriaceae (CRE) is a global public health threat
that continues to grow (Meletis 2016).
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Fig. 1.2 Timeline of antibiotic development and the emergence of antibiotic resistance

According to the WHO, several bacterial pathogens have evolved high levels of
resistance over the world. The WHO recently updated the Enterococcus faecium,
S. aureus, K. pneumoniae, A. baumannii, P. aeruginosa and Enterobacter spp.
(ESKAPE) list and it includes carbapenem-resistant Klebsiella pneumoniae,
Acinetobacter baumannii, Pseudomonas aeruginosa, carbapenem-resistant and
third-generation  cephalosporin-resistant ~ Enterobacteriaceae, clarithromycin-
resistant Helicobacter pylori and fluoroquinolone-resistant Campylobacter spp.
(Tacconelli et al. 2018). A timeline depicting the discovery of antibiotics and
evolution of antibiotic resistance is shown in Fig. 1.2.

1.3 Alternative Strategies to Overcome Antibiotic
Resistance

AMR is spreading across the globe, threatening to undermine the incredible progress
made in human health. To deal with this health crisis, multi-arm approach such as
phytochemicals, antivirulence (AV), antibodies, phage therapy, polymeric biocides,
dendrimeric entities, nanoparticles and probiotics are all promising alternatives. The
different approaches of the alternative therapeutic strategies to treat bacterial infec-
tion are shown in Fig. 1.3.
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Fig. 1.3 Various alternatives that can be used as replacement of conventional antibiotics

1.3.1 Natural Alternative Approaches
1.3.1.1 Phytochemicals

Since the earliest times, natural products have been used as effective remedies
against pathogenic bacteria. The plants have been known to be powerful therapeutics
against bacterial infections due to their chemical diversity and structural complexity.
Over the past decade, much attention has been placed on the study of phytochem-
icals for their antibacterial activity, especially against multidrug-resistant bacteria
(Barbieri et al. 2017).

Plant-derived compounds are mostly secondary metabolites, maximum of which
are phenols or their oxygen-substituted derivatives. These secondary metabolites
possess various benefits, including antimicrobial properties against pathogenic
microbes (Patra 2012; Khameneh et al. 2019). Major groups of compounds that
are responsible for antimicrobial activity from plants include phenolics, phenolic
acids, quinones, saponins, flavonoids (FLs), tannins, coumarins, terpenoids and
alkaloids (Hochma et al. 2021). The essential oils (EOs) of Carum carvi, Carum
sativum and Cuminum cyminum have been shown to exhibit antibacterial properties
against Escherichia coli and S. aureus (Khalil et al. 2018). Essential oils (EOs) from
plants such as oregano, thyme and tea tree had a remarkable antibacterial activity
against drug-resistant strains of P. aeruginosa, E. coli and Enterobacter cloacae
with remarkably low minimum inhibitory concentrations (MICs) (Chouhan et al.
2017; Puvaca et al. 2021). EOs from Coriandrum sativum reduced MDR
uropathogenic E. coli via disrupting cell membrane permeability (Scazzocchio
et al. 2017). Alibi et al. (2020) used EOs from Cinnamomum verum, Thymus
vulgaris and Eugenia caryophyllata to successfully limit the development of
105 MDR clinical isolates through substantial anti-biofilm and anti-quorum sensing
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(QS) capabilities. Recently, Azizi-Lalabadi et al. (2020) synthesised silver
nanoparticles (AgNPs) using the extract of the influorescence of a medicinal plant
(Tridax procumbens) and studied the antibacterial activity against multidrug-
resistant uropathogens such as Escherichia coli, Klebsiella pneumoniae, Pseudomo-
nas aeruginosa and Gram-positive Staphylococcus saprophyticus isolated from
urinary-tract-infected persons that are resistant to more than ten antibiotics. In
another study, the in vitro antibacterial and anti-biofilm activity of extract from
various Indian medicinal plants was studied against MDR clinical isolates, resistant
to five classes of antibiotics and biofilm-forming Staphylococcus (Panda et al. 2020).
Many phytochemicals have been reported to act as resistance-modifying agents
when combined with existing antibacterial agents, and the right combinations may
be able to retain the efficacy of life-saving antimicrobials.

1.3.1.2 Bacteriophage

Phages are potential antibacterial therapeutic agents against the multidrug-resistant
pathogens (Burrowes et al. 2011). Phages were used as antibiotics to treat bacterial
infections (commonly termed phage therapy) even before the discovery of penicillin.
In the early 1900s, Frederick Twort first mentioned (Twort 1915) and d’Hérelle
(1917) used phage suspensions to treat infections such as dysentery caused by
Shigella dysenteriae, which at that time had no other consistently effective treat-
ment. His success proved as pioneering for the phage therapy for bacterial infections
in human (Abedon et al. 2011). Conventionally, phage therapy commonly involves
Iytic phages, which are phages that infect and lyse bacteria at the site of infection,
thus resulting in the death of the bacterial cells (Chanishvili 2012). Compared to
other therapeutic agents, a very small dose contains large populations of phages
which can be administered easily, and the bacteria causing the infection will replicate
and produce more of the phages in cells. Further, phages are highly specific for
bacteria, so there is no serious side effect on mammalian cells. However, specificity
is also their major limitation in their potential. One phage will naturally infect only a
limited number of bacterial strains, so treatment against one species requires multiple
different phages (Principi et al. 2019).

In the last 15 years, phage therapy has been under development in laboratories
and hospitals. Phage therapy has been successfully used for the treatment of infec-
tious diseases such as urinary tract infections, osteomyelitis, septicaemia, wound
infections, skin infection and middle ear infections (Kutter et al. 2012). Phage
therapy is rapidly growing and also reflected in the cases of multiple clinical trials
(Furfaro et al. 2018). The Eliava Institute reported the use of phage in preclinical and
clinical treatment of common bacterial pathogens such as Enterococcus spp.,
S. aureus, E. coli, Streptococcus spp., Salmonella spp., Proteus spp., Sh. dysenteriae
and P. aeruginosa (Kutateladze and Adamia 2008). The patients with diabetic foot
ulcers infected by S. aureus strains are treated by Staphylococcus bacteriophage
Sb-1 (Jault et al. 2019). In England, a cystic fibrosis patient infected with drug-
resistant Mycobacterium abscessus was reported to cure by the use of natural and
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synthetically modified phages (Dedrick et al. 2019). In the United States, a patient
infected by a toti-resistant strain of Acinetobacter baumannii was cured by phages at
the University of California San Diego (Strathdee and Patterson 2019).

Phages have been studied for their potential as alternatives to antibiotic for
decades, but no treatment has been approved by the Food and Drug Administration
(FDA) till date. However, researchers are searching for a novel approach that could
confront this challenge and efficiently open this strategy for exploiting. In the face of
the current issue of increasing reports of antimicrobial resistance and limited new
antibiotic discoveries and development, there is a need to establish phage therapy as
a reliable antibiotic alternative. However, that potential remains to be validated by
significant proof-of-efficacy results from well-designed clinical trials.

1.3.1.3 Antivirulence Therapy

Pathogenic bacteria produce both extracellular and cell surface molecules, known as
virulence factors, regulated by quorum sensing (QS) to establish the infection in
host. The interference or inhibition of expression of virulence factors, which inhibits
with the interaction between the bacterium and its host, is considered another
potential approach for controlling bacterial infection. Since the strategy does not
directly target bacterial growth, the probability to develop resistance is minimised
(Rémy et al. 2018).

Bacterial behaviour such as the synthesis of virulence factors relies on QS, and at
high population density, pathogens can switch their expressions of genes to an
invasive phenotype, including genes related to biofilm formation, antibiotic toler-
ance and virulence determinants and thus cause disease in hosts. So QS inhibitors
(QSIs) are reported to inhibit cell-to-cell communications and consequently interfere
bacterial colonisation and control an established infection. This antimicrobial control
relies on reducing the burden of virulence rather than killing the bacteria (Jiang et al.
2019). The rapid emergence of bacteria resistant to antibiotics has pushed research
towards the action of these substances against the QS to limit this resistance. It is also
suggested that the development or searching of anti-QS molecules could be a
potential approach for fighting infections via biofilms (Musk Jr and Hergenrother
2006).

The natural phytomolecules are capable of inhibiting the QS processes linked to
human pathogens (Damte et al. 2013), which is a particularly attractive property. For
these reasons, researchers are increasingly focusing their studies on medicinal herbal
products to identify novel therapeutic and antipathogenic agents that could act as
non-toxic QS inhibitors, thus controlling infections without encouraging the devel-
opment of bacterial resistance (Hentzer and Givskov 2003). On the other hand,
phytochemicals may represent the richest available reservoir of new therapeutic
products (Kumar et al. 2006). Medicinal substances are present in the whole plants
or in one of their particular organs (leaves, flowers, roots and seeds). The most
common plants in discussed area are Glycyrrhiza glabra, Terminalia chebula,
Fragaria nubicola, Astilbe rivularis, Osbeckia nepalensis, Piper bredemeyeri,
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Syzygium aromaticum, Bauhinia acuruana, Pityrocarpa moniliformis, Commiphora
leptophloeos, Cocos nucifera, Terminalia catappa and Pisum sativum represent
medicinal plants that have been used as anti-QS agents with type of extracts and
major compounds (Bouyahya et al. 2017; Tiwary et al. 2017; Ghosh et al. 2014).

The disruption of QS signaling, also termed quorum quenching (QQ), and
quorum quenching enzymes are also capable to interfere or inhibit the QS-related
phenotypes and thus control bacterial infections. The enzymes are observed to
degrade AHL molecules, which may be of three distinct groups of enzymes:
lactonases hydrolyse the HSL ring, acylase hydrolyses amide bond of AHL and
oxidoreductase modifies the activity of AHL (Rehman and Leiknes 2018). In a
study, the hydrogel-formulated recombinant Ahl-1 lactonase was found to control
the infection of MDR P. aeruginosa infected burn using a murine model (Sakr et al.
2021). In another study, the combined treatment of lactonase along with antibiotic
efficiently controls the burn wound infection (Gupta et al. 2015).

Various literature published in the last 5 years clearly demonstrates that QS is a
possible target to find alternative therapeutic approaches to reduce the rapid emer-
gence of antibiotic resistance. The QS inhibitors (QSIs) have a great potential as
antivirulence agents. However, several authors proposed for combined treatment to
increase the efficacy of existing drugs, orienting the way for alternative treatment
(Cegelski et al. 2008).

1.3.1.4 Antibodies

Antibodies, which are proteins that recognise and neutralise specific pathogen
components, are produced by the immune system to battle pathogen invasion.
Monoclonal antibodies have been offered as an alternative for the treatment of
MDR infections in recent years, owing to their high specificity against the bacterial
pathogen, low risk of resistance and capacity to operate synergistically with antibi-
otics. Kollef and Betthauser (2021) studied the therapeutic efficacy of suvratoxumab,
a human monoclonal antibody against the pore-forming toxin of Staphylococcus
aureus that is found in patients with ventilated support colonised with S. aureus.
Recently, Domenech et al. (2018) summarised the research work showing the
combined effect of vaccine or monoclonal antibodies with antibiotics which could
be a viable alternative to combating MDR respiratory infections. In another study,
Guachalla et al. (2017) showed high prophylactic efficacy of A1124, a humanised
monoclonal IgG targeting the O25b O antigen of E. coli ST131-H30. Targeted
antibacterial formulations have the potential to improve the efficiency of existing
antimicrobials for the treatment of MDR bacterial infections, limiting adverse effects
and reducing the likelihood of antibiotic resistance. Ivanova et al. (2020) generated a
novel nanosystem loaded with antibacterial oregano essential oil for effective elim-
ination of Gram-positive Staphylococcus aureus. They have chemically immobilised
S. aureus targeting antibodies onto their developed nanosystem for specifically
targeting the S aureus strain. Antibodies against Staphylococci, Pseudomonas
aeruginosa, Bacillus anthracis and Clostridium difficile are in various phases of
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Table 1.2 Antibacterial antibodies currently under clinical trials (Streicher 2021; Rios et al. 2016;
DiGiandomenico and Sellman 2015)

Clinical
Antibody name Pathogen Target status
MEDI4893 Staphylococcus aureus | Alpha toxin Phase IIb
Tosatoxumab Staphylococcus aureus | Alpha toxin Phase Ila
(AR-301)
514G3 Staphylococcus aureus | Immunomodulator Phase 11
Pagibaximab Staphylococcus aureus | Lipoteichoic acid Phase II/111
1C11 Staphylococcus aureus | Glucosaminidase subunit of Preclinical
autolysin
Anthim (ETI-204) Bacillus anthracis Protective antigen FDA
approved
Raxibacumab Bacillus anthracis Protective antigen FDA
approved
Valortim Bacillus anthracis Protective antigen Phase I
(MDX-1303)
GS-CDA1 Clostridium difficile C. difficile toxin A Phase 11
MDX-388 Clostridium difficile C. difficile toxin B Phase 11
Bezlotoxumab Clostridium difficile C. difficile toxin B FDA
approved
ShigamAbs Escherichia coli Shiga toxin (tx1 and tx2) Phase 11
Urtoxazumab Escherichia coli Shiga-like toxin II B subunit Phase 1
Pseudomonas
aeruginosa
Panobacumab Pseudomonas O-antigen (serotype O11) Phase Ila
aeruginosa
Anti-Pseudomonas | Pseudomonas PsI and PcrV Phase 11
IgY aeruginosa
MEDI3902 Pseudomonas Psl and PcrV Phase 11
aeruginosa

clinical testing, with several already approved by the FDA (Saylor et al. 2009;
Oleksiewicz et al. 2012; Ghosh et al. 2019). The possible scope of antibody therapy
for the treatment of bacterial infections is shown in Table 1.2 (Streicher 2021; Rios
et al. 2016; DiGiandomenico and Sellman 2015).

1.3.2 Chemical Alternative Approaches

Resistance to antibiotics generated from nature is unavoidable, and it occurs spon-
taneously as a result of their prevalence in the natural environment (Ribeiro da
Cunha et al. 2019). It is now necessary to return to the traditional strategy of drug
design, where substrate analogues are inspired by existing natural ligands. As a
result, developing a totally synthetic class of compounds may be a preferable
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alternative technique for discovering antibacterial drugs. Synthetic antibacterial
drugs have only been used in clinical settings a few times so far. This is because
over the last few decades, significant work has been focused on semisynthetic
approaches, while not enough emphasis has been paid to the creation of entirely
synthetic antibacterial medications (Tiwary et al. 2015).

To find new antibacterial medicines, researchers have spent a lot of time screen-
ing synthetic chemical libraries, either targeting the proteins required for bacterial
life or the entire bacterial cell. A majority of scaffolds used in target-based screening
were tuned for human eukaryotic targets, whereas compound libraries for whole-cell
screening were produced by nonantibiotics programmes (Fair and Tor 2014). Sev-
eral ways have been used to widen the chemical space used for antibacterial screens.
The diversity-oriented synthesis technique, for example, has been employed to
develop promising antibacterial candidates that closely resemble bioactive natural
compounds (Galloway et al. 2009). A library of compounds with identified scaffolds
was also created using combinatorial chemistry. Furthermore, intriguing lead com-
pounds were discovered via unbiased diversity-oriented synthesis and a subsequent
structure—activity relationship (SAR) (Kim et al. 2018).

Heterocyclic compounds have already paved the way for quick collaboration
among researchers in organic, pharmacological, analytical and medicinal chemistry.
These heterocyclic compounds, particularly those with five members, piqued the
scientific community’s interest not only because of their natural occurrence but also
because of their diverse biological activity. More than 75% of the top two hundred
branded medications in the pharmaceutical business feature heterocyclic fragments
in their structures (Joule and Mills 2007).

Imidazoles comprising the bisazetidinones were found to have action against the
Gram-negative ESKAPE pathogen K. pneumoniae (Himo et al. 2005) that was
nearly similar to ampicillin (Pagadala et al. 2015), an antibiotic used to prevent
and treat a variety of bacterial illnesses. The activity of 1,8-naphthalimide-derived
imidazole 302b against E. coli and P. aeruginosa was found to be comparable to that
of chloramphenicol (Damu et al. 2013). Antibiotic amoxicillin was shown to be
significantly less effective against Gram-positive B. subtilis than 1,10-
[(tosylazanediyl)bis(ethane-2,1-diyl)]bis(3-cyanomethyl-1H-imidazol-3-ium) chlo-
ride (Al-Mohammed et al. 2015). Quinoline-based hydroxyimidazolium hybrid
(Meth-Cohn 1993) was found to have potent anti-staphylococcal activity and activ-
ity against M. tuberculosis H37Rv. The activity of C-12 substituted berberine—
imidazole hybrid against the Gram-negative bacterium Salmonella typhi was
shown to be higher than that of the reference medications berberine, chloramphen-
icol and norfloxacin (Wen et al. 2016). GI262866A and GI261520A are quinazoline-
based lead compounds that selectively inhibit PhoQ histidine kinase activity and
hence down-regulate PhoP-activated genes in Sa. typhimurium. The recognition of
metal compounds’ potential for antibacterial applications encourages more research
into their development (Carabajal et al. 2019).

Morinidazole [(R)-1-(2-methyl-5-nitro1H-imidazol-1-yl)-3-(morpholin-4-y1)
propan-2-ol], a 5-nitroimidazole antimicrobial drug developed by Jiangsu Hansoh
Pharmaceutical, was approved in China in 2019 for the treatment of anaerobic
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bacterial infections, including appendicitis and pelvic inflammatory disease caused
by anaerobic bacteria (Cao et al. 2017).

Cationic amphiphiles have attracted scientific and commercial interest due to their
ease of synthesis, ability to break cell membranes and ability to modulate their
activity by changing their hydrophobicity and mimic the action of antimicrobial
peptides (AMPs). Interestingly, a majority of these compounds have been proven to
exhibit strong antibacterial action against drug-resistant microorganisms. Their
antibacterial activity is strongly determined by the cationic charge and the mole-
cule’s hydrophobicity, which is a common motif in their mechanism of action.
Cationic amphiphiles are thought to promote significant electrostatic interactions
with negatively charged bacterial cell surfaces, resulting in a multivalent effect on
target bacterial membranes (Uday et al. 2014; Vudumula et al. 2012; Goswami et al.
2013). Traditional medicinal drugs and synthetic amphiphiles could be used in
combination therapy because the amphiphile has a multivalent targeting effect via
cell surface contacts followed by membrane rupture.

In the not-too-distant future, current considerable research efforts in the field of
synthetic chemicals may allow for the identification and production of novel
antibacterial medicines, which will be tested in clinical trials and subsequently
utilised to treat patients. They’ll pave the way for major advancements in this field.

1.3.3 Nanomaterial-Based Alternative Approaches

Nanoscience and technology have matured, resulting in significant advances in
biology and medicine. As a growing and all-encompassing discipline of research,
it has shown the ability to create a wide range of materials with structural differences
between atoms and macroscopic materials, as well as at least one dimension in the
nano range. The utilisation of nanoscale materials as antibacterial agents constitutes
a paradigm shift in antibacterial medicine. Nanomaterials having a high surface-
area-to-volume ratio can achieve improved interactions with the target pathogen and
thus be investigated for the development of effective bactericidal drugs. They not
only use methods of action that are fundamentally different from those reported for
classical antibiotics, demonstrating efficacy against bacteria that have already
evolved resistance, but they also target several biomolecules, posing a threat to the
formation of resistant strains. Because of their higher membrane permeability, ability
to operate as efflux pump inhibitors and potential for various antibacterial activities,
nanomaterials have been discovered to be less likely to induce bacterial resistance
than standard antibiotics (Hajipour et al. 2012; Rudramurthy et al. 2016; Slavin et al.
2017). Nanoparticles (NPs) are useful as antimicrobial cargo, and they also give key
pharmacological benefits such as enhanced drug solubility and half-life, prolonged
and stimuli-responsive drug release, site-targeted delivery and combination therapy
(Spirescu et al. 2021; Colilla and Vallet-Regi 2020; Naskar and Kim 2019).

Many nanostructures, such as liposomes, nanoparticles and dendrimers, have
proved their ability to improve antibiotic treatment efficacy and combat infectious
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illnesses (Lee et al. 2019; Colilla and Vallet-Regi 2020; Singh et al. 2019).
Antibacterial polypeptides, noble metal nanoparticles (NPs), nanocomposites, semi-
conductor NPs, polymeric nanostructures and carbon-based nanomaterials (CNMs)
are among the nanomaterials that have been explored in vitro and in vivo to regulate
and battle bacterial infection (Mba and Nweze 2021; Adhikari et al. 2013; Yeon et al.
2019). Membrane-acting nanoparticles are thought to be particularly tempting and
counterproductive to the development of resistance since significant membrane
damage would necessitate large-scale membrane component regeneration, which
would be physiologically demanding for target cells. Polymeric nanoparticles with
state-of-the-art physicochemical properties have been shown to be a therapeutic
revolution against human bacterial illnesses (Spirescu et al. 2021). This class of
nanocarriers has been demonstrated to be safe, biodegradable, biocompatible,
quickly removed and non-toxic to tissues and organs, and they have a number of
advantages over currently accessible compounds. Furthermore, the targeting of a
specific organ, the reduction of many antibiotics’ side effects and the sustained
accumulation in the infected area over time all represent a breakthrough in this
type of therapy. Various inorganic nanoparticles, such as gold, silver and others,
have shown antibacterial potential (Gharpure et al. 2020; Sanchez-Lopez et al.
2020). Silver is a noble metal with excellent thermal stability, low toxicity and
antimicrobial properties. AgNP surface functionalisation of polyurethane and plastic
catheters was demonstrated to exhibit anti-biofilm efficacy against a wide spectrum
of pathogenic bacteria (Prasher et al. 2018).

Gold nanoparticles (AuNPs) have received a lot of attention as antimicrobial
agents due to their biocompatibility and simplicity of surface functionalisation
(Okkeh et al. 2021). The use of CNMs has gained widespread acceptance in the
scientific community due to their unique physicochemical properties, but its clinical
use has yet to be proven. Carbon nanostructures with tunable morphologies help to
overcome the insoluble property of these materials, which makes them difficult to
reach biological systems. Carbon nanomaterials, in general, are prospective
antibacterial candidates with a variety of biological uses due to their ability to kill
harmful bacteria and prevent their adherence and biofilm formation (Xin et al. 2019;
Azizi-Lalabadi et al. 2020; Mocan et al. 2017). The release of positive ions such as
Ag*, Cu®* and Zn** from the oxidation of metal or metal oxide nanoparticles can
adsorb on the bacterial cell membrane, causing cell wall destruction and pit forma-
tion in bacteria (Gupta et al. 2019). It has previously been discovered that silver
nanoparticles produce free radicals and reactive oxygen species (ROS), which are
responsible for the oxidation of cellular DNA and proteins and lipid peroxidation,
which damages bacterial cell membranes (Baptista et al. 2018; Natan and Banin
2017). Nanostructures can be used as photosensitisers or carriers in photodynamic
therapy (PDT) because of their inherent potential to photogenerate several types of
cytotoxic species. Photothermal treatment, which generates local heat from
nanoagents under near-infrared (NIR) radiation, is a potential technique for treating
bacterial infections (ranging from 700 to 1100 nm). Recent research has focused on
the development of nanomaterials with inherent photocatalytic capabilities, such as
graphene-based materials, MoS2, black phosphorus nanosheets and metal oxide
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nanomaterials, to create ROS under laser photoexcitation and act as the PS for PDT
applications (Bayir et al. 2018; Bekmukhametova et al. 2020). Despite the fact that
nanomaterials are one of the most effective tools for combating MDR bacteria,
practical translation of nanoparticle-based medicines remains a hurdle for the phar-
maceutical industry because nanotechnology has yet to reach mainstream clinical
practice. Martinez et al. (2020) demonstrated the ability of photoactive metallated
porphyrin-doped conjugated polymer nanoparticles to eradicate pathogenic bacterial
strains, including antibiotic-resistant bacteria of the En. faecium, S. aureus,
K. pneumoniae, A. baumannii, P. aeruginosa and Enterobacter spp. (ESKAPE)
pathogens group in planktonic strain and mature biofilms. MRSA has evolved
resistance to practically all antibiotics and can cause serious infections with signif-
icant morbidity and mortality in both the community and the hospital. MRSA can be
killed by functional nanomaterials and nanoparticles, which can be employed as
anti-MRSA therapy (Gao et al. 2021).

Many proof-of-concept studies with nanomaterials in cell culture and small
animal models for medical uses are underway, and a few nanoparticles are in clinical
trials or have already been approved for use in humans by the Food and Drug
Administration (FDA) (Ventola 2017; Anselmo and Mitragotri 2016). To make
the transition from the bench to the clinic, strict validation processes for in vitro
and in vivo protocols are required. Similarly, large-scale production issues necessi-
tate chemists and engineers innovating and regulatory policies that ease access to
trials and patients. Despite significant success in preclinical research, translating
these drug delivery methods into clinical practice remains one of the most challeng-
ing tasks in this discipline and will be a key focus of most nanomedicine studies in
the coming decade. Nonetheless, as described above, major obstacles specific to
each technology must be addressed. In general, future research in this field will
benefit from employing well-considered design processes to synthesise metal
nanomaterials that fill specific gaps in the literature and investigations into the
exact pathways that induce cell death. There are notable variations in the published
research, with some authors reporting antimicrobial efficacy as a percentage while
others report a log reduction. Furthermore, the concentrations of nanomaterials
employed in antimicrobial testing are very changeable, and they may be evaluated
against pathogenic microorganisms for various timescales utilising various light and
magnetic stimulation parameters, such as wattage and frequency. Finally, various
general issues for therapeutic applications should be addressed, including high
antibacterial efficiency, pathogenic microbe selectivity, low cytotoxicity,
localisability to diseased areas and a simple and relevant method of delivery in
clinical settings.
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1.3.4 Probiotics, Prebiotics, Synbiotics and Other Alternative
Approaches

Food is not only meant for the source of energy for today’s health-conscious
population, but they quest for food components and nutrients that enhance health
benefits or prevent from chronic diseases (Webb et al. 2006). So, the focus of
nutritional biology circles around ‘functional foods’ that primarily comprises of
probiotics, prebiotics and synbiotics.

1.3.4.1 Probiotics

Probiotics are live microorganisms and act when administered in adequate amounts.
Probiotics may contain either a single species or a mixture of two or more bacterial
species of Bifidobacterium, Lactobacillus, Saccharomyces boulardii, B. coagulans
etc. (Chapman et al. 2011). The effects of probiotics vary depending on the combi-
nation of strains used (Doron and Snydman 2015; Prado et al. 2015; Soccol and
Machado 2015). Many of the probiotic bacteria are reported to produce a variety of
antimicrobial compounds, organic acids and bacteriocins that can inhibit the growth
of multidrug-resistant bacteria (de Melo Pereira et al. 2018; Tang et al. 2022).
Probiotics can generally increase epithelial barrier and inhibit microbial adhesion
to the gut line along with synthesis of antimicrobial substances and even can
modulate the immune system of the host (Bermudez-Brito et al. 2012; Silva et al.
2020). Probiotics are reported to prevent infectious diseases which are commonly
managed with antibiotics (Yang et al. 2019). Current research in this area suggests
that probiotic use is beneficial particularly in eliminating or limiting antibiotic-
associated diarrhoea (AAD), disruptions of the epithelium of the lower intestine
tract due to Clostridium difficile and even yeast infections which are secondary to
antibiotic treatment. The use of probiotics is an emerging new alternative in antimi-
crobial therapy (Silva et al. 2020) which is being practised in some Asian countries,
Latin America, Europe and even America. Concurrent probiotic use along with
antibiotic is being advocated globally, though, presently, there is no scientific
documentation or medical rules guiding the application strategy of probiotics
together with antibiotics regarding the probiotic dose and the combination of
probiotics and the antibiotic to be used in a particular disease condition (Nicholas
2018).

General approaches of probiotic antimicrobial research have scope to be critically
reviewed for pointing out future directions in the field which is particularly imper-
ative when there have been a global surge of studies on the efficacy of probiotics as
alternative antimicrobial therapy. Research on antibacterial properties of probiotics
has grown manifold during the last decade. Compared to 2018 research articles
published during 2010-2015, more than 6200 research articles were published
during 2016-2021 on ‘Antibacterial Properties of Probiotic Bacteria’. However,
application of probiotic formulations for antimicrobial therapy and maintenance of
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intestinal health warrant proper standardisation of ‘probiotic delivery systems’.
WHO guidelines on evaluating potential probiotics in food should be followed to
evaluate health benefits claimed in studies and clinical trials (Pandey et al. 2015).
This would assist in filling the existing gaps in knowledge regarding the safety of
claimed probiotic strains in terms of optimum doses, clinical efficacy and mecha-
nisms of action in humans (Markowiak and Slizewska 2017).

Probiotic products as drugs or dietary supplements should be regulated by
appropriate authority. To end users, it generally is difficult to understand how a
commercially available probiotic is marketed, what are the safety standards and
which precautions should be taken before using the probiotic products. As food
supplements, probiotics should be planned as per food safety guidelines
(Venugopalan et al. 2010). But for drug/biologic use, the probiotics must undergo
systematic evaluation with in vitro, in vivo and clinical experiments before approval
as drug. Once marketed, labelling and beneficial claims in probiotic usage need to be
appropriated. Many probiotic drugs or dietary supplements have been marketed
worldwide with the adjusted number of either single species or in combination of
few types of bacteria (Table 1.3). Few studies have reported that many of the
probiotics marketed (not shown) are with potentially unsafe contents in contradiction
to the labelling (Yeung et al. 2002; Metras et al. 2021). Another issue is insufficient
information to the healthcare providers regarding the modalities for using probiotic
products in the clinical practice (Reid et al. 2019). Therefore, a more consistent
approach would be beneficial for regulation, testing and labelling of probiotic
products.

1.3.4.2 Prebiotics

Prebiotics, on the other hand, are selectively fermented dietary fibres such as inulin/
oligosaccharides which help to enrich beneficial microorganisms in the intestine of
host. Prebiotics like fructo-oligosaccharides (FOS) and galacto-oligosaccharides
(GOS), xylo-oligosaccharides (XOS), inulin, fructans etc. are primarily used.
Whereas synbiotics are a selected mixture of probiotics and prebiotics that promote
the growth of healthy microflora in the hosts’ intestine (Markowiak and Slizewska
2017). Prebiotics are the dietary fibres generally used together with probiotics to
improve their viability. These combinations are often termed as synbiotics. Exten-
sive research has been carried out to investigate the beneficial effects imparted by
probiotics, prebiotics and synbiotics in the past few decades. These functional foods
are reported to modulate the intestinal microenvironment and the biological func-
tions thereon, leading to health benefits for the host. They facilitate smooth func-
tioning of the intestine including antimicrobial activity against pathogens.
Consensus regarding the composition and roles of probiotics, prebiotics and
synbiotics in human health is of utmost importance. Besides controlling the growth
of drug-resistant pathogens, these provide other immunomodulatory functions which
have been found to be beneficial in allergy, cancer, obesity and type 2 diabetes,
ageing, fatigue, autism, osteoporosis etc. (Harish and Varghese 2006). Health
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Table 1.3 Probiotic drugs (PD) and dietary supplements (DS) marketed worldwide

Country
Product Category | Manufacturer of origin | Composition Reference
Acidolac DS Polpharma Poland L. rhamnosus GG Zawistowska-
Rojek et al.
2016
Pearls DS Enzymatic United Bifidobacterium Drago et al.
Acidophilus States longum Bb536, 2010
L. acidophilus
NCFM
ANTEDIA® DS Will-Pharma Belgium | Sa. boulardii; Vanhee et al.
DUO L. rhamnosus and 2010
L. acidophilus
Bifilac GG PD Tablets India India L. rhamnosus Kesavelu
Ltd et al. 2020
BioGaia DS Ewopharma Poland Limosilactobacillus | Zawistowska-
reuteri DSM 17938 | Rojek et al.
2016
Biogermin PD Union Health Italy Bacillus clausii Celandroni
S.r.L et al. 2019
Boulardi- DS Sanifort Belgium | Sa. Boulardii Vanhee et al.
Sanifort Pharma 2010
Codex-ing PD Zambon Italy B. coagulans De Vecchi
et al. 2008
Combiflora PD Medopharm India Bifidobacterium Kesavelu
lactis B1-04 + et al. 2020
Bifidobacterium
lactis Bi-07 + Lac-
tobacillus acidophi-
lus NCFM +
L. paracasei Lpc-37
Dicoflor DS Dicofarm Italy L. rhamnosus Vanhee et al.
2010
Econorm PD Dr. Reddy’s India Sa. boulardii Kesavelu
Laboratories et al. 2020
Ltd.
Enteriphar DS Teva Israel Sa. boulardii Vanhee et al.
2010
Entero Plus PD Glaxo India India L. rhamnosus Kesavelu
Ltd et al. 2020
Enterogermina | PD Sanofi Italy B. clausii De Castro
etal. 2019
Enterol PD Biodiphar Belgium | Sa. boulardii Vanhee et al.
capsules 2010
Enterolactis DS SOFAR Italy L. paracasei CNCM | Vecchione
Plus 1-1572 et al. 2018
Entromax PD Mankind India B. clausii Patrone et al.
Pharma 2016

(continued)
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Country
Product Category | Manufacturer of origin | Composition Reference
Ercéflora DS Sanofi Aventis | France Sa. boulardii Vanhee et al.
Supra 2010
GNorm PD Nouveau India Sa. boulardii Kesavelu
Medicament et al. 2020
GutPro PD Riata Life Sci- | India Pediococcus Kesavelu
ences Pvt. Ltd. acidilacticii, et al. 2020
B. subtilis,
B. coagulans,
L. acidophilus, Sa.
cerevisiae
Imutis DS Trenker Belgium | Sa. boulardii, Vanhee et al.
Pharmaceutical L. rhamnosus, 2010
L. helveticus and
Bifidobacterium
longum
Lakcid PD Biomed Poland L. rhamnosus Zawistowska-
Rojek et al.
2016
Phillip’s DS Bayer United L. gasseri, Drago et al.
Colon Health States Bifidobacterium 2010
bifidum,
Bifidobacterium
longum

benefits like immune modulation, cancer prevention, remediation of inflammatory
bowel disease etc. as claimed in many research reports should be investigated under
proper guidelines and reviewed. The use of Probiotics, prebiotics and synbiotics, if
implemented appropriately, has the potential to offer sustainable alternatives for
antibiotics.

1.3.4.3 Vaccines

Vaccines are used prophylactically as cost-effective bio-secure alternative to reduce
the number of infectious disease cases (Micoli et al. 2021). Although vaccines are
not often considered as direct remedy for antimicrobial resistance, vaccination
renders the pathogen with less time to evolve as resistant. Vaccines, therefore,
present an opportunity to reduce the burden of using antibiotics both in human and
animal farming (Kennedy and Read 2017; Hoelzer et al. 2018). Vaccines can be
developed for the bacteria highlighted as ‘urgent’ hazard of developing resistance
(e.g. C. difficile, carbapenem-resistant Enterobacteriaceae or CRE and drug-resis-
tant Neisseria gonorrhoeae). Vaccination against Lawsonia intracellularis, the
causative agent of ileitis, can reduce oxytetracycline consumption by nearly 80%
in Danish pig herds (Bak et al. 2009). Vaccines are one of the most promising
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alternatives to disease prevention, but their implementation is somewhat challeng-
ing. As for example, most of the vaccines are administered via injection which
increases labour expenses (Meeusen et al. 2007). Furthermore, some vaccinations
are only effective against a limited number of bacterial or viral strains, while others
pose the threat of unexpected consequences (Cheng et al. 2014). Many of these
issues are still being investigated, such as the possibility of mass vaccination
delivery or the development of ways for eliciting more protective immune responses.
In summary, immunisations have scope to develop as a better alternative to antibi-
otics (Mutwiri et al. 2011).

1.3.4.4 CRISPR-Cas9

CRISPR-Cas9 gene editing technology is one of the modern techniques that have the
potential to reverse antibiotic resistance in certain harmful bacteria (Kim et al. 2016).
CRISPR-Cas9 has significant improvement over existing gene-editing methods in
terms of ease of use, speed, efficiency and cost. CRISPR-Cas9 systems have been
used successfully to target the virulence factors and antibiotic resistance genes in
bacteria for the development of programmable and sequence-specific antimicrobials
(Bikard and Barrangou 2017).

CRISPR-based antimicrobials have a distinct advantage over all other techniques
in that they can destroy bacteria depending on their genetic sequence. Because
CRISPR-guided RNAs are highly specific, they may be tailored to target specific
chromosomal and virulence genes, eliminating the need for broad-spectrum antibi-
otics to treat illnesses in animals (Shabbir et al. 2019). CRISPR-Cas can be utilised
for selectively eliminating AMR genes of the virulent bacterial populations with
ABR. It can also be used to reverse resistance to antibiotics by specifically targeting
antibiotic resistance genes located on plasmids (Gholizadeh et al. 2017; Zhang et al.
2017; Dong et al. 2019; Wang et al. 2019). Concurrent delivery of CRISPR with a
probiotic can even be applied to eliminate environmental reservoirs of AMR
restricting them before they can reach human pathogens (Pursey et al. 2018).
However, it may not be a suitable approach to reach a broad range of species
together. The conjugative delivery speed of the probiotic and CRISPR duo is slow
in comparison to other approaches like use of bacteriophage which is fast and rapid
even for a large pool of bacterial population (Roach and Debarbieux 2017; Cairns
et al. 2018). Nevertheless, with more suitable adaptations, CRISPR-Cas9 systems
have the potential to be a possible treatment option in the era of antibiotic resistance.

1.4 Future Prospects

Global antibiotic consumption is significantly increasing which is estimated to
double in a decade. It is crucial to reduce the global use of antibiotics and thus to
manage the growing burden of antibiotic resistance since antibiotics are
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manufactured in large quantities each year and utilized in both healthcare and
agriculture. Environmental niches play a key role in persistence and dissemination
of resistant microorganism. For example, many antibiotics are released into the water
as a result of insufficient sewage and pharmaceutical waste treatment, which serves
as a primary source for the spread of resistance genes or resistant microorganisms.
Risk assessment, environmental monitoring and effective control measures to limit
pollution from agricultural, industrial and residential sources are all feasible strate-
gies to address drug resistance in this area.

Antibiotic resistance can be addressed in a variety of ways, including lowering
antibiotic use through the use of alternative approaches. Because disease prevention
and treatment require a combination of specific and general strategies, no single
approach will be able to replace all antibiotic use. Innovative strategies like appli-
cation of metagenomics provide insights into pathogen association with various
ARGs. The whole genome sequencing (WGS)-based genetic relatedness among
the isolates from various sample sources is helpful in understanding the possible
transmission routes. The reported ARGs such as blaTEM, blaCTXM, blaKPC,
blaNDM, blaVIM and mecr-1 are found responsible for the emergence of MDR
strains of E. coli, P. aeruginosa etc. So genomic technologies are critical for better
understanding both the host and the pathogen and the development of more targeted
diagnostics and treatments. Rapid genome-level diagnostics, in particular, are critical
for the delivery of individualised treatments, including antibiotics, microbiota and
immune modulators, vaccinations and phages. Moreover, high-throughput screens
are also effective tools for identifying critical pathogen and host factors that can be
used to produce vaccines and inhibitors, as well as markers to speed up breeding
programmes or targets for engineering resistance. Although many chemical and
nonchemical agents have antibacterial potential, it is clear that vaccines, better health
professional education, strict antimicrobial stewardship, global improvements in
infection control and sanitation and more sophisticated rapid diagnostics are all
needed for the future of human and animal medicine. It was reported that there
were around 41 novel antimicrobials in clinical trials at the time, but only 20% of
them were authorised. Factually, the low success rate for the development and
approval of new antibiotics, alternative research strategies such as the development
of nucleic acid—based antibacterial treatments, antimicrobial peptides, bacteriocins,
antibody therapy, antivirulence compounds, bacteriophage therapy etc. should be
further studied for practical implementation to control infections caused by resistant
‘superbugs’. The current One Health approach which is associated with human,
animal and environmental health to manage antimicrobial resistance rely on the
concrete understanding of the interactions and interrelationships between these
components in the transmission of AMR to humans. At present, specified and
targeted research is required to determine the mechanisms of resistance and fre-
quency of emerged resistant in various ecologies such as soil and water, to search
economic and effective alternatives to antibiotics and eventually to conquer the
battle against drug-resistant pathogens.
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1.5 Conclusion

Antibiotics are still inevitable in regulating bacterial infections, but it is vital to
reduce their usage significantly by adopting alternative approaches to restrict the
pathogens. Antibiotic-free approaches are a promising new strategy to address the
present antibacterial challenge, as antibiotic resistance is primarily caused by the
misuse of antibiotics. The antimicrobial resistance can be tackled in a variety of
ways, including lowering antibiotic use by adopting alternative products. A single
alternative cannot replace uses of antibiotics, so, a variety of methods are needed to
both prevent and treat microbial diseases. Nanomaterials, phage therapy, synthetic
compounds, antivirulence compounds, vaccines and probiotics could be among the
most promising approaches. Antimicrobial coatings on the surface of medical
implants using polymer-based NPs and metal NPs could be used for a variety of
biomedical purposes. NP-based methods have the potential to work alone or in
combination with antibiotics for treating many bacterial infections, paving the way
for future nanomedicine. Vaccination is an important component of the multi-tiered
approach to restrict antibiotic resistance since it is so crucial in illness prevention.
The introduction of new vaccines may also help to reduce the prevalence of
infectious diseases and thereby cut the need for antibiotics. Thousands of phyto-
chemicals which have inhibitory effects on bacterial growth under in vitro conditions
have been found. Additionally, better understanding the potential of phytochemicals
to inhibit QS activity is of great relevance. Recent research aims to identify and
develop novel anti-QS compound capable of preventing bacterial infections in
humans. Modulation of microbiome through the appropriate use of probiotics, faecal
transplantation or enhanced nutrition are being considered in human and animal
healthcare. Gene editing (using CRISPER-Cas9) and transgenic techniques have
ushered additional alternatives to control resistant pathogens. Although such anti-
microbial alternatives have significant advantages over conventional chemical anti-
biotics, more in vivo research into the pharmacokinetics and pharmacodynamics of
these treatment techniques is required. Scientists from different fields are investigat-
ing plants for searching of natural antimicrobial agents due to their biological
properties. Collective efforts from various disciplines, including microbiology,
chemistry, biomedical science, animal and plant science and materials science are
vital for the development of antibiotic-free antibacterial technology.

Outlining the feasibility and efficiency of various alternatives in terms of eco-
nomic, technological, behavioural and social aspects is key to fight AMR. Robust
political will, promotion, management and responsibility are obligatory to effec-
tively contain antimicrobial resistance. The challenges of antimicrobial resistance
are complex and multifaceted, but they are not insurmountable. Implementation of
these effective measures will save millions of lives and will minimise the global
crisis in management of drug-resistant bacteria.
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Chapter 2 ®)
Phytochemicals as Antibacterial Agents: s
Current Status and Future Perspective

Swagata Nag, Nutan Singh, and Suman Kumaria

Abstract The global emergence of multidrug-resistant (MDR) bacteria has severely
compromised the efficacy of current antibacterial drugs and significantly increased
the frequency of therapeutic failure. The development of novel and innovative
antibacterial drugs with various chemical structures and processes that can combat
harmful bacteria is urgently needed. Many studies have recently concentrated on
identifying possible answers to these issues. There is a growing interest in medicinal
plants for the potential sources of new therapeutic compounds, due to the structural
and functional diversity existing in the specialized metabolites found in these plants.
So far, many phytochemicals with varied biological activity, such as antibacterial,
antifungal, and anti-carcinogenic, have been reported with low toxicity and adverse
effects. Anti-quorum sensing (AQS) is a promising strategy for cell-cell communi-
cation which plays a vital role in the regulation of various bacterial physiological
functions such as pathogenicity, luminescence, mobility, sporulation, etc. A variety
of novel plant-based compounds have been discovered with the potential to disrupt
bacterial quorum sensing (QS). The present chapter deals with the current develop-
ments in the field of plant extracts/phytochemicals, which are being used as the
potential antibacterial and antimicrobial agents. Plant-derived molecules, which
have antibiofilm or anti-quorum sensing activities, and the various mechanisms
involved in their actions are also discussed.

Keywords Alkaloids - Antibacterial - E. coli - Flavonoids - H. pylori - Medicinal
plants - Multidrug resistant - Multidrug-resistant (MDR) bacteria - Methicillin-
resistant S. aureus - N-acyl-homoserine lactones - Phenolic compounds -
Phytochemicals - S. aureus - Sulfur-containing phytochemicals - Secondary
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Abbreviations

AHL N-acyl-homoserine lactones
MDR  Multidrug resistant

MRSA  Methicillin-resistant S. aureus
SAR Structure—activity relationship

2.1 Introduction

Infectious diseases are the second greatest cause of death worldwide, after cardio-
vascular disorders, with 13.3 million people dying each year, being a primary source
of morbidity and mortality. Every year, 700,000 people die as a result of bacterial
resistance to drugs among the two million people who are sick with several types of
bacteria around the world (Adrizain et al. 2018). The number of multidrug-resistant
bacterial strains is continuously increasing, as is the advent of bacteria that are less
susceptible to antibiotics. The indiscriminate and inappropriate uses of antibiotics
have hastened the establishment of drug-resistant bacteria. Furthermore, unsanitary
circumstances and improper food handling contribute to the spread of antibiotic
resistance. Nosocomial infections with highly resistant bacterial pathogens have
developed from a combination of extremely susceptible patients, extensive and
sustained antibiotic usage, and cross infection. Hospital-acquired illnesses that are
resistant to antibiotics are costly to treat and difficult to eliminate. Drug-resistant
bacteria are responsible for up to 60% of hospital-acquired illnesses worldwide.
Therefore, a hunt for new antibacterial compounds from a variety of sources,
including medicinal plant, has sparked in recent times.

Since the time plants evolved, their important and protective roles have been well
known for the mankind. Plants have been known to have anti-infective properties
due to the presence of secondary metabolites such as tannins, alkaloids, terpenoids,
and flavonoids, since ancient times. An evolving effective demand of natural plant-
based products day by day lays an emphasis on the different medicinal plants used
traditionally and in modern medicine system. A great majority of modern medicines
have their roots in ancient herbal traditions. There are a variety of natural plant
compounds with antifungal, antibacterial, and antiprotozoal properties that can be
utilized systemically or locally (Dias et al. 2012a, b; Savoia 2012). The remedies
obtained from the plants have given an insight for various afflicting human disor-
ders. Plants are known for the production of various chemicals that are diverse in
structures and have been adequately well utilized for various purposes. The diverse
chemical compounds that have been reported to be useful as raw materials have led
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to the discovery of drugs for chronic disorders (Yuan et al. 2016; Dias et al. 2012a, b;
Baris et al. 2006). The increasing demands of plants in the present scenario make the
plants more superior to other living organisms present on earth. A majority of
medications in clinical use today are derived from naturally occurring compounds,
primarily secondary metabolites. Traditional medicine is used by majority of the
people worldwide to maintain their health. The earliest records on Indian traditional
medicine prescribed the uses of plants in treatment of various ailments with focus on
herbal medicines. The demands of herbal-based medicines are at an alarming rate in
both developed and underdeveloped countries due to their safety measures and
reduced costs (Cragg and Newman 2001). The current chapter discusses recent
advances in the field of plant extracts/phytochemicals, which are being investigated
as antibacterial and antimicrobial agents. Plant-derived compounds with antibiofilm
or anti-quorum sensing properties and the diverse mechanisms behind their actions
are also reviewed.

2.2 Secondary Metabolites Acting as Antimicrobial Agent

The secondary metabolites are organic compounds that are indirectly involved in the
developmental processes of the plants. Metabolites play an important role in
protecting the plants and conferring color, flavor, aroma, texture, and plant defense
against various biotic and abiotic agents (Molyneux et al. 2007). The plants with
high secondary metabolites such as alkaloids, phenols, tannins, terpenoids, saponins,
and flavonoids are reported to have enhanced medicinal properties (Singh and
Kumaria 2020a; Edema and Alaga 2012). The growing demands of plant-based
metabolites have given insights to the discovery and utilization of the bioactive
metabolites in bio-therapeutic uses (Rao and Roja 2002). The research works carried
out over the years imply their efficiency and effectiveness against multidrug-resistant
bacteria in both planktonic and biofilm forms. However, some phytochemicals show
limited solubility in aqueous media, which further limits their medical usefulness.
The use of surfactants, nanoparticles, and polymers can serve as an effective delivery
vehicle to overcome this constraint.

2.2.1 Phenolic Compounds

Phenolics are diverse groups of plant secondary metabolites that are considered as
evolving natural biomolecules due to their known effective bioactive properties.
They are aromatic compounds synthesized in plants through shikimate/
phenylpropanoid pathway, which leads to the production of phenols and polyphe-
nols (Randhir et al. 2004). Plant phenolics are known to have significant roles in
growth, development, and reproduction and also play a defensive role against the
various biotic and abiotic stresses such as UV, chitosan, cold, dark, nutrient
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deficiency (Lattanzio 2013; Nag and Kumaria 2018; Singh and Kumaria 2020b).
Phenolics are reported to participate in defense role against the predators and help in
the development of color at different developmental stages of plants (Bravo 1998;
Alasalvar et al. 2001). The phenolics are not only predominant in plants but are also
reported from the bacteria, fungi, and algae (Harborne 2013). Also, it has been
reported that the phenolics exhibit various biological properties such as antimicro-
bial, antiallergenic, and antioxidant activity (Balachandran et al. 2021). Many
different types of phenolic compounds are known to be synthesized in plants and
have been reported to be localized in different plant parts and serve as the potential
agents for the action of various chronic diseases such as cancer, cardiovascular
disease, and diabetes. The phenolics are also know to eliminate the foodborne
bacteria and reduce the formation of biofilm. Due to the various useful applications
of phenolics, therefore, their interest toward the food industry has increased day by
day (Také et al. 2020; Zambrano et al. 2019; Gyawali and Ibrahim 2014; Del Rio
et al. 2013).

The various phenolics such as cinnamic acid, caffeic acid, p-coumaric acid,
catechol, ferulic acid, pyrogallol, and eugenol have been reported to be effective
against viruses, bacteria, and fungi (Kumar and Pandey 2013). Caffeic acid has been
reported to have antimicrobial potential, synergistic effects with antibiotics against
Staphylococcus aureus, S. epidermidis, Klebsiella pneumoniae, Serratia
marcescens, Pseudomonas mirabilis, Escherichia coli, P. aeruginosa, Bacillus
cereus, and Mycobacterium luteus (Santos et al. 2018; Loes et al. 2014; Cushnie
and Lamb 2005). Caffeic and p-coumaric acid have been reported to have synergy
with the conventional antibiotics such as ampicillin and amikacin and increase their
effectiveness against various gram-positive and gram-negative bacterial pathogens
(Hemaiswarya and Doble 2010).

Another investigation has shown that the caffeic acid has anti-staphylococcal
action, with minimum inhibitory concentrations (MICs) ranging from 62.5 to
250 g/mL (Luis et al. 2014). Catechol (two-hydroxyl group) and pyrogallol (three-
hydroxyl group) are hydroxylated phenols that show toxic effects on microorgan-
isms. More hydroxylation of catechol results in high toxicity. Mechanisms of phenol
toxicity to microbes have been shown through enzyme inhibition processes with the
oxidized compounds’ interaction with sulfhydryl groups or nonspecific interaction
with proteins (Ciocan and Bara 2007).

Catechin is a polyphenol that acts on different bacterial strains by producing the
hydrogen peroxide or by modifying the microbial membrane permeability (Kumar
et al. 2013). Gallic acid has additionally been proven to have antibacterial activity
against S. aureus, S. epidermidis, E. coli, Shigella flexneri, Salmonella spp.,
P. aeruginosa, and A. baumannii with MICs ranging from 630 to 5000 g/mL
(Fu et al. 2016). Gallic acid is proven to be more effective against Campylobacter
Jjejuni and Campylobacter coli with MICs ranging from 15.63 to 250 g/mL, the
mechanism being the loss of calcium ions (Sarjit et al. 2015). According to another
research, gallic acid—conjugated gold nanoparticles have shown a much better
antibacterial activity than gallic acid alone against the foodborne pathogens Sh.
flexneri and Plesiomonas shigelloides (Randhawa et al. 2016).
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2.2.2 Quinones

Quinones are aromatic (hexacyclic saturated) di-one or di-ketone compounds, ubig-
uitous and highly reactive in nature. They are derived from the oxidation of
hydroquinones, namely, anthraquinones, benzoquinones, naphthoquinones, and
polyquinones. The browning reaction seen in cut vegetables is due to the accumu-
lation of quinones. This also forms the intermediates in the synthesis of melanin and
provides basis for the formation of stable free radicals. Quinones are also found
accumulating irreversibly with nucleophilic amino acids in protein, which lead to
functional loss of the proteins. Quinones have a wide range of antimicrobial effects
(Jali 2021; Balachandran et al. 2021; Liu et al. 2017; Jung et al. 2016; Jiang et al.
2007).

2.2.3 Flavonoids and Their Derivatives

Flavonoids are a large, low molecular weight, and structurally diverse group of
natural bioactive products. They are hydroxylated diphenylpropanes (C6—C3-C6) in
structural skeleton. The reported flavonoids differ in the degree of oxidation, which
leads to the diverse flavonoid derivatives (Kumar and Pandey 2013). Diverse group
of flavonoids such as flavonols (quercetin, kaempferol, and myricetin), flavanones
(naringin), flavones (luteolin), chalcones (licochalcone A, licochalcone E), cate-
chins, anthocyanin, and isoflavonoids (sophoraisoflavone A) have been reported in
plants (Farhadi et al. 2019; Patra 2012).

Flavonoids and their derivatives are synthesized in plants in response to different
microbial attack. According to the report of Kumar and Pandey (2013), flavonoids
have been reported to be effective against the wide array of microorganisms in
in vitro studies. Flavonols such as quercetin, myricetin, morin, galangin, entadanin,
rutin, piliostigmol, and their derivatives are among the most important class of
flavonoids that show potent antibacterial activities (Siriyong et al. 2017; Geoghegan
et al. 2010). The catechins present in green tea, epigallocatechin gallate (EGCG),
have been found to be active against B. cereus in nanomolar concentrations
(Friedman et al. 2006). Antibacterial activities of EGCG alone and in combination
with various antibiotics have been studied extensively against a variety of bacteria,
including multidrug-resistant strains such methicillin-resistant S. aureus (MRSA;
Steinmann et al. 2013). The addition of long alkyl chains to EGCG dramatically
increased its in vitro activity against a variety of bacteria and fungi, particularly
S. aureus (Matsumoto et al. 2012). Another study demonstrated the action of EGCG
on E. coli’s outer membrane and reported that the substance interacted with the
membrane at many sites (Nakayama et al. 2013). Polyphenon E is prominent in
distinguishing at least five distinct catechins, wherein EGCG is the most abundant
component reported which is widely used clinically (Clark and You 2006). Another
flavanol with antibacterial potential is a flavin, which has been shown to work
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against a variety of bacteria, including A. baumannii, B. cereus, and Shigella spp.
(Betts et al. 2017; Friedman et al. 20006).

Many studies have shown that flavonoids are responsible for the inhibition of
biofilm formation by disrupting the quorum sensing (QS). Flavonoids appear to
impair the interaction between acyl-homoserine lactones (signal molecules used by
gram-negative bacteria) and their receptors. It has been reported that baicalein
inhibits the cytoplasmic membrane-associated receptor TraR (Zeng et al. 2008;
Qin et al. 2000). Quercetin is a well-known flavonoid with a wide range of biological
activities that include antioxidant, antibacterial, anti-inflammatory, antiviral and
anticancer properties (Wang et al. 2016). Quercetin has been demonstrated to
suppress E. coli growth under in vitro conditions and to have antibacterial effect
against S. aureus and K. pneumoniae (Ohemeng et al. 1993). Mirzoeva et al. (1997)
demonstrated that quercetin and other flavonoids reduce the bacterial motility
considerably. Quercetin’s antibacterial activity was boosted in vitro when it was
coupled with different antibiotics (Sakharkar et al. 2009; Hirai et al. 2010) and also
had synergistic effects when combined with sulfamethoxazole, rifampicin, and
fusidic acid against methicillin-resistant S. aureus (MRSA) strains and clinical
isolates (Sahyon et al. 2019; Kyaw and Lim 2012). By hindering QS, quercetin
was found to have antibiofilm activity against K. pneumoniae, Pseudomonas
aeruginosa, and Yersinia enterocolitica (Gopu et al. 2015). A more recent research
has revealed that quercetin can boost the antibacterial action of metals, with silver
nanoparticles made from polyphenol having more antibacterial activity as compared
to quercetin or silver nitrate alone against gram-negative and gram-positive infec-
tions (Jain and Mehata 2017).

Kaempferol, another flavonol, is reported to have a wide range of biological and
pharmacological properties. It is known to impede the growth and survival of
antibiotic-resistant S. aureus by inhibiting the activity of the PriA helicase (SaPriA)
and bacterial efflux pumps, hence improving antimicrobial effectiveness and
blocking the growth and survival of antibiotic-resistant S. aureus (Brown et al.
2015; Huang et al. 2015).

2.2.4 Tannins

Tannins are polymer of phenolic substances and are found in almost all the plants.
Tannins are divided into condensed and hydrolyzable tannins. Hydrolyzable tannins
are gallic acid based and contain multiple esters of D-glucose. The condensed form
of tannins is often called proanthocyanidins and is derived from flavonoid mono-
mers. It has been reported that tannins may have formed by condensations of flavan
derivatives or by polymerization of quinine (Ciocan and Bara 2007; Karou et al.
2007). Studies have reported that tannins can be toxic to bacteria, yeast, and fungi
(Cowan 1999). Punicalagin suppressed violacein synthesis in Chromobacterium
violaceum and swarming motility in Sa. typhimurium SL1344 (Li et al. 2014).
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2.2.5 Alkaloids

Alkaloids are the diverse group of chemical organic nitrogen-containing heterocyclic
compounds. They are one of the structurally diverse groups of the metabolites
effectively used as therapeutically important plant substances. Based on their core
chemical structure, alkaloids are grouped into indoles, isoquinolines, piperidine
alkaloids, quinolines, etc. The in-depth research on alkaloids from different plants
have revealed their potential to acquire the properties of natural antibiotic with a
wide antibacterial spectrum with low propensity to make drug resistant. When
co-administered with ciprofloxacin, piperine, a piperidine-type alkaloid produced
from Piper nigrum and P. longum, decreased the growth of a mutant S. aureus and
considerably reduced the MIC values for S. aureus (Khan et al. 2006). Piperine and
gentamicin co-administration was found to be effective in the treatment of MRSA
infections (Khameneh et al. 2015). Tomatidine is a steroidal alkaloid found in
solanaceous plants such as tomato, potato, and eggplant that has been shown to
have significant antibacterial action against S. aureus whether used alone or in
combination with aminoglycosides (Jiang et al. 2016).

The quinolone alkaloid evocarpine, isolated from Fructus evodiae, was found to
have significant antimicrobial action against MRSA (Pan et al. 2014). The steroidal
alkaloid tomatidine was isolated from the tomato plant. It has a high vulnerability to
MRSA, according to the findings (Chagnon et al. 2014). Two guanidine alkaloids
were found from the Pterogyne nitens. These two guanidine alkaloids, galegine and
pteridine, possessed high anti-MRSA activity. The presence of a side chain observed
in guanidine alkaloids was thought to impart the antibacterial property (Coqueiro
et al. 2014). Because of the significant implications and need for conventional
therapy following antibiotic failure against MRSA, there has been a huge push to
develop novel compounds that can slow the progression of bacterial infections and
enhance patient quality of life. Isolation of 6-methoxydihydrosanguinarine (6-MS),
6-acetonylhydrosanguinarine, and dihydrosanguinarine from  Hylomecon
hylomeconoides paved the door for medication sensitivity against MRSA to be
regained. These alkaloids prevent MRSA strains with MICs ranging from 1.95 to
250 ug/mL (Choi et al. 2010). Plant alkaloids’ capacity to intercalate DNA may
explain their ability to inhibit MRSA activity. It has also been proposed that alkaloid
components impede or degrade beta-lactamase action (Zoraghi et al. 2011). Plant
alkaloids such as berberine (found in Berberis sp.) and piperine (found in Piper sp.)
can interact with the bacterial cytoplasmic membrane, intercalate with DNA, and
inhibit efflux pumps in S. aureus (Khan et al. 2006; Jennings and Ridler 1983).

Berberine is an isoquinoline-type alkaloid used in the treatment of dental infec-
tions. Several investigations utilizing a multispecies biofilm tooth model have
showed the efficacy of berberine against oral streptococcal growth and certain
endodontic pathogens (Dziedzic et al. 2015; Xie et al. 2012). Berberine has been
demonstrated to improve the inhibitory activity of antibiotics against clinical
multidrug-resistant isolates of methicillin- resistant S. aureus (MRSA) (Chu et al.
2016). Berberine was found to have antibacterial activity against Streptococcus
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agalactiae by disrupting the membrane and reducing protein and DNA production
(Peng et al. 2015). Dusane et al. (2014) studied the effect of reserpine and piperine
from P. nigrum against E. coli, which causes urinary tract infections in humans.
Piperine improved the action of the antibiotics azithromycin and ciprofloxacin in
dispersing biofilms by increasing their penetration into E. coli biofilms.

2.2.6 Terpenoids

Terpenoids are a wide class of chemicals produced by plants that have antibacterial
properties. Several terpenes and their derivatives have been demonstrated to be
effective defenses against herbivores and infections. Gram-positive bacteria are
usually more sensitive to terpenes than gram-negative bacteria. Terpenes’
antibacterial action is closely linked to their lipophilic properties. Monoterpenes
preferentially affect membrane structures by increasing fluidity and permeability,
modifying protein architecture, and causing disruptions along the respiration chain.
Togashi et al. (2010) studied the effects of linalool, geraniol, nerolidol, plaunotol,
farnesol, geranylgeraniol, and phytol on the growth of S. aureus. Among all of the
compounds examined, only farnesol and nerolidol, with MBC of 20 and 40 g/mL,
demonstrated a significant antibacterial effect. Two diterpenoids, salvipisone and
aethiopinone, were extracted from Salvia sclarea roots and tested as antibacterial
and antibiofilm agents against gram-positive and gram-negative bacteria. These
diterpenoids inhibited the growth of S. aureus, S. epidermidis, and Enterococcus
faecalis at a concentration of 37.5 g/ml, and S. aureus and S. epidermidis pre-formed
biofilms were disturbed by at least 85% (Rézalski et al. 2007). Chung et al. (2014)
extracted and identified three known triterpenoids (amyrin, betulinic acid, and
betulinaldehyde) from the bark of Callicarpa farinosa. These compounds were
found to have antibacterial activity against MRSA and methicillin-sensitive
S. aureus (MSSA) and could be used to combat antibiotic resistance in S. aureus.
Dehydroabietic acid, a resin acid, is reported to be another terpene molecule with
antibacterial action against S. aureus. Broniatowski et al. (2015) investigated the
antimicrobial mechanism of two pentacyclic triterpenes, ursolic acid and amyrin,
which are natural chemicals with broad antibacterial activity. The other well-known
terpenoids are eugenol and cinnamaldehyde, which are found in the essential oils of
a variety of plants and have been shown to be effective against a variety of
infections. Eugenol has been reported to have a lot of bioactivity against MRSA
and MSSA clinical strain biofilms. According to the findings of Yadav et al. (2015),
eugenol inhibits biofilm formation, disrupts cell-to-cell communication, eradicates
pre-existing biofilms, and kills bacteria in biofilms, and this is true for both MRSA
and MSSA. Essential oils including thymol, carvacrol, eugenol, and vanillin dem-
onstrated antibacterial action against E. coli O157:H7, Sa. typhimurium, and Listeria
monocytogenes when mixed with soy sauce (Moon and Rhee 2016). Knezevic et al.
(2016) tested the antibacterial activity of essential oils from FEucalyptus
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camaldulensis against multidrug-resistant (MDR) Acinetobacter baumannii wound
isolates.

2.2.7 Sulfur-Containing Phytochemicals

Organosulfur compounds such as allicin, ajoene, sulfasalazine, and isothiocyanates
have been shown to have antibacterial activity against a variety of bacteria, including
MBDR strains. Park et al. (2013) investigated the antibacterial efficacy of horseradish
root isothiocyanates against oral microbes. Dias et al. (2012b) investigated the
antibacterial activity of isothiocyanates in the presence of antibiotics such as genta-
micin and vancomycin against both gram-positive and gram-negative bacteria.
Garlic’s main component allicin has been found as having antibacterial activity
against a wide range of microorganisms. Allicin was responsive to vancomycin-
sensitive and vancomycin-resistant clinical isolates and standard strains of Enfero-
coccus species (Jonkers et al. 1999). When compared to diallyl sulfide, allicin had
the best anti-Helicobacter pylori action against three strains (O’Gara et al. 2000).
According to a meta-analysis of clinical data, combining allicin with standard
therapy promotes the eradication of H. pylori infections (Si et al. 2019). Allicin
was proven to be active against Clostridium difficile and other commensal gut
bacteria in a recent study, and there was no substantial synergy between allicin
and conventional antibiotics (Roshan et al. 2017).

A list of plant secondary metabolites such as alkaloids, flavonoids, tannins,
terpenes, quinines, resins, coumarins, organosulfur, terpenoids, phenols, lactones,
benzoic acid, diarylheptanoid, phenolic acids, polyphenol, iridoid lactone, and
sesquiterpene lactone with their reported antibacterial activities is shown in more
details in Table 2.1.

2.3 Quorum Sensing (QS)

QS, as a mechanism of bacterial cell-to-cell chemical communication, plays a key
role in pathogen biofilm development, antibiotic resistance, survival, proliferation,
and toxin synthesis. Targeting quorum sensing has emerged as a viable technique for
fighting against bacterial infections since it does not put any selection pressure on
pathogens, making it unlikely to develop multidrug resistance. Quorum quenching
phytochemicals may be a potential non-antibiotic therapy method for pathogenic
bacteria by inhibiting bacterial communication and making them less virulent.
Extracts and specific compounds from several fruits, herbs, and spices have been
displayed to inhibit QS. Polyphenols, for example, are QS-inhibiting phytochemi-
cals that can impact biofilm development in some bacteria, because their chemical
structure is comparable to that of QS signals N-acyl-homoserine lactones (AHL)
and/or their capability to degrade signal receptors (LuxR/LasR) (Santos et al. 2021;
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Table 2.1 Plant secondary metabolites with their reported antibacterial activities
Secondary metabolites and plant
families Antibacterial activity References
Alkaloids
Amaryllidaceae Staphylococcus aureus Savoia 2012
Apiaceae Enterococcus faecalis Basile et al. 2009
Apocynaceae Acinetobacter baumannii Siriyong et al. 2017
Berberidaceae P. aeruginosa Boberek et al. 2010
Capparaceae Mpycobacterium tuberculosis Agbafor et al. 2011
Compositae Salmonella typhi Munyendo et al. 2011
Fabaceae Escherichia coli Carson and Hammer
2011
Mimosaceae Pseudomonas aeruginosa Ramawat 2007
Piperaceae Methicillin-resistant S. aureus Khameneh et al. 2015
(MRSA) Birdi et al. 2012
Hochfellner et al.
2015
Rubiaceae Mpycobacterium kansasii Mariita et al. 2011
Flavonoids
Adoxaceae E. coli Wau et al. 2008
Methicillin-resistant S. aureus Randhawa et al. 2016
(MRSA)
Amaryllidaceae Mpycobacterium fortuitum Munyendo et al. 2011
Apiaceae Helicobacter pylori Wu et al. 2008
Asphodelaceae Mpycobacterium fortuitum Randhawa et al. 2016
Methicillin-resistant S. aureus
(MRSA)
Asteraceae Helicobacter pylori Zhang et al. 2008
Methicillin-resistant S. aureus Hong et al. 2006
(MRSA) Stermitz et al. 2003
Capparaceae E. coli Wau et al. 2008
Methicillin-resistant S. aureus
(MRSA)
Fabaceae P. aeruginosa Agbafor et al. 2011
Gautiérrez et al. 2017
Hong et al. 2006
Labiatae S. typhi Zhang et al. 2008
Moringaceae Methicillin-resistant S. aureus Randhawa et al. 2016
(MRSA)
Rubiaceae S. aureus Sibi et al. 2012
Rubiaceae Salmonella typhi Zhang et al. 2008
Rutaceae Methicillin-resistant S. aureus Munyendo et al. 2011
(MRSA) Sibi et al. 2012
E. faecalis
Theaceae E. coli Gautiérrez et al. 2017

Li et al. 2006

(continued)
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Table 2.1 (continued)

Secondary metabolites and plant

families Antibacterial activity References
Tannins
Fabaceae St. faecalis Mariita et al. 2011
Mimosaceae Bacillus subtilis Sibi et al. 2012
Myrtaceae S. aureus Abdulhamid et al.
2014
Rubiaceae E. coli Oboh 2010
Terpenes
Compositae Staphylococcus epidermidis Munyendo et al. 2011
Fabaceae S. aureus Togashi et al. 2010
Labiatae Methicillin-resistant S. aureus Korir et al. 2012
Rutaceae (MRSA)
Lamiaceae Pseudomonas aeruginosa E.coli | Althunibat et al. 2016
Gutiérrez et al. 2017
Myrtaceae Streptococcus faecalis Sibi et al. 2012
Staphylococcus epidermidis Rathinam et al. 2017
Rubiaceae Pseudomonas aeruginosa Abdulhamid et al.
2014
Quinones
Boraginaceae S. aureus Papageorgiou et al.
2008
Plumbaginaceae S. epidermidis Carson and Hammer
2011
Periasamy et al. 2019
Polygonaceae Helicobacter pylori Khalil et al. 2019
Resins
Fabaceae Shigella dysenteriae Mariita et al. 2011
Labiatae P. aeruginosa Oboh 2010
Coumarins
Apiaceae Salmonella typhi Tan et al. 2017
Enterococcus faecalis Basile et al. 2009
Fabaceae E. coli Mun et al. 2014
Jeong et al. 2009
Lauraceae S. aureus Ali et al. 2005
Rutaceae Methicillin-resistant S. aureus Basile et al. 2009
(MRSA)
Organosulfur
Alliaceae Acinetobacter baumannii Reiter et al. 2017
P. aeruginosa
Amaryllidaceae Methicillin-resistant S. aureus Reiter et al. 2017
(MRSA)
Brassicaceae Helicobacter pylori Haristoy et al. 2005
Liliaceae Klebsiella pneumoniae Reiter et al. 2017
Resedaceae Methicillin-resistant S. aureus Reiter et al. 2017
(MRSA)
Tropaeolaceae St. pneumonia Reiter et al. 2017

(continued)
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Table 2.1 (continued)

Secondary metabolites and plant

families Antibacterial activity References

Terpenoids

Lamiaceae Methicillin-resistant S. aureus Althunibat et al. 2016
(MRSA) Qiu et al. 2010

Lamiaceae E. coli Althunibat et al. 2016

Myrtaceae P. aeruginosa Althunibat et al. 2016
Methicillin-resistant S. aureus Togashi et al. 2010
(MRSA) Althunibat et al. 2016
E. coli Gutiérrez et al. 2017

Rutaceae H. pylori Ali et al. 2005

Phenols

Ericaceae E. coli Gautiérrez et al. 2017

Scrophulariaceae E. coli Gutiérrez et al. 2017

Vitaceae Campylobacter spp. Klancnik et al. 2017

Lactones

Apocynaceae M. tuberculosis Kumar et al. 2013

Asteraceae M. tuberculosis Kalani et al. 2019

Benzoic acid

Scrophulariaceae P. aeruginosa Gautiérrez et al. 2017
Diarylheptanoid

Asteraceae P. aeruginosa Wu et al. 2008
Zingiberaceae P. aeruginosa Tyagi et al. 2015
Polyphenol

Myrtaceae E. coli Gautiérrez et al. 2017
Vitaceae E. coli Gutiérrez et al. 2017
Diterpenoid

Acanthaceae M. tuberculosis Prabu et al. 2015
Euphorbiaceae M. tuberculosis Jung et al. 2016

Iridoid lactone

Apocynaceae

| M. tuberculosis

‘ Kumar et al. 2013

Sesquiterpene lactone

Asteraceae ’M‘ tuberculosis ‘ Kalani et al. 2019

Hossain et al. 2017). Gamma-aminobutyric acid (GABA), which is generated by
some plants, promotes lactonase (AttM) degradation of the OHC8HSL AHL signal
in Agrobacterium tumefaciens, limiting the QS-dependent infection process. The
extracts from the Annurca apple having various polyphenols, such as
hydroxycinnamic acids, rutin, and epicatechin, revealed anti-quorum sensing
(AQS) activity against Chromobacterium violaceum (Fratianni et al. 2013).
Cinnamaldehyde and its derivatives have an impact on a range of QS-regulated
activities, including biofilm formation in P. aeruginosa and Al-2-mediated QS in
various Vibrio species (Brackman et al. 2008; Niu et al. 2006). Garlic extracts have
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been shown to suppress QS in P. aeruginosa, reducing biofilm formation and
thereby aiding the bacteria’s clearance (Bjarnsholt et al. 2005). Similarly, vanilla
extracts have been reported to hamper with QS in C. violaceum, suggesting that
eating vanilla-flavored meals may be helpful (Choo et al. 2006). Many plants
produce polyphenol chemicals with a gallic acid moiety, such as epigallocatechin
gallate, ellagic acid, and tannic acid, which can particularly interfere with
AHL-mediated signalling by preventing bacteria-to-bacterium transmission (Hao
et al. 2021; Bouyahya et al. 2017; Slobodnikova et al. 2016).

It was reported that in case of a clinically import ant strain, i.e., S. aureus,
baicalein (5,6,7-trihydroxyflavone) was found to lower levels of enterotoxin A
(SEA) and hemolysin (hla) (Chen et al. 2016). At sub-inhibitory concentrations
(32 and 64 g/ml), baicalein treatment significantly reduced the expression of the
quorum sensing regulators agrA, RNAIl, and sarA and the expression of the
ica gene.

Quercetin, a common flavonoid, interacts to the QS receptor protein LasR and
inhibits its capacity to bind promoter regions of DNA, lowering total QS gene
production. The presence of two hydroxyl groups in the flavone A ring is required
for suppression of QS-related self-regulatory proteins in P. aeruginosa, according to
structure—activity relationship (SAR) analyses of various flavonoids. Among the
plant-derived pigments, zeaxanthin was tested for QS inhibitory action using two
P. aeruginosa fluorescent monitor strains, lasB-gfp and rhlA-gfp. The levels of gene
expression of lasB and rhlA were shown to decrease in a concentration-dependent
way (Gokalsin et al. 2017). Quorum sensing is known to influence the expression of
numerous virulence factors. Attenuating pathogenicity in bacteria through QS inter-
ference is predicted to result in disease control, especially where antibiotics are
ineffective owing to the development of multidrug resistance.

2.4 Future Prospects

Nature provides a rich supply of bioactive substances that are readily available,
inexpensive, and simple to extract with little risk to humans. Phytochemicals have
emerged as a possible alternative to conventional antibacterial medicines. A majority
of antimicrobial phytochemicals lack thorough structure—activity relationship (SAR)
data, which has been done for many classes of microbial antibiotics. The variety in
extraction procedures and antibacterial assays utilized is a key barrier for identifying
new antibacterial compounds from plants. Depending on their ability to suppress the
growth of microorganisms, different phytochemicals have different antimicrobial
properties. They come in a variety of forms, each with improved efficacy against a
variety of diseases and pathogens. Modern approaches have been employed with
traditional ways for extracting phytochemicals to boost yield and productivity. The
key barrier in the development of novel phytochemicals has been translating in vitro
investigations into in vivo experiments and then into human clinical trials. The
challenge is particularly difficult in the case of natural antimicrobial drugs/
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antibacterial phytochemicals, because a variety of parameters, such as tissue pene-
tration, maximum plasma concentration, and bioavailability, might affect their
activity. For example, phenolic natural compounds are easily glucuronidated by
hepatic enzymes, which have a significant impact on tissue penetration and plasma
levels. To boost phytochemical antibacterial activity, various nanoformulations can
be developed using liposomes, dendrimers, micelles, and polymers. The develop-
ment of new antimicrobial metabolites from medicinal plants is a promising
approach to combating to human diseases’ increasing treatment resistance. Scientists
have conducted studies on many plant families to identify antibacterial properties of
phytochemicals, and experimental investigations to evaluate the biological activities
of numerous plants should be conducted in the future. Another appealing application
of phytochemicals is their potential in combination with other antibacterial products,
which merits more investigation.

2.5 Conclusion

Plant-derived chemicals or herbal medicine offer a significant contribution to pri-
mary healthcare and have shown considerable promise in modern phytomedicine for
a variety of diseases and ailments in today’s world. Scientists have looked to nature
for solutions to the fast growth of bacterial resistance to conventional antibiotics. As
a source of novel antimicrobials, plants offer a lot of promise. They are commonly
available, inexpensive, and almost without negative effects. Numerous investiga-
tions have been conducted, and the medicinal potential of plant-derived substances
has been established. Thousands of phytochemicals have been discovered all over
the world that exhibit antibacterial, antifungal, and antiviral action against a variety
of diseases. When used with antibiotics, the MIC values of the antibiotics are
reduced, and synergistic effects are observed.

Phytochemicals, in general, damage the bacterial membrane, reduce some viru-
lence factors such as enzymes and toxins, and hinder the production of bacterial
biofilms. However, a lot of significant work needs to be done in vitro and in vivo to
assure the identification of active and nontoxic antimicrobial phytochemicals.
Antibacterial agents with a new mechanistic approach should be sought quickly to
tackle the problems of antibiotic resistance.
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Abstract Antibiotic resistance has emerged as a serious problem in the twenty-first
century. The inefficacy of conventional antibiotics for the treatment of bacterial
infections has been a major concern in recent years. This led to a situation where
most of the diseases caused by bacteria will become incurable, thus necessitating the
development of innovative alternative antibacterials. Promisingly, the study of
bacterial intercellular communication and its relation to pathogenesis has provided
a direction to develop a novel strategy to treat bacteria-mediated infections, known
as anti-virulence therapy. The intercellular communication between bacterial cells
using diffusible signalling molecules (autoinducers) is known as quorum sensing
(QS). Currently, quorum sensing inhibitors (QSIs), which interfere with bacterial
pathogenicity and/or cell-to-cell signalling pathways, have been selected as the
promising alternatives to conventional antibiotics for controlling infection without
any selective pressure among bacterial pathogens. Quorum quenching (QQ) is the
silencing of quorum sensing signals by enzymatic degradation or modification.
Quorum quenching enzymes are common in bacteria and have also been discovered
in eukaryotes. Lactonases and acylases that hydrolyze N-acyl homoserine lactone
(AHL) signalling molecules have received the greatest attention as QQ enzymes.
However, oxidoreductases are reported to target AHLs or 2-alkyl-4(1H)-quinolone.
So far, the research on quorum quenching enzymes, which interfere with the
production of virulence factors, strengthens the submission for the development of
potential antibacterial strategies alternatives to traditional antibiotics. In this chapter,
the basic mechanism of QS in both Gram-positive and Gram-negative bacteria, the
promising anti-virulence strategies and quorum quenching enzymes for the future
treatment of bacterial infections has been discussed. Further, modification of QQ
enzymes to enhance their therapeutic efficiency and medical applications have also
been discussed.
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3.1 Introduction

Antibiotics are traditional choices for the combat of bacterial infections and diseases.
Since the discovery of penicillin in 1940, antibiotics have saved the lives of millions
of people all over the world (Theuretzbacher et al. 2020). However, the indiscrim-
inate and overuse of antibiotics augmented the rate of emerging antibiotic-resistant
bacteria and have led to a “post-antibiotic era” (Walsh 2003). The emergence of
multiple antibiotic-resistant bacteria creates a fear that the bacterial diseases may
become incurable in the near future. Hence, there is a dire need to discover novel
drugs and alternative approaches to minimize and prevent the spread of resistant
microorganisms. The conventional approaches to control bacterial infection are
primarily identified as antibiotics, which are derived from other microorganisms.
The modes of action of antibiotics mainly rely on the inhibition of the growth by
inhibiting or interrupting the bacterial processes such as DNA replication, pro-
tein synthesis and cell wall synthesis, which are required for their growth (Dong
et al. 2007), though they are incredibly effective, but they have put the bacteria under
a lot of evolutionary pressure. As a result, the bacteria that were targeted quickly
began to select for resistant variants (Werner et al. 2008). So various alternative
approaches are being studied that focus on the inhibition or interruption of virulence
rather than of bacterial growth. The virulence factors are essential for the pathogen-
esis of infections because they assist bacteria to evade the host’s immune response
and cause diseases (Jiang et al. 2019), whereas most virulence factors are not
required for bacterial survival. So such approaches impose minimal “life or death”
stress to the target bacterium, resulting in minimum possibility for emergence of
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resistant variants (Rasko and Sperandio 2010). Quorum sensing (QS) is a type of
bacterial communication system that relies on secreted signalling molecules, which
regulate coordinated responses across a bacterial population (Tiwary et al. 2017). It
is reported that the production of virulence factors in different bacterial strains is
regulated by quorum sensing (Santhakumari and Ravi 2019; Saurav et al. 2016).

In recent years, many studies have been published that disruption of QS plays a
vital role in controlling the production of virulence factors in bacteria. This explores
the novel approaches to disrupt the QS system for the discovery of novel antimicro-
bial therapies (Hemmati et al. 2020; Jiang et al. 2019). It seems to be potential broad-
spectrum therapeutic strategy needs to be discovered. However, multiple
approaches have been considered for this strategy, including the use of QS inhibitors
(QSIs) and quorum quenching (QQ) enzymes. The quorum quenching enzyme
interrupts the quorum sensing system by interfering with the expression of the
genes of virulence factors rather than killing or inhibiting the cell growth (Sikdar
and Elias 2020). It seems a potential strategy as alternatives to conventional antibi-
otics, and if the signal communication that coordinates these pathogenic traits is
blocked, bacteria might lose their ability to produce virulence factors to attack host.
Consequentially, the emergence of antibiotic resistance would be minimized
(Cegelski et al. 2008) because their capability to form organized community struc-
tures within the host is interrupted due to lack of communication signals.

3.2 Quorum Sensing: The Bacterial Way
of Communication

The phenomenon of quorum sensing was first discovered by Nealson et al. in 1970 in
Gram-negative Vibrio fischeri, a marine bacterium, in a free living or in symbiotic
relationship with squids and fishes (Waters and Bassler 2005).

The discovery of Nealson et al. illuminates that bioluminescence of V. fischeri is
regulated by regulatory molecules or autoinducers that work in a density-dependent
manner. QS is a bacterial cell-to-cell communication that is monitored by small
diffusible signalling molecules, known as autoinducers, and, in turn, regulates the
expression of multitudinous genes (Ghosh et al. 2014). The QS has found to be
participating in the regulation of various physiological processes of bacteria, e.g.,
biofilm formation, motility, bioluminescence, virulence factor secretion, etc. on a
density-dependent manner. However, different types of QS signalling can be
observed in Gram-positive and Gram-negative bacteria. The autoinducers identified
in bacteria are mainly classified into three major types such as homoserine lactones
(HLSs), autoinducing peptides (AIPs), and autoinducer-2(AI-2). Gram-negative bac-
teria mainly produce and sense N-acetyl homoserine lactones (AHLs), whereas
Gram-positive bacteria produce and sense AIPs, while both Gram-positive and
Gram-negative bacteria are reported to produce and sense AI-2 (Fig. 3.1) (Li and
Nair 2012).
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Fig. 3.1 Quorum sensing and quorum quenching in Gram-positive and Gram-negative bacteria

3.2.1 Homoserine Lactones

Acyl homoserine lactones (AHLs) are the most common autoinducers found among
Gram-negative bacteria. They are composed of a core N-acyl homoserine lactone
ring and a 4—18 carbon acyl chain with a C3 modification. AHLs are produced from
S-adenosyl-L-methionine (SAM) and acylated acyl carrier protein (acyl-ACP) by the
enzyme LuxI AHL synthase (Watson et al. 2002). In the presence of AHL synthase,
the carbonyl C1 of acyl chain of acyl-ACP gone under a nucleophilic attack by
amine group of SAM followed by lactonization, which results in the production of
homoserine lactone. When the secreted AHL attained the threshold concentration,
the complex of AHL and LuxR receptors regulates the transcription of target genes.
The structure of acyl chain present in AHLs determines the specificity of receptor
(LuxR)-AHL binding. AHL receptors varies from species to species, for example, in
the case of Vibrio sp., where LuxIR system was observed, whereas in Agrobacterium
tumefaciens, TralR has been found to play the same role. Other examples like LasIR
and RhlIR in Pseudomonas aeruginosa, CvilR in Chromobacterium violaceum,
ExpIR in Erwinia carotovora, SmalR in Serratia sp., and AhyIR and AsalR in
Aeromonas sp. have been discovered (Hauser 2011).
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3.2.2 Autoinducing Peptides (AIPs)

AIPs are found especially in Gram-positive bacteria. After reaching the threshold
concentration, the peptides trigger the quorum sensing cascade that led to induction
of their own biosynthesis; hence, they are referred to as autoinducing peptides
(Kavanaugh et al. 2007). Most of the Gram-positive bacteria possess membrane-
bound two-component system that identifies autoinducing peptides (Waters and
Bassler 2005). AIPs are produced inside the bacterial cell as pro-AIPs and further
undergo different modification, inside or outside the cell such as posttranslational
modifications. Being impermeable to cell membrane, AIPs are carried out by cell
membrane—bound histidine kinases. Similar to the AHL, when the AIP concentra-
tion reaches the threshold level, they are detected by the kinases that results in
initiation of signalling processes. It triggers QS-regulated physiological processes
such as competence, sporulation, and virulence initiation in Bacillus subtilis (spor-
ulation), Staphylococcus aureus (virulence), Listeria monocytogenes, Clostridium
perfringens, and Enterococcus faecalis (Vadakkan et al. 2018).

A classic example for two-component quorum sensing system is observed in
Staphylococcus aureus (Thoendel and Horswill 2010). A study carried out by
Thoendel and Horswill (2010) suggests that QS is regulated by Arg locus, which
is a combination of two transcripts RNA I and RNA III. In brief, initially pro-AIP is
produced by Arg D (47 amino acid residues), which is then processed to 9 residue
peptide and further modified and transported by Arg B. At high bacterial density, the
activated transmembrane histidine kinase phosphorylates after binding with AIP
(Le and Otto 2015). The available phosphate group interacts with Agr A and
phosphorylates this response regulator. These together activate the two-component
system comprised of Agr C and Agr A, which activates the transportation of RNA
II. However, RNA II continues the quorum sensing circuit, but transcript RNA III is
responsible for the virulence (Vadakkan et al. 2018).

3.2.3 Autoinducer-2

AI-2 molecule is synthesized and detected by both Gram-positive and Gram-
negative bacteria and archaea (Miller and Gilmore 2020). AI-2 is synthesized by
LuxS synthase in the S-adenosyl-methionine (SAM) recycling pathway (Nichols
et al. 2009). AI-2 is imported and bound by its cognate receptor leading to a cascade
of phosphorylation signalling pathways regulating phenotypes such as virulence and
bioluminescence. AI-2 signalling systems can be observed in various bacterial
species, e.g., LuxPQ system in Vibrio sp and Lsr system in Salmonella sp. and
Escherichia coli (Pereira et al. 2013). In E. coli, LuxS produces Al-2, during active
growth, and their accumulation takes place in the extracellular space. After attaining
the threshold value, it triggers the activation of the receptors of Lsr system.
LsrACDB and other proteins encoded by the genes of the Lsr operon are involved
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in the regulation of gene expression and internalization of AI-2. They are also
involved in intracellular metabolic degradation of AI-2 (Quan et al. 2017).

3.3 Inhibition of Quorum Sensing

The detailed knowledge of circuit and signalling of QS provides the opportunities to
increase the number of therapeutic approaches that can sustain the efficacy of current
antibiotics and minimize further pressure for the evolution of new drug-resistance
mechanisms. In this regard, targeting bacterial virulence can be used to disarm
pathogens in the host. Hence, interfering with QS systems has been considered an
innovative strategy for the development of alternative antimicrobials to prevent or
attenuate bacterial infections. QS systems can be interfered or interrupted by
blocking the interaction of autoinducer with the cognate receptors without disturbing
the signal integrity. The process of inhibition of QS is referred to as quorum
quenching (QQ), and the agents that cause inhibition is known as quorum sensing
inhibitors (QSIs) or quorum quenchers (Sikdar and Elias 2020). Although QQ can be
achieved by various means, in this chapter, the basics and potentials of enzyme-
mediated QQ have been discussed. Because of lesser cytotoxicity, a wide range of
target and natural enzyme-mediated QQ are the major factors that are attracting the
interest of researchers. Such enzymes, through the interference in QS, can effectively
behave as virulence inhibitors. It is required to demonstrate the variety of QS
interference strategies and the numerous enzymatic ways to inactivate signalling
molecules.

3.4 Quorum Quenchers Against AHL.-Mediated Signalling

AHL-mediated QS systems are the mostly studied QS system among bacteria. They
can control virulence gene expression in multiple pathogens, including agricultural
and human pathogens and marine habitats. There are numerous enzymes studied till
now, which have shown inhibiting or quenching activity against quorum sen-
sors (Table 3.1). According to their mode of action, they can be classified into
three main groups; those are lactonases, acylases, and oxidoreductases (Fig. 3.2)
(Reina et al. 2021).

3.4.1 Quorum Quenching Activity of Lactonases

AHL-degrading enzymes can be found in organisms beyond the bacterial world that
are in plants, fungi, archaea, and mammals. Among them, the most widely used and
studied QQ enzymes are lactonases. Lactonases degrade the AHLs by hydrolyzing
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Table 3.1 Quorum quenching enzymes against AHL-mediated signalling

Type of
enzyme

Enzyme family

Enzyme

Substrate

Source (references)

AHL lactonase

Metallo-B-
lactamase-like
lactonases (MLLs)

AiiA

C4-12-HSL

Bacillus sp. (Huma
etal. 2011)

AttM

C6-10-HSL

Agrobacterium
tumefaciens
(Haudecoeur et al.
2009)

AiiB

OC8-HSL

Agrobacterium
tumefaciens
(Haudecoeur et al.
2009)

AhIK

C6-8-HSL

Klebsiella
pneumoniae (Chan
2013)

Aii20]

Broad

Tenacibaculum
sp. (Mayer et al.
2015)

AhIS

C-10HSL

Solibacillus silvestris
(Morohoshi et al.
2012)

AhID

C6-C10HSL

Arthrobacter sp. (Park
et al. 2003)

AHL lactonase

Phosphotriesterase-
like lactamases
(PLLs)

Qsd A

C6-14-HSL with
or without
C3-substitution

Rhodococcus
erythropolis (Barbey
et al. 2018)

GKL

C10-12-HSL

Geobacillus
kaustophilus
(Go et al. 2018)

MCP

C4-30C12-HSL

Mpycobacterium
avium (Rao et al.
2000)

SsoPox

C8-12-HSL

Sulfolobus
solfataricus (Rémy
et al. 2020)

Paraoxonases

PONI1

30C12-HSL

Liver (Camps et al.
2009)

PON2

3-Oxo0-C12-HSL

PON3

3-Ox0-C12-
HSL

Various tissues of the
brain, heart
(Mackness et al.
2010)

Kidney (Schweikert
et al. 2012)

AHL acylases

Ntn hydrolases

PvdQ

C-12-HSL,
3-0x0-C12-HSL

Pseudomonas
aeruginosa (Jimenez
et al. 2010)

AHL acylases
Oxidoreductase

Ntn hydrolases

AiiD

C8-12-HSL

Ralstonia sp. (Lin
et al. 2003)

QuiP

C-12-HSL

Pseudomonas
aeruginosa (Wahjudi
et al. 2011)

(continued)
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Table 3.1 (continued)

Type of
enzyme Enzyme family Enzyme Substrate Source (references)
AhIM C8-HSL Streptomyces

sp. (Park et al. 2005)
AiiC C10-HSL Anabaena

sp. (Romero et al.
2008)

AibP C12-HSL Brucella melitensis
(Terwagne et al.
2013)

AAC C-10-HSL Shewanella

sp. (Morohoshi et al.
2008)

AiiO 3-Ox0-C8-HSL | Ochrobactrum

sp. (Xia et al. 2020)
Oxidoreductase | Cytochrome P450 | CYP102A1 | C12-HSL Bacillus megaterium
(Kang et al. 2011)
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Fig. 3.2 Degradation or modification of N-acyl homoserine lactone signalling molecule by
different quorum quenching enzymes: lactonase, acylase, and oxidoreductases

ester bond of the lactone ring of the signalling molecule, thereby forming an open
ring structure. These enzymes are found to be highly specific toward acylated
lactones with very less to no activity against non-acylated HLs (Amara et al.
2011), although the specificity varies from one lactone to other. In the study carried
out by Rémy et al. (2020) with synthetic AHLs of P. aeruginosa, it was observed
that GcL efficiently hydrolyzed both C4 and 3-oxo-C12 HSL, whereas SsoPox
W263I efficiently degraded 3-oxo-C12 HSL but exhibited poor activity toward
short-length HSL (C4 HSL). Lactonases can be characterized mainly into three
protein families such as metallo-p-lactamase-like (MLLs) or autoinducer inactivator
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A (AiiA)-like lactonases, phosphotriesterase-like lactonases (PLLs), and
paraoxonases (PONs) (Bergonzi et al. 2018).

3.4.1.1 Metallo-p-Lactamase-Like (MLLs) or AiiA-Like Lactonases

MLLs or AiiA-like lactonases are one among the major classes of lactonases.
Autoinducer inactivator A (AiiA) is the most characterized enzyme from this family.
AiiA was first discovered in Bacillus thuringiensis, having the ability to hydrolyze
AHLs (Amara et al. 2011). The main structural highlight of this enzyme family is the
presence of a conserved metal-binding motif “HXHXDH” (Bergonzi et al. 2018).
HXHXDH motif exhibits a characteristic af/pa fold bonded with two metal cations
(zinc cations), coordinated by five histidines and two aspartates. Lactone binds the
bimetallic center via the two oxygen atoms of its ester group. However, the two
metals are bridged by a water molecule. Then, the two metals make a nucleophilic
attack on the sp2 carbonyl carbon of the lactone, in turn, forming a tetrahedral
intermediate. This activated intermediate breaks down the lactone ring and yields the
open ring form of carboxylate and alcohol (Bergonzi et al. 2018).

These lactonases are very proficient enzymes and are found to exhibit a broad
AHL substrate preference with respect to the acyl chain length of AHLs (Bergonzi
et al. 2018). The mostly characterized enzymes from this family, the autoinducer
inactivator A (AiiA), AiiB, AidC, MomL, or GcL, have shown great efficiency to
degrade the quorum sensing signals (Rutherford and Bassler 2012). Numerous
metallo-f3-lactamase-like lactonases have been found among the wide range of
microorganisms, AttM, AiiB in Agrobacterium tumefaciens (Haudecoeur et al.
2009), AhlIK, AhID in Klebsiella pneumoniae, etc. (Chan 2013).

3.4.1.2 Phosphoesterase-Like Lactonases (PLLs)

PLLs are natural AHL lactonases having a promiscuous activity toward organo-
phosphate pesticide (Afriat-Jurnou et al. 2012). PLLs are categorized under
amidohydrolase superfamily. Unlike the metallo-f-lactamases, amidohydrolases do
not possess a unique fold but instead exhibits a (a/p)8 fold (TIM barrel) (Elias and
Tawfik 2012). PLLs can be found in both bacteria and archaea. SsoPox, a
phosphoesterase-like lactonase isolated from Sulfolobus solfataricus, have shown
scavenging activity against a broad range of organophosphate molecules (Hiblot
et al. 2012). PLLs are also reported in several extremophiles (Manco et al. 2018).
Interestingly, they exhibit remarkable thermal stability (up to 128 °C). Furthermore,
this major class of lactones can be classified into two subclasses, phosphoesterase-
like lactones A (PLL-A) and phosphoesterase-like lactones B (PLL-B), where
PLL-As can hydrolyze d-lactones, y-lactones, and AHLs and PLL-Bs are found to
be more specific toward d-lactones and y-lactones (Bergonzi et al. 2018).
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3.4.1.3 Paraoxonases

Unlike PLL and MLL families, paraoxonases were first identified in mammals
instead of bacteria. The name paraoxonases is derived from their ability to hydrolyze
paraoxons, a parathion derivative (Furlong et al. 2016). Paraoxonases are known to
have the same function of lactone hydrolysis as its counterparts only differ in their
substrate specificity (Ma et al. 2009). Substrate specificity varies from narrow to a
wide range of lactones and lactone derivatives.

Derivatives from mammalian liver isolates are characterized under three families
such as PON1, PON2, and PON3 (Shamir et al. 2005). PONs are composed of a
six-bladed propeller fold and a central tunnel with two calcium cations. The propel-
ler fold plays a great role in structural integrity, whereas the central tunnels stand for
catalytic activity (Khalil et al. 2021). Although initially characterized as mammalian
isolates, later on, paraoxonases were also found in bacteria (Harel et al. 2004).
However, the isolates from both mammal and the bacteria were found to efficiently
hydrolyze N-acyl homoserine lactones (Rehman and Leiknes 2018). Among the
three main classes of PONs, PON2 has more specificity toward long acyl chain
containing HSLs (Murugayah and Gerth 2019), whereas PON1 and PON3 have
shown less activity against HSLs (Elias and Tawfik 2012). Enzymatic activity of
PONSs has been observed against lactone like and lactones with lipophilic side chains
(Elias and Tawfik 2012).

3.4.2 Role of Acylases in Quorum Quenching

Acylases were first discovered in a soil isolate, Variovorax paradoxus (Leadbetter
and Greenberg 2000). They are one among the three major kinds of AHL inhibitors
specifically known for their ability to hydrolyze the amide bond present between
HLs, and the acyl chain binds with it (Romero et al. 2015). The first gene encoding
for an AHL acylase, called AiiD, was cloned from an isolate of Ralstonia sp. XJ12B,
a biofilm producer (Lin et al. 2003). A study carried out by Lin et al. illuminates the
structural characteristics of AiiD. They have suggested that the acylase is composed
of well-conserved domains made up of signal peptide followed by an a-subunit, an
spacer sequence, and a -subunit and residues with AHLs degrading activities (Lin
et al. 2003). Their study also suggested that AiiD has similarity with N-terminal
nucleophile (Ntn) hydrolase-like cephalosporin and penicillin acylases. However,
the incapability of this quorum quenchers to degrade penicillin G or ampicillin
suggests that AiiD has probably evolved to serve as a dedicated AHL acylase (Lin
et al. 2003). Another AHL acylase AibP discovered in the intracellular pathogen
Brucella melitensis was found to have the ability to degrade endogenous AHL
during macrophage infection. Acylase AhIM, an isolate from Streptomyces sp.,
was found to degrade a wide range of AHL (Terwagne et al. 2013). The penicillin
G acylase KcPGA from Kluyvera citrophila was reported to cleave AHLs with acyl
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chains between 6 and 8§ carbons in size without oxo substitutions (Mukherji et al.
2014). A well-characterized acylase, PvdQ from P. aeruginosa, has shown quorum
quenching activities against AHLs with acyl chain lengths exceeding 10 carbons.
AHL acylase activities were also found in the Anabaena sp. PCC7120 (AiiC;
Romero et al. 2008), Shewanella sp. (Aac; Morohoshi et al. 2008), Ochrobactrum
sp. (AiiO; Czajkowski et al. 2011), Comamonas sp., and Rhodococcus erythropolis
(Uroz et al. 2007).

3.4.3 Role of Oxidoreductases in Quorum Quenching

Along with its two counterparts, oxidoreductase plays a great role as a quorum
quencher in a wide variety of microorganisms. In contrast, oxidoreductase does not
degrade the AHL signalling molecules but acts on by affecting the specificity of
HSL receptor binding. Oxidoreductase P450BM3, an isolate from Bacillus
megaterium, has shown activity against a wide range of substrates such as
C12-18-HSL, 3-0x0-C12-HSL, 3-oxo-C14-HSL, C18-HSL, and C20-HSL (Lade
et al. 2014). The activity of quorum quenching studied in Rhodococcus erythropolis
W2 (Uroz et al. 2007) suggests for substitution activity in 3-oxo position of HL
signalling molecule with acyl side chains ranging from C8 to C14. This substitution
results in the corresponding 3-hydroxy derivatives (Romero et al. 2015). Further,
CYPI102A1, a cytochrome P450 isolated from Bacillus megaterium, has shown the
ability to oxidize AHLs and their lactonolysis products at the o-1, -2, and ®-3
carbons of the acyl chain (Chowdhary et al. 2007; Romero et al. 2015). It is also
reported that AHL oxidation can make the acyl-homoserines more water soluble and
membrane permeable (Chowdhary et al. 2007). NADPH oxidases from phagocytes
can able to inactivate Staphylococcus aureus autoinducing peptides by oxidizing the
C-terminal methionine (Rothfork et al. 2004). A novel oxidoreductase BpiB09
derived from a metagenomic library has shown significant activity against
3-0x0-C12-HSL. Its expression in P. aeruginosa PAOI1 resulted in significantly
reduced pyocyanin production, decreased motility, and poor biofilm formation,
although AHLs are likely not the native substrate of this metagenome-derived
enzyme (Table 3.1) (Chen et al. 2013).

3.4.4 Quorum Quenching Enzymes Against Other Signalling
Molecule

Besides mostly studied AHL signal quenchers, some enzymes have also shown
potent inhibiting or quenching activity against other signalling molecules such as the
cytochrome P450 of Bacillus megaterium (Grandclément et al. 2016), which has
been found to be capable of oxidizing the QS signal of the yeast Candida albicans
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in vitro (Ramage 2002). In E. coli and Salmonella typhimurium, Al-2 is phosphor-
ylated (P-DPD) by the kinase LsrK. Phosphorylation of AI-2 destabilizes the
signalling molecule, thereby preventing intracellular uptake by its cognate receptor
and inhibiting the signalling. The quinolone-based QS signals identified in
Burkholderia sp. (AQ) and P. aeruginosa (PQS) found to be degraded by a class
of enzymes known as quinolone dioxygenases (Miiller et al. 2014). These enzymes
inhibit the signalling by opening the PQS ring to form N-octanylanthranilic acid and
carbon monoxide. QS signals such as 3-OH PAME can be degraded by recently
identified microbial esterase (Sikdar and Elias 2020).

3.5 Advancement of Quorum Quenchers Leads to Higher
Effectivity

Rather than being a potential candidate against quorum signalling, commercial
application of quorum quenching enzymes suffers from several limitations, such as
high cost of production, lack of efficient recovery, and unavailability to reuse. To
overcome these limitations and increase the efficiency, the researchers from all
around the globe are working continuously to find out a widely acceptable way
out. Different nanobiotechnological and protein engineering tools are currently
under screening. These tools have been applied to enhance the efficacy and catalytic
activities of QQ enzymes (Krzyzek 2019). Among the multiple great advancements
in this field of research, some are mentioned below:

3.5.1 Nanotechnological Approaches

In the current scenario, the application of various nanoparticles (NPs) has become
widespread to control bacterial infections as an alternative to antibiotics. Generally,
NPs are known to follow the novel mechanism of action to target the pathogenic
bacteria (Wang et al. 2017). Currently, the technological development in the field of
nanoparticles (NPs) such as microbiologically synthesized NPs holds considerable
promise in healthcare sectors and development of a better possibility for antibacterial
therapies (Capeness et al. 2019). The combination of enzymes and nanomaterials for
the enzyme immobilization is used for the effective development of synergetic
interactions between enzyme immobilization methods with various nanomaterials
and thus increases stabilization of enzyme activities compared to conventional
enzyme immobilization approaches (Meena et al. 2021).

Quorum quencher enzymes have the potential to inhibit quorum sensing and thus
to control the bacterial infection. For example, AiiA, an acyl homoserine lactonase
synthesized by Bacillus sp. 240B1 (Bai and Rai 2018), is a strong candidate that can
inhibit AHL-mediated QS in industrial and environmental samples. However,
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commercial application of AiiA suffers from several limitations, which includes high
cost of production of enzyme and lack of efficient recovery means for its reuse. To
overcome this limitation, AiiA (r-AiiA) was cloned, expressed, and purified as
recombinant enzyme and that covalently immobilized onto magnetic nanoparticles
(MNPs). Immobilization of the enzyme makes handling and separation from the
reaction mixture very comfortable and in some cases increases thermal and pH
stability of enzyme (Beladiya et al. 2015). Gold nanoparticles coated with AHL
lactonase proteins (AiiA AuNPs) obtained from Bacillus licheniformis were found to
have a potent antibiofilm activity against multidrug-resistant (MDR) Proteus spe-
cies. At 2-8 pM concentrations, it can cause reduction in exopolysaccharide pro-
duction, metabolic activities, and cell surface hydrophobicity, without affecting
macrophages. This study suggests that AuNPs coated with AiiA can attenuate
pathogens without affecting host cells (Vinoj et al. 2015).

Immobilization of acylase on carboxylated polyaniline nanofibers (cPANFs)
results in high enzyme loading and stability. Enzyme loading and stability increase
75 and 300 times, respectively, when immobilized on cPANFs by magnetically
separable enzyme precipitate coating (Mag-EPC) (Lee et al. 2017). Kim et al.
reported that immobilization of acylase directly onto a polyamide nanofiltration
membrane results in a significant decrease in Pseudomonas aeruginosa PAOI1
biofilm in a nanofiltration process (Kim et al. 2011). It was so effective that even
after more than 20 iterative cycles of reaction and washing procedure, the acylase-
immobilized membrane was found to retain more than 90% of its initial enzyme
activity (Kang et al. 2011). In another study, immobilizing of acylase on intact
carbon nanotubes found to retain 66% of its initial enzyme activity for 200 days
under rigorous shaking condition. Further, anchoring this highly EAPC on the
polyvinylidene fluoride (PVDF) microfilter using polydopamine coatings (EAPC
membrane) increases the water permeability and effectively inhibited the biofilm
formation by P. aeruginosa (Kim et al. 2018).

A study carried out by Zhu et al. stated that combining porcine kidney acylase-I
(AC-I) with graphene oxide (GO) and polyvinylpyrrolidone (PVP), adhered to
polyvinylidene fluoride (PVDF) casting solutions, may result in longer retention of
biological activity of the acylase. It has showed the biological activity of PVDF/
GO@AC/PVP membrane could be maintained for about 28-30 days (Zhu et al.
2018).

Silver nanoparticles (AgNPs) are one of the mostly used nanobactericides, used in
wound dressing materials and medical devices/implants having a great potency
against susceptible and drug-resistant bacteria. They are promising agent against
undesirable biofilms and nosocomial infections (Paladini and Pollini 2019).

Amino-bearing (AM) biopolymers are one of a kind of highly efficient
membrane-damaging bactericides against both Gram-positive and Gram-negative
bacteria. Ivanova et al. in their study suggested that layer-by-layer coating of QQ
enzyme acylase and amino-bearing biopolymers with silver nanoparticles (AgNPs)
enhanced the antibacterial and antibiofilm activities fourfold against the Gram-
negative Pseudomonas aeruginosa (Ivanova et al. 2020). They have suggested
that the coating of antibacterial AgNPs with membrane-disrupting biopolymer
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creates high local positive charge density, which enhances the activity of the
nanosized template, improves the interaction of novel hybrid NPs with bacterial
membranes, and potentiates the bactericidal activity of AgNPs at lower dosage.
Their study also suggests that inclusion of acylase in the nanohybrids inhibits the
establishment of P. aeruginosa biofilm, thereby making the pathogen susceptible to
lower concentration of AgNPs, which is safe to human cells (Ivanova et al. 2020). In
a study, the synthesized AuNPs coated with AiiA protein (AiiA AuNPs) were tested
for antibiofilm activity against Proteus. It was demonstrated that the maximum QQ
activities of 2 pM AiiA AuNPs are by degrading N-hexanoyl-L-homoserine lactone
(C6-HSL). Moreover, AiiA AuNPs also inhibited the production of
exopolysaccharide production, hydrophobicity, metabolic activity, and biofilm for-
mation of the isolated Proteus strains DPrl, DPr2, and DPr3 and P. vulgaris ATCC
49565 (Vinoj et al. 2015).

The easy production of nanoparticles by chemical reduction method and reduced
toxicity when compared with various other nanomaterials have drawn intense
scientific and technological interest for potential applications in biomedical field
(Devi et al. 2013). These biocomposite materials exhibit unique thermal, mechani-
cal, and biological properties (Balazs et al. 2006; Tang et al. 2006) compared to other
free enzymes and proteins.

3.5.2 Protein Engineering Approaches

The protein engineering approaches are applied to increase the stability, modulate
substrate specificity, and increase catalytic activity of QQ enzymes. Generally, two
kinds of protein engineering approaches are accessible for engineering. The first one
is rational designing and the other one is random designing. For rational designing,
prior knowledge of protein sequence and their structure and function are required to
carry out specific mutations (Bornscheuer and Kazlauskas 2011), whereas random
designing is more a kind of blind approach and does not ask for prior knowledge of
protein sequence and structure (Murugayah and Gerth 2019). For both approaches
(individual or in combination), an enzyme with a decent yield, promiscuous activ-
ities, and higher temperature tolerance is used as a “starting template” (Murugayah
and Gerth 2019).

3.5.2.1 Random Design

A quorum quenching phosphotriesterase-like lactonase (PLL) isolated from Myco-
bacterium avium was engineered by random mutagenesis coupled with a
bioluminescence-based screen led to identification of a single point mutation at
N266Y, which is found to enhance its catalytic activity and substrate specificity up
to 32-fold. But unfortunately, this variant was identified very unstable for use in
potential downstream applications (Chow et al. 2010). The random approach was
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also carried out for a thermostable PLL from Geobacillus kaustophilus revealing that
random mutagenesis led to a double mutant (Glu101Asn/Arg230Ile) with increased
AHL reactivity and increased substrate specificity. Another study, AiiA from Bacil-
lus sp., was modulated by the same approach that causes double and triple mutant
with 7- and 6.1-fold improvement in catalytic activity for C6-HSL (Chow et al.
2010).

A study carried out with the crystal structure of PvdQ, an AHL acylase isolated
from P. aeruginosa, suggested that a rational engineering approach can also alter the
substrate range of PvdQ (from long-chain acyl HSLs toward shorter AHLs) (Sio
et al. 2006).

3.5.2.2 Rational Design

Rational design is a powerful approach to directly target enzyme hotspot to improve
the catalytic activity. SsoPox, a PLL isolated from the Sulfolobus solfataricus, has
been chosen as template due to its hyperthermobility for engineering purposes. A
rational mutagenesis approach identified a single point mutation W263V that
increased the substrate specificity up to 54-fold and mutation W263I that increased
the substrate specificity up to 45-fold (Billot et al. 2020). The PTE7-2/254R mutant
has improved the catalytic activity of PTE lactonase isolated from Brevundimonas
diminuta more than 2000-fold (Afriat-Jurnou et al. 2012).

In addition to enhancing activities, this approach is also used to increase the
protein solubility or expression in a heterogenous host. The human paraoxonase
huPON?2 can hydrolyze various lactones, but unfortunately due to self-aggregation
property, it cannot be expressed in soluble form. So by using rational approach, three
highly hydrophobic helixes have been replaced with hydrophilic polypeptide linkers,
which produced two mutants (D2 and E3) with higher protein yield. Further, fusion
to maltose-binding protein (MBP) increases soluble expressions up to 50-fold (Liu
et al. 2016).

Both random mutagenesis and rational design approach resulted in a new enzyme
variant with strongly enhanced activities, involving both the rational design and
random design approaches with a thermophilic lactonase from Geobacillus
kaustophilus (Murugayah and Gerth 2019). Comparatively, the study carried out
by Liu et al. (2016) with thermostable metallo-f-lactamase-like lactonase Est816
suggests that protein engineering by using a combined method of directed evolution
and rational design enhanced AHL-degrading activity. This tailoring leads to for-
mation of a variant with two-point mutations (Ala216Val/Lys238Asn). These
mutants are found having a threefold higher catalytic efficiency toward C8-HSL
(Liu et al. 2016). Another study suggests that a site-saturation mutagenesis at Trp
residue (Trp263) found in the active site loop of SsoPox (a hyper thermostable PLL
isolates from the archaeon Sulfolobus solfataricus) gives rise to a variant Trp2631le.
The resulting Trp263ile variant is 45-fold more active against 3-oxo-C12-HSL. A
study reported that in Burkholderia sp. (found in the lungs of cystic fibrosis
[CF] patients), a computational study combined with in vitro testing of site-directed
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mutants revealed a double mutant (a-Leul46Trp, p-Phe24Tyr) for C8-HSL. These
mutations resulted in an increased hydrolytic activity toward C8-HSL, whereas these
lower the activity toward C12-HSL (Koch et al. 2014).

So far, the modulation in quorum quenching enzyme by biotechnological
approaches are mainly focused on enhancing the stability and activity of a quorum
quenchers. Besides structural and kinetic studies, numerous studies were done on
“downstream” methodologies that mainly focus on enzyme formulation and delivery
system. QQ enzymes are continuously under screening for their potential application
in several fields including human health. For example, formulated dry powders of
acylases and lactonases have been identified suitable for pulmonary delivery
(Murugayah and Gerth 2019). As QQ disrupts bacterial communication (QS),
which regulates various phenotypes associated to virulence including biofilm for-
mation, plays an important role in the medical field to control bacterial infections.

3.6 Medical Applications of Quorum Quenching Enzymes

The rapid emergence of antibiotic-resistant bacteria is a major threat to the field of
public healthcare. It has become an urgent research topic to find new methods to
inhibit bacterial infection and solve the problem of bacterial drug resistance (Saurav
et al. 2016). QQ enzymes have been reported as potent antibacterial agents in vitro.
However, several studies have demonstrated the efficacy of QQ enzymes against
pathogenic bacteria and their clinical prospects.

Quorum quenchers such as acylases and paroxonases have been identified from
humans, rice, mouse, and zebrafish (Teame et al. 2020). Acylase I from porcine
kidney has been used in aquaculture and in the healthcare sector to inhibit
AHL-mediated biofilm formation by Aeromonas hydrophila and Pseudomonas
putida (Dong and Zhang 2005; Paul et al. 2009). Paraoxonases from human epithe-
lial cells and from the serum of mammals such as rats, goats, bovines, and horses are
found to have the ability to inhibit AHL-mediated QS in Pseudomonas aeruginosa
(Stoltz et al. 2007). AHL lactonase could hydrolyze quorum sensing signalling
molecules of the bacteria, thereby reducing its virulence (Rémy et al. 2020). More-
over, the effectiveness of quenching enzymes such as AHL lactonases B565, AIO6,
AI-96, and QsdA against A. hydrophila was confirmed (Cao et al. 2012) in zebrafish
in vivo (AI-96) and (Cao et al. 2012) in vitro. AIO6 QQ enzyme was also effective
against A. hydrophila when tilapia was fed diets containing this enzyme (Teame
et al. 2020).

Both acylases and lactonases have been successfully formulated as dry powders
suitable for pulmonary delivery coating medical implants such as urinary catheters
with the AHL-degrading Aspergillus melleus aminoacylase inhibiting P. aeruginosa
PAOL1 biofilm formation both in vitro and in vivo (Ivanova et al. 2015). Transgenic
Drosophila harboring human paraoxonases 1 (PON1) were found to be resistant to
infections caused by P. aeruginosa and Serratia marcescens. PON1 acts by
degrading AHL signals of the pathogenic bacteria, which thus prevents pathogenesis
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(Kalia and Kumar 2015). So, these QQ mechanisms can be used as therapeutic
strategy against infections and inflammations.

It is studied that more than 80% of the bacteria can form biofilms and identified as
the source of 65-80% of infections. Bacteria living within the biofilm have a higher
resistance to antimicrobial agents as compared to free cells. Biofilm in bacteria can
infect directly to the tissues or by the contaminated devices such as catheter
(Lebeaux et al. 2013). Health-acquired infections associated with contamination of
bacteria in biofilm affect 10% of patients in developed countries, and the most
frequent type is urinary tract infections (Lobdell et al. 2012). It is also reported
that lung infection in the case of cystic fibrosis is very frequent. Pseudomonas
aeruginosa is a major opportunistic bacterial pathogen in patients suffering from
cystic fibrosis (CF) and a frequent cause of nosocomial infections (Moradali et al.
2017). In a study, AqdC and QsdA significantly reduced the mortality of
P. aeruginosa—infected Caenorhabditis elegans. AqdC, QsdA, or both enzymes
treated with supernatants of P. aeruginosa showed less cytotoxicity to human
epithelial lung cells in compassion to supernatants of untreated cultures (Birmes
et al. 2019).

It is also reported that treatment of P. aeruginosa—infected lungs requires higher
doses of antibiotics than in in vitro experiments with bacterial pathogens. In this
regard, inhibiting biofilms in healthcare devices such as catheter and from the
environment has arisen as challenge. AHL acylase (PvdQ) powder is used for
potential application in the treatment of pulmonary P. aeruginosa infection
(Li et al. 2019). The formulation of both quorum quenching enzymes, acylases
and lactonases, as dry powders made them more suitable for pulmonary delivery
coating medical implants such as urinary catheters with the AHL-degrading Asper-
gillus melleus aminoacylase. This system significantly inhibited formation of biofilm
both in vitro and in vivo in P. aeruginosa PAO1 (Ivanova et al. 2015).

The acylase-containing coatings were found to retained 90% activity even when
stored dry for 7 days at 37 °C. The coating also enhances stability than the free
enzyme in artificial urine and other physiological conditions. The enzyme-
containing coatings pondered the future strategy for clinical management of
catheter-related infections. It is also promising for prevention of infections in
orthopedic applications (i.e., on hip and knee prostheses) and on contact lenses
(Grover et al. 2016).

Recently, the acylase and a-amylase coating on silicone urinary catheters
degraded the QS molecules and polysaccharides, respectively. Further, hybrid
nanocoating of both enzymes was found to inhibit formation of biofilm efficiently
as a function of acylase or amylase position in the layers. The biofilm formation of
single-species (P. aeruginosa) and mixed-species (P. aeruginosa and Escherichia
coli) on silicone catheters under both static and dynamic conditions was significantly
reduced by this nanocoating (Ivanova et al. 2015). In a study, the recombinant Ahl-1
lactonase formulated as a hydrogel was tested to control the infection of multidrug-
resistant (MDR) P. aeruginosa—infected burn using a murine model. After treatment,
the systemic spread of the infection and mortality rate were significantly reduced as
compared to untreated model. P. aeruginosa strain when transformed with
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lactonase-producing gene showed less pathogenicity in mouse pneumonia model
(Migiyama et al. 2013).

In a combination therapy of lactonase and ciprofloxacin, topical application of
both alone controls the systemic spread of P. aeruginosa through burned skin and
reduced the mortality. But when applied with combination of lactonase (topical) and
ciprofloxacin (I/P), significant reduction in systemic dissemination and severity of
histopathologic lesions were observed (Gupta et al. 2015). Additionally, skin regen-
eration was also observed in this study. This indicate that a combination of lactonase
and ciprofloxacin has potential to control the virulence of P. aeruginosa. This study
suggests that future combination therapies would be a promising approach to reduce
bacterial virulence and also to restore antibiotic susceptibility by declining biofilm
formation (Gupta et al. 2015).

3.7 Future Prospects

Many alternative approaches to traditional antibiotics have been developed to
combat antimicrobial resistance and control bacterial infections. Till date some of
the strategies have progressed for the clinical trial, while others are still at the
laboratory level. Among them, the blocking of QS signalling by quorum quenching
enzymes appears to be the promising next- generation antibacterials. In recent
studies, the crystal structure analysis of several types of quorum quenching enzymes
has provided valuable information on the catalytic mechanisms and mode of actions.
Such information is important for understanding the substrate specificity and its
catalysis. Moreover, protein engineering can be used to further improve the stability,
specificity, and activities of quorum quenching enzymes. However, enzyme activity
in vitro does not always translate to efficacy in vivo. More research will be needed to
establish quorum quenching enzymes as potential therapeutics. Also, more
researches on emergence of resistance to quorum quenching enzymes are highly
anticipated. Future studies must investigate the efficacy of this alternative therapy to
fully assess their potential. In closing, the field is in its nascent stage, and further
research must be invested for the development of quorum quenching enzymes as
next-generation antibacterial.

3.8 Conclusion

The current antibiotic resistance dilemma, as well as the inefficacy of existing
antibiotics, poses a global threat to humanity. In the past decades, the multidrug-
resistant bacteria have emerged frighteningly, while there is a sluggish development
of new novel antibiotics. Because of these two circumstances, there are fewer
options for treating bacterial infections. As a result, developing alternative
approaches is crucial at this time. In this regard, antivirulence approaches have
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shown their potential to control bacterial infections by not selective survival pressure
on bacteria and thus curb the possibility of a rapid selection and dissemination of
resistant bacteria by diverse resistance mechanisms. QQ enzymes, such as AHL
lactonase, AHL acylase, oxidoreductase, and paraoxonase, have been identified in
microorganisms and are extensively dispersed in a variety of bacterial species with
varying substrate specificity. To reduce bacterial pathogenesis, QQ enzymes inter-
fere with QS signalling and restrict superfluous gene expression of harmful pheno-
types. Furthermore, QQ enzymes’ capacity to reduce the pathogenicity of QS
microorganisms without causing antibiotic resistance qualifies them as viable anti-
biotic replacements. The customization of QQ enzymes could be a unique
antibacterial therapy, and it could increase the utility of QQ enzymes in controlling
bacterial infections.
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New Era of Antibody-Mediated Immunity
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Abstract The issue of antimicrobial resistance gained current attention to scientists.
The biological approaches would be the game changer to beat pathogenic microor-
ganisms. The successful use of antibodies in different diseases raises the hope of
using antibodies as antimicrobial agents. However, several obstacles—antibody
production cost, allergic reaction to the recipients, and availability of cheap antibi-
otics—are raised to combat the overall success of antibody-mediated therapies. The
new advancement of biotechnology will overcome the problems to enable the use of
it. It is a basic need to protect the antibiotics we already have, to develop new
antibacterial drugs, and to generate novel therapies against bacterial pathogens for
future use. In this chapter, the antibacterial mechanisms of serum antibodies and
monoclonal antibodies (mAbs) are summarized. The potential uses of these anti-
bodies as drugs and their advancement in production are the main focal points of this
chapter. Additionally, the challenges behind the successful production of
antibacterial antibodies are also discussed.
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Abbreviations

213Bi Bismuth213
AAC Antibody—antibiotic conjugate EF Edema factor
FcyR Fc-y receptor Ig Immunoglobulins LD Lethal doses

LF Lethal factor
mAbs Monoclonal antibodies PA Protective antigen
TT Tetanus toxin

yDPGA  Poly-y-p-glutamic acid

4.1 Introduction

Throughout centuries, infection by microbial pathogens by either viruses or bacteria
remained as one of the leading causes of disabilities and deaths worldwide. The first
disease causing bacterial agent identified was Bacillus anthracis by Pollender and
Davaine, before bacteriology became a well-established branch of science
(Berghman et al. 2005). The most common infectious diseases that led to the
death of millions in the last century are respiratory diseases caused by influenza-
type viruses, acquired immune deficiency syndrome (AIDS) by human immunode-
ficiency virus (HIV), diarrhea, tuberculosis, hepatitis B and C, meningitis, malaria,
sexually transmitted diseases, etc. (Morens et al. 2004). Some deadly bacterial and
bacteria-associated pandemics recorded in recent history were the seventh pandemic
of cholera in the 1960s (Cvjetanovic and Barua 1972), co-infection with influenza A
in 1918-1919 (Gupta et al. 2008), co-infection in influenza epidemics during 1957
(Martin-Loeches et al. 2017), co-infection with HIN1 in 2009 (Rice et al. 2012), and
most recently the role bacterial co-infection with SARS-CoV-2 leading to COVID-
19 pandemic (Chen et al. 2020) in humans, killing millions across the past century.
The concept of providing greater immunity to the infected individuals by transfer-
ring serum from non-lethal-dosed toxin-exposed animals was established by Behring
and Kitasato who successfully developed and marketized the first ever antimicrobial
serum (in 1893), active against diphtheria toxin (Berghman et al. 2005). Though the
properties were unknown at that age, now it’s clear that serum from immunized
individuals contains antibodies that provide robust immunity in people with
suppressed immune function by a vast range of mechanisms (Oral et al. 2002).
Before the advent of chemotherapy in the 1930s, antibody treatment was proven to
be functional against infectious pathogens with their use for the prophylaxis of
measles and for pneumonia, meningococcal meningitis, diphtheria, etc. (Casadevall
and Scharff 1995). But the later use of serum for other infectious diseases was
ineffective for a particular sort of disease, like antimeningococcal serum (first
developed in 1906), which was found to be incompetent due to the lack of activity
identified in the 1920s and 1930s against type C meningitis (Krause et al. 1997). In
the following years, serum therapy was thrown over due to some side effects and
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limitations, such as posttreatment nausea, high chances of disease transmission,
batch-to-batch variations, higher cost of animal husbandry, purification of anti-
bodies, storage, and most importantly the introduction of target-specific antibiotics
in the 1930s (Berghman et al. 2005; Casadevall and Scharff 1995). The discovery of
the first ever chemical antibiotic ‘sulfonamide’ in 1935 was an epoch- making event
in the world of medicine, which was found to be superior over serum therapy due to
less side effect and robust action. The mortality rate from pneumococcal pneumonia
declined from 30-40% to 10-20% after type-specific serum treatment, whereas
sulfonamide reduced the rate to 7% (Casadevall and Scharff 1995). The need of
trivalent-inactivated and live-attenuated vaccine in the 1950s and 1960s further
obliterated the possible use of antibodies as a therapeutic (Fauci and Morens
2012). Following the apparent success, then-US Surgeon General proclaimed the
triumph over infectious diseases in 1967 (Fauci 2001), which later was proven to be
an overestimated statement because of the arising of antibiotic-resistant bacteria in
later decades (Spellberg et al. 2008). The continuous evolving and faster replication
process of bacteria leads to the generation of persistent pathogens such as multidrug-
resistant pneumococcus and vancomycin-resistant Staphylococcus —aureus
(Spellberg et al. 2008; Fauci 2001). With the reemergence of pre-existent pathogenic
microbes like Mycobacterium tuberculosis and Treponema pallidum and an uprise in
the number of immunocompromised individuals worldwide, the exploitation of
chemical antibiotics has become quite inconvenient (Casadevall 1996; Casadevall
and Scharff 1995). Furthermore, genetic analysis of microbial metabolism suggested
that some microbes had evolutionarily gained resistance to antibiotics like p-lactam
more than 2 billion years ago (Spellberg et al. 2008).

Antibodies are glycoproteins existing in the plasma and extracellular fluids of
host body that serve their functions in both of the innate and adaptive immunity.
Antibodies are generated by specialized B lymphocytes called plasma cells. Their
specificity and higher affinity to bind to target antigen resulted in their use as a
significant diagnostic and therapeutic tool. The specificity of a particular antibody
indicates the unique ability of it to recognize a specific epitope robustly in the
presence of others. The term affinity, on the other hand, denotes the binding strength
of an antibody to a monovalent epitope (Lipman et al. 2005). The functions served
by antibodies are either directly, like bacterial cell lysis, neutralizing toxin and virus,
or indirectly, like complement activation and opsonophagocytosis (Wang-Lin and
Balthasar 2018; Casadevall and Pirofski 2004). Lysis of bacterial cells can occur
after targeting of bacterial epitope by specific antibodies (Sadziene et al. 1994),
whereas neutralization of bacterial toxin occurs via binding of released soluble
exotoxins with antibodies, which is cleared by mononuclear phagocytic system
(Wang-Lin and Balthasar 2018). On the other hand, an important indirect way of
antibacterial activity is complement fixation, which occurs by binding of soluble
complement proteins, most predominantly Clq, to the antibody after formation of
antibody-bacteria complex (Wang-Lin and Balthasar 2018). The complement pro-
teins are a part of host innate immunity that normally stay inactive in the bloodstream
but can actively bind to bacterial cell membrane after infection (Mariathasan and Tan
2017). Complement protein C8 had shown to be essential for bactericidal activity of
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host serum against Neisseria meningitidis strain C-11 (Nicholson and Lepow 1979).
The following event is opsonophagocytosis, which is characterized by the marking
of antigens by opsonins (antibodies and/or complement proteins) and subsequent
internalization of antigen—opsonin complexes by phagocytic cells (Mariathasan and
Tan 2017).

In this modern age of emerging infectious diseases, immunoprophylaxis and
immunotherapy have gained much attention due to the lack of preventive and
treatment measures in a particular form of diseases (Krause et al. 1997). To suc-
cessfully combat these diseases, recent studies proposed that anti-infective immu-
notherapy with high specificity can be brought into play (Casadevall 1996). The
arrival and expansion of hybridoma technology in the 1970s, generating homoge-
nous, humanized antibodies in different expression systems, making antibody ther-
apy more appealing for modern clinical use (Casadevall and Scharff 1995). The
innovation is considered as one of the groundbreaking events in biological science,
which came off by the fusion of myeloma cells with splenic B-cells by Kohler and
Milstein in 1975, leading to the generation of monoclonal antibodies (mAbs)
(Kohler and Milstein 1975). mAbs are homogeneous antibodies produced by clones
of a single B lymphocyte showing a highly specific action toward a single antigen,
whereas polyclonal antibodies are heterogeneous, generated from different lineages
of B-cells with the ability to recognize epitopes (Lipman et al. 2005).

The suitability of antibodies to act on different pathogens like viruses, bacteria,
and fungi has provided much attention to mAbs for its therapeutic uses. Neutraliza-
tion of viruses like IgA-mediated intracellular neutralization of Sendai virus
(Mazanec et al. 1992), protection of mice against fungus Pneumocystis carinii
(Gigliotti et al. 2002), and notably immunomodulatory properties regulating auto-
immune and inflammatory diseases (Bayry et al. 2003) lead to the in-depth inves-
tigation of mAb activity against pathogenic resistant type of bacteria. Moreover,
some of the proven advantages of mAbs include their inherent specificity, minimal
chances of bioconversion into toxins, potential to function as conjugate with drugs,
and reduced chance of causing resistance, and they are reconsidered as a potential
alternative of antibiotics for both therapeutic and prophylactic purposes. Here, in this
chapter, we summarize the mechanisms by how serum antibodies and mAbs act
against pathogenic bacteria and the associated factors that influence the selection and
production of specific antibodies.

4.2 Structure, Classes, and Functions of Antibodies in Host
Immunity

Antibodies are consisted of antigen-binding variable region and isotope-determining
constant (C) region within its two identical light (approximately 25 kDa) and heavy
chain (approximately 55 kDa) basic units (Casadevall and Pirofski 2004). Two
distinct types of light chains (kappa and lambda) are found in humans (Wang et al.
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2008). The disulfide linkage between one light chain with one heavy chain on two
sides leads to their recognizable Y-shape (approximately 150 kDa) (Casadevall and
Pirofski 2004). Due to the presence of common structural domain like in many other
proteins, antibodies are also referred to as immunoglobulins (Igs). Depending on the
variability of C region, mammal Igs are categorized into five isotypes, IgA, IgD,
IgG, IgE, and IgM, and each plays an independent role in adaptive immunity of an
individual (Chiu et al. 2019; Lipman et al. 2005). Among them, the predominant
antibody isotype in human serum is IgG (approximately 80%), and majority of the
therapeutic mAbs that gained therapeutic approval are also IgGs (Wang et al. 2008).
Because of the polymorphisms in the heavy-chain-conserved regions, two Ig
isotypes IgG and IgA have subclasses, like four IgG subclasses: IgGl, IgG2,
IgG3, and IgG4, each having specific target antigens (Wang et al. 2008; Lipman
etal. 2005). Pentameric IgM activates complement factors most efficiently leading to
membrane attack complex—mediated bactericidal activity (Wang-Lin and Balthasar
2018). Their activities are regulated by their antigen-binding ‘Fab’ region and
crystallizable effector ‘Fc’ region along with flexibility-related hinge region
(Fig. 4.1). The proline- and threonine-rich hinge regions enable antibody in lateral
and rotational movement for better fitness toward the targeted antigen domain (Chiu
etal. 2019). The Fab region of an antibody targets the specific antigen on the surface
of a pathogen and neutralizes the toxin or prevents further infection of cells by
inhibiting its binding to cognate ligands (Mariathasan and Tan 2017). For instance,
human serum antibodies specifically bind to 29/28 kDa protein(s) of the bacteria
Ehrlichia chaffeensis after infection (Chen et al. 1997). In opsonization, Fab frag-
ment binds to the epitope of an antigen of bacterial surface, and the Fc part becomes
tied up with Fc-y receptor (FcyR) of phagocytic leukocytes such as dendritic cells,
macrophages, and neutrophils initiating endocytosis of bacteria—antibody complexes
(Wang-Lin and Balthasar 2018; Mariathasan and Tan 2017). Crosslinking of
antigen—antibody to FcyR can change the production of inflammatory mediators
such as cytokines and chemokines and facilitate antigen presentation (Casadevall
and Pirofski 2004). With a few exceptions, naturally occurring antibodies are mostly
glycosylated, but the glycosylation is not crucial to determine their antigen-binding
ability. Rather the effector functions of IgG, such as Fc binding, complement
activation had been affected by alteration of glycosylation level (Pliickthun 1991).
As antibodies are highly specific for an antigen, any minor alteration in antigen
shape or structure can decide the intensity of their interaction. That’s why the
binding of an antibody to an antigen is regarded as a reversible relationship (Lipman
et al. 2005).

4.3 Functions of Antibodies as Antimicrobial Molecules

Antibodies can exert antimicrobial activity by a number of processes and mecha-
nisms. The functions served by antibodies may vary from extreme bactericidal action
to nullification of bacterial toxicity.
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Fig. 4.1 Overview of a fully developed antibody (immunoglobulin [Ig]) molecule. An immuno-
globulin (Ig) molecule having a light and heavy chain attached by disulfide bond. Antigen-binding
Fab part and cell-binding Fc part contribute to the major functions on antibacterial activities. Cpy
stands for domains of heavy chain constant region and C; for domains of light chain constant
region. On the other hand, Vy denotes variable domain of the heavy chain, while V; denotes
variable domain of the light chain

4.3.1 Antibodies Functioning Directly as Antibacterial
Molecules

By direct action, antibodies put their effects in a relatively vigorous manner by either
killing or blocking the bacterial metabolism. Iron is carried throughout our body in
stable complexes with transferrin (in serum) and lactoferrin (in mucosal surfaces and
milk). The uptake of iron from host body is essential for bacterial survival and
growth leading to pathogenesis of diseases. Low-molecular-weighted protein
siderophores are ferric ion chelating agent located in the outer membrane of bacteria
that help to uptake iron by bacteria growing under low iron stress (Neilands 1995).
The bacterial siderophore protein enterochelin help bacteria to transport iron from
iron—transferrin complex into their cells (Fitzgerald and Rogers 1980). The com-
pound is a cyclic trimer of 2:3-dihydroxy-N-benzoyl-L-serine, which is most likely to
emerge after the cleavage of the ester bonds connecting the serine residues. Another
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virulence factor is iron-binding catechols that promote bacterial growth both in vivo
and in vitro. The suitability of utilizing iron—transferrin complex to uptake iron for
their growth is considered the virulency for the bacteria as it enables them to grow in
serum antibodies (Rogers 1973). A study published back in 1973 using Escherichia
coli strain 0111-infected mice model showed inhibition of catechol production after
serum treatment. The E. coli 0111-immunized horse serum exhibited a 500-fold
increase in O antigen agglutinating titer along with a 100-fold higher bacteriostatic
titer in the presence of transferrin (Rogers 1973) by the identified antibodies of IgG
isotype (Rogers 1976). A concurrent study published in 1978 showed that IgA
extracted from human milk sample caused a potent bacteriostatic effect on E. coli
in the presence of lactoferrin by interacting with bacterial wall lipopolysaccharide,
though addition of enterochelin resulted in elimination of this effect (Rogers and
Synge 1978). A subsequent study published in 1980 reported that serum antibody
exposure lowered bacterial enterochelin production interacting with E. coli 0111
lipopolysaccharide component colitose, which is the terminal monosaccharide of the
O-specific side chain (Fitzgerald and Rogers 1980). The higher presence of colitose
boosts the virulence of E. coli 0111 redetermining the interaction between antibodies
and bacterial lipopolysaccharide (Medearis et al. 1968). They posited that the
reaction between antibodies and colitose blocked the release of enterochelin from
the cell, and consequently, in the presence of iron—transferrin complex, bacterial
growth is impeded due to lack of iron uptake system (Fig. 4.2a) (Fitzgerald and
Rogers 1980). A relatively recent study published in 2001 showed bactericidal effect
of IgM mAD by killing the bacteria Acinetobacter baumannii (ATCC 19606) up to
80-90% in vitro and also by blocking the siderophore-mediated iron uptake by
bacteria (Goel and Kapil 2001).

Inhibitory along with bactericidal activities was displayed by two specific intact
mAbs IgG1 and IgG3 (both with kappa light chains) and their isolated Fab frag-
ments’ dose dependently against bacteria Borrelia burgdorferi (in vitro), indicating
complement-independent antimicrobial function. The bacteria is the etiologic agent
of Lyme disease, expressing two unique outer surface proteins, OspA and OspB. The
study from 1992 concluded that the inhibitory and bactericidal effects of those IgG
antibodies were due to their action on an epitope of the OspB disrupting the outer
envelope (Coleman et al. 1992). The later study published in 1994 stated that
>99.9% cells of Bo. burgdorferi strain B31 died after 30 min of treatment to Fab
fragments (minimum bacterial concentration of 10 pg/mL) of antibody H6831 of
IgG2a isotype, reducing the count by 10°~10*-fold. The direct bactericidal effect of
the antibody caused lysis of cells targeting OspB epitope at or near residue 253.
Another closely related but less intensive agent named Borrelia hermsii strain HS1,
causing relapsing fever, was tested against antibody H4825 Fab fragment, which
generated small blebs in bacterial membrane (Sadziene et al. 1994). Potent bacteri-
cidal activity was documented for IgM against Bo. burgdorferi in complement-
deficient mice model. Mice deficient in late complement protein C5 and early
complement protein C3 rapidly cleared the infection, whereas B-cell-deficient
mice couldn’t (Connolly and Benach 2001). Murine IgM mAb (from polyclonal
antibody pool) mediated a rapid damage of Bo. burgdorferi outer membrane in both
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Fig. 4.2 TIllustration of Ig molecules acting directly upon bacterial species. (a) In Gram-negative
bacteria Escherichia coli, FepA, FepB, and TonB system and G, D, and C proteins are involved in
internalization of enterochelin—iron complex, which is broken down by intracellular FeS protein.
Facilitator protein EntS and tunnel protein TolC located in membranes are involved in biosynthesis
and cellular release of enterochelin, respectively. Antibody (Ig) primarily binds to the lipopolysac-
charide chain on the bacterial outer membrane and inhibits the release of enterochelin. Therefore,
the lack of enterochelin turns into lack of iron uptake by the bacteria resulting in death by metabolic
dysfunction. (b) In Gram-negative Borrelia burgdorferi, Fab fragment of antibody targets the outer
surface protein OspB and disrupts the membrane. Consequently, the periplasmic flagella come out
the cell and that causes loss of structural integrity

B-cell- and complement-C5-deficient mice, revealing a high antimicrobial activity of
IgM. The antibody reportedly induced structural damages targeting 20 kDa outer
membrane protein. As a consequence, a crucial part of Bo. burgdorferi cytoskeleton,
periplasmic flagella, was readily exposed (Fig. 4.2b) (Connolly et al. 2004). One of
the pivotal roles of the periplasmic flagella besides motility is the maintenance of
cellular integrity in the presence of external stress (Kumar et al. 2017). Several other
studies published in 1993 and 1994 documented the abilities of IgG and IgM
antibodies to detect Bo. burgdorferi surface proteins OspA, OspB, and p39 and
elicit bactericidal activity in a complement-independent manner (Ma et al. 1995;
Aydintug et al. 1994; Scriba et al. 1993). A comparatively neoteric study from 2009
introduced a mAb of IgGl subclass, which targeted the OspB of bacteria Bo.
burgdorferi. The activity was specific to Bo. burgdorferi only as recombinant
E. coli expressing OspB protein didn’t undergo any bactericidal effect. This
complement-independent bactericidal effect created a pore of 2.8—4.4 nm triggering
osmotic lysis of bacterial cell (LaRocca et al. 2009). Precipitation of porin compound
p66 of outer membrane wasn’t found to be responsible (LaRocca et al. 2009), rather
a strong relationship was observed between cell lysis and OspB containing
temperature-sensitive raft-like glycolipids on the outer surface (LaRocca et al.
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2010). Antibody-mediated protection was documented against Ehrlichia chaffeensis
when transfer of immune serum from immunocompetent C57BL/6 mice to C57BL/6
SCID mice gave protection from infection. The bacteria are an obligate intracellular
pathogen that are responsible for human monocytic ehrlichiosis. The targeted anti-
gens were 22, 27, 28, 54, 73, and 88 kDa proteins (Winslow et al. 2000).

4.3.2 Antibodies Functioning Indirectly as Antibacterial
Molecules

By indirect operation, antibodies work on bacteria by a number of mechanisms such
as opsonization-mediated phagocytosis, complement activation, and inducing cell-
mediated immunity. One of the early reports on these types of immunity from a
study in 19609 that stated a significant complement-dependent bacteriostatic effect of
15% horse Pasteurella septica antiserum in mice P. septica infection model. The
activity of complement system had been proven as no bacteriostatic effect was
shown when the antiserum had been heated by 56 °C for 30 min before its treatment
on mice. The effect was also associated with transferrin as reduced bacteriostatic
activity was reported when transferrin had been saturated by incorporation of ferric
iron (Bullen and Rogers 1969). Non-immunized normal human serum exhibited a
well-marked bactericidal effect against two colony types of bacteria Neisseria
gonorrhoeae GC9 in vitro. The study displayed complement-mediated killing of
bacteria as treatment of the same serum after heated by 56 °C for 30 min that showed
no antagonistic effect. The association of iron was also evident as addition of ferric
ammonium citrate reduced the bactericidal effect, possibly by triggering bacterial
siderophore expression on the outer surface (Norrod and Williams 1978). A similar
study on N. gonorrhoeae demonstrated a complement-mediated lysis of bacteria.
The study concluded that complement protein C8 had the key role in human serum
antibacterial activity through classical and alternative pathways, as C8-deficient
serum of a patient failed to exhibit anti-gonococcal activity (Fig. 4.3a). The serum
also opsonized the bacteria Staphylococcus aureus 502A and subsequently induced
phagocytosis by polymorphonuclear leukocytes (Petersen et al. 1976). A primate
model study in 1994 documented antibody-dependent complement-mediated
antibacterial activity of immunized serum against Bo. burgdorferi. The serum
antibody introduced in rhesus monkey (Macaca mulatta) killed the bacteria in
association with complement proteins, targeting OspA and OspB surface proteins
(Aydintug et al. 1994).

Alterations in bacterial metabolism are one of the most vital mechanisms how
antibodies can create morphological disabilities and cause death of certain bacterial
species. Antiserum and complement system-mediated disturbance of bacterial
metabolism was early reported by Melching and Vas in 1971 on E. coli strain
0111, where they showed hyperimmune rabbit serum affecting bacterial RNA,
DNA, and lipid synthesis. The bacterial RNA accumulation began to decrease
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Fig. 4.3 Schematic representation of an Ig molecule acting directly upon bacteria. (a) In the
classical pathway of complement-mediated activity, antibody (Ig) opsonizes the bacteria Neisseria
gonorrhoeae and activates the complement system. Complement protein C1 attaches to the Fc
region of Ig and later leads to the binding of complement C4b, C2a, C3b, C5b, C6, C7, and C8.
Later on, the activation of C9 and membrane attack complex causes the lysis of bacterial wall
exposing the intracellular materials. In the alternative pathway, Ig opsonization is followed by
activation of C3b by factor B and factor D. Subsequently, activation of other complements
including C9 forms membrane attack complex—mediated bacterial lysis. (b) Acinetobacter
baumannii is opsonized by Ig and C3b that is later phagocytosed and degraded intracellularly. (c)
First, Mycobacterium tuberculosis becomes opsonized by Ig, and then, crosslinking with host
cytokine causes bactericidal action. Crosslinking occurs by binding of Ig Fc domain with Fc
receptor of T-cell and the release of cytokine such as interferon, and interleukin causes damage to
the bacterial cell resulting in bacterial lysis

after 15 min and completely ceased after 30 min of serum exposure, and severe
impairment of protein synthesis was noticeable. The lipid synthesis had also been
halted at 25-30 min that turned into physical defect in bacterial membrane altering
the permeability and respiratory function (Melching and Vas 1971). A similar study
published in the same year showed that P. septica—-immunized horse antiserum
blocked the net RNA synthesis of P. septica in a complement-dependent way and
consequently inhibited the synthesis of macromolecules (Griffiths 1971).
Opsonization followed by phagocytosis by the innate immune system is a key
factor in antibacterial activity. Fusion of phagosomes and lysosomes creates
phagolysosomes, which can efficiently catabolize the infected bacteria (Wang-Lin
and Balthasar 2018). According to an estimated calculation, antibody opsonization—
mediated phagocytosis can be triggered by a density of only 5.33—26.7 antibodies/p
m? on the surface of the targeted bacteria (Lewis et al. 1980). A study by Russo et al.
showed mAb 13D6-mediated phagocytosis as a bactericidal mechanism against
Acinetobacter baumannii in rat soft tissue. The bacterial K1 capsular polysaccharide
was detected as the principal target that resulted in the neutrophil-mediated killing of
bacteria in vitro (Fig. 4.3b) (Russo et al. 2013). Induced T-cell activity after antibody
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opsonization of specific bacteria had shown to be protective for the host organism. A
study by Markham et al. reported an antibody-dependent host cellular protection
against infection by Pseudomonas aeruginosa in mice model. They showed that
pathogen-specific IgG3-FcR of T-cell exhibited toxicity against Ps. aeruginosa
residing in the extracellular environment. The bacteria are the main causing agent
of child lethality in cystic fibrosis and the people with immunosuppression. The
crosslinking of cytophilic antibody on surface of T-cells induced the release of an
antibacterial lymphokine inhibiting bacterial growth (Markham et al. 1991). In
another study, for complete clearance of pathogenic bacteria Ehrlichia chaffeensis,
ap-T-cells were found to be required where persistent infection was reported in
af-T-cell-deficient mice as long as 24 days of postinfection (Culkin et al. 1997). B-
cell-dependent protective mechanism was shown by Culkin et al. against Francisella
tularensis strain LVS. The bacterial growth was reportedly restricted rapidly after
infection involving interferon-gamma (Culkin et al. 1997). Certain mAb had been
shown to have immunoregulatory roles by repairing the enzymatic function of
lymphocytes. Introduction of anti-programmed cell-death protein 1 mAb had
restored the cytokine secretion and responsiveness of T-cells in the presence of
antigen of Mycobacterium tuberculosis. The mAb enhanced interleukin-23R and
interleukin-17 production along with phosphorylated STAT3 expression in
M. tuberculosis—cultured CD4" T-cells ex vivo (Fig. 4.3¢) (Bandaru et al. 2014).

4.3.3 Antibodies Functioning in a Conjugate

Antibody—drug conjugates are gradually becoming a significant class of passive-
immunity-based therapeutics. The application of mAbs with antimicrobial drug
increases the on-target specificity of the conjugate keeping the host normal micro-
flora undisturbed. Two antibody—drug conjugates have already gained approval by
the US Food and Drug Administration and the European Medicine Agency to cure
patients with cancer (Beck and Reichert 2014). For antibacterial action of antibodies
with other substances, a study published in 1974 showed the effect of beta-lysin,
lysozyme, and antibody-complement system at the rabbit serum, which led to the
destruction of E. coli B in vitro. They concluded that the action of beta-lysin caused
the cytoplasmic contents to come out the cells after the breaking down the cell wall.
The inner peptidoglycan layer of the cell wall was disfigured after lysosomal action,
while antibody-complement system destroyed both the middle lipopolysaccharide
layer of the cell wall and the cytoplasmic membrane. The mechanism was comple-
ment dependent as inactivation of the complement proteins as heating the serum at
56 °C for 30 min knocked out the bactericidal activity (Donaldson et al. 1974).
Antibody—enzyme conjugate displayed a robust bactericidal activity in a number of
test pathogens. According to the study by Knowles et al. in 1973, glucose oxidase
conjugated to human serum IgG acted on S. aureus, Proteus mirabilis, Pseudomonas
aeruginosa, and E. coli in the presence of co-factors potassium iodide,
lactoperoxidase, and glucose. The conjugate generated hydrogen peroxide, which
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is an active bactericidal. The enzyme lactoperoxidase catalyzed the reduction of
hydrogen peroxide and simultaneously oxidation of iodine ion. The events led to the
halogenation of the bacterium and subsequently killing it. The study suggested that
even a lower concentration of 0.01 mg/mL could bring about severe bactericidal
activity (Knowles 2nd et al. 1973). Dadachova et al. established
radioimmunotherapy-based treatment against bacterial infection in mice model
where they used antibody with a radionuclide. The human mAb D11 of IgM isotype
was conjugated to alpha-particle emitter Bismuth213 (213Bi) as the radionuclide.
The mAb targets capsular polysaccharide 8 of Streptococcus pneumoniae, and
in vitro incubation of 213Bi-D11 with St. pneumoniae serotype 8 resulted in killing
of the bacterium in a dose-dependent manner. The conjugate proved to be non-toxic
and effective as a treatment for St. pneumoniae—infected mice at a dose of 80 pCi,
and the survival rate was 87-100%, which was way better than the control ones
(Dadachova et al. 2004).

As the groups of antibiotic-resistant bacteria are increasing day by day and the
cost of antibiotic development has skyrocketed for particular diseases, the urgency of
new therapeutic is quite evident. In addition, the low specificity of antibiotic to affect
beneficial microbiota in the gut of healthy is being leaded to facilitate the survival
and colonization of pathogenic bacteria. The growth of antibiotic-resistant bacteria
Clostridium difficile, vancomycin-resistant enterococci, methicillin-resistant
S. aureus, and multidrug-resistant Enterobacteriaceae can cause inflammatory
bowel disease, obesity, and atherosclerosis. That’s why targeted therapies for anti-
bacterials became a high-priority call for modern therapeutic platform. Antibody—
antibiotic conjugate (AAC) is one of the novel therapeutic approaches for the cure of
infectious diseases and has shown outstanding efficacy and specificity. The com-
bined effect of AAC can surpass these obstacles as AAC has antibody of high
specificity but low bactericidal activity, and antibiotic with a broad-ranged bacteri-
cidal activity can affect target and act and kill certain bacteria type (Mariathasan and
Tan 2017). Apart from this, AAC has been shown to be effective against bacteria
with intracellular life cycle (Mariathasan and Tan 2017), like S. aureus surviving
inside of polymorphonuclear neutrophils exploiting inflammatory response of the
host (Gresham et al. 2000). The majority of existing antibiotics displayed poor
results in killing intracellular S. aureus in in vivo mice model (Sandberg et al.
2009). In 2015, Lehar and his associates successfully developed a novel anti—
S. aureus AAC, THIOMAB™ (Genentech, South San Francisco, CA, USA),
which targets and later kills intracellular pathogenic S. aureus. The AAC consists
of S. aureus—targeting antibody of IgG1 isotype, which is covalently linked to a
powerful antibiotic ~dimethylamino piperidino-hydroxybenzoxazinorifamycin
(referred to as ‘dmDNA31’) by a cleavable valine—citrulline linker. This ACC
doesn’t kill the bacteria in a direct manner, rather the antibody part of AAC
opsonizes the bacteria by specifically binding to p-N-acetylglucosamine residues
on the ribitol phosphate units of cell wall teichoic acid, followed by cellular uptake.
The released intracellular proteases of the host cells remove the linker and bring the
antibiotic out in its active form that exhibited potent bactericidal activity against both
persistent and stationary-phase S. aureus (Fig. 4.4). They reported that one single
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Fig. 4.4 Illustration of an Ig—antibiotic conjugate killing a bacterial species. Primarily, antibody
(Ig) is conjugated to antibiotic by a linker that makes the antibody—antibiotic complex (AAC). The
Ig part of AAC specifically targets the bacteria Staphylococcus aureus, which is followed by
attachment with the host cell. S. aureus—bound ACC is enveloped by intracellular vacuoles and
the protease ligase cleaves the antibiotic from the ACC. Bacteria are later degraded and killed by the
released antibiotic, intracellularly

bacterium could be opsonized by thousands of AACs and release free antibiotic
within the phagosome to execute bactericidal activity. The efficacy of this AAC was
found to be much higher than vancomycin in in vivo infected mice model
(Mariathasan and Tan 2017; Lehar et al. 2015). Other AACs like obiltoxaximab-
levofloxacin or obiltoxaximab-ciprofloxacin also exhibited higher protective func-
tion than treatment of antibiotic only for infection by B. anthracis (Greig 2016).
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4.3.4 Antibodies Functioning by Neutralizing Toxins

Bacteria can act on infected body by emitting various toxin components, which
mainly target cell surface receptors and disrupt cellular equilibrium by interfering
with intracellular reactions. As a causative agent of anthrax, B. anthracis poses a
substantial risk including death for humans when taken by inhalation. The active
B. anthracis generates three toxins: protective antigen (PA), lethal factor (LF), and
edema factor (EF), by which it attacks the hosts. PA is a common cell-binding
protein that translocates LF or EF into the cytoplasm (Chen et al. 2011a). LF is a
Zn**-endopeptidase that catalyzes the cleavage of mitogen-activated protein kinase
kinases such as MEK1, MEK2, and MKK3 (Vitale et al. 2000), whereas EF is a
calmodulin-dependent adenylate cyclase that is involved in the conversion of aden-
osine monophosphate into 3'-5’-cyclic adenosine monophosphate, leading to the
establishment of pathophysiology of anthrax (Leysath et al. 2013). Raxibacumab is
an approved drug for therapeutic and prophylactic purpose against anthrax by
neutralizing toxin PA. It is a human IgG1 (with lambda light chains) mAb that
blocked the attachment of PA to its cellular receptor by binding to the domain IV of
PA (Fig. 4.5a). The survival rate of in vivo models was reportedly satisfactory for
New Zealand white rabbits and cynomolgus macaques with a respective survival rate
of 44% and 64% after 40 mg/kg treatment of raxibacumab. Intravenous administra-
tion of raxibacumab in humans at 40 mg/kg dose reportedly had a half-life of
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Fig. 4.5 Illustration of Ig molecules neutralizing bacterial toxin inside the host body. (a) The three
toxins protective antigen (PA), lethal factor (LF), and edema factor (EF) are released by Bacillus
anthracis. Generally, LF and EF are internalized by PA heptamer on host cell surface causing
pathogenesis. Ig blocks the attachment of PA to its receptor by binding to the domain IV of PA and
also inhibits the heptamer formation by targeting the PA domain III. As a result, the other toxins EF
and LF can’t enter the host cell. Events lead to the neutralization of anthrax toxins and antibacterial
action. (b) Toxin A and toxin B released by bacteria Clostridium difficile are targeted to the host
epithelial cells. Antibody (Ig) binds to the toxin B and inhibits its binding to the receptor. Therefore,
toxin B becomes neutralized, though toxin A enters the host cell
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20-22 days with potential clinical benefit (Migone et al. 2009). Another mAb
obiltoxaximab of IgG1 isotype (with kappa light chains), also named as ETI-204,
co-produced by Elusys Therapeutics, inhibited the binding of PA to its receptor
targeting domain IV of PA and prevented the entrance of LF and EF of B. anthracis
into the host cell providing protective and therapeutic effect against anthrax
(Fig. 4.5a). In New Zealand white rabbits, intramuscular injection of the mAb at
20 mg dose displayed total protection from death with 100% survival (Mohamed
et al. 2005). Obiltoxaximab received approval on 18 March 2016 for therapeutic and
prophylactic use to measure the inhalational anthrax by B. anthracis in the USA
(Greig 2016). A similar mechanistic effect of human mAb IQNPA was reported and
developed as hybridomas from peripheral lymphocytes of anthrax vaccine—immu-
nized individuals. The mAb imparted prophylactic function targeting domain IV of
PA and probably inhibited the binding of PA to its cellular receptor (Albrecht et al.
2007). A human mAb named AVP-21D9, co-produced by Avanir Pharmaceuticals,
inhibited the heptamer formation of PA by targeting domain III of PA (Fig. 4.5a) and
thus reduced B. anthracis dissemination from the lungs to the organs. They con-
cluded that the mAb showed protective outcome for Dutch-belted dwarf and
New Zealand white rabbit models against B. anthracis Ames spores (Peterson
et al. 2007). mAb Valortin from PharmAthene/Medarex is a human antibody that
reportedly disfigured the previously formed PA-heptamer PA63h by targeting
domain III of PA. The mAb formed a PA supercomplex showing a similar ability
to that of mouse mAb 1G3 (Radjainia et al. 2010). Anti-LF mAb IQNLF recognized
PA-binding domain I of LF and later inhibited the binding of LF to PA.

A single 180 pg dose of IQNLF provided 100% protection to A/J mice that had
been intraperitoneally challenged with 24 50% lethal doses (LDsg) of B. anthracis
Sterne spores (Albrecht et al. 2007). For 200 pg use of anti-LF mAb LF10E, 100%
protection of A/J] mice was also reported after challenged with 1000 LDs, of
B. anthracis Sterne spores (Chen et al. 2009a). Anti-EF mAb EF13D reportedly
neutralized EF by preventing edema formation in a subnanomolar range in vitro. The
chimpanzee/human mAb EF13D bound to domain IV of EF and later inhibited the
attachment process between calmodulin and EF. The mAb also could separate
calmodulin from EF—calmodulin complex and reduce the toxic effect of EF on the
host (Chen et al. 2009b). Another important virulence factor of B. anthracis is
poly-y-D-glutamic acid (yYDPGA) capsule, which are targeted by immunized chim-
panzee Fab 11D and 4C fragments. Chen and his colleagues constructed IgG mAbs
with 11D and 4C Fab fragments that specifically bound and neutralized the yDPGA
of B. anthracis with an LDsy of ~10 ng/mL in an opsonophagocytic bactericidal
assay. The treatment of 30 pg of either of the mAbs provided protection against
virulent B. anthracis Ames strain in mice model in both pre-exposure and post-
exposure conditions (Chen et al. 2011b).

Gram-positive bacteria Clostridium difficile infects the colon of susceptible
individuals causing rupture, sepsis, and possibly death by the action of their two
exotoxins, toxin A and toxin B. Human IgG1 mAb bezlotoxumab shows protective
effect against C. difficile infection by inhibiting the binding of toxin B to the host
cells (Fig. 4.5b). A crucial component for the maintenance of morphology and
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homeostasis of the host cell is Rho GTPases, which becomes inactivated by toxin A
and toxin B after infection. Bezlotoxumab halts the inactivation of Rho GTPases and
its intracellular downstream signaling pathways (Orth et al. 2014). Frank et al.
(in 2002) generated a murine antibody mAb166 that showed the ability to neutralize
toxin from Ps. aeruginosa when coinstilled with the inoculum or introduced into
mice by intraperitoneal injection. Opportunistic pathogen Ps. aeruginosa causes
acute infections in immunocompromised patients and chronic infection in cystic
fibrosis (Frank et al. 2002). The mAb targeted the protective antigen of Ps.
aeruginosa named ‘PcrV’ (Frank et al. 2002), which is a key component of type
III secretion system that enables the bacteria to inject the effector toxin molecules
into the host eukaryotic cells (Gébus et al. 2008). The anti-PcrV antibody mAb166
acts by inhibiting the transfer of type III toxin of Ps. aeruginosa to the host cell by
binding the epitope mapped to the carboxyl-terminus of PcrV (Frank et al. 2002).
The protection provided by mAb166 was not Fc mediated, as a single dose of 10 pg
of Fab fragments was able to present excellent protection where no detectable Ps.
aeruginosa cells had been identified in the lungs of 80% of the infected mice after
48 h (Baer et al. 2009).

The combined action of two antibodies had noteworthy antibacterial effects
documented in a number of studies. Clostridium tetani is one of soil bacteria that
is responsible for tetanus by producing exotoxins. The human spleen cells were
precultured with pokeweed mitogen along with tetanus toxoid to produce mAbs
specific to tetanus toxin (TT). Two mAbs named anti-TT1 and anti-TT2 of IgGl
isotype specifically targeted two separate regions of TT; the anti-TT1 mAb binded
the heavy chain portion of the B fragment and the anti-TT2 mAb binded the C
fragment of TT. The joint effect of these two mAbs offered a better neutralizing
effect on the TT, whereas mice treated with one mAb alone after TT exposure
resulted in death within 20 days (Ziegler-Heitbrock et al. 1986). The combination
of two other mAbs, namely, catx] and catx2, in together called Shigamab, has
proven to be protective against Shiga toxins of Shigella dysenteriae and E. coli
(Melton-Celsa et al. 2015). Stx1 and Stx2 are the two chief bacterial toxins and the
virulence factors that interfere with the host protein synthesis process and cause
bloody diarrhea and hemolytic uremic syndrome in humans (Melton-Celsa et al.
2005). The protective efficacy of Shigamab was reported in mice via neutralization
of Stx1 and Stx2, with confirmed safety in human introduction (Melton-Celsa et al.
2015).

Alpha-toxin of S. aureus is a compound that causes pore formation in host cell
membrane leading to lysis of host cells. The gene coding for this toxin is conserved
among numerous isolates all over the world and is considered as a critical content for
S. aureus—mediated pathogenesis causing skin infection, sepsis, and pneumonia.
mAb MEDI4893 of IgGl1 isotype specifically targets alpha-toxin of S. aureus and
prevents its cytotoxic effects. Though the mAb is yet to come in the market till this
date, alpha-toxin neutralization ability of this mAb has proven to be effective in
protection against ventilator-associated pneumonia, damaging lung epithelium and
innate immune cells (Tabor et al. 2016). Other cytotoxins of S. aureus important for
its pathogenesis, alpha-hemolysin and leukocidins, have shown to be neutralized by



4 Antibodies as Antibacterial Molecules: The New Era of Antibody-Mediated. . . 99

synergistic action of human IgG1 mAb with antibiotic linezolid offering protection
in murine pneumonia model (Rouha et al. 2015).

4.4 Challenges and Factors to Consider for the Production
of Antibacterial Antibodies

To fight against persistent, multidrug-resistant bacteria, repeated doses of antibody
are a requirement for successful therapy. The production of mAbs in large quantities
over a long time with desired efficacy remains a major challenge for
biopharmaceuticals. Though mammalian cell lines such as human PER.C6 cells,
Chinese hamster ovary cells, and murine NSO cells are the predominant expression
systems to commercially generate mAbs (Li et al. 2010), transgenic plants (Hiatt
et al. 1989), egg yolk (Carlander et al. 2000), and bacterial expression systems
(Pliickthun 1991) have shown to be promising. Some of the obstacles for
antibacterial antibodies are briefly discussed here.

4.4.1 Augmentation of Bacterial Infection by Antibodies

Quite a surprising event in immunological discovery is the promotion of microbial
infection by host’s antibodies. An early example of antibody-mediated enhancement
of infection is shown by Weiser et al. in 2003 where they suggested a particular
antibody-mediated tissue-specific escalation of bacterial infection in humans. Gen-
erally, IgA blocks the bacterial attachment on host cells, but the study stated that
human mucosal IgAl, which normally targets capsular polysaccharide of St.
pneumoniae, augments the tissue infection by facilitating St. pneumoniae adherence
to the Detroit 562 pharyngeal epithelial cells, when cleaved by bacterial IgAl
protease. IgA1 protease splits IgA1 alone, as it specifically targets prolyl-threonyl
or prolyl-seryl bonds in the hinge region of IgA1, and the bonds aren’t present on
protease-insensitive IgA2 and IgG. The negative charges of exopolysaccharide are
neutralized by the positive charges of Fab (of IgA1l) fragments, which also play a
role in St. pneumoniae attachment on the epithelial cells (Weiser et al. 2003).

In a very recent time, antibody-mediated augmentation of infection by
A. baumannii is reported in a published study in 2019, where mAb 8E3 of IgG3
subtype specifically targeted to K2 capsular polysaccharide of the bacteria raised the
mortality level in mice with elevated bacterial population in the blood, lung, and
splenic samples. One of the hypotheses that the study made was the 8E3—
A. baumannii complexes that enhanced the invasion of macrophages and human
lung epithelial cells NCIH-292 by involving a distinctive FcyR activity (Wang-Lin
et al. 2019). A review published in 2010 by Halstead et al. suggested that an
idiosyncratic FcyR signaling of macrophages after tethering with IgG—pathogen
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complexes led to the rise of intracellular infection. This exceptional FcyR signaling
repressed the host immunity rather than boosting it, by provoking interleukin-10
production and altering passage of T-helper-1 responses to T-helper-2 responses
(Halstead et al. 2010). Another recently published report from 2016 identified
antibody-mediated promotion of M. tuberculosis infection when the antibodies are
collected from actively infected individuals (Lu et al. 2016).

4.4.2 Target Site Accessibility for the Antibodies

For passive immunity, antibodies are targeted to a surface antigen or the exotoxin of
bacterial pathogen. Produced mAbs are tailored to bind evolutionarily conserved
proteins on the outer membrane or the exopolysaccharides of the bacteria for
elicitation of bacteriostatic or bactericidal effect. For instance, ‘outer membrane
protein A’ of A. baumannii was identified as a primary immune target for vaccination
that showed >99% conservation from the clinical isolates obtained from the year of
1951 to 2009 (Luo et al. 2012). However, a matter of complication in this event is
evident in some bacteria strains where the capsular polysaccharides cover up the
evolutionarily conserved antigens, which are to be targeted by the mAbs, resulting in
a serious disturbance in opsonization. An earlier study from 1986 substantiated that
O-antigenic side chain hinders antibody binding to cell surface of the outer mem-
brane pore protein PhoE of various Enterobacteriaceae (van der Ley et al. 1986).
Overproduction of biofilm-forming exopolysaccharide compound poly-N-
acetylglucosamine of bacteria Staphylococcus epidermidis and S. aureus averted
the phagocytic killing by not letting enough antibody deposition on the target site.
Staphylococcus epidermidis along with other staphylococci frequently causes the
nosocomial infection, and their exopolysaccharide adds to their virulence in the
presence of immune action (Cerca et al. 2006). A study on extraintestinal pathogenic
E. coli concluded that binding of polyclonal antibodies directed against non-capsular
and O-antigenic epitopes becomes obstructed by the presence of barrier components
capsule and O-antigen (Russo et al. 2009). Moreover, with the increase of doses of
high affinity mAb, the increase in mAb-antigen complexes led to the saturation of
target sites, consequently a scarcity of antibody binding sites (Wang et al. 2008). In
the study on A. baumannii, Wang-Lin et al. posited that mAb 8E3—bacterial capsule
immune complexes impaired the function of phagocytic cells, leading to progression
of infection (Wang-Lin et al. 2019).

4.4.3 Bacterial Defense Mechanisms

Certain bacteria possess the ability to defend themselves against the host immune
response by either directly cleaving the antibodies or neutralizing the antibodies
through their enzymatic activity. A well-known human pathogen Streptococcus
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pyogenes can give rise to some life-threatening diseases such as necrotizing fasciitis
and septicemia (Cunningham 2000). The bacteria release IgG-specific enzyme
EndoS, which hydrolyzes the glycan moiety of intact IgG. Another protease
named streptococcal erythrogenic toxin B (SpeB), secreted by St. pyogenes, cleaves
the y-chain of IgG specifically in the hinge region leaving stable Fab and Fc
fragments. Heavy chains of other antibody components such as IgA, IgM, and IgD
had been cleaved into fragments, whereas complete degradation of IgE was
documented by SpeB action (Collin and Olsén 2001). Another IgG-cleaving enzyme
secreted by St. pyogenes is immunoglobulin G-degrading enzyme of St. pyogenes
(IdeS), which degrades the IgG molecules that are bound to their cell surface, and
thus prevents the phagocytic action (von Pawel-Rammingen et al. 2002). Another
enzyme IgA protease produced by clinical isolates of St. pneumoniae and
Haemophilus influenzae, causing respiratory tract infection, specifically cleaved
the human serum secretory IgAl protein, further promoting the infection (Mulks
et al. 1980). Neutralization of antibodies was described in the studies on bacterial
surface proteins, where protein G of Streptococcus sp. and (Bjorck and Kronvall
1984) protein A of S. aureus (Falugi et al. 2013) bind Fc region of IgG resulting in
disturbances of opsonophagocytosis and subsequent killing of bacteria.

4.4.4 Tissue Diffusion of Antibodies after Bacterial Infection

The diffusion of polar mAb molecules across the tissues is conducted by extravasa-
tion of mAbs from circulation to interstitial fluids and later to the antigens within the
tissues. Though diffusion and convection are the two typical mechanisms of mAb
transfer (Wang et al. 2008), antibody distribution in mice model suggested a transfer
percentage of 98.4% of IgG by convection through the large pore system (Baxter
et al. 1994). Attachment of IgG with the cell membrane is facilitated by its binding
with Brambell receptor, FcRn, which forms IgG-FcRn complexes and protects the
IgG from lysosome-mediated degradation (Wang et al. 2008). The secretion of
cytokines and chemokines along with the activation of lymphocytes after bacterial
infection results in antibody recruitment on the target tissues. But the elevation of
fluid pressure within the tissues reduces the antibody absorption via convection
(Wang-Lin and Balthasar 2018). Even after diffusion into the target tissues, the
antibody-dependent opsonophagocytosis can be barred by the biofilms made by
certain bacteria, like S. epidermidis (Cerca et al. 2006).

4.5 Future Prospects

As a portion of traditional antibiotics have continuously failed to be efficient against
the resistant types of pathogens, antibodies come as alternatives with their diverse
modes of action on pathogenic bacteria. However, there are still some obstacles with
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the success of therapeutic antibody-mediated antibacterial. As AAC represents a
novel approach against bacteria, choosing a cleavable linker and ratio of antibiotic:
MAD are major factors producing this sort of drug. Success has been reported for
linkers of cathepsin-cleavable type in AAC targeted to Ps. Aeruginosa, and the
concentration of 6:1 of antibiotic and MAb in a specific AAC has shown to be been
efficient for bacterial clearance. A higher antibiotic level in an AAC has proven to be
more antagonistic to a bacterial species after macrophage-mediated bacterial phago-
cytosis. The interplay of mAbs with complement factors and other inflammatory
molecules plays a critical role and needs to be assessed in developing an effective
therapeutic mAb model. A recent study of mAb treatment on A. baumannii—infected
mice revealed a reduction of proinflammatory IL-10 and TNF-« level that became a
determinant of host survival. Therefore, a deeper understanding of the action of mAb
in the host body environment and the relation of mAbs with effector molecules
would provide new opportunities to design an effective antibacterial therapy. We
hope that the new sophisticated formats will cope the future challenges to fight
against pathogenic diseases.

4.6 Conclusion

Antibodies are selective, specific, robust, functionally recognizable, and exploitable
to be introduced with other drugs for the treatment of bacteria-mediated infection.
Furthermore, their resemblance with host immunity promotes their use for therapeu-
tic and prophylactic application. The antibacterial use of antibodies can act via a
number of different mechanisms, such as cell lysis, opsonophagocytosis, and inac-
tivation or neutralization of bacterial exotoxins. Passive immunization by specific
mAbs has asserted their well-grounded credibility, instead of the use of chemical
antibiotics. One of the recent advancements of antibody-based therapy is conjuga-
tion with other drugs, like antibiotic, targeted to a specific bacterial population.
Though antibody is capable of performing as potent antibacterial, there are some
obstacles that need to be assessed for proper application. Bacterial defense mecha-
nism and the target site availability are two of the important factors for clinical mAb
development. Lastly, the antibodies are the promising agent from a very primitive
era to this modern age, and the use of antibacterial antibodies would be the possible
solution for drug-resistant bacteria.
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Chapter 5 )
Phage Therapy: Genomics to Applications e
and Future Prospects

Abhishek Jaiswal

Abstract Bacteriophages are unique organisms with diverse genomic orientation
and enriched with beneficial characteristics. Phage therapy was initially employed
nearly a century ago, though it was undermined and neglected after the efficacious
insertion of antibiotics. The therapeutic use of bacteriophages is undeniably the
utmost explored tool and best suited to be part of the multidimensional strategies to
fight against antibiotic resistance. Now, the pipeline for new antibiotics is almost dry
with the upsurge of antibiotic resistance. So the forgotten cure is resurfacing with a
well-deserved honor. Phage therapy primarily designates obligately lytic phages to kill
their respective bacterial hosts, while parting the human cells unharmed and
diminishing the shock on commensal bacteria that frequently result from antibiotic use.

This chapter depicts the prime points of bacteriophage genomic diversities, the
evolutionary pattern, the calamity of antibiotic resistance that validates the phage
use, their interface with the human immune system, and an evaluation within
different antibiotic therapies. By going through peer reports of human clinical trials,
this chapter will project the versatility of phage therapy. This informative writing
will also cover orthodox methods and novel tactics, such as the use of phage-
antibiotic permutations, phage-encoded enzymes, utilization of phage endurance
mechanisms, and phage ergonomics. Potential and promising recent studies from
all over the world define that the time has come to look more minutely at the
prospective of phage therapy for future practice, both by strongly supporting new
research and by scrutinizing the research already available, raising the optimism that
this century-old magical cure will be an answer to multiple problems by varied
invasive approaches.

Keywords Anti-phage antibodies - Experimental therapy - Immunomodulation -
Lysin - Phage therapy - Phage cocktails - Prophage - Synergy - Macrophage -
Alternate medicine - Dendritic cell - Innate immunity - Pathogen

A. Jaiswal ()
Department of Microbiology, Viral Research and Diagnostic Laboratory, Midnapore Medical
College and Hospital, Midnapore, West Bengal, India

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022 109
T. Saha et al. (eds.), Alternatives to Antibiotics,
https://doi.org/10.1007/978-981-19-1854-4_5


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-1854-4_5&domain=pdf
https://orcid.org/0000-0003-1407-9832
https://doi.org/10.1007/978-981-19-1854-4_5#DOI

110 A. Jaiswal

Abbreviations

CRISPR  Clustered regularly interspaced short palindromic repeat
DS RNA  Double-stranded RNA

FDC Follicular dendritic cells

GP Glycoprotein

ICTV International Committee on Taxonomy of Viruses
MHC Major histocompatibility complex

PRMC Phage resisting microbial cells
SS RNA  Single-stranded RNA
STIV Sulfolobus turreted icosahedral virus

5.1 Introduction

Bacteriophages are unique organisms with diverse elements in the biosphere. Since
centuries, bacteriophages are used to treat humans. Antibiotic defiance is the prime
threat to majority worldwide health issues in this current era. In each decade, a rising
number of contagions carrying high fatality rate are a matter of concern and
becoming harsher to treat in a cost-effective way. It is clearly evident from the
past that phage treatment was scientifically employed approximately an epoch ago,
but it was fetched to a cessation after the impressive application of antibiotics. Now,
in the shadow of drug resistance, bacteriophage therapy is gaining a well-deserved
resurgence. The enormous article lately published worldwide supports the concept
and pragmatism of bacteriophage healing approach. This chapter concentrates to
deliver a progressive view on bacteriophage cure, encompassing its exceptional
potential. Bacteriophages are present not only in almost all the known biomes to
human, from the gastrointestinal tract to the global ocean, but also in notable
dwellings like oceanic basement (Nigro et al. 2017) and petrified stool specimen
(Appelt et al. 2014). Phages exist as lysogens in the human gut and act as magnif-
icent modulators in the gastrointestinal environment. This behavior of phages largely
influences the physiology and metabolism of respective hosts (Kim and Bae 2018).
In this chapter, strategic facts of the biotic and evolutionary doctrines of phages,
genomic diversification in the light of metagenomics, their chemistry with the
immune architecture, orthodox methodologies, novel stratagems (including the
insertion of phage-antibiotic amalgamations), bacteriophage bioengineering, exploi-
tation of bacteriophage resistance, phage-derived enzymes, and other emerging
approaches are detailed.
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5.1.1 Ancestry of Bacteriophages

Regardless of the extensive presence on earth, phage ancestry remains a myth. Swap
of genetic elements is among the crucial mechanisms utilized by phages in the
process of evolution. Irrespective of the genetic exchanges, there is huge scarcity
of homology at the genome and amino acid level. It should be noted for most of the
bacteriophages, a finite number of virion varieties occur in nature. So a definite
question arises; whether the structural resemblances are the outcome of divergent or
convergent evolution. A divergent evolution would signify a common ancestor with
divergence beyond the noticeable homology in sequence, although they have
maintained basic confirmation of their capsid proteins. On the other hand, a conver-
gent evolution ensures about no common ancestor but rather has converged in the
separate direction to form an optimum virion structure. Although both the evolution
pathways can point to a single and very common pathway but with the accretion of
equivalent knowledge about the capsid conformational characteristics, they clearly
indicate toward divergent evolution hypothesis and, of course, from a common
ancestor. The study findings that backed the divergent evolution are as follows:
First, evidence fetched from a relation between double-stranded tailed phages,
archaeal virus HSTV-1 (Pietild et al. 2013), and herpes viruses (Baker et al. 2005).
All these virion capsids contain a common fold called HK97. These virions also
display similarity in their capsid assembly pathways (Rixon and Schmid 2014).

Tectiviridae family gives us the second evidence in the form of PRD1 phage,
where the capsid protein is structurally equivalent to the archaeal virus Sulfolobus
turreted icosahedral virus (STIV) (Khayat et al. 2005) and mammalian adenoviruses
(Benson et al. 1999). Capsid protein architecture was made up of f3-barrels. There are
four different ways to fold p-barrels, but these viruses display only one common way
of folding (Benson et al. 2004). Besides, adenoviruses and PRD1 embrace a linear
double-stranded DNA (dsDNA) genome with inverted terminal repeats. Other
viruses like phage PRDI1 (infects gram-negative host) also display structure such
as Tectiviridae, Corticoviridae, archeal, and other eukaryotic viruses (Krupovic et al.
2011).

The flag bearer for the third evidence is Cystoviridae phage phi6, which has a
resemblance with the eukaryotic Reoviridae like blue tongue virus (BTV) and
Totiviridae (El Omari et al. 2013). It was also evidenced that the inner coat protein
of double-stranded viruses is similar in confirmation (Huiskonen et al. 2000).
Besides, they also contain segmented genome enclosed within a double-layered
capsid structure.

5.1.2 Resurrection of Phage Therapy

Continuous acquirement of insolence in pathogen toward antibiotics and the unstop-
pable rise in mortality are the prime reason for the resurrection of phage cure
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approach. Resistance in pathogens become evident in the form of multidrug-resistant
(MDR), expansively drug-resistant, and certainly pan-drug-resistant (Magiorakos
et al. 2012) bacteria. The flag bearer pathogens for drug resistance are Klebsiella
pneumoniae, Pseudomonas aeruginosa, Acinetobacter baumannii, Enterococcus
faecium, and Staphylococcus aureus. Though the pathogens drew enough attention
of health researchers all over the world, the ultimate result is disappointing as there is
no answer toward pathogen. The pipeline of a newer drug production is almost dry,
resulting in the reemergence of the alternative treatment in the form of bacteriophage
treatment. Immunocompromised and patients hospitalized with surgical, burn, or
intensive care necessity are at an extremely high risk of catching multidrug-resistant
infections. So if you consider post-antibiotic epoch, even simple infections can result
in a reason of fatality (WHO 2014).

A recent study on the effect of multidrug-resistant bacteria on world economy and
human civilization reveals ten million lives will cease annually, with a flashing US
$100 trillion equivalent cost on world economy (O’Neill 2014). It is crystal clear that
the global health is in grave crisis, regardless of age or socioeconomic status in the
country (WHO 2015).

5.2 Genomic Diversity in Bacteriophages

Phages display an array of structural morphologies in their genomic versions like
double-stranded DNA (dsDNA), single-stranded DNA (ssDNA), single-stranded
RNA (ssRNA), and double-stranded RNA (dsRNA) genome phages (Table 5.1).

Despite their tiny genomic organization, bacteriophages exhibit plethora of
genomic abilities as found by viral metagenomics. The latest progresses in this
field discovered several new phages belonging to non-tailed dsDNA (Brum et al.
2013; Kauffman et al. 2018) and ssDNA (Lim et al. 2015; Roux et al. 2019) family,
and some of these bacteriophages are abundantly present in biomes.

In detail, metagenomic study additionally disclosed that genetic archeology of
these phages. Remarkably, the sequencing data showed no such homology with
reference to phage genomes, which proved the genome-level variety of phages
(Paez-Espino et al. 2016; Gregory et al. 2019). Among the discovered phages,
most of them contain dsDNA and a prominent tail (Ackermann 2007). The most
common structural versions of bacteriophage are tailed phages rather than non-tailed
phages. Bacteriophage classification was signified by viral archeology, target choice,
and genome type (ssDNA, ssRNA, dsDNA, or dsRNA). In 2018, International
Committee on Taxonomy of Viruses (ICTV) diversified bacteriophages into 5 fam-
ilies, 26 subfamilies, 363 genera, and 1320 species (https://talk.ictvonline.org/
taxonomy/p/taxonomy_releases). Considering the evolution of genome-based tech-
niques, it is expected that the list of bacteriophages will significantly increase in the
future (Adriaenssens and Brister 2017).
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Table 5.1 Genome- and morphology-based classification of bacteriophages

Genome Morphological characteristics Family Example
ssDNA *Non-tailed Microviridae PhiX174
e[cosahedral capsids
*Small circular genome
*Non-tailed Inoviridae M13
*Filamentous capsid
*Circular supercoiled

dsDNA *Long contractile tail Myoviridae T4
*Jcosahedral capsid
*Long noncontractile tail Siphoviridae Lambda
e[cosahedral capsid
*Short noncontractile tail Podoviridae T7
eIcosahedral capsid
*Long contractile tail Ackermannviridae AG3
eJcosahedral capsid
*Long contractile tail Herelleviridae SPO1
e[cosahedral capsid
*Non-tailed Corticoviridae PM2

Circular genome

*Capsid with internal lipidic membrane
*Non-tailed Tectiviridae AP50
*Linear dsDNA genome

*Capsid with internal lipidic membrane
*Non-tailed Plasmaviridae MVL2
*Circular dsDNA genome
*Lipidic envelope with no capsid
ssSRNA *Non-tailed Leviviridae MS2
*Linear genome

e[cosahedral and geometrical capsids
dsRNA *Non-tailed Cystoviridae Phi6
*Tri-segmented genome
*Spherical capsid

5.2.1 Genome Size

Bacteriophage exhibits a varied range of genome lengths. Recently, megaphages
were reported with the largest genome size of >540 kb. These phages were demon-
strated to be resident of the human and animal gut and projected to infect Prevotella
species as explored in a viral metagenomic study (Devoto et al. 2019). These
megaphages are widespread as evident in baboons, pigs, and humans. Large genome
size definitely helps these organisms in carrying genes accountable for replication
and nucleotide metabolism, which are absent in small genome phages. Till date, the
lowest phage genome to be known is Leuconostoc phage L5 (2435 bp). Certainly,
L5 phages do have evolutionary advantage and disadvantages over the large-sized
megaphages.
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5.2.2 Role of Metagenomics in Bacteriophage

Genomic diversity of bacteriophages is hard to grasp, as phages do not contain a
similar genetic indicator. Here comes the rescuer, viral metagenomics, which talks
beyond the necessity of culture-based techniques and the dependence on marker
genes. Metagenomics deals with the whole viral nucleic acid isolated from various
environments. Metagenomic study helped to get the first human gut virome from a
hale and hearty individual in 2003 (Breitbart et al. 2003). Phage infectivity toward a
wide array of host cell makes the situation more complex as they bear minute or no
sequence resemblance. Even a single host infecting distinct phages can exhibit
significant sequence differences (Hatfull 2008; Krupovic et al. 2011). The use of
statistical method like pairwise evaluation for genetic distance and gene content
against 2333 phages displayed no homology for almost 97% cases. Besides, until
now, metagenomics gave us 90 viromes from aquatic environments, 8 from soil, and
38 from the human gut. Furthermore, several studies that dealt with ulcerative colitis
patient (Zuo et al. 2019), twins (Reyes et al. 2010), and healthy adults (Minot et al.
2011; Manrique et al. 2016) displayed interpersonal viral scenario in between health
and ailments. The utmost modern discovery by metagenomics is the supreme
abundance and widely distributed phage in the human gastrointestinal loci as
crAssphage (Dutilh et al. 2014).

5.2.3 Single-Stranded DNA Phages

The most prominent family of these phages are Microviridae and the best discovered
member is phiX174 (5386 bp) (McKenna et al. 1992). Microviridae family was
widely ignored, until 258 new ssDNA phages were revealed in the gut environment
of Ciona robusta (marine invertebrate). These phage groups contain small icosahe-
dral capsid (26 nm) with B-barrel structure. Two subfamilies are enlisted under this
group, named as Bullavirinae and Gokushovirinae. These two families are structur-
ally quite different as Bullavirinae have pentameric major spike protein complexes at
the end of each capsid apogee. In this occasion, Gokushovirinae “mushroom-like”
protrusions can be observed that extend along the icosahedral axes of the capsid
(Chipman et al. 1998).

Now, Inoviridae family also represents ssDNA genome. The virions in this family
contain circular supercoiled ssDNA packed within a long filament, comprised of
major capsid protein (MCP) (Ackermann 2012). The MCPs in the filamentous
structure are structured uniquely along the genome of the bacteriophages. The
MCPs constitute of a-helix with N-terminal signal peptide. This signal peptide
helps this virus to translocate the membrane barrier (Xu et al. 2019). Recently,
mining of Inoviridae phage family genome explored 10,295 Inovirus-like sequences.
Among the vast diversified species network, only 5964 distinct species found were



5 Phage Therapy: Genomics to Applications and Future Prospects 115

identified. This study strongly defines a hundredfold allocation of variety than
previously described (57 genomes) within the Inoviridae family (Roux et al. 2019).

5.2.4 Double-Stranded DNA Phages

The most abundant and widely characterized phages contain double-stranded DNA
(dsDNA) genome. These phages belong to Caudovirales order. This order can be
further divided into five families: Myoviridae, Siphoviridae, Podoviridae,
Ackermannviridae, and Herelleviridae. Together, an extensive variation in the
capsid dimension can be witnessed among the members in this order. Capsid
diameter arrays from 45 to 185 nm and perfectly corroborates with the genome
size (Hua et al. 2017). The capsid proteins in these phages contain HK97 fold (Duda
and Teschke 2019). The HK97 fold was first identified from phage HK97 through
X-ray crystallography. The tail of the virions linked to the capsid by a connector
complex comprised of portal protein coupled to connector proteins. Several struc-
tural studies have discovered that the portal complex is a dodecameric ring with an
equivalent overall structure, though they have a low sequence resemblance (Lebedev
et al. 2007). The glycoprotein 4 (gp4) (head to tail connector) protein of Podoviridae
P22 has an equivalent structure to those present in siphophages SPP1 and HK97.

Myoviridae and Podoviridae exemplify 17% and 12% of the entire bacterio-
phages, respectively. Metagenomic studies from the Antarctic soil explored that
the dsDNA tailed phages were dominant, and the occurrence in Myoviridae and
Siphoviridae was inversely correlated (Adriaenssens and Brister 2017).
Herelleviridae and Ackermannviridae are the furthermost fresh addition to
Caudovirales order. It is evident that >85% of the bacteriophage genomes belong
to Caudovirales order in the genome database. It has been perceived these two
families are the utmost homogeneous family in view of genome analysis, which
characterizes as Ackermannviridae (Myoviridae morphology with tail spikes at the
base of the tail; e.g., AG3) and Siphoviridae (long noncontractile tail; e.g., phage
lambda). Though Herelleviridae is an officially defined family, it reflects similar
morphological pattern as Myoviridae.

In the case of non-tailed phages, we describe three families: First, Corticoviridae
(circular dsSDNA genome) family members enclosed within the capsid constituted of
lipidic membrane (internal) enclosed by MCPs (e.g., PM2). Second, Tectiviridae
(linear dsDNA genome) has an internal lipidic membrane inside an icosahedral
capsid (e.g., PRD1). A signature feature of these two-phage family members is
their specialized trimeric form of major capsid protein (MCP), comprised of a double
B-barrel sheet structure. Structural analysis of PRD1 phage and their main capsid
protein displays N-terminal a-helix formation. It can interact directly with the inner
phage membrane and shares exclusive confirmational homology with adenovirus
MCP (Benson et al. 1999). Besides, icosahedral apices of PRD1 phage and PM2
exceedingly corroborate structurally to N-terminal domain adenoviruses (that infect
all human) (Abrescia et al. 2008). In this context, it should be noted that phage PRD1
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do not contain a tail to transport its genome into its gram-negative host, but its
membrane can perform as a proteo-lipidic tube, which can also pierce host envelopes
(Peralta et al. 2013). Most pleomorphic phages belong to Plasmaviridae family, and
it contains double-stranded circular DNA genome, which is surrounded by an
envelope but without any capsid structure (e.g., MVL2).

5.2.5 Single-Stranded RNA Phages

Single-stranded RNA phages represent the group of Leviviridae. They are known to
be the simplest known positive (+) sense single-stranded RNA. These genomes
signify a size of 3.5-4.4 kilobases. Leviviridae, a sSRNA genome (e.g., MS2, R17)
bearing phage have capsids with icosahedral and spherical geometry, with a span of
30 nm. The virions of these family encode mostly four proteins such as MCP,
replicase, maturation, and lysis proteins. Curiously, MS2 was the first sSSRNA virion
whose whole genome sequence was decoded. These virions are made of MCP and an
RNA-interacting protein of the replicase-encoding gene (Valegard et al. 1990). The
most auspicious use of ssSRNA phages is in vaccine development, which is a boon for
human civilization.

5.2.6 Double-Stranded RNA Phages

Cystoviridae is the family that represents the dsSRNA bacteriophages. These phages
display an exclusive confirmational upgradation in the form of tri-segmented
genome enclosed within a spherical capsid (e.g., phi6). These phages armored
with three-layered structural integrity, two-layered inner capsid, and an exterior
lipid membrane (Vidaver et al. 1973). The genome of Cystoviridae members
transcribed into three segments: large (L), medium (M), and small (S). These three
segments behave as an independent polycistronic mRNA and believed to be trans-
lated into 12 proteins with the help of host machinery.

5.3 Bacteriophages as a Therapeutic Agent

Some stringent features of bacteriophages like lytic in nature, target pathogen
specific, cidal activity, and removal of bacterial endotoxins enhance the refinement
of bacteriophages as a therapeutic agent. Besides, knowledge of phage-specific
receptors on the host cells is technically essential for resisting phage resisting
microbial cells (PRMCs). This knowledge will also guide the future strategy on
using combination therapies.
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As we know, bacteriophages signify two modes: lytic and lysogenic. From the
point of treatment, lytic phages are the prime choice over the lysogenic phages as
they can hamper the bactericidal activity, by inducing a prompt rise in
homoimmunity and also by lysogenic conversion effect. Phage receptors present
on the cell walls, capsules, pilli, and flagella (Bertozzi Silva et al. 2016) invite gram-
positive (species or strain specific) or gram-negative (species or strain specific)
phages. Attachment of bacteriophages to its highly specific receptors acts as lock
and key mechanism. The receptor conformation can guide the phages against a
widespread range of potential host. A growing knowledge of host receptors stimu-
lates the research in host—phage interactions.

5.3.1 Why Bacteriophage Remedy Is Superior than
Antibiotics

Phage therapy is undoubtedly a multidimensional, dynamic, and multidisciplinary
option against rising resistance (Table 5.2). Whereas antibiotics are chemical com-
pounds targeted against particular physiological process in bacterial cell, collateral
damage is the common consequence of antibiotic treatment. Antibiotic treatment
generally interrupts the microbiome of the host, in the form of antibiotic-associated
diarrhea, metabolic or immunologic disorders, etc. (Langdon et al. 2016; Perepanova
et al. 2020).

Bacteriophages are extremely precise to target, and this feature can sometimes act
as a disadvantage (Table 5.3), as phages need precise etiological agent, occasionally

Table 5.2 Pros of phage therapy compared to antibiotics

SI. No. | Pros

1 Ubiquity: Naturally copious

2 Specificity of action: It does not affect the normal microflora

3 Higher safety: No effect in normal mammalian cells.

4 Reproduction in exponential rate: Helps to formulate lower dosage

5 Self-limiting: Once the host is lysed, phages will automatically cease to work

6 Evolution: If resistance against phages develop, phages adapt alongside bacteria to
counter the resistance

7 Higher tolerability: The immune system tolerates the phages in a better way than the
antibiotics

8 Administration does not always require neutralized pH environment

9 Site-directed effect: Fire and forget approach as it is limited to the site of infection

10 Biofilm lysis: Very effective against biofilm inactivation

11 Less expensive: Simple purification and abundance of technology for low-cost formu-
lation of phage therapy

12 Remarkable benefits after genetic engineering
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Table 5.3 Cons of phage therapy compared to antibiotics

S1. No. | Cons

1 Narrow spectrum action: Causative organism must be identified sometimes to the strain
level

2 Stimulation of phage-neutralizing antibodies inside the humans is an issue to be
resolved in the clinical level

3 The number of successful and scientifically designed clinical studies on humans is very
small

4 Unlike antibiotics, there is a lack of explicit regulatory and legal authorities regarding

intellectual property rights

to the strain level, and this methodology is resource and time consuming (Caliendo
et al. 2013).

Target specificity also gives phages upper hand over the antibiotics as they don’t
disturb the microbiome. It has been explored that early commencement of phage
therapy can significantly reduce pathogen count (Jaiswal et al. 2013; Chhibber et al.
2008). Altogether, it is evident that collection of new phages should be in pipeline in
a constant manner. Not only isolation but well-defined strain-level portrayal of
bacteriophages should be refined to use it as potential phage candidate. These
potential phage candidates should have short latency period, large burst size, and
expansive host range (Nilsson 2014; Whittard et al. 2021). A current study in
Australia validated safety and efficacy of a good manufacturing procedure where a
three-phage cocktail inoculated intravenously to 13 patients with hostile S. aureus
infections (Petrovic Fabijan et al. 2020).

The role of the immune system is crucial against these dual therapeutic tech-
niques. The most lethal side effects of antibiotics are stimulation of hypersensitivity
and mostly IgE-mediated anaphylaxis (Legendre et al. 2014). Relatively, there is no
such documented occurrence of anaphylaxis with phage cure in humans (Sarker
et al. 2012; Speck and Smithyman 2016). It should be noted that the human
evidence-based study with bacteriophage remedy is small. It is to be noted that the
immune system counterparts both the healing approaches.

Lytic phages are killers of their target, and still, they are not able to eradicate all
the pathogen on their own. A well-known argument for the above statement is that
eradication of host will result in cessation of the virus as well. That is why
bacteriophages activate dynamic strategy as “kill the survivor,” (Campbell 1961;
Maslov and Sneppen 2017) where host abundance is rapidly reduced to an assured
extent that the immune system can take over the clearance protocol. The immune
system assists the phages in clearing the pathogen, which can be an immunophage
synergy (Roach et al. 2017). So these findings establish the theory that bacterio-
phages elicit both innate and acquired immune system. In view of all the valid points
between phage therapy and antibiotics, there are some similarities as well
(Table 5.4).
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Table 5.4 Similarities between phage and antibiotic therapy compared to antibiotics

S1. No. Shared characteristics

1 Effectivity very much influenced by the immune system

2 The development of resistance is a common phenomenon in both the cases

3 Initiation of treatment and the time interval highly regulate both the therapies
4 Therapeutic approaches can be utilized by several routes of administration

5.3.2 Antiphage Mechanism of Bacterial Host

Bacteriophages are not immune against resistance like antibiotics. Lytic phages
employ an intense antimicrobial selective pressure, which generates rapid phage-
resistant bacterial mutant. One of the first mechanisms employed by pathogens are
(a) mutation in the phage receptors in the host so that phages are inhibited against
and adsorption and superinfection step; (b) restriction modification system that is
another strategy where host genome is kept protected, but the phage genome remains
vulnerable by the target restriction enzymes; and (c) besides, clustered regularly
interspaced short palindromic repeat (CRISPR)—Cas (Labrie et al. 2010) tactic where
host cell keeps memory of the previously confronted foreign DNA and degrade
again if it enters. Altogether, these mechanisms can be termed as prokaryotic
immune system. In 2018, Doron et al. explored in research that beyond 45,000
bacterial and archaeal genomes have new antiphage mechanisms that are yet to be
established.

5.3.3 Phages and the Human System

It is proved that phages in the human gut encode a population of hypervariable (large
sequence variation) proteins (Minot et al. 2012). Most of these hypervariable pro-
teins possess C-type lectin fold, and some of them displayed immunoglobulin (Ig)-
like domains (Medhekar and Miller 2007). Interestingly, this fold was previously
reported from Bordetella phage BPP-1 tail fibers. Ig-like domains are displayed in
many structural proteins of phages (Fraser et al. 2006, 2007). In vitro growth
conditions recommended that these Ig-like proteins aid in the attachment of their
target prey under environmental conditions (McMahon et al. 2005; Fraser et al.
2007).

Phages are capable of crossing the mucosal barrier at a concentration where it can
bypass and intermingle with the cellular epithelium. In vitro research findings using
cell lines support the theory that phages can enter and cross epithelial cell layers by
non-specific transcytosis mechanism, from apical to basal direction (Nguyen et al.
2017). Bacteriophage transcytosis phenomenon occurs across different types of
epithelial cell (e.g., gut, lung, brain, liver, and kidney cells). This phenomenon
works for diverse phage types and morphologies (e.g., Myoviridae, Siphoviridae,
and Podoviridae). Critical experiments on transcytosis explored that merely 10% of
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the entire phages endocytosed through the epithelial cells, which found to be
localized within the membrane-bound vesicles. These phage particles travel through
the Golgi apparatus, before being exocytosed as functional units in the basal layer.
This transcytosis process across epithelial layers certifies the manifestation of phages
in the human system even in the nonappearance of disease or pathogen (Nguyen
et al. 2017).

Phages are qualified of directly interacting with mammalian cells, as discovered
by Bloch in 1940. This study validates the attachment of phages to cancer tissue,
which primes the tumor inhibition. Later, it was reestablished that phage can not only
bind to cancer cells in vitro and in vivo but also are quite capable of attaching
lymphocyte plasma membrane (Wenger et al. 1978; Dabrowska et al. 2014). Several
studies started to understand the molecular basis phage—mammalian interaction. In
2003, Gorski et al. hypothesized that cross talk happens due to the existence of a
tripeptide motif Lys-Gly-Asp (KGD). This motif found to be present on T4 capsid
protein gp24 and verified to be acting as ligand for the f3 integrins on cells. In this
framework, a significant study has to mentioned where phage capsid protein motif
(WDC-2, containing a TRTKLPRLHLQS peptide motif) was modified. This amend-
ment resulted in potential tumor-specific phages with 93% success rate (Eriksson
et al. 2009).

5.3.4 Bacteriophage Interaction with the Immune System

The human body interacts with several viruses each second. A majority of the
microorganisms settle first at body surfaces (intestine, skin, and respiratory tract)
that are open to welcome microbes. Studies from the last decade explored that
microflora of human beings also inducts viruses (White et al. 2012), especially
bacteriophages. Metagenomic studies have discovered the hidden world of phages
inside the human system (Minot et al. 2011).

It will be fascinating to discuss whether phage—host dynamic relation of the
human intestine could significantly modify the composition of the normal flora
and influence on the spread of pathogenic viruses (Duerkop and Hooper 2013).
Niche occupation by phage and limiting pathogen colonization and resource use is
the signature effect of host immunity. Few viruses target mammalian cells, but
phages donate to the mainstream of the viral community (Cadwell 2015).

As we know, phages are daily commuters of the human body, but questions
persist over the safety and immunogenicity regarding phage therapy (Cooper et al.
2016). It is evident now that bacteriophages have not only antibacterial properties
but also a part of mucus layers and even migrate through the cell layers (Nguyen
etal. 2017). When these phages interact with individual immune system, they induce
both innate and adaptive immune responses (Van Belleghem et al. 2017; Majewska
et al. 2015; Miernikiewicz et al. 2013; Hodyra-Stefaniak et al. 2015). No doubt
bacteriophages adhere or attack nontarget tissues or cells to some point (Table 5.3).
During portal entry, some phages are taken up by the gastrointestinal tract into the
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blood. This phenomenon ascertains phage to epithelium transition and reticuloen-
dothelial system (Merril 2008; Goérski et al. 2006).

In 2012, Gorski et al. discovered that purified phages show anti-inflammatory
activities via the suppression of reactive oxygen species (ROS) and also NF-kB
inhibition. Phages also affect the macrophage-mediated cytokine production (Van
Belleghem et al. 2017). The immunomodulating effect of phages in the blood has
been suggested by different studies of Gorski et al. (2012, 2017). Besides, inhibition
of inflammation caused by bacterial infections was also proved. A recent study
explored that the immunomodulating effect of bacteriophages was regulated at the
transcription level from monocyte-related immunity genes (Van Belleghem et al.
2017).

5.3.5 How Does the Immune System Work Against
Bacteriophages?

5.3.5.1 Phagocytic Response

Mononuclear phagocytic cells were the prime members of innate immune system.
Simultaneous inoculation of phage, together with host bacteria, undoubtedly stim-
ulates bacterial phagocytosis, and this effect is ensured by certain opsonization of
bacterial cells by phages. Besides, it was observed that phages stay functional and
virulent to their host bacteria even after ingestion by granulocytes (Kaur et al. 2014).
Therefore, some authors also endorsed that phages can be operative in lysing the
phagocytosed bacteria, catalyzing the activity of phagocytic cells (Gérski et al.
2012). It was speculated that phages might inhibit the platelet and T cell adhesion
to fibrinogen (Kurzepa et al. 2009) and thus strengthens the critical role of bacterio-
phages in transplant rejection, metastasis, and angiogenesis. These phagocytic cells
can effectively remove these viruses from the circulatory systems (Navarro and
Muniesa 2017; Gorski et al. 2012). Several antigenic combinations can perform as
pathogen-associated molecular patterns (PAMPs), and in this case, phage nucleic
acid can act as potential PAMP. These PAMPs are recognizable by cognate, toll-like
receptors (TLRs) or TLR9 (responsible for recognition of DNA). Inside the cell,
phage nucleic acid is unprotected and vulnerable to cellular defenses. Further,
experiments on A phage revealed phagocytic cells rapidly remove A phage from
the circulatory system in humans (Merril et al. 1973), but certain A phage mutants
can prevail for a longer period in the blood system than the wild-type version (Merril
et al. 1996).

5.3.5.2 Cytokine Response Against Phage

Bacteriophages certainly stimulate cytokine response as evident by different studies.
But most of the studies were performed with phages having bacterial endotoxins or
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proteins. A study conducted with 51 patients suffering from suppurative bacterial
illnesses (antibiotic-resistant bacterial species) of numerous organs and tissues, who
were treated with phages. Afterwards, blood sample was taken and analyzed for IL-6
and TNF-a. The authors witnessed a sharp decline in the illustration of these
cytokines after a long-term treatment (i.e., 21 days). In another experiment, mice
were remedied intraperitoneally for 5.5 h with phage T4 or capsid proteins (i.e.,
gp23, gp24, Hoc, Soc) and analyzed for cytokine expression. This experiment
displayed no such inflammatory-mediating cytokines (Miernikiewicz et al. 2013).

Another instance, where phages and antibiotics were mutually used as a treatment
measure in mice, showed that phage-cocktail-treated group had a gradual decrease in
both IL-6 and TNF-a level for 3 days (Jaiswal et al. 2014). Astonishingly, phages
also exhibit conserved anti-inflammatory properties. In a designated study, phage
specific to Pseudomonas aeruginosa and Staphylococcus aureus has been shown to
stimulate equivalent immune responses (Van Belleghem et al. 2017). Their expres-
sion levels regarding inflammatory markers like IL6, suppressor of cytokine signal-
ing 3 (SOCS3), and IL-1 receptor antagonist (IL1RN) are quite similar. The above
findings were also endorsed in murine models of xenografts (by Goérski et al. 2016)
where he described an immunosuppressive effect of phages.

5.3.5.3 Antibody Response Against Phages

It is obvious that phages do stimulate the manufacture of cognate antibodies as
observed in humans and animals (Goérski et al. 2012; Puig et al. 2001). It is the most
potent barrier in using phages as therapeutics. Shortly, after the discovery of phages,
antibodies against phages were also encountered (Jerne 1952, 1956).

One important observation regarding phages is that they don’t follow a simple
rule of stimulation. Rather, the route of inoculation from individual to individual
matters. Besides, the dose and application schedule individually also influence the
antibody response (Dabrowska et al. 2014; Lusiak-Szelachowska et al. 2014). The
antibody response stimulated against phages can be detrimental (Huff et al. 2010),
but as evident by scientific experiments, antiphage antibodies do not rule out a
favorable therapeutic practice of phages in humans (Lusiak-Szelachowska et al.
2014). It is clearly known that humoral immunity can be stimulated by inherently
occurring phages. So antiphage antibodies can be spotted in the serum of different
species (e.g., human), even before any kind of phage treatment.

Since the 1970s, bacteriophages were used comprehensively to detect and track
immune deficiencies in humans. One such example is the immunization of human
with X174 to gather detailed information about primary and secondary immuno-
deficiencies. This study elaborates no such adverse or severe antiphage antibodies in
patients where phages were found to be present in the bloodstream for a prolonged
period (Ochs et al. 1971; Rubinstein et al. 2000; Shearer et al. 2001). Earlier studies
based on T4 phage confirmed that no antibodies were stimulated in volunteers at all
(Bruttin and Briissow 2005). These findings were further supported by Dabrowska
et al. (2014), where 50 healthy (never been subjected toward phage therapy or
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phage-related work) individuals were taken to observe phage T4 activity. Surpris-
ingly, they showed 82% decreased activity against phage T4, whereas positive
antiserum cases showed increased intensities of IgG antibodies against Hoc, Soc,
gp23, and gp24 proteins. The antibody response was generated mainly due to the
gp23 protein.

A study where 20 patients infected with S. aureus treated with MS1 phage
cocktail by either oral route or local inoculation showed an elevated level of IgG,
IgM, and IgA (Zaczek et al. 2016). Within them, few patients showed lower
response, whereas some showed higher antibody response levels. This can be
enlightened by several opinions. But ultimately the good news is that the presence
of antiphage antibodies did not undermine the clinical effectivity of bacteriophage
therapy.

5.3.6 Bacteriophage Pharmacokinetics

The route of administration of phages crosstalk with phage pharmacokinetics. There
are variety of proven administration routes for phages. Several studies regarding
topical (wound infection, eye infection, otitis), transectal (prostatitis), intravenous
(septicemia), transnasal (lung infection), transurinary (bladder, kidney), or oral use
of pages have been documented. It is evident when bacteriophages were directed by
topical, transnasal, transurinary, and intravenous routes, phages can candidly interact
with target pathogens and eradicate them. In contrast, when oral or transrectal routes
are utilized, the phages need to travel from the gut environment to the blood and
lymph by invading epithelial cell layers. Here, we will discuss briefly about the
recent human experiments done on humans and their consequences from the phar-
macokinetics angle.

5.3.6.1 Topical or Intranasal Applications

In Georgia, cystic fibrosis patient was treated for multidrug-resistant Achromobacter
xylosoxidans. A mixture of two phages was administered orally and via inhalation
through a nebulizer at a concentration of ~10® (plaque-forming units, pfu). This dose
was continued for twice daily for 20 days, and the dose was repeated at 1,3, 6, and
12 months. This study showed a promising result against the infection and improved
the patient clinically (Hoyle et al. 2018). In USA, Staphylococcus aureus—infected
diabetic toe ulcer patients were treated with phage Sb-1. The bacteriophages were
given to wound cavity with 0.1-0.5 ml phage suspension-soaked gauze. This
treatment dose was given once in a week up to 7 weeks, and the patients recovered
(Fish et al. 2016). In 2018, Fish et al. again successfully treated patient with digital
staphylococcal osteomyelitis in diabetic foot ulcers infected with S. aureus. The soft
tissues around the ulcer were injected with 0.7 ml once a week for 7 weeks and found
significant recovery among patients. In Georgia, a young patient with Netherton
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syndrome (a rare disease) accompanied with severe S. aureus—infected skin disorder,
treated with Sb-1 phage and other S. aureus cocktail phages. Patient limbs were
sprayed and cream treated with around 107 phages. Patients also medicated with oral
application of phages.

5.3.6.2 Intravenous Application of Therapeutic Phages

Here, phage particles were directly introduced into the bloodstream, so it doesn’t
require any translocation to the host site. The safety of this administration route was
experimentally proven by Speck and Smithyman (2016) to some extent.

In 2017, Schooley et al. did an experiment on multidrug-resistant Acinetobacter
baumannii in diabetic patients with necrotizing tissues by percutaneous drainage
catheters with phage @PC (a cocktail of phages AC4, C1P12, C2P21, and C2P24). In
addition, the above phage @IV (a cocktail of phages AB-Navyl, AB-Navy4,
ABNavy71, and AB-Navy97) was inoculated intravenously. After this treatment,
the patient recovered from coma. This treatment was continued for 59 days, and the
patients recovered with time. In 2017, patients infected by P. aeruginosa with acute
kidney damage in Belgium were treated with 50 pl BFC1 cocktail (14/1 and PNM)
and one S. aureus phage ISP. The dosage was 6 h intravenous infusion for 10 days,
and also wound was irrigated with 50 ml of the cocktail every 8 h for 10 days. This
treatment protocol resulted in a speedy recovery of the patients.

5.3.6.3 Oral and Intrarectal Administrations of Therapeutic Phages

The most challenging route of inoculation is oral and intrarectal where phages are
not capable of interacting directly with the target pathogen, as the bacteriophages
must transit from the gastrointestinal tract to the bloodstream. Though there are
different successful studies with oral or rectal administration, the exact mechanism
of bacteriophage translocation is still under the cloud. Oral administration has been
explored to be effective against systemic infections (Alisky et al. 1998; Weber-
Dabrowska et al. 2000; Gorski et al. 2006). It is highly essential to neutralize gastric
acid before administering bacteriophage through oral route as low pH in the stomach
may inactivate the bacteriophages (Alisky et al. 1998; Weber-Dabrowska et al.
2000). Jaiswal et al. in 2014 showed neutralization of gastric acid prompted the
phages to move from the stomach to the intestine and diminish the intestinal
colonization of pathogenic bacteria in an animal model. Bacteriophage translocation
from the stomach to the blood was experimentally proved in both neutropenic and
healthy models (Matsuzaki et al. 2014; Migdzybrodzki et al. 2017). Migdzybrodzki
showed that the transit of bacteriophages might highly influence the phage and
animal species or characteristics. This experiment clarifies two animals (rat and
mouse) and two bacteriophages (Escherichia coli phage T4 and S. aureus phage
A5/80) were used. The very first observation was for phage T4 and A5/80 where
these orally inoculated phages could travel from the gut to the small intestine faster if
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gastric acidity is neutralized. Second, it was detected that phage A5/80 effectively
translocates from the gut to the blood in mouse, but considering T4 phage, the
efficacy of transit was considerably lower. Interestingly, there was no translocation
for both the phages in mouse. In this setting, Bari et al. in 2017 enlightened the
possible reason behind the low-frequency translocation of T4 phage in mice. As
explained by Bari et al. 2017, the reason may be the incidence of T4 head of
immunoglobulin-like non-essential Hoc protein. In the intestine, T4 head attaches
to the mucus layer via Hoc and leaves the tail tip free. So this adherence connection
may be due to the probable missing link between lower or non-translocation of the
bacteriophage from the stomach to the bloodstream.

Administration of phages through the intrarectal pathway against human entero-
coccal prostatitis has demonstrated to be efficient (Letkiewicz et al. 2009, 2010;
Gorski et al. 2018). The transit of phages in this situation was believed to be similar
to that of the previous cases. Therapeutic phages have been used significantly in
Georgia, Russia, and Poland for many years. Phages were applied through versatile
administration routes like intravenous, oral, and transrectal routes. We have
discussed successful human clinical trials around the world that emphasizes the
effective and useful nature of phages irrespective of their method of administration,
though it should be documented that oral path of administration is specially preferred
due to its versatility. The precise mechanisms dealing with phage translocation into
the blood are still under the lens of molecular biology and cytology experiments.
Regrettably, however, there is very little evidence on the bacteriophage dynamics in
the human body. So a detailed knowledge of phage pharmacodynamics is highly
desirable to improve the suitability of bacteriophages as a perfect therapeutic agent.

5.3.7 Bacteriophage-Derived Lysins

Bacteriophage lysins are highly effective molecules, which facilitate release of its
progeny phage during its replication cycle. These enzymes are specific to the five
major bonds in peptidoglycan. It must be notable that lysins don’t have signal
sequences, other than few exceptions. This factor bars the lysins to translocate
through the cytoplasmic membrane and interact with their substrate in the peptido-
glycan layer. The intermingle of lysins with their cognate substrate is tightly
regulated by holing the lytic system (Wang et al. 2000). At a definite time during
phage replication inside the target cell, holin molecules are injected into the bacterial
cell membrane and create a patch and ultimately induce a localized membrane
disruption (Wang et al. 2003). Now, the cytoplasmic lysins that were accumulated
in the cytosol are free to interact on the peptidoglycan and cleave specific bonds.
This causes the cell to lyse immediately. Unlike large DNA phages, small RNA and
DNA phages engage a different strategy like interfering with the enzymes respon-
sible for peptidoglycan synthesis (Bernhardt et al. 2001). It is clear now that phages
evolved from several years to bear features like lysin production. Just like naturally
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occurring antibiotics in bacteria that help in combatting other organisms around
them, bacteriophages do maintain their surrounding with the help of lysins.

It was proven that some lysins (isolated from gram-positive bacteria) can kill their
targets within second of contact (Loeffler et al. 2001; Nelson et al. 2001). Such an
example is nanogram amounts of lysins that could reduce 107 Streptococcus
pyogenes by >6 log minutes after enzyme addition. This is a remarkable feature
of lysin, as no biological compounds are found to kill bacteria at such speed other
than chemicals. In 2001, Nelson et al. coined the phrase “enzybiotics” to designate
these novels highly destructive antibacterial compound. It should be noted that until
now, only two lysin-based ointments (polysporin and mupirocin) are extensively
used to control colonization of pathogenic bacteria in mucus.

5.3.8 Lysin Structure and Mechanism of Action
5.3.8.1 Gram-Positive Specific Phage Lysin

Lysins secreted by DNA phage (specific to gram-positive bacteria) ranges between
25 and 40 kDa. Only one exception was discovered in the form of PlyC lysin
(114 kDa), isolated from C1 phage of group C streptococci. A common trait of
gram-positive host-specific phages is their two-domain structure. The two domains
can be divided as catalytic domain or N-terminal domain and cell-binding domain
(CBD) or C-terminal domain.

The activity of N-terminal domain can vary widely such as attack on (1) an N-
acetylmuramoyl-L-alanine amidase (or amidase) that hydrolyzes the amide bond
linking the glycan strand and peptide moieties (Loessner 2005), (2) an endo-j-N-
acetylglucosaminidase or N-acetylmuramidase (lysozymes) that equally affects on
the glycan moiety of the wall peptidoglycan, (3) an endopeptidase that cleaves the
stem peptide moiety, or (4) a phage lysin with y-p-glutaminyl-L-lysine endopepti-
dase efficiency that has also been discovered (Pritchard et al. 2007), but these
enzymes are rare to find compared to others. It is also evident that in some bacterial
phage (some staphylococcal and streptococcal phage), two to three types of catalytic
features can be observed in a single domain (Cheng et al. 2005).

On the other hand, C-terminal or cell-binding domain (CBD) mostly targets
cellular carbohydrates in the cell wall for attachment. Cell membrane—specific
choline-binding lysins were discovered in pneumococcal phage lysin Cpl-1
(Hermoso et al. 2003). Later PlyL lysin and Ply21 lysins were discovered in Bacillus
anthracis and B. cereus phage TP21, respectively. Interestingly, these phage lysins
contain hairpin confirmation. This hairpin confirmation ensures that the catalytic
domain and CBD interact with each other. This confirmation also defines that
catalytic domain remains inactive until cell-binding domain interacts with its target
molecule in the cell wall or membrane.
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5.3.8.2 Gram-Negative Specific Phage Lysin

It is fascinating that lysin in gram-positive and gram-negative lysin behaves differ-
ently toward their target. Their characteristics are also different. Most gram-negative
lysins behave like lysozymes. Gram-negative lysins are more complex as explored
by Lood et al. (2015). He explored several lytic clones and found four distinct
domains, unlike gram-positive bacteria. The four domains are (1) a TIGR02594
domain, (2) a catalytic domain, (3) a binding domain, and a (4) lysozyme domain. In
this study, it was exclusively reported that TIGR02594 and lysozyme domain were
flanked on a single side or both sides of the lysin with short positively charged amino
acids. Thus, it helps the lysin both break the peptidoglycan with functional enzy-
matic domain and disrupt the outer membrane with charged domain, resulting in
highly effective lysis of host cell (Thandar et al. 2016). It is established that gram-
negative bacteria have lower internal turgor pressure (~3-5 atm) than their gram-
positive (~15-25 atm) siblings. So in the case of gram-negative cells, there may be
scarcity of sufficient pressure that supports the above theory.

5.3.9 Synergistic Approaches with Lysin

Several pneumococcal phage lysins were isolated, demonstrated, and categorized
into two groups: amidases and lysozymes. Interestingly, both classes of lysins
display similar C-terminal choline-binding domain but different N-terminal catalytic
domains. Like cocktail phages, in a study, it was evident that a blend of two lysins
with diverse peptidoglycan specificities was more applicable in shielding against a
disease (Loeffler and Fischetti 2003; Schmelcher et al. 2015). It should be noted that
a combination of lysins significantly enhances the effectivity of killing kinetics and
also reduces the chance of emergence for enzyme-resistant mutants.

Considering an unusual combination (lysin and antibiotics), pneumococcal lysin
Cpl-1 and gentamicin are highly effective in slaying pneumococci, while Cpl-1 and
penicillin displayed synergy against an extremely penicillin-resistant pneumococcal
variety. In another experiment, staphylococcal phage lysins and antibiotics against
methicillin-resistant Staphylococcus aureus (MRSA) also found to be effective in
in vitro and in vivo condition (Daniel et al. 2010). So it can be concluded that a
correct combination of lysin and antibiotic could not only control antibiotic-resistant
bacteria but also reestablish the use of specific antibiotics (against which resistance
already reported). The good news regarding lysin is that till now no such bacterial
resistance is reported. Experiments have been designed to comprehend the resistance
pattern of bacterial cells against lysin. A 10 pl drop of dilute lysin was dropped on a
bacterial lawn. After incubation, a clear lytic zone was formed and colonies from the
periphery of the clear zone were taken to test the resistance. But in >10 cycles of
bacterial contact to diluted concentrations of lysin in liquid media, no resistance was
found (Loeffler et al. 2001; Schuch et al. 2002). It is obvious that the lack of
resistance development is connected with the evolution of binding domain, which
may be designed to avert lysin spill during lysis phenomenon.
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5.3.10 Clinical Approach of Lysin

In 2016, Czaplewski et al. revealed in a review that diverse strategies has been
considered earlier to find best substitute against antibiotics which include bacterio-
phage lysins as therapeutics, antibodies and vaccines as prophylactics, and
probiotics as a treatment. In 2018, a company called ContraFect has used lysin
(CF-301) against S. aureus bacteremia and endocarditis in phase 2 trial worldwide.
Results of that trial against MRSA explored a 42% improvement over antibiotic
treatment. Later, follow-up studies also supported the above findings, as humans
treated with drug—lysin combination were discharged earlier and had fewer relapses
compared to drug-alone-treated patients.

As we are surrounded by multidrug-resistant gram-positive and gram-negative
pathogens, phages can be employed in indirect way to isolate and apply lysins
against them. The lysins under use or under trial are astonishingly heat stable
(up to 60 °C) and can be purified and marketed in large quantities with rapid manner.
In the future, protein engineering, domain swapping, and gene shuffling approaches
could be handy in coping up against continuously adapting bacterial pathogens.

5.4 Genetic Engineering of Bacteriophages

Bacteriophage diversity and adaptive potentials definitely make them an ideal
candidate for genome engineering. Engineered phages can be applied to different
sectors like in synthetic biology (Lemire et al. 2018), material science (Cao et al.
2016), and biomedical fields (Kilcher et al. 2018). There are several techniques to
engineer phages.

5.4.1 Homologous Recombination-Based Techniques

This phenomenon talks about the swap of sequences in between two DNA strands,
which share identical sequences. Phage cross is such a classical strategy to produce a
mutant phage with a desired phenotype by combining characteristics from two
parents (Karam and Drake 1994). Sometimes, host cells were coinfected with two
dissimilar phages, and the homologous recombination inside the host cell generates
the desired progeny with the desired phenotype. The progenies were chosen by
nominating selective markers.

Homologous recombination among the plasmid and phage genome was also
developed where plasmid containing the desired mutation flanked by homologous
sequences was commenced into the host cells, which is also coinfected with the
desired phage to be engineered (Namura et al. 2008). Though the overall rate of
frequency of recombination is very low (Tanji et al. 2004), in some cases, a high
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frequency of recombination is also observed (Oda et al. 2004). So this genetic
strategy is complicated and time consuming to find the preferred recombinants
unless there is a properly designed selection strategy.

5.4.2 Bacteriophage Recombineering of Electroporated DNA
(BRED)

This is a very popular technique based on the homologous recombination principle.
This method exploits a RecE/RecT system of Rac prophage and Red system of
lambda phage to enrich the frequency of recombination (Murphy 2012; Nafissi and
Slavcev 2014). Red system is a well-coordinated system, composed of exo (o), bet
(B), and gam (y) genes. The target of exo gene is double-stranded DNA (dsDNA) end
to transform to single-stranded DNA (ssDNA) substrate, whereas beta performs as a
ssDNA-binding protein that anneals ssDNA target and cognate recombination zone
in phage genome. Lastly, gamma works as an inhibitor of E. coli RecBCD exonu-
clease complex (designated to degrade linear dSDNA substrate).

BRED needs co-electroporation of the bacteriophage DNA and donor DNA
expressing RecE/T-like proteins into recipient cells via either plasmid or chromo-
somally inserted so that homologous recombination can be promoted in an efficient
manner (Marinelli et al. 2008, 2012; Thomason et al. 2009). It was observed earlier
that recombination occurs only after starting of bacteriophage genome replication,
and further purification of recombined phage is highly essential apart from initial
PCR screening (Marinelli et al. 2008). This technique was first employed on
mycobacteriophage and later applied to several other phages by constructing
replacements, deletions, and insertions of heterologous genes (Marinelli et al.
2012). This technique is not so useful regarding gram-negative bacteria as they
have low transformation efficiency, compared to gram-negative bacteria. So in the
case of gram-positive bacteria, instead of transforming both bacteriophage DNA and
donor DNA, bacteria that enclose phage-defined recombination system can be
transformed with donor DNA only (Pan et al. 2017). The phage mutants can then
be generated by infecting bacterial cells with wild-type phage. The main issues with
high background of wild-type phage are a matter of concern, and also, it needs
screening of recombinants.

5.4.3 CRISPR-Cas System—Based Engineering

At the dusk of the last century, a novel, highly effective immune system of pro-
karyotes was discovered. It’s a defense mechanism of prokaryotes against foreign
invasion, named as clustered regularly interspaced short palindromic repeats
(CRISPR)—Cas system. This system has two main components CRISPR RNA
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(crRNA) and Cas proteins. CRISPR—Cas system can be classified and can be further
diversified into six types. These six types can be brought under two classes (class
1 or 2) based on mechanism and phylogeny (Koonin et al. 2017). It was proved that
class 1 systems include types I, III, and IV recruit multiple Cas proteins in associ-
ation with effector complex, whereas class 2 systems (type II, V, VI) employ single
Cas protein in association with effector complexes to nick the target DNAs (Koonin
et al. 2017).

The CRISPR-Cas effector complex is target specific and binds their target
sequences intervened by the crRNA with a complementary region to the sequence
of action. Here Cas proteins cleave the DNA and generate a break into the double-
stranded DNA (Shmakov et al. 2017; Knott and Doudna 2018). It is well
documented that the CRISPR—Cas system was first applied in genome editing in
2014 to identify a phage mutant with a deletion of a non-essential gene, genel.7
(Kiro et al. 2014). This study denotes CRISPR—Cas system can be easily used as a
screening utility to eradicate wild-type phage from the recombinant population. The
plasmid relied type I CRISPR—Cas system was defined to target gene 1.7 and cleave
the wild-type T7 phage genome, whereas mutant phages lacking gene 1.7 were
protected from Cas9 complex and could propagate normally. Later in 2016, Box
et al. used type I CRISPR—Cas system of Vibrio cholerae to engineer V. cholerae
Iytic phages. In the above study, both the donor DNA and CRISPR—-Cas components
were assembled in a single plasmid. Those plasmids were then harbored by
V. cholerae; as phages attacked the cells, phage genomes were cleaved by CRISPR-
Cas but immediately repaired by homologous recombination with the donor DNA
and give rise to recombinant phages with deletion or insertion mutation (Box et al.
2016).

Streptococcus pyogenes CRISPR—Cas is the most commonly used type II system,
selected for bacteriophage genome engineering (Lemay et al. 2017; Schilling et al.
2018; Shen et al. 2018). It should be noted the first type I CRISPR—Cas system
utilized for phage genome modification belonged to Streptococcus thermophilus
(Martel and Moineau 2014). Recent works on Listeria monocytogenes also con-
firmed the existence of CRISPR-Cas system and are found useful in valuable
engineering program for Listeria bacteriophages (Hupfeld et al. 2018). Generally,
the three components Cas9, crRNA, and transactivating crRNA (tracrRNA) of
CRISPR—Cas system were attached or cloned to a single plasmid. It was interesting
to observe that crRNA and tracrRNA could be expressed either separately (Lemay
et al. 2017) or as a sole fusion RNA (Schilling et al. 2018). Due to a successful
transformation into recipient cells, the machineries form CRISPR—Cas9 complex
will specifically connect to the phage genome and craft a double-stranded DNA
break during phage genome invasion. It was also explored that Cas9 of S. pyogenes
is highly capable of cleaving T4 phage genome (highly protected from most of the
restriction endonuclease enzymes due to high levels of 5-hydroxy methylation and
glucosylation to its cytosine molecules (Tao et al. 2017, 2018b). It has to be
mentioned that sometimes cleavage potential of CRISPR—Cas9 complex on its target
crRNA (protospacer sequence) is very high, and then, only the recombinant phages
can survive. Consequently, all resultant progeny phages are recombinant mutants. If
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somehow the protospacer sequence is feebly cleaved or an overburden of parental
phage was employed that time, it could lead to error-prone repair and also may result
in inclusion of random mutations in the protospacer sequence ensuing in dodging
from CRISPR-Cas cleavage. This phenomenon is occasionally reported from
equally type I and II CRISPR-Cas systems (Barrangou et al. 2007; Fineran et al.
2014).

Next, Staphylococcus epidermidis represents the type III CRISPR—Cas system.
This system allows engineering of virulent staphylococcal phages. Type III system
comprises of native endogenous CRISPR-Cas10 system but is accompanied with
the crRNA transcribed from an exogenous plasmid (Bari et al. 2017). Interestingly,
CRISPR—Cas10 system has an excellent cleavage frequency against elevated dose of
staphylococcal phage infection.

5.5 Future Prospects

Bacteriophage till now, evidenced to be a versatile candidate, can be utilized both as
prophylaxis and as therapy against an infection. Therefore, it can be applied equally
before and after bacterial infection (Debarbieux et al. 2010; Chanishvili 2016; Tao
et al. 2019).

5.5.1 Vaccines

Recent studies ventured the potential of phages in vaccine platform other than
prophylactic or therapeutic platform. Bacteriophages are natural virus that display
several properties like size, geometry, multivalent display, and ordered and repetitive
structure equivalent to a natural mammalian virus (Bachmann and Jennings 2010;
Zepp 2010). These characteristics are crucial for stimulating immune response and
guidance for vaccine design, and the only difference is that they infect bacteria
(Joniczyk-Matysiak et al. 2017). In recent past, several efforts have been employed to
enhance the use of phage in vaccine platform, such as T4 (Tao et al. 2013), MS2
(Fu and Li 2016), phages A (Nicastro et al. 2014), and others (Tissot et al. 2010).
The foundation for using phages as antigen carrier vehicles engages assimilation
of the viral antigen on phage capsid either in vivo or in vitro to form an original
virus-mimicking particle (VMP) through fusion of antigen to a virus capsid protein.
This enabled antigen to be displayed by the phages in a repetitive format, which is
crucial for innate immune system activation (Shepardson et al. 2017). For small
genome phages, fusion of antigen and capsid protein is easy to produce, in compar-
ison to multifaceted phages such as T4. Bacteriophages do contain CpG (a vital
ligand for human immune system Toll-like receptor 9), a crucial viral character, so
phages can definitely elevate the level of innate immune response (Sartorius et al.
2015). Hence, this nature of phages displaying antigens confirms itself as a highly
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effective self-adjuvating vaccine delivery system that is qualified of eliciting a long-
lasting immune response without any external adjuvants. Indeed, in 2013, Tao et al.
proved that antigens embedded on T4 capsid elicited a much higher immune
response associated to their soluble antigens. In another experiment, a phage QB
VMP enveloped with CpG sensitizes antigen presenting cells in a faster and better
way than a simple mixture of antigen (Gomes et al. 2017). Apart from that, it was
also explored that phage QB capsid was able to bind natural IgM due to the display
of highly ordered and repetitive format antigen. This capsid can also fix complement
component 1q and easily deploy follicular dendritic cells (FDCs). Deploying of
FDC:s is indispensable or the choice of B cell during germinal center reactions (Link
et al. 2012). Another huge advantage of phage VMPs and their display of highly
restricted epitope density in a particular zone is the facilitated presentation by both
class I and class II major histocompatibility complex (MHC). The feature of phage
display sets off both CD4+ and CD8+ T cells, helping to generate long-lasting
effective memory immune response (Tao et al. 2013, 2018a). A licensed viral
vaccine must contain vastly localized epitope density and that is widely disseminated
by bacteriophages (Cheng 2016). A promising strategy to enrich vaccine efficacy is
by aiming of antigens to immune cells (Kastenmuller et al. 2014; Macri et al. 2016).
Denderitic cells (DCs) are one of the crucial immune cells as they play the connecting
link between innate and adaptive immune system (Steinman and Banchereau 2007).
Although it is clear that some phage may have mammalian tropism, but most of them
are not. So phages can be cleverly engineered to target DCs by displaying
DC-specific targeting molecules. Sartorius et al. performed an experiment in 2015,
where phage fd was modified to display a single-chain variable fragment of antibody
against a DC-specific receptor-205 and separate group of phage also engineered to
exhibit only ovalbumin through pVIII and plIlI capsid protein. These groups were
inoculated into the mice and found phages with DC-specific receptor that generated a
higher titer of antibody compared to another group.

It must be mentioned that though phages have exclusive advantages, till now,
there is no licensed vaccine based on phage platform that has yet been commercial-
ized. Although several phage carrier—based vaccines are under clinical trial (Low
et al. 2014; Huang et al. 2017), but most of these are still constrained to basic
biological research. The reason behind this is quite clear: (a) A fair percentage of
phages are unable to display the antigen in a highly localized or dense manner as an
original mammalian viral vaccine, which is an utmost prerequisite to cultivate high
titers of antibody. (b) Several pathogens are quite enabled to mutate specific prime
amino acids in the epitopes, making vaccines constructed on one or limited epitopes,
less to none effective. (c) Bacteria and bacteriophages don’t display posttranslational
modification, so phages cannot display antigens that require posttranslational mod-
ifications. (d) Like natural protein nanoparticles, bacteriophages are also naturally
enabled to elicit immune responses (Dabrowska et al. 2014); therefore, these signif-
icantly decrease their chance of usage when multiple doses of vaccinations are
required, although this setback can be fixed, first by epitope engineering. The
epitopes that stimulate robust immune response (immunodominant epitope)
(Akram and Inman 2012) can be identified, and their expression levels can be
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reduced by phage engineering. Second, PEGylation (addition of polyethylene gly-
col) is a process that enables phages for better solubility and diminution in renal
clearance, hence increasing their bioavailability in the circulatory system (Suk et al.
2016).

5.5.2 Clinical Phage Therapy and Phage-Assisted
Approaches

Phage is the undisputed winner in the list of alternative treatments against bacterial
infection. Because phages follow “survival of the fittest policy,” they evolve with the
selection condition and overcome bacterial resistance mechanism. Restriction mod-
ification (R-M) system is employed by bacteria to destroy invading DNA, but phages
(not all phages) can integrate base modifications to keep their genome protected from
bacterial R-M system (Samson et al. 2013). But phages like T4, restructured their
genome cytosines by two alterations, first by 5-hydroxymethylation and second by
glucosylation, and this enabled T4 phages to be impervious to majority of the
restriction endonucleases of E. coli (Bryson et al. 2015). Phages can escape
CRISPR—Cas through either expressing anti-CRISPR proteins (Pawluk et al. 2018)
mutation through prime nucleotides responsible for CRISPR—Cas complex binding/
cleavage (Tao et al. 2018b). Bacteria can make themselves unreachable by modify-
ing their phage receptors, but phages can reclaim the capability of binding to their
receptor by modifying the receptor-binding protein to adapt with the evolving
bacterial population (Samson et al. 2013). Hence, co-evolution of phages parallel
to host bacteria is a never-ending process, and this phenomenon makes bacteria a
less protective form of phage therapy than antibiotics. Bacteriophage therapy also
faces issue like highly specific and narrow host range. This feature of phages
sometimes limits its use against all strain of a particular species. This limitation
can be overcome (De Jonge et al. 2019). The host range can be expanded by the help
of genetic engineering. Swapping the long tail fiber genes of T2 bacteriophage with
those from phage PPO1 swung the host of T2 from E. coli K12 to E. coli O157:H7
(Yoichi et al. 2005). Switching cognate receptor—binding protein genes between
more indistinct bacteriophages could even empower an orchestrated E. coli phage to
attack Klebsiella bacteria and vice versa (Ando et al. 2015). Various phages aiming
various strains can be sequestered from the natural environment to target multiple
strains. An excellent example will be a recent study of the “San Diego patient,” who
was infected with a multidrug-resistant A. baumannii strain and regained their health
after multiple intravenous injection of phage blends (Schooley et al. 2017).
Interestingly, phage-associated lysins, depolymerases and endolysin, can be
consumed to lyse bacteria (Maciejewska et al. 2018). Here, depolymerases are
polysaccharide-degrading enzymes, which are utilized to disintegrate capsular poly-
saccharides of pathogens, and in that way, phage gets access to cellular receptor on
the bacterial cell surface. In preliminary experiments with depolymerase of PHB02
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phage, when injected intraperitoneally, a significant surge in the persistence of mice
pre-infected with P. multocida has been observed (Chen et al. 2018). Even though
some of the phage-derived enzymes also have constricted infective capability, and
they are competent to lyse a given bacterial species other than a single strain
(Maciejewska et al. 2018).

All the above experiments do convey a message that synergistic approach of
bacteriophages can be the most promising and also an emerging way to counter
bacterial resistance in an efficient manner. As predicted, the most noticeable com-
bination is antibiotics and phages. When utilized simultaneously, phages and anti-
biotics have displayed synergistic effects and effectiveness against biofilms
(Chaudhry et al. 2017; Akturk et al. 2019), where the distinct treatments had limited
success. Some experiments showed recurring medication with phages, which aug-
mented the biofilm assembly but the mutual use of phage and antibiotics occasioned
in biofilm eradication (Henriksen et al. 2019).

Synergism in between phages and antibiotics does not work for all phage—
antibiotic blends, and a slightly increased dosage of antibiotics can effectively
antagonize phage propagation (Dickey and Perrot 2019). This is predominantly
evident when applying antibiotics that aims cellular protein synthesis (Akturk
et al. 2019). But in rare cases, even though no synergism was observed, antimicro-
bial activity is displayed, and the combined utilization of phages and antibiotics
drastically lowers or even limits the creation of antibiotic- and phage-resistant
bacteria (Coulter et al. 2014; Dickey and Perrot 2019).

Phages and enzymes can be co-administered for enhanced result against stubborn
infections, such as simultaneous use of depolymerases and phages that doesn’t
naturally express them to get better efficiency against biofilms (Gutiérrez et al.
2015). Phages may be utilized combinedly with DNAse enzymes to diminish the
DNA elements of the biofilm matrix and increase effectivity of bacteriophage
activity (Hughes et al. 2006). Besides, some distinct productive cases of commingled
phages include triclosan, chlorhexidine, chlorine (Zhang and Hu 2013), hydrogen
peroxide (Agun et al. 2018), cobalt (II) sulfate (Chhibber et al. 2013), xylitol
(Chhibber et al. 2015), probiotics (Woo and Ahn 2014), and honey (Oliveira et al.
2017).

So far, we have observed that majority of the phage-orchestrating technology
have concentrated on lytic phages, but some experiments do talk about engineering
of temperate bacteriophages for phage remedy purposes. The most confident meth-
odology talks on genetically modifying temperate bacteriophages to become utterly
virulent or lytic. This was successfully performed by deletion of the genomic
segment accountable for the regulation and instituting lysogeny (Zhang and Hu
2013; Kilcher et al. 2018). The transformation of temperate wild types to otherwise
virulent mutant phages can simply explore the miscellany of phages available for
therapeutic use. A beautiful example of this methodology can be given; a recent
study elaborated utility of cocktail phages constituted of one natural wild-type lytic
phage and two engineered temperate phages efficiently that treated a 15-year-old
patient with cystic fibrosis with a disseminated Mycobacterium abscessus infection
(Dedrick et al. 2019).
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Therefore, engineering tactics can possibly expand the antimicrobial features of
phages and produce pioneering strategies for rebellious bacterial infections. The
significances of genetic remodelling of phage genomes must be sensibly countered,
but bacteriophage engineering tactics should be sincerely considered as an
impending therapeutic alternative. Furthermore, it is noticed that engineered bacte-
riophages contain more commercial interest, as getting patent for engineered phages
is far more easy than natural phages.

5.6 Conclusion

We have already entered into the post-antibiotic era and the imminent threat of
antibiotic defiance, which requires instant action in the form of phage therapy or
phage-assisted therapy. From this chapter, it is crystal clear that phage cure is well
matched to denote itself a part of the multidimensional stratagems with versatile
administration and engineering opportunities to fight against hostile, stubborn path-
ogens. So the theory says that phage remedy needs to be commenced in our stash of
treatment approaches against multidrug-defiant pathogens, and certainly the sooner
the better. Moreover, there is no such outstanding efficient approach to clinical use of
phage remedy, and in fact, its miscellany and flexibility with the changing environ-
ment are among its utmost advantages. Although there are knowledge gaps that must
be enlightened before we can take up the practice of phage remedy on a regular basis,
this arena is like a never-ending gold mine and rapidly advancing. A better percep-
tive of bacteriophage pharmacology, genetics, and immunological interaction over
the years has also signify bacteriophages as critical therapeutic agents. In conclusion,
we analyzed that phage remedy is a rapidly evolving dynamic alternative against
antibiotics, and extensive use of phage therapy is an extremely difficult task to be
undertaken, but considering its medical, technological, societal, and economic
prospects, it is the one and only leading alternative in repertoire of treatment
strategies.
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Chapter 6 ®

Alternatives to Antibiotics in Animal Check or
Farming

Rejuan Islam, Anirban Pandey, and Tilak Saha

Abstract Antibiotics are utilized in animal farming to cure various diseases, avert
or regulate infection, and increase animal productivity and growth. To increase
animal growth, antibiotics are given to animals which do not even require. This
practice is meant for making their feed more efficient. Due to the over and mostly
unreasonable application of antibiotics in livestock production, concerns about
resistance to antibiotic have emerged as a worsening global threat. Although many
developed countries have restricted the utilization of antibiotics in feed of animals
for promoting growth, this is far from reaching global implementation. The complete
ban of growth promoters has also resulted in poor animal performance and some-
times increased incidence of certain animal diseases. As a consequence, research on
true antibiotic-free alternatives for animal farming has been in prime focus to the
scientist’s world over. There are different alternatives available which are reported
to play an important part both in the growth and prevention of diseases. Use of
probiotics, prebiotics, feed enzymes, phytochemicals, metallic antimicrobial ele-
ments, antimicrobial peptides, organic acids, bacteriophages, endolysins, vaccines,
and CRISPR-Cas9-mediated gene editing are potent alternative strategies. These
alternative approaches serve important roles in shifting the interest of farmers
towards adopting more sustainable and less harmful alternative animal husbandry
strategies which can eventually decrease or even stop the widespread usage of
antibiotics. The aim of this study is to abridge the positive impacts of currently
available alternatives on fitness and growth performance of the animals reared in
farms with the vision of attaining antibiotic-free animal raising.
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Feed enzymes - Phytochemicals - Metallic elements - Antimicrobial peptides -
Organic acids - Bacteriophages - Endolysins - Vaccines - CRISPR-Cas9 - Gut
microbiota - Short-chain fatty acids - Immunity - Antibody

Abbreviations

AIV Avian influenza virus A
Alba Acetylation lowers binding affinity
AMPs Antimicrobial peptides
ARGs Antibiotic resistance genes
DNA Deoxyribonucleic acid
EOs Essential oils

FCR Feed conservation ratio
FOS Fructo-oligosaccharides
GIT Gastrointestinal tract

IgA Immunoglobin A

LCFA Long-chain fatty acids
LPS Lipopolysaccharide

MAMPs Microbe-associated molecular patterns
MAPK  Mitogen-activated protein kinase
MCFA  Medium-chain fatty acids

MDR Multidrug resistance

NDV Newcastle disease virus

NF-kB Nuclear factor kappa-light-chain-enhancer of activated B cells
PRRs Patterns recognition receptors

QS Quorum sensing

RNA Ribonucleic acid

SCFA Short-chain fatty acids

TOS Trans-galacto-oligosaccharides
VSCFA  Volatile short-chain fatty acids

6.1 Introduction

Antibiotics have played a pivotal role in preventing, controlling, and curing vast
spectrum of both animal and human diseases which are infectious and hence mass
killers. Antibiotic application in animal feeds is a technique to improve feed effi-
ciency, boost animal growth and improve the amount of livestock products.
Sub-therapeutic quantities of antibiotics added to animal food were the earliest to
report the effect of antibiotics on boosting performance when they discovered that
birds fed with streptomycin had higher growth responses (Moore et al. 1946). So,
antibiotics have been utilized in animal feeds for decades in many countries to boost
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growth effects and protect rearing animals from the harmful effects of pathogenic
and non-pathogenic enteric microbes (Lin 2004).

However, antimicrobial resistance (AMR) is increasingly becoming a major
global health concern which surfaced due to the over and injudicious application
of antibiotics both in human and in animal rearing. The application of antibiotics for
metaphylactic, therapeutic, or prophylactic reasons in medicine and their application
in the feed of animals to increase growth are significantly connected to the rise of
cross-resistance and multiple-antibiotic resistance in harmful bacteria in both
humans and farm animals. Multidrug resistance (MDR) is linked to the application
of non-therapeutic antimicrobials, including resistance to medicines that were never
used in the animals of the pen (Marshall and Levy 2011). Sweden restricted the
utilization of several antibiotics in foods for animals in 1986 as an outcome of this
concern (Castanon 2007). In the United States, the application of medically signif-
icant antibiotics for promoting growth was similarly abolished on January 1, 2017
(AccessScience Editors 2017). However, these prohibitions have resulted in issues
with animal performances as well as a growth in the prevalence of certain diseases
(Fiorentin et al. 2005; Valdez et al. 2014). As an outcome, developing antibiotic-free
alternatives is a promising approach. Non-antibiotic additives have been designed
and manufactured for prophylactic usage against diseases or as promoters for growth
as an outcome of public health concerns and farmer demands to avoid economic
losses. Probiotics, prebiotics, feed enzymes, phytochemicals, metallic elements,
antimicrobial peptides, organic acids, bacteriophages, endolysins, vaccines, and
CRISPR/Cas9 have been discussed in this chapter as potential alternative strategies
for application in animal farming.

6.2 Status of Application of Antibiotics in Livestock
Farming

There are diverse mechanisms that explain how antibiotics at less than therapeutic
levels better animal growth. Sub-therapeutic antibiotic administration helps animals
to spend less energy maintaining their gut commensal bacteria, freeing up more
energy for growth (Gaskins et al. 2002). This statement is supported by an experi-
ment on germ-free chickens which when grown in isolation did not exhibit any signs
of progress in their growth when fed with antibiotics (Coates et al. 1955). Under
normal circumstances, intestinal bacteria reside in a host’s gastrointestinal tract and
regulate crucial immunological, nutritional, and physiological factors that keep the
host healthy (Jandhyala 2015). Animals with these bacteria staying in their intestines
have larger guts, broader gut walls, and a greater number of villi present in their
intestines than germ-free animals (Coates et al. 1955). However, the bacteria con-
sume foods, expel metabolites, increase the turnover of intestinal epithelial cells, and
reduce fat digestion (Dibner and Richards 2005). This can favour bacterial
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Fig. 6.1 Shifting of antibiotic resistance from animal husbandry to human being

overgrowth in the small intestine, which is connected to weight loss, malabsorption
of food, and poor health condition in the animals, and it affects their growth too.
Antibiotics, even at doses less than therapeutic levels, were thought to limit
harmful bacterial development during the animal’s growth phase, resulting in
enhanced comprehensive weight and health increase (Kim et al. 2016b). Antibiotics
may function by changing the amount and activities of bile acid-converting enzymes
such as cholyltaurine hydrolase found in the stomach, lowering growth-suppressing
metabolites like bile breakdown products, resulting in increased weight gain in the
animals (Feighner and Dashkevicz 1987). Antibiotics help to strengthen the intesti-
nal barrier by reducing inflammation and increasing nutritional absorption (Oh et al.
2019). Antibiotics have a well-established anti-inflammatory action on cells which
are inflammatory, and thus this concept holds up (Bersani et al. 1987; Broek 1989).
Antibiotic growth-promoting agents have a mode of action which is complex in
nature, and thus it is difficult to pinpoint. Antibiotic growth-promoting agents
influence both the constitution of microbiota present in the alimentary canal and
physiology of the animals. When antibiotics are added with feed for animals, it helps
agricultural animal fitness and welfare, but their continued use at less than therapeu-
tic levels poses major health issues to the wider population due to the enhancement
of resistant microbes. Antibiotic residues are also transferred from farmed animals to
human beings through the consumption of different products, posing a risk to human
health (Fig. 6.1). Application of antibiotics in animal diets has been linked to more
risks than benefits (Manyi-Loh et al. 2018; Landers et al. 2012). As a consequence,
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antimicrobial resistance has been recognized as one of the most prominent public
health challenges of our time.

6.3 Antibiotics and Ecosystems

Antibiotics used indiscriminately and abusively can bring about greater antibiotic
concentrations in the surroundings. Prophylactic or therapeutic application of anti-
biotics pollutes streams of human waste, while antibiotics which are used in animals
for promoting growth, prevention, and treatment purposes contaminate animal waste
streams as well. As a consequence, these are the primary sources of release of
antibiotics into the surroundings (Dolliver and Gupta 2008). Because the antibiotics
are not totally degraded and are let out into the surroundings, such as soil, manure, or
water, unchanged. The kind of antibiotic applied, the animal’s species and age, and
also the dose at which the antibiotics are administered play the determining factors
behind the quantity and speed at which the antibiotic is let out into the surroundings
(Zhao et al. 2010). Nevertheless, both antibiotics and their resistant genes will be
present in these streams of waste; both are contaminants for the surroundings, and
their providence in the surrounding is variable (Martinez 2009). As an outcome,
these let-out antibiotics are usually of different kinds, and due to that, they do not
break down at a similar rate in the surroundings during the course of time, i.e., they
break down at various speeds in the surroundings over time through the main
eradication procedures, like photo degradation, sorption, biodegradation, and oxi-
dation (Li et al. 2014; Liu et al. 2016).

The layout of antibiotics and their resistance in our environment is not restricted
to a single ecosystem because soil, plants, and animals are all interconnected.
Antibiotics travel along all of these channels (Karesh et al. 2012), forming a network
in which ARGs also traverse. Antibiotics are applied in animal feed, agriculture, and
aquaculture to aid growth. They also protect to avert and handle diverse types of
diseases. However, in the case of animals, complete absorption of these antibiotics
does not occur in the stomach, and they are removed from the body in the form of
faeces and urine, causing the formation of manure. This manure, which is a rich
source of organic substances and nutrients, improves soil fertility, but it also
becomes accountable for the transference of antibiotic residues from the animal
world to the ecosystem of the soil and, eventually, to plants (Chambers and Deleo
2009). It was seen that resistance to antibiotics among soil bacteria increases because
of manure application on agricultural land. It is already manifested that long-term
use of fresh and composted swine dung in agricultural soils results in the creation of
resistance against tetracycline (Walson et al. 2001). A study has manifested that the
use of manure near animal pens has been also linked to a high level of resistance
against chlortetracycline as the bacteria isolated from this kind of soil encode
tetracycline resistance genes (Ghosh and LaPara 2007). A couple of experiments
have also suggested that applying antibiotic-laced manure to crops can produce a rise
in antibiotic resistance in various crops. Kumar et al. (2005) found tylosin resistance
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in corn, green onion, and cabbage. In aquaculture, antibiotics find their way into
streams and pens surrounding the area of the farm. Nevertheless, there are quite a
few reasons that affect the break out of resistant genes against antibiotics. For
instance, of physical influence, we can find human activity, wind, and watershed
that have ensued in a rise in resistance among usual harmful microorganisms.
According to research, it was observed that E. coli isolates associated with wild
animals had a high ubiquity of resistance (Souza et al. 1999). Antibiotic resistance is
more prone to developing in the bacteria present in the alimentary canals of animals
which are nearby to people, as antibiotics are purposefully supplied to animals for
quick development and high productivity to satisfy the daily requirements of the
rising population.

At last, we can come to a conclusion on the basis of the above research that
excessive application of livestock manure causes resistance genes against antibiotics
to continue in soil bacteria, which is then passed on to plants, animals, and people via
cycling. Besides, antibiotics, which are utilized for promoting growth, appear to
impose a pressure applied selectively on food animals, resulting in enormous stores
of interchangeable resistance against antibiotics in different kinds of ecosystems
(Witte 2000).

6.4 Mechanisms of Antibiotic Resistance

Antibiotic resistance methods used by various microbes can be divided into two
categories: (1) mechanisms with a genetic basis for microbial resistance and
(2) mechanisms with a mechanistic basis for antimicrobial resistance. Genetic
resistance develops as an outcome of mutations that alter antimicrobial targets,
reduce drug absorption, enhance chemical efflux, and alter metabolic pathways
(Fig. 6.2). It also transfers genes horizontally via transformation, transduction, and
conjugation. Besides, mechanistic resistance, is brought about by antimicrobial
molecule alteration, preventing chemicals from reaching antimicrobial targets,
bypassing target sites, and resistance caused by global cell adaptation mechanisms
(Fig. 6.2) (Munita et al. 2016).

A process known as protein promiscuity has recently been revealed to be
accountable for antibiotic resistance, in addition to these fundamental pathways.
Proteins attach to their ligands/substrates in a certain way via their preformed
binding sites, according to classical biochemistry. However, recently, various sorts
of deviations from the norm, known as promiscuous behaviour/protein promiscuity,
are already seen (Gupta et al. 2020). An experiment on the antibiotic albicidin found
that even structural changes to a drug may not be enough to conquer drug resistance
(Rostock et al. 2018). Albicidin is an antibacterial drug that works against
Gram-negative and Gram-positive bacteria by blocking DNA gyrase
(EC 5.99.1.3). However, in other circumstances, bacteria develop resistance to the
emergence of drug-binding proteins, which prevents the molecule from binding to
the gyrase. In 2018, Rostock et al. (2018) revealed that the drug-binding domain of
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Fig. 6.2 Different antibiotic resistance mechanisms in bacteria

the protein AIbA in Klebsiella oxytoca displayed significant promiscuous behaviour
by attaching to various albicidin compounds. Because antibiotics have dissociation
constants in the nanomolar range, these interactions render them unavailable to their
molecular targets, resulting in drug resistance. Another similar study looked at the
formation of resistance to the broad-spectrum antibiotic fosfomycin (Brown et al.
2009). The drug’s reaction with glutathione, cysteine, and water is catalyzed by the
proteins FosA, FosB, and FosX, respectively. In compliance with the findings, a
protein called FosXmt may function as a primogenitor of FosX and FosA. This
primogenitor protein was discovered to have promiscuous catalytic activity and very
poor glutathione transferase and epoxide hydrolase functions. They demonstrated
that only a 10% variation in sequence (from wild proteins) resulted in antibiotic
resistance activity from the progenitor when compared to mutants. Antibiotic resis-
tance in aminoglycosides (such as gentamycin and amikacin) is produced by enzy-
matic adenylation, phosphorylation, and acetylation of the medicines. Because it
could bind to 10 different aminoglycosides, a phosphorylation kinase was discov-
ered to have a high level of promiscuity (Fong and Berghuis 2002).

Resistance against antibiotic is stimulated by enzymatic adenylation/phosphory-
lation/acetylation of aminoglycosides (e.g., gentamycin, amikacin). Because it could
adhere to 10 different aminoglycosides, a kinase enzyme involved in phosphoryla-
tion was discovered to have a high level of promiscuity.
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6.5 Alternatives to Lessen the Use of Antibiotics in Animal
Farming

There are different alternatives, but they differ in how their uses are to be timed to
assure effectiveness. Vaccines, for example, must be administered well in advance of
infection since they rely on the animal building a safeguarding immune response,
which takes time. In contrast, products like bacteriophages, which are effective
because they directly interrelate with and kill disease-causing bacteria, must be
given close to the time of infection; they will only do work if bacteria are present
in large numbers and causing infections, and they may be quickly inactivated in the
absence of bacteria. However, the different available alternatives till date whose uses
can reduce antibiotic application in livestock farming are discussed in this chapter
(Fig. 6.3).

6.5.1 Probiotics

When live cultures of microorganisms (such as yeast, fungus, and bacteria) are
added to the diet to help in maintaining the gastrointestinal tract’s microbial ecosys-
tem balance in the rearing animals, they are collectively known as probiotics
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Fig. 6.3 Use of different alternatives to reduce antibiotic resistance in animal farming
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(Chaucheyras-Durand and Durand 2010). Probiotic organisms that adhere to the
digestive tract may withstand harsh conditions and contribute stability to the eco-
system of the intestine. They have been found in many studies to lessen the chance of
infections and digestive problems in the rearing animals and promote their growth.
In egg laying hens, probiotics have resulted in statistically significant increases in
productivity, as assessed by egg production (Kurtoglu et al. 2004).

The intestine is such an abundant source of nutrients that microbes are unlikely to
go hungry. Probiotics have a great fermentative activity and help with digestion. It is
very common for an animal’s digestive system to show problems during stress (e.g.,
weaning). If antibiotics are applied as nutritional modifiers in this situation, both the
pathogenic and useful bacteria are affected. So, the application of probiotics in such
situation may be a better option than the application of antibiotics. Besides,
probiotics are planned in such a manner that they may favour definite bacterial
strains at the dropping of unwanted ones (McDonald et al. 2010). Probiotics compete
with pathogenic bacteria for adhesion sites and organic substrates (mostly carbon
and energy sources) (van Zyl et al. 2020). They are trusted to dissuade pathogens by
the process known as “competitive exclusion,” which might entail competing for
critical nutrients or more antagonistic interactions, including antimicrobial chemical
production and contact-dependent inhibition (Fig. 6.4) (Hayes et al. 2014; Chen
et al. 2018). Thus, beneficial bacteria are thought to be capable of fully occupying
accessible niches and stopping disease formation as an outcome of these coupled
activities. This is also accomplished by microbe-microbe interactions (Freilich et al.
2011). Probiotic bacteria can interrelate with epithelial cells for improving mucosal
permeability and modulate mucosal defences like antimicrobial peptide expression,
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mucosal/secretory immunoglobulin A (IgA) induction, and the mucus layer
(Fig. 6.4) (Wlodarska et al. 2014). Secretory IgA can affect microbiota composition
by monitoring and reducing commensal microbe overgrowth, and it protects the host
too by binding bacteria and toxins and blocking their adhesion to mucosal surfaces
and absorption (Boyaka 2017; Macpherson et al. 2018). Antimicrobial compounds
produced by several probiotics can have antipathetic effects on other microorgan-
isms. Bacteriocins are antimicrobial peptides produced by specific bacteria and are
capable of targeting the cell membrane, DNA, RNA, and protein metabolism of
vulnerable bacteria (Cotter et al. 2013). Organic acids, hydrogen peroxide, and a
variety of other antimicrobial chemicals are in some instances antimicrobial sub-
stances. Organic acids, which lower gut pH and have antibacterial effect against
particular microbes, are typically carboxylic acids and include lactic acid and short-
chain fatty acids (SCFAs). Some SCFAs are also sources of energy and carbon for
microbial community members and the host (Dittoe et al. 2018). Probiotics may also
put out quorum sensing (QS) molecules and reduce the expression of virulence genes
in various types of pathogens (Fig. 6.4) (Bondue et al. 2016). Lactic acid, for
example, has been discovered to suppress the synthesis of QS molecules in several
Pseudomonas aeruginosa isolates, resulting in downregulation of motility, elastase,
protease, pyocyanin, and biofilm development (Kiymaci et al. 2018).

Biosurfactants, which hinder attachment of pathogens to the epithelial cells, and
bile salt hydrolases, which deconjugate bile acids and create antimicrobial com-
pounds, are also produced by probiotics. Bile salt hydrolases can also detoxify bile
salts, giving Lactobacillus spp. a competitive lead that would otherwise be stopped
up (Allain et al. 2018). The immune system is induced by probiotics. Probiotics can
improve nonspecific cellular immune responses by activating antigen-specific cyto-
toxic T lymphocytes, natural killer (NK) cells, and macrophages and releasing
various cytokines in a strain- and dose-dependent manner (Ashraf and Shah 2014).
The mucosal epithelium’s multiple cell types work together to balance toleration of
the natural microscopic organisms of that particular environment and their products
while also defending against dangerous infections and dietary allergies (Fig. 6.4).
The efficacy of probiotics in promoting growth and preventing sickness in chickens
and turkeys has been quantified in a number of research investigations. For example,
one study report showed enhanced productivity and intestinal health in newly
hatched birds and over 20% less mortality compared to control flocks. It was also
seen that the depletion in the death rate was similar to that obtained with antibiotics
(Dersjant-Li et al. 2013).

6.5.2 Prebiotics

In addition to probiotics, prebiotics are also utilized as natural feed additives. Pre-
biotics are organic food ingredients, such as sugars, that are nondigestible to animals
but are broken down by specific beneficial microbes present in their alimentary
canal, which selectively enhance the growth of these and other microorganisms
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when introduced to the diet (Vyas and Ranganathan 2012). At least three require-
ments must be met for a dietary substrate to be classified as a prebiotic: (1) The
substrate must not be hydrolyzed or absorbed in the stomach or small intestine; (2) it
must be selective for beneficial commensal bacteria in the large intestine, such as
Bifidobacteria; and (3) the substrate’s fermentation should result in beneficial
luminal/systemic functions in the host (Scantlebury-Manning and Gibson 2004).
Thus, prebiotics may help to induce the existence of good bacteria in the intestine.

Carbohydrates and oligosaccharides with various kinds of molecular structures
are the highest frequently identified prebiotics; dietary carbohydrates, like fibers, are
candidate prebiotics, but nondigestible oligosaccharides are the highest favourable.
Some examples of commonly applied prebiotics are fructo-oligosaccharides (FOS),
gluco-oligosaccharides, oligofructose, trans-gluco-oligosaccharides (TOS), gluco-
oligosaccharides, lactitol, lactulose, stachyose, malto-oligosaccharides, xylo-oligo-
saccharides, raffinose, etc. (Davani-Davari et al. 2019; Orban et al. 1997; Patterson
et al. 1997; Collins and Gibson 1999; Patterson and Burkholder 2003).

Both probiotics and prebiotics aid good bacteria in outcompeting bad bacteria.
Besides, they may show other benefits too such as immune system modulation.
Prebiotic efficacy appears to be determined by various kinds of parameters, includ-
ing prebiotic type, animal age and species, animal health state, housing type, and
management practices (Davani-Davari et al. 2019); all of those must be considered
when deciding whether to utilize these alternatives.

Although there have been few studies testing the efficacy of prebiotics for illness
prevention in chickens, notable depletions in pathogen shedding and betterment in
gut health have been reported (Gaggia et al. 2010). Prebiotics have been reported in
several trials to promote growth in pigs, with improvements in average daily gains of
up to 8% in pigs very soon after weaning (Halas and Nochta 2012).

6.5.3 Phytochemicals

Phytochemicals, also known as phytobiotics or phytogenics, are natural bioactive
molecules produced by plants that are added to animal feed to increase production
(Gadde et al. 2017). Essential oils (EOs) (volatile lipophilic compounds which are
collected by steam/alcohol distillation or cold extraction) and oleoresins (extracted
using non-aqueous solvents) are two types of phytochemicals which are employed in
dried, solid, and grinding textures or as apozem (concentrated or crude) (Gadde et al.
2017). Polyphenols are considered the primary bioactive molecules in phytochem-
icals. The structure and density of polyphenols can differ according to the harvesting
season, geographical origin, storage conditions, surrounding factors, and techniques
of processing (Gadde et al. 2017).

In the ruminant industry, poultry industries and swine phytochemicals are already
employed as natural boosters for growth recently. Coriander, cinnamon, thyme,
rosemary, oregano, yarrow, ginger, garlic, black cumin, marjoram, and green tea
are just a few of the spices and herbs that are already applied to chickens to see
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whether they could be utilized as replacements for antibiotics as growth promoters
(Gadde et al. 2017). There are numerous other plant extracts available that can be
used as growth promoters like grape seed, grape pomace, macleaya cordata, fruit of
cranberry, yucca extract, and garlic powder that had no influence on performance
metrics (Gadde et al. 2017). Besides herbs and spices, EOs (carvacrol, thymol,
cinnamaldehyde, and eugenol, star anise, coriander, garlic, ginger, rosemary, tur-
meric, caraway, basil, sage, and lemon) have been applied one by one or in mixes to
enhance animal performance and health (Gadde et al. 2017). Some EOs, such as
cinnamaldehyde and a combination of cinnamaldehyde with thymol boosted the
attainment of broiler’s body weight. Other EOs such as star anise and thymol
enhanced the efficiency of feed, as reported by a lower feed conversion ratio
(FCR) (Lee et al. 2010, 2011, 2013). Curcuma alone itself or in addition with
capsicum (Lee et al. 2013; Kim et al. 2013a) improved resistance to necrotic enteritis
and coccidiosis. The discrepancies in the consequences might be ascribed to vari-
ances in the content, source, and type of the required oils utilized, the inclusion level
of the trial, and ambient conditions (Gadde et al. 2017). Nonetheless, European
countries approved the first plant-based feed for enhancing performance in livestock
and broilers. A combination of commercial phytonutrients (containing
cinnamaldehyde, capsicum oleoresin, and carvacrol) helps to boost the innate
immunity and control the harmful effects caused by intestinal pathogens (Lee et al.
2010, 2011). Several trials using this kind of commercial mixture consistently
demonstrated a significant impact on growth enhancing and feed consumption
efficiency (Lee et al. 2010, 2011; Bravo et al. 2014). It was found on a meta-
analysis on 13 broilers that include this commercial mixture in diets boosted to
gain body weight, the ratio of feed conversion and mortality decreased (Bravo and
Tonescu 2008).

The way of working of phytochemicals is unknown; however, it is believed to be
dependent on some active substances present in the applied product. Because of their
antimicrobial and antioxidant properties, phytochemicals have a positive role in host
defence mechanisms. Phytochemicals have antimicrobial properties against various
pathogenic bacteria; including them in the diet changes and stabilizes the gut
microbes. It is known that phytochemicals also reduce toxic metabolic products
produced by gut microbes, resulting in relief from intestinal complications and
immune stress, thus enhancing performance (Kim et al. 2015). Another key benefit
of including phytochemicals in someone’s diet is a decrease in oxidative stress in
different tissues and an increase in antioxidant activity, which results in good health
(Settle et al. 2014). Phytochemicals also have immunomodulatory effects, like
increasing immune cell proliferation, modulating cytokines, and increasing antibody
titers (Lee et al. 2010, 2011, 2013, 2017; Kim et al. 2010, 2013a, b, ¢). Furthermore,
use of Allium hookeri in the diet of young broiler chickens can reduce inflammation,
and expression of tight junction proteins is increased in the intestine when LPS is
induced in young broiler chickens (Lee et al. 2017).
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6.5.4 Feed Enzymes

Enzymes, which may be appended to animal feed, are a promising approach for
promoting animal growth. Dietary substances which are either not broken down by
digestive enzymes or absorbed so slowly that bacteria remain available in the host
alimentary canal go in for them are a vital source of nutrition for bacterial multipli-
cation and growth in the tract of the intestine. Exogenous enzymes are able to impact
nutrient absorption, and they also create nutrients for definite bacterial populations
(Bedford and Cowieson 2012). As a consequence, their use has an immediate effect
on microfloral populations (Apajalahti et al. 2004).

In-feed enzymes assist in the breakdown and digestion of plant components such
as cellulose and pectin, which the animals would otherwise be unable to utilize
properly (Thacker 2013). Differences in the microbiota make up of the alimentary
canal, prevention of damage caused by undigested plant parts rubbing against the
inner lining of the intestine, breakdown of larger molecules into compounds with
prebiotic activity, or roles in the structure of intestinal content and its digestibility are
all possible mechanisms behind the potentiality of infeed enzymes as promoters for
growth (Pourabedin et al. 2015). In-feed enzymes could potentially help avoid
infections like necrotic enteritis in chickens (Kiarie et al. 2013). When in-feed
enzymes were utilized to promote development and enhance food intake in chickens,
promising effects were seen (Yang et al. 2009).

In-feed enzymes as growth promoters in pigs have yielded mixed results. Some
enzymes, such as phytases, appear to be more successful than others at enhancing
performance (Ohh 2011). The most frequently applied feed enzymes are a brew of
glycanases, while phytase is the single-use degrading enzyme (Ravindran and Son
2011). Phytase has notable role on calcium, phosphorus, and mineral digestibility
and also intestinal mucus synthesis and endogenous losses; all of them influence
nutrient supply and the environment of the intestine, changing bacterial species’
selection pressures (Bedford and Cowieson 2012). The antibacterial effect of in-feed
enzymes is not evident as enzymes do not directly destroy bacteria, but rather limit
the substrates for their growth.

6.5.5 Metallic Elements

Copper, zinc, and other heavy metals are naturally occurring and required trace
components in the food, although they are frequently supplemented with higher
quantities for promoting growth and, on rare occasions, as therapy for gastrointes-
tinal disease (Wales and Davies 2015).

A meta-analysis revealed that copper is effective in stimulating growth in broiler
chickens and swine, and zinc oxide boosted piglet growth (Sales 2013). Experiments
have shown that when broiler feed was added with a brew of inorganic minerals such
as copper, iron, manganese, and zinc, daily gains in chickens were greatly increased;
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these inorganic supplements caused a statistically remarkable enhancement in broiler
weight gain (Bao et al. 2007). Copper has been proved too to boost laying hen
performance in scientific research, and zinc oxide has been reported to lessen the
prevalence of diarrhoea in pigs after weaning (Pesti and Bakalli 1998). Other
chemical substances like clay minerals (e.g., zeolites, bentonites) and rare earth
elements have been taken into account as growth promoters (e.g., lanthanum,
scandium) (Thacker 2013). However, worries about possibly dangerous heavy
metal residues in the meat must be thoroughly assessed.

6.5.6 Antimicrobial Peptides

Antimicrobial peptides (AMPs) are another potentially promising growth-promoting
option that could help with illness prevention and therapy. AMPs are small antimi-
crobial compounds which are harmful to specific bacteria (Lei et al. 2019). Micro-
organisms are often the source of these peptides. AMPs also contain host defence
peptides produced by other animals like mammals (Moretta et al. 2021). There are so
many AMPs described, with significant variances in the kinds of bacteria they are
active against and also their modes of action (Brogden 2005), which could indicate
disparities in the establishment of resistance (Wang et al. 2016). AMPs produced by
the host are intriguing medication alternatives being investigated as natural therapies
for animal treatment. As they have broad-spectrum antibacterial action and various
activation methods, these are considered natural antimicrobials. The size, sequence,
and localization of AMPs vary, and they are classified into four structural groups:
amphipathic a-helical, -sheet, f-hairpin or loop, and extended versions (Huan et al.
2020). Provided their broad-spectrum antibacterial activity and distinct activation
methods compared to classical antimicrobials, AMPs are already investigated as
possible therapeutic origins of natural antimicrobials (Kumar et al. 2018).

AMPs are intriguing solutions for promoting chicken development and
preventing diseases. Even though their efficacy in avoiding specific diseases is
inconsistent, such peptides are useful in growth performance and general gut health
in yellow-feathered chickens by using plectasin. (Zhang et al. 2021a). Dietary
plectasin can boost HON2 AIV and NDV antibody levels; plectasin can improve
gut structure, suppress E. coli and proinflammatory cytokines in the gut ileum, and
improve blood biochemical indicators in yellow-feathered chickens at 21 and
35 days of age (Zhang et al. 2021b). Antimicrobial peptides used in broiler chickens
and pigs enhance the health condition of the intestine and suppress dangerous
bacteria by boosting the growth of beneficial microorganisms, according to
in vitro studies (Wang et al. 2016). In chickens challenged with E. coli, it has been
evidenced that an antimicrobial peptide, cLF36, produced from camel milk, can
enhance growth performance, mitigate intestinal morphological alterations, and
restore gut microbial balance. Furthermore, supplemental cLF36 may improve the
immunological action to E. coli challenge through its influence on cytokine and
mucin expression. In addition, by upregulating the expression of tight junction
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proteins, cLF36 can improve the intestinal integrity of E. coli-infected chickens
(Daneshmand et al. 2019).

AMPs are already reported to have the potential for gaining of weight and disease
prevention in pigs in several investigations. WK3, an AMP, enhanced growth
performance and decreased diarrhoea like incidence in piglets when challenged
with E. coli K88 enterotoxigenically. WK3 also have antibacterial function and a
fall in immunological response due to its capability to regulate cytokine release and
expression. WK3 also improved intestinal probiotics and reduced oxidative damage
in piglets (Zhang et al. 2021c).

Some researchers have focused on the potentiality of AMPs in dairy cattle and
found promising results for promoting growth and prevention of udder infection and
treatment. Buffalo (Bubalus bubalis), an essential livestock for milk and meat
production, reported a greater disease resistant than cattle. Many AMPs, such as
defensins, cathelicidins, and hepcidin, are found in them, and they play a very
significant role in neutralizing invading pathogens. Application of AMPs on Buf-
falo have shown antibacterial action against Gram-positive and Gram-negative
bacteria across a broad spectrum. Synthetic analogues like the natural counterparts
of AMPs applied on buffalo have shown antimicrobial properties against bacteria
and even fungi, making them a promising target for the development of therapeutic
antimicrobials (Chanu et al. 2018).

6.5.7 Organic Acids

Organic acid is one more recent choice being utilized in animal rearing as a growth
stimulant and for disease prevention. Organic acids have been shown to have
antibiotic-like properties, and the European Union has also given them permission
to be used in animal feed. (Adil et al. 2010). Organic acids are mostly constitute
with organic compounds that have acidic properties (Papatisiros et al. 2013) and also
consist of carboxylic acids (-COOH). It is known too that organic acids constitute
short-chain fatty acids (SCFA) such as volatile short-chain fatty acids (VSCFA),
medium-chain fatty acids (MCFA; C7 to C10), and long-chain fatty acids (LCFA;
C11) (Dibner and Buttin 2002; Cherrington et al. 1991).

Organic acids are divided into two categories. The first category (citric, lactic, and
fumaric acids) is effective in lowering the pH of the stomach and therefore indirectly
reducing the acid-sensitive bacteria present in the stomach. On the other hand, the
second category (butyric, formic, propionic, sorbic, and acetic acids) is capable of
reducing the pH of the gastrointestinal tract (GIT) by acting on the cell walls of
Gram-negative bacteria (Papatisiros et al. 2013; Diener et al. 1993). Organic acids
improve GIT conditions by lowering pH, promoting the functions of proteolytic
enzymes and the ability to digest the nutrients, enhancing the secretion of the
pancreas, encouraging the functions of digestive enzymes, establishing microbial
population stability, and increasing the growth of some useful bacteria while
preventing the growth of harmful bacteria (Papatisiros et al. 2013).
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Organic acids, for example, citric or acetic acids, are also promising options for
promoting growth and preventing disease. The power of an organic acid to destroy
bacteria contributes to its capability to induce growth. Organic acids may affect gut
microbiota by promoting the growth of acid-loving beneficial bacteria, and they also
improve stomach physiological processes by raising acidity levels (Huyghebaer
et al. 2011). Organic acids have been also reported that it have a good influence
on performance and the turning away of some digestive illnesses such rumen
acidosis in cattle, although more study is required (Martin et al. 1999). Organic
acids have been shown to have direct favourable growth benefits on broiler chickens
and grain-fed beef cattle, with weight increase improvements of roughly 17% and
more than 8%, respectively, when added to the diet (Samanta et al. 2010). Organic
acid supplementation in piglets, for example, was observed to lessen the incidence
and severity of post-weaning diarrhoea syndrome in piglets when compared to pigs
catered for a diet without organic acid supplementation (Tsiloyiannis et al. 2001).

6.5.8 Bacteriophages

Bacteriophages are a type of viruses that can infect and kill bacteria and have long
been thought to be a method which is used to treat infections caused by bacteria
(Wittebole et al. 2014). They are got in ample on earth (Weinbauer 2004). Bacteri-
ophage has been reported to regulate host immunity, and it also fights against
pathogenic bacterial infection (Goérski et al. 2012; Chhibber et al. 2015; Brown-
Jaque et al. 2016).

Bacteriophages can influence innate as well as adaptive immune responses by
using cytokine responses and phagocytosis activity (Van Belleghem et al. 2019). By
affecting the firmness of the microbiota, bacteriophages can control the immuno-
logical and metabolic functions of the intestine (Gdrski et al. 2012). Bacteriophage
can be utilized as an alternative to antibiotics for growth enhancement as it is
recently investigated in weaned piglets. It is reported that application of bacterio-
phage can reduce intestinal inflammation, increase gut barrier performance, and
maintain gut microbiota composition in weaned piglets. (Zeng et al. 2021).

Most bacteriophages can infect only a few bacterial strains, and in certain
situations, they can only infect a single bacterial strain. Bacteriophages can thus be
applied in a very targeted manner with little unwanted consequences for other
bacteria or the host. Furthermore, the capacity of bacteriophage for bacterium killing
is not hampered by antibiotic resistance. So, bacteriophages are now being consid-
ered as a therapy of choice for infections due to the emergence of MDR bacteria
(Lood et al. 2015).
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6.5.9 Endolysins

In the 1950s, endolysins were found for the first time (Ralston et al. 1955). They are
synthesized by bacteriophages at precise times in their life cycle, just before the virus
kills the bacterium. Bacteriophages produce endolysins which act as antimicrobials
(Schmelcher et al. 2012). Glucosidase, endopeptidase, amidase, and trans-glycosylase
are endolysins produced late in the lytic cycle of phage. These enzymes digest the
peptidoglycan coating of infected bacteria, allowing additional phages to be released.
During this stage, freshly produced bacteriophages are released with the help of
endolysins (Cheng et al. 2014). Endolysins are peptidoglycan hydrolases that are
encoded by phages. These enzymes, along with an associated holin protein, accumu-
late within the host cell independently of the phage virion. Endolysins have no signal
sequences of their own. Holin protein helps endolysin to access the peptidoglycan of
bacteria by creating a pore on cytoplasmic membrane. It is a tightly controlled event
that occurs serially only when the holin concentration attains a fixed point. In this way,
endolysins can access and degrade peptidoglycan, also disrupting the osmotic balance
of the cell and ultimately leading to cell death (Kashani et al. 2018). Endolysins along
with holins are essential for a successful phage infection process. Having lytic activity,
endolysins are now considered as possible antimicrobials because when lysin is
practised exogenously, this activity could even occur.

Endolysins have the ability to kill the susceptible strains faster than phases, and
the activities are easier to detect. Their ability has been limited through long-term
evolution such that they can only target some of the key elements on bacterial cell
walls (Loeffler et al. 2003). As the bacteria are quickly lysed by endolysins, they do
not have enough time to develop resistance (Fischetti 2005).

6.5.10 Vaccines

Vaccines have been used for years in veterinary science to protect against viral or
bacterial infections, and they are proving to be a crucial alternative choice to
antibiotics in some situations that may lead to a decrease in antibiotic use (Hoelzer
et al. 2018). Vaccinations elicit an immune response for protection that is similar to
the consequences of a natural infection, but without the unfavourable consequences
resulted by the disease’s clinical course, and there is a long history of vaccines for
successful application in animals (Postma et al. 2015). It has been demonstrated that
using immunizations instead of antibiotics in a quasi-experimental study improved
the biosecurity and cost-effectiveness of farrow-to-finish pig farms in Belgium
(Rojo-Gimeno et al. 2016). Similarly, in Belgium, the deployment of action plans
for herd animals, which included vaccination enhancements, resulted in lesser
consumption of antibiotics and an improvement in production indicators such as
mortality rates and daily weight gains (Postma et al. 2017).
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Most studies have reported that the application of different viral and bacterial
vaccinations in animal populations can lead to a large reduction in antibiotic usage
(Murphy et al. 2017). For example, in the farmed salmon business, the introduction
and extensive use of vaccines against Aeromonas salmonicida resulted in a consid-
erable reduction in antibiotic use (Morrison and Saksida 2013). Similarly, an
experiment has shown that Lawsonia intracellularis vaccination, which can cause
ileitis, able to reduce the consumption of oxytetracycline by nearly 80% in pig farms
in Denmark; vaccination also resulted in significantly fewer pigs being administered
with oxytetracycline and also improved productivity factors like carcass weights and
average daily gains (Bak and Rathkjen 2009). After vaccination of L. intracellularis,
betterment in rates of mortality, pig uniformity, feed conversion ratios, the happen-
ings of clinical diarrhoea, and the requirement of antibiotic therapy have been
reported, as the results were sometimes minor and most of the experiments did not
measure statistical significance (Bak 2011; Adam 2009; Bak et al. 2009). Notably,
research of 64 farms in nine European nations found that after L. intracellularis
immunization, most of the pig operations reported cost cuttings for antibiotic
medicaments; however, not all the farms were capable to minimize their antibiotic
utilization (Adam 2009).

Vaccines have a great potentiality for disease prevention, but their implementa-
tion is not easy. For example, majority of the vaccines are administered via injection,
which increases labour expenses (Meeusen et al. 2007), and excessive handling,
which can influence the immunological response of an animal (Marangon and
Busani 2007) and may also take part to reduce of weight gain. Furthermore, some
vaccinations are only functional against a few numbers of bacterial or viral strains,
while others pose the threat of unexpected consequences, such as reversion to a
disease-causing virus that might cause disease (Cheng et al. 2014). A large number
of these issues are still being investigated, for example, the possibility of mass
vaccination delivery or the discovery of the ways for eliciting more protective
immune actions. Under the above circumstances it might be thought that vaccination
may be a better alternative to antibiotics in near future (Gerdts et al. 2006).

6.5.11 CRISPR/Cas9

CRISPR/Cas9 gene editing technology is one of the most promising modern tech-
niques that have the capability to reverse antibiotic resistance in certain harmful
bacteria (Kim et al. 2016a). CRISPR/Cas9 systems have been applied to successfully
targeting the virulence components and ARGs of bacteria, making them an interest-
ing option for the development of programmable and sequence specific antimicro-
bials (Bikard and Barrangou 2017).

CRISPR/Cas9 has a great potential for significant improvement over existing
gene-editing methods in respect of ease of use, speed, efficiency, and cost. Genome-
editing technology has been widely employed to decipher gene function in disease
pathogenesis and immunological responses in the host. The CRISPR/Cas9 approach
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Fig. 6.5 A mechanism of gene editing and silencing with CRISPR. A guided RNA is used which
instructs the molecular machinery to cut both strands of the targeted DNA. The DNA is broken, and
the gene is inactivated during gene silencing. A repaired template which contains a specified
sequence is added and incorporated into the broken DNA for gene editing. The targeted DNA
has now been modified to carry this new sequence

also allows for a considerably broader range of alterations, including gene knockout,
base-pair replacement, targeted insertion/deletion of larger genomic areas, and gene
expression regulation (Petersen 2017). CRISPR-based antimicrobials have a distinct
advantage over all other techniques in that they are able to destroy bacteria according
to their sequences of genes. Because CRISPR guide RNAs are highly specific, they
may be tailored to aim at certain chromosomal and virulence genes, eliminating the
requirement for broad-spectrum antibiotics to cure illnesses in animals (Fig. 6.5)
(Shabbir et al. 2019).

6.6 Future Prospects

Though there are different types of alternatives to antibiotics that are used in animal
farming, the exact one to be selected for use should be perfect. Generally, the
alternatives should have at least some common features such as the following:
(1) they should not be toxic or have any side effects on the animals, (2) they must
not promote bacterial resistance, (3) they must be safe for the animal’s gastrointes-
tinal tract, (4) they must not kill the normal intestinal microbiota, (5) they should
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increase the feed efficiency, enhance animal development, and prevent their dis-
eases, and (6) they must be eco-friendly.

Probiotics include bacteria, bacteriophages, microalgae, and yeasts (Llewellyn
et al. 2014). Despite the fact that many microorganisms have probiotic potential,
Lactobacillus, Streptococcus, Enterococcus, Lactococcus, and Bifidobacteria are
the most commonly used probiotic agents in livestock recently (Collado et al.
2005; Llewellyn et al. 2014; Abdelgader et al. 2013). Multistrain probiotics have
proven to be a viable alternative to antibiotics in ruminants, poultry, and swine, and
their use in animal husbandry is increasing. The effects on and responses of host
animals, on the other hand, vary across the literature. As a result, more research is
needed to understand the interaction mechanisms between the combined microbes
and the host’s gut microbiota, as well as the unique role of each microbe.

Foot and mouth disease virus (FMDV), peste des petits ruminants virus (PPRV),
bovine viral diarrthoea virus (BVDYV), bluetongue virus (BTV), bovine herpesvirus
type 1 (BHV-1), capripoxvirus, and other viruses cause fatal diseases in ruminants,
wreaking havoc on both social and economic conditions. When no broad-spectrum
antiviral pharmaceuticals are available, the only methods for avoiding or managing
virus infections are vaccination and hygienic precautions to reduce exposure. Live
attenuated vaccines for BTV, BVDV, LSDV, PPRV, and SPV are some of the
vaccines that have recently been used against these diseases (Caufour et al. 2014;
Chen et al. 2010; Coetzee et al. 2020) and inactivated for FMDV, BVDV, and SPV
(Coetzee et al. 2020; Sun et al. 2019; Wolff et al. 2020; Gardos and Cole 1976).
Because of the enormous economic losses caused by various ruminant diseases,
ruminant vaccine development programmes have received high priority. The
advancement of molecular genetics and a better understanding of infectious disease
immunobiology have aided in the development of more protective vaccines. Iden-
tification of virulence factors and immunogenic antigens has been critical in the
development of new vaccine generations, which has been aided by rapid advances in
recombinant vector technology.

Plant extracts are generally regarded as safe and effective against a variety of
bacteria. They are widely used in feed as growth promoters and health protectants
(Hashemi and Davoodi 2011; Abreu et al. 2012), particularly in Asian, African, and
South American countries, and have only recently begun to be used in developed
countries. In pig rearing, there are several plant products used: oregano, cinnamon,
Mexican pepper, thyme, oregano, and Camellia sinensis can decrease pathogenic
microbial mass in the intestines (Manzanilla et al. 2004; Namkung et al. 2004;
Zanchi et al. 2008); sangrovit, aged garlic extract, and allicin are potential for
body weight gain (Borovan 2004; Tatara et al. 2008); and thyme, clove, oregano,
eugenol, and carvacrol are potential for improving pig growth (Oetting et al. 2006;
Costa et al. 2007). The effects of phytogenic feed additives on poultry production
performance are also discussed (Hashemi and Davoodi 2010). Because of their
complex composition, it is difficult to conduct systematic and comprehensive
toxicology studies and safety assessments on herbs and their extracts. The challenge
is to identify and quantify the numerous actions that must be taken in order to claim
improved feed utilization, animal physiology, and health status. Despite the fact that
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phytobiotics are a class of natural additives, more research on their mechanisms of
action, compatibility with diet, toxicity, and safety assessment is required before
they can be used more widely in animal feeds.

There have been numerous studies that show AMPs have a protective effect on
humans (Guani-Guerra et al. 2010) and animals (Leonard et al. 2012). Numerous
bacteriocins have been identified, including nisin, lactacin, lactocin, helveticin,
fermenticin, sakacin, lacticin, plantacin, subticin, and others. Bacteriocins have
strong killing and suppressive effects on a variety of pathogens, including resistant
pathogens, according to in vitro tests (Field et al. 2011). Pediocin PA-1 from
Pediococcus is now available on the market. Pure bacteriocins, on the other hand,
have only a few and limited authorized uses in foods. Although AMPs have good
bactericidal effects and are easily digested by bodies without affecting the taste of
feed or polluting the environment, a number of constraints have accompanied the
advancement of AMP research. Because of their high production costs, AMPs are
not widely used as effective antibiotic alternatives for livestock. Bacteriocins are
traditionally produced by cultivating wild strains, but the yield is low and the
purification process is complex.

Overall, recent alternatives may look to have more potential than the application
of antibiotics, but in some instances, their efficacies are assessed only experimen-
tally. Their actual benefits should be tested and verified on a broad scale by applying
them to commercial animals in real husbandry conditions. Thorough study and
development facilities should be required to establish these alternative approaches
as marketable and cost-effective products. In spite of the fact that a number of
commercial food animals, producers are already adopting accessible alternatives,
such as probiotics and vaccinations, to increase growth and disease prevention.
Experimental data from academic research are still insufficient and, hence, should
be supplemented with more information on their uses. Such information might be
shared through public-private partnerships, and effects could be communicated more
widely through extension programmes. A thorough comparative understanding and
benefits of applying alternatives to the utilization of antibiotics in animals may be
circulated among animal farmers by conducting several training, learning, and
educational programmes by both government and private organizations. Focused
research will help bringing in the promising technologies to mend veterinary prod-
ucts and their application. Thus, use of antibiotics in animal farming will be
decreased without jeopardizing animal health, productivity, or welfare.

6.7 Conclusion

Complete abolition of antibiotic administration in livestock is currently impossible
as it may cause severe disruptions in global meat production. A feasible solution to
this age-old problem would be to use alternative agents that are both effective and
cost-effective for disease prevention and growth promotion, while continuing to use
antibiotics on veterinary prescription for treating animal diseases. This is a viable
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option because controlled use of antibiotics in livestock has been shown to reduce
resistance levels to original parameters in a specific area.

Due to a constant increase in consumer demand for livestock products produced
without antibiotics, there is a pressing need for the implementation of alternatives to
antibiotics which will not compromise the health conditions of the farm animals and
their quality to be used as food. Besides, considering the several drawbacks of using
antibiotics in animal farming, the approach of using alternatives is very much
significant to ascertaining sustainable development. For sensible application of
antibiotics and also for the implementation of regulations or policies restricting
their usage, competent authorities must issue clear guidelines for target specific
use of antibiotics in animals along with predefined treatment duration and with-
drawal period. Simultaneously, we must increase legal oversight and enforcement to
keep antibiotic residue in the food chain within acceptable limits. Further, we have to
carefully improve animal nutrition and production cleanliness management. Prudent
antibiotic use and continual research on alternatives to antibiotics are necessary to
assure the long-lasting viability of animal farming.

The search for antibiotic substitutes may be a lengthy process. In addition to
research and development of new efficient and safe alternatives, we should
strengthen research into the effects of combined antibiotic use and alternatives
with the goal of maintaining a healthy agricultural economy and preserving potent
antibiotics for efficacious therapy in humans.
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Abstract The necessity of antibiotics has increased multifold in recent times in the
healthcare system. In this context, the p-lactam unit is the most frequently used
scaffold in antibiotics, which include monobactams, penicillins, cephalosporins, and
carbapenems. This four-member cyclic amide moiety is being fabricated with the
help of a plethora of strategies for years. It is essential to monitor the progression of
B-lactam synthesis amidst a fully dedicated domain of synthetic strategies in terms of
reaction conditions, selectivity, functional group tolerance, and catalysts from time
to time. Herein we present a brief review of critical aspects of metal-catalyzed
[-lactam synthetic approaches over the last 5 years.
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7.1 Introduction

The trajectory of science in the twenty-first century has undergone a major paradigm
shift from the researches of basic science towards an interdisciplinary avenue. The
two major facets that coalesce into pharmacology are synthetic organic chemistry
and biology, mostly diminishing the gap between these two. This has eventually
formed the basis of drug design, discovery, and production—all of which have
significant contributions to human civilization amidst a densely populated world,
where people are obliged to get exposed to ever-mutating pathogens. In the past few
years, researchers have witnessed a notable progression in the synthetic strategies of
the p-lactam scaffold (Hosseyni and Jarrahpour 2018; Newman and Cragg 2007).
This class of antibiotics has turned out to be indispensable in the cure of bacterial
infections and plays a pivotal role in this regard (Zango et al. 2019; Gupta and Halve
2015; Mandal and Basu 2012). With the seminal discovery of penicillins and
cephalosporins as quintessential antibiotics, the field of lactam chemistry has
flourished throughout the past decades (De Rosa et al. 2021; Troisi et al. 2010;
Wilke et al. 2005; Barrett et al. 1985). Moreover, clinical applications as
antibacterial agents as well as potential synthons (Bhalla et al. 2016; Alcaide et al.
2007; Ojima and Delaloge 1997; Annunziata et al. 1993; Brieva et al. 1993) towards
the development of diverse heterocyclic synthesis (Bhalla et al. 2017; Jarrahpour and
Zarei 2006) have inspired both pharmaceutical and synthetic chemists to look for
unique possibilities. This includes the practice of conventional methods and also the
exploration of novel synthetic strategies to produce functionalized f-lactam antibi-
otics (Vessally et al. 2018; Brandi et al. 2008; Meloni and Taddei 2001). Keeping in
view the diverse applications of the p-lactam moiety, this chapter presents a brief
overview of different metal-catalyzed processes for its synthesis over the last 5 years.

Lactams are cyclic amides that are classified into several categories depending
upon the ring size which include p-, y-, 8-lactams, etc. f-Lactam, a four-member ring
also known as azetidinone, is classified into different categories depending upon the
size of the ring fused with the four-member structure (Fig. 7.1) (De Rosa et al. 2021;
Deketelaere et al. 2017; Singh 2004).

4
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3 & - /'/ = NR H
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Monobactam Penicillin Carbapenem Cephalosporin

Fig. 7.1 Representative core structures of various p-lactam scaffolds
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7.2 Development Throughout the Last Few Years

In consideration of the enormous utility of p-lactam-based antibiotics, it is quite
evident from the literature that the synthetic strategies have been evolving day by
day (Barrett et al. 1988; Aranda et al. 2013; Mandal and Basu 2013; Singh and
Sudheesh 2014; Deketelaere et al. 2017). A summary of two different viewpoints,
viz., the types of reactions involved and the bonds formed during the process, is
depicted along with the metals used in the form of catalysts (Figs. 7.2, 7.3, and 7.4)
(Magriotis 2014; Hosseyni and Jarrahpour 2018). Here, we will be reviewing the
metal-catalyzed reactions of P-lactam synthesis, emphasizing the advancements

Fig. 7.2 Types of bonds
that can be formed during
p-lactam synthesis

Fig. 7.3 Metals that are Cu
involved in catalysis

) pd-Ag
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Fig. 7.4 Different approaches to furnish p-lactam skeleton

reported in the last 5 years (Hodous and Fu 2002; Lu and Li 2006; Zhao and Li 2008;
Fontana et al. 2010; Xu et al. 2015; Isoda et al. 2015).

7.2.1 Staudinger Reaction

One of the most frequently used and oldest methods of p-lactam ring synthesis is the
Staudinger reaction, which is a [2 + 2] cycloaddition reaction between a ketene and
an imine (Omidvari and Zarei 2018; Dong et al. 2016; Pitts and Lectka 2014; Tuba
2013; Méndez et al. 2007; Taggi et al. 2002). Tang et al. 2016 established rhodium
and iridium catalysts bound with “cod” and Me-pma (N-methyl-1-(pyridin-2-yl)
methanamine) ligands and employed them in a carbene carbonylation reaction to
furnish fB-lactam rings (Fig. 7.5) (Tang et al. 2016). Here, an in situ carbene
formation and subsequent cycloaddition transpires good yield utilizing the crucial
role of metal-bound carbenes.

Sun and coworkers reported an unfamiliar carbene formation from metal-carbene
intermediates with N-hydroxyanilines by virtue of Wolf rearrangement catalyzed by
rhodium catalyst followed by benzoylquinine-mediated Staudinger reaction (Chen
et al. 2019). This relay catalysis appeared to be productive in terms of
diastereoselectivity in the p-lactam ring synthesis (Fig. 7.6).
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Fig. 7.5 Staudinger reaction via carbene carbonylation pathway catalyzed by Ir(I) and/ Rh
(I) catalysts to synthesize p-lactam scaffold
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Fig. 7.6 A rhodium catalyst associated with an organic base in relay catalysis to furnish p-lactams
7.2.2 Kinugasa Reaction

In search of an alternate way other than the classical methods like the ketene-imine
cycloaddition (Mandal and Basu 2013; Marco-Contelles 2004) or condensation of
enolate-imine (Tomioka et al. 1999; Fujieda et al. 1997), the Kinugasa reaction came
into play to overcome the shortcomings of the earlier methods. This influential
reaction offers a cycloaddition between nitrone and acetylene (Ding and Irwin
1976; Kinugasa and Hashimoto 1972) to produce highly functionalized and biolog-
ically potent p-lactams. The general mechanistic pathway of a copper- catalyzed
Kinugasa reaction has been provided in Fig. 7.7 (Hosseyni and Jarrahpour 2018).
With the increasing requirements of pf-lactam antibiotics, many research groups
developed new catalytic pathways for the Kinugasa reaction. One such example is
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Fig. 7.7 General mechanistic path of the copper-catalyzed Kinugasa reaction

S 4
10 R
R\N’O Cul/ NEty
R2 | + | |
| DMF, 18-24 h
Ar
3
R™ Ri- CgHy, 2-Me-CgHj
2 —
R®=H, Me Yield 40-82 %
R3 = CgHy, 4-OMe-CgHj

R*=OH, Br

Fig. 7.8 Kinugasa reaction involving an a, f-unsaturated nitrone

o RL 0O Rl 0 HN""Ph
R'.®.0 R Cul (5 mol%) N . ,\\‘:/r
N Ligand (6 mol%) _ ] > ;:1
! \\\ > R R R R _N
H R, Et3N, MeCN, 0.5-48 h
Ar trans cis PPh,

- o0

R = Cella, CHCHaCeHs, CHaCoty, 2-furyl, +(CHp)s Overall isolated Yield 15-70 %
R2 = CH,CgHs, CoHs Ligand

R = CH(OEt),, C(OEt)3, CgHy, 3,4,5-tri OMe-CgH,, 2-
OMe-CgH,, n-Bu, cyclohexyl, cyclohexenyl,
cyclopropyl

Fig. 7.9 PINAP-CuX system for the fabrication of B-lactam with a special case of cyclic nitrone

found in the work of Bhargava and coworkers, where the use of an a, B-unsaturated
nitrone can be seen to give rise to 3-substituted-styryl lactams with
diastereoselectivity and regioselectivity (Fig. 7.8) (Kumar et al. 2016).
Wolosewicz et al. (2016) published the synthetic route of -lactam via Kinugasa
reaction with acetylene and nitrones where the use of cyclic nitrone can be found for
the first time (Fig. 7.9) (Wolosewicz et al. 2016). The selection of copper salt for
PINAP/CuX complexes, generated in situ, was crucial in terms of configuration at
the C-4 position. The use of a cyclic nitrone furnished a bicyclic f-lactam (with a
commendable cis/trans ratio of 97:3) as anticipated from the mechanistic knowledge.
A report of highly regio-, chemo-, enantio-, and diastereoselective chiral
spirocyclic lactam synthesis is provided by Enders’ group (Shu et al. 2018). This
is the first copper-catalyzed Kinugasa/Michael domino reaction in which alkyne-
tethered cyclohexadienones couple with nitrones to construct the chiral lactams with
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Fig. 7.10 A synthetic path towards spirolactam with a fused bicyclic framework via Kinugasa
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Fig. 7.11 Copper/prolinol-phosphine catalytic system in a Kinugasa reaction towards the
alkylidene-f-lactam formation

excellent stereoselectivities (Fig. 7.10). In this context, it is worth mentioning that
desymmetrization, i.e., the process of converting a prochiral moiety into an
enantioenriched moiety, provides access to unprecedented spirocyclic lactams bear-
ing a fused bicyclic framework with atom economy.

In the following scheme, a recently published work from Imai et al. regarding a
copper and prolinol-phosphine-based chiral ligand-mediated asymmetric Kinugasa
reaction is depicted (Imai et al. 2019) (Fig. 7.11).