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Preface

Widespread use of antibiotics promotes the spread of antibiotic resistance. Smart use of
antibiotics is the key to controlling its spread.

A. P.J. Abdul Kalam

Antibiotics have drastically improved the health and life expectancy of humans,
yet the abrupt increase of antibiotic usage for animals, agriculture and healthcare
has induced antimicrobial resistance. Antimicrobial resistance is a global issue
challenging the existence of human beings because the number of antimicrobial
drugs is very limited. Antimicrobial resistance is leading to resurgence of deadly
infectious diseases. The golden era of antibiotics is nearly over due to the emer-
gence of multidrug-resistant bacteria, and as more antibiotics are rendered ineffec-
tive. Focus should therefore be shifted toward alternative therapies for treating
infections. Here, recent advances in biotechnology, genetic engineering, and syn-
thetic chemistry have opened up new avenues toward the search for advanced thera-
pies. Alternative options do not replace antibiotics but increase the efficacy of
antibiotics with alternative techniques and approaches. This book is our second
volume on the mitigation of antimicrobial resistance, focusing on natural and syn-
thetic approaches. Chapters present emerging strategies to combat antimicrobial
resistance.

Chapter 1 by Valsamatzi-Panagiotou et al. presents an overview of different
strategies for prevention and containment of antimicrobial resistance including
guidelines of antibiotic stewardship. This chapter also discusses risk factors,
mechanisms behind resistance development, and spread. Chapter 2 by Elshaghabee
and Rokana describes the potential of probiotics, prebiotics, and synbiotics for the
management of antimicrobial resistance. These dietary approaches are often used
as prophylactic, yet they can also reduce or even replace the use of antibiotics in
some cases. Indeed, co-administration of probiotics and synbiotics with antibiot-
ics can dilute the selective pressure of antibiotics and, in turn, minimize drug
resistance.
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Chapter 3 by Ng et al. focuses on the potency of various plant-derived anti-
bacterial compounds with focus on flavonoids, phenolic acids, peptides, essen-
tial oils, and honey. Those compounds appear both as alternatives to conventional
antibiotics and as candidates for combination therapy. Further, Chap. 4 by
Varijakzhan et al. details the antimicrobial activity of plant essential oils, which
are effective against various pathogens. This chapter discusses the effect of
essential oils on the genomes and proteomes of treated microorganisms. To mini-
mize environmental toxicity, research is focusing on low molecular weight poly-
mers with antimicrobial properties and on their applications. On this line, Chap. 5
by Grigoras summarizes the synthesis of quaternary ammonium compounds
based on natural and synthetic polymers such as cellulose, chitosan, dextran,
pullulan, starch, cashew gum, polylactide, polyamidoamine, polyurethane, poly-
siloxane, and polymethacrylate. These quaternary ammonium-containing poly-
mers specifically interfere with the metabolism of a wide range of bacteria
and fungi.

Chapter 6 by Mishra et al. presents nanomaterials as promising antimicrobials
against multidrug-resistant pathogens. The antimicrobial efficacy of nanomaterials
can be enhanced along with reduced cytotoxicity, which is explained by their small
size, easy penetration to the target cell, and biocompatibility nature. The synthesis,
mode of action, and delivery of metallic and nonmetallic nanoparticles are pre-
sented. Chapter 7 by Weeks et al. discusses antimicrobial peptides as the next-
generation of antimicrobial drugs, with focus on synthesis, classification, properties,
antimicrobial efficacy, and clinical applications. Pathogenic microorganisms need
iron. In Chap. 8 Holbein et al. use iron chelators (Fig. 1) such as siderophores to
restrict iron availability and thus starve pathogens.

Chapter 9 by Premaratne et al. explains that phages can replace or supplement
antibiotics in agriculture to control pathogens. Chapter 10 by Jansen et al. focuses
on vaccines to fight antimicrobial resistance. Several licensed vaccines for bacteria
and virus have already reduced antibiotic consumption and resistance by promoting
herd immunity, thereby protecting even segments in population that have not been
or cannot be vaccinated.

This book is written by highly qualified scientists working on antimicrobial
resistance. The editors are grateful to all the contributors for their enthusiasm and
cooperation during the book compilation, review, and revision process. We also
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Fig. 1 A siderophore group (left) is able to chelate iron and, in turn, restricts the availability of
iron to microbial pathogens. (From Chap. 8 by Holbein et al.)
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thank our reviewers for their constructive advice. We also extend our thanks to the
Springer Nature team for their cooperation right from acceptance of proposal to the
production of this book. This book is aimed at scientists, researchers, and other
professionals and is an invaluable and timely review on current research on strate-
gies to abate antimicrobial resistance and is an essential acquisition for anyone
involved in this area of biology.

Ludhiana, India Harsh Panwar
Ambala, India Chetan Sharma

Aix-en-Provence, France Eric Lichtfouse
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Chapter 1
Strategies for Prevention and Containment
of Antimicrobial Resistance

Aikaterini Valsamatzi-Panagiotou, Katya B. Popova, and Robert Penchovsky

Abstract The World Health Organization believes that there were about 480,000
cases of multi drug resistant tuberculosis in 2014 only. In addition, extensively drug
resistant tuberculosis was identified in 105 countries during the same year. The
methicillin resistant Staphylococcus aureus is a widespread cause of severe infec-
tions in health facilities and the community worldwide. In this book chapter, we
discuss all important strategies for the prevention and containment of antimicrobial
resistance, which is a growing problem for healthcare systems around the world.
Here we discuss the risk factors and mechanisms of development and ways of
spreading of antimicrobial resistance. We focus our attention on various strategies
for the prevention of the emergence of antimicrobial resistance via the reduction of
selective pressure on the pathogenic bacteria.

The risk factors for the development of antibacterial drug resistance are well
understood and they have to be mitigated worldwide. The chapter also presents dif-
ferent strategies for containment of widespread infection with antibacterial drug
resistant bacteria, including internationally recognized guidelines of antibiotic
stewardship. The presented broad scientific area of prevention of antimicrobial
resistance would be of interest to both researchers and physicians working or inter-
ested in these fields. In addition, we discuss some novel approaches that can be
employed to develop new antibiotics against extensively drug resistant microbes.
For instance, antisense oligonucleotide technology offers some advantages for anti-
bacterial drug development including fast and comprehensive procedures for
drug design.

Keywords Development of antibacterial resistance - Spread of antibacterial
resistance - Strategies for prevention of antibacterial resistance - Containment of
antibacterial resistance - Antibiotic stewardship

A. Valsamatzi-Panagiotou - K. B. Popova - R. Penchovsky (P<))
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2 A. Valsamatzi-Panagiotou et al.

1.1 Introduction

The development of antimicrobial resistance is a worldwide threat that is related to
the ability of microorganisms to grow in the presence of an antibiotic(s) that previ-
ously inhibited their growth (Allcock et al. 2017; Jampilek 2018). The emergence
of antimicrobial resistance is not a new phenomenon although over the last few
decades it has accelerated by the overuse along with the misuse of antibiotics in
both humans and animals (Fig. 1.1). Antimicrobial resistance can be found not only
in hospital units but also at the community level. Due to the ability of bacteria to
travel, the crisis worsens because antimicrobial resistance genes are spread among
many human pathogenic bacteria. Thus, antimicrobial resistance development con-
stitutes a global issue. The inadequate or lack of methods of prevention and contain-
ment also contribute to the emergence of antimicrobial resistance.

Domestic animals s Human
"*;f i = Antibiotics
i
h‘ 0 Animals get it | Human gets
L/ antibiotics and __ ___ antibiotics and >
1’ & .r develop resistant g develops resistant
bacteria in bacteria in his guts

their Gl tract

Drug-resistant bacteria Human spreads
can remain on drug-resistant
meat and milk-based_products from animals bacteria in the
when not handled, local comunity
stored or cooked properly® Human

lati i
ppu SO Human gets infected

by hospital-acquired Human gets

infection sick and go to
Water containing Healthcare
animal feces and facility
drug-resistant bacteria
is used on food crops.
:2::,?:‘5 Lig Resistant bacteria

Drug-resistant bacteria spread to other patients

in the animal feces within the healthcare

can remain on crops facility

and be eaten by humans.

Fig. 1.1 Various ways of the spread of antibiotic resistance in the general human population.
According to some studies, previous exposure to antibiotics has a chronicle relation to the develop-
ment of antimicrobial resistance. For instance, it is reported that individuals who had direct expo-
sure to an antibiotic in the last months seem to have an increased probability to carry a resistant
organism (Aiello and Larson 2003). However, exposure to antibiotics sometimes may be involun-
tary. This is due to the fact that there is extensive use of antibiotics in agriculture, aquaculture, and
food animals thus, antibiotics end up in humans through the food chain which may have a signifi-
cant effect on antimicrobial resistance development (Levy 2014; McEwen and Fedorka-Cray 2002)
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In the twenty-first century, antimicrobial resistance is considered to be one of the
most serious global public health threats. It should be mentioned that some diseases
which were previously thought to be controlled or even eradicated with the use of
various antibiotics have returned and they even show resistance to the previously
successful therapies. Antimicrobials are very important category of drugs and their
use played a crucial role in the decrease of infectious diseases. Especially, at the
beginning of the 1900s, their use improved spectacularly patient care. Presently
they are considered one of the most successful categories of existing drugs. Indeed,
they constitute the primary anti infective drugs that can be administered in intensive
care unit patients with known or suspected multi drug resistant bacteria. Nevertheless,
the development of multi drug resistance complicates the treatment of infections
due to the emergence and spread of organisms that are resistant to antimicrobials.
Moreover, multi drug resistance often leads to treatment failures, long term hospi-
talizations, alternation of the microbiome, and higher severity of infections.
Therefore, it contributes to economic and health losses worldwide because more
expensive therapies are used to fight resistance and there is an increase in morbidity
and mortality rates (Allcock et al. 2017; Bassetti et al. 2017; Fishman 2006; Levy
and Marshall 2004; Okeke et al. 2005; Septimus 2018).

In comparison to the past, the number of newly approved antibiotics has
decreased dramatically. This highlights the vital need to preserve the antibiotics
which already exist for the next generations (Garau et al. 2014). It is also of great
importance to focus on strategies for the prevention and containment of bacterial
infections. The misuse of antibiotics is related to antimicrobial resistance and multi
drug resistance development. Therefore, a reduction in antibiotic use will be fol-
lowed by a decrease in the emergence of antimicrobial resistance.

Concerted actions are needed to prevent the emergence of new resistant strains
and the spread of those which already exist (Okeke et al. 2005). In an effort to
strengthen national plans and to promote international collaboration with the main
purpose of the containment of antimicrobial resistance and multi drug resistant
human pathogenic bacteria, the World Health Organization (WHO) created the res-
olution WHAG67.25 called ‘Combating antimicrobial resistance including antibiotic
resistance (Mendelson and Matsoso 2014). An integrated model was developed,
which comprises three intertwined programs and it is called antimicrobial, infection
prevention, and diagnostic (Hughes and Andersson) stewardship model. The model
focuses on the creation of a personalized management plan, which aims in the
improvement of patient’s health and the decrease in the emergence of antimicrobial
resistance and multidrug resistant bacterial strains. Actually, national and interna-
tional collaboration is required to achieve the holistic management of antimicrobial
resistance. Eventually, a combination of various strategies and methods should be
implemented in a multidisciplinary approach to tackle the emergence of antimicro-
bial resistance and multi drug resistance (Dik et al. 2016).
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1.2 Risk Factors for the Development of Antibacterial
Drug Resistance

The antimicrobial resistance is known from the discovery of the first antibiotics and
is considered to be a Darwinian response of bacteria to selective pressure provoked
by an antibacterial agent (Mendelson and Matsoso 2014; Penchovsky and
Traykovska 2015). The exposure to antibiotics, as well as the ingestion of food
treated with antibiotics, are closely associated with selective pressure. Antimicrobial
resistance is related to antibiotic consumption on a global scale and it is mostly
observed in countries where antibiotic use has increased such as the USA and south-
ern countries of Europe, where antimicrobial resistance is considerably higher in
comparison with countries with lower consumption of antibiotics in northern
Europe (Garau et al. 2014). Some factors which contribute to the spread of patho-
genic organisms worldwide are the aging of the population globally, the urbaniza-
tion, traveling of the population, and climate changes (Bloom et al. 2017).

Antibiotics are one of the most used and, at the same time, the most successful
categories of drugs that have managed to decrease infectious diseases and render
possible some complex interventions in medicine such as advanced surgery and
organ transplantation (Allcock et al. 2017; Wright 2011). Their discovery led to the
eradication of many infectious diseases, which were previously thought to be fatal,
and there was a conviction among many physicians that these infections will never
appear again. This was a miscalculation because the antimicrobial resistance and
multi drug resistance impede many established antibacterial therapies (Jansen
et al. 20006).

The rapid development of antimicrobial resistance and multi drug resistance con-
stitutes a very alarming issue for human health because it leads to huge health and
economic losses worldwide (Okeke et al. 2005; Tagliabue and Rappuoli 2018). The
treatment of infections with multi drug resistant bacteria may be delayed due to the
time needed to confirm the resistance pattern. The worst scenario is the treatment
failure, which leads to an increment in the transmission potential of infections due
to the ability of the resistant organism to survive in the host. This also leads to
alteration of microbial ecology and as a result, more severe infections with multi
drug resistant organisms appear. The change in susceptibility of microbial flora due
to the use of hygienic and cleaning regimens should also be mentioned as a contrib-
uting factor for antimicrobial resistance development (Aiello and Larson 2003).

Some other risk factors which are pointed as a reason for the development of
antimicrobial resistance and multi drug resistance, are the overuse of antibiotics in
agriculture, in aquaculture, and in the food industry. Especially, it is reported that
annually millions of kilograms of antimicrobials were used for prophylaxis around
the world (Levy and Marshall 2004). Sub-therapeutic doses of antibiotics were used
as growth promoters in the European Union (EU) until 2006, however, their use still
continues both in America and Asia. The use of medically important antibiotics in
food animals in the United States is almost 80% (Fig. 1.1), according to an extensive
study of researchers from the Center for Disease Dynamics, Economics & Policy
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(USA), Princeton Environmental Institute, Princeton University (USA); Institute of
Integrative Biology, ETH Zurich (Switzerland); the Université Libre de Bruxelles
(Belgium); and the Food and Agriculture Organization of the United Nations (Italy)
(Van Boeckel et al. 2017). Meanwhile, the estimated quantity of used antibiotics in
China for 2013 in animals was 78,200 tons. The World Health Organization alarms
that such unrestrained quantity will lead to the rise of the antibiotic use globally
until 2030 and would hinder the efforts toward conserving the efficacy of the current
antibiotics. The analysis report for the global progress of antimicrobial resistance
for 2017 showed that “only 64 countries (41.6%) have limited the use of critically
important antimicrobials (human and animal) for growth promotion in agriculture”
(World Health Organization 2018; Allcock et al. 2017).

The exponential rise in the income of people living in developing countries ren-
ders access to health care facilities easier as compared to the past and leads to an
increase in the use of antibiotics. The existence of counterfeit drugs is another prob-
lem that plagues developing countries. These drugs might have expired, contain a
different dose of the active substance or may have different pharmacokinetics and
pharmacodynamics in comparison with the drugs available in developed countries
(Selgelid 2007). Some other factors which seem to contribute to the development of
antimicrobial resistance globally are the use of a narrow repertoire and poor quality
of antimicrobials (Okeke et al. 2005). The abuse of antibiotics plays an important
role in antimicrobial resistance development. Some patients do not manage to com-
ply with the instructions of the physician about the duration and the dose of the
treatment. Thus, they fail to complete their treatment plan. Another scenario, which
is very common, is the use of the leftovers of the pills as self-medication without
visiting or taking advice from a physician. This may also promote the development
of resistance (Selgelid 2007). It is believed that the increased rate of immunocom-
promised patients is another fact that is associated with antimicrobial resistance
development (Aiello and Larson 2003).

Guidelines for proper antibiotic use in hospital patients, as well as outpatients
exist; although sometimes they are not followed properly. This may be attributed to
the fact that physicians are afraid of surgical site infections, which leads to the pre-
scription of antibiotics for prophylaxis. At the same time, the lack of diagnostic
tools in primary health care may lead to the prescription of antibiotics as empiric
therapy. Due to the diagnostic uncertainty, physicians prescribe antibiotics based on
the anamnesis of the symptoms, clinical symptoms, and characteristics of the
patient. This may finally prove to be wrong due to the lack of confirmation of a
bacterial pathogen with a microbiological examination which means that a viral
infection sometimes may be mistreated with antimicrobials as it was a bacterial one
(Garau et al. 2014).

However, even if the diagnostic tools are available in health care units, the time
which is required to confirm the pathogen in combination with patients” demand to
be treated as soon as possible may lead to the improper prescription of antibiotics.
Another problem is the physician’s fear of litigation in cases where they do not
prescribe an antibiotic, which might help. Especially, in cases when there is a debate
if an antibiotic may slightly or even not at all improve the condition of the patient.
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In such circumstances, physicians should think the risk-benefit optimization not
only for the individual itself but for the society as a whole. Dilemmas like this are a
matter of concern in both hospitals and community settings. It must be pointed out
that the improper management of such cases is associated with the development of
antimicrobial resistance due to antibiotic misuse. The advertisements of pharma-
ceutical companies of the newest, most expensive and profitable drugs, which target
both physicians and patients create a great problem and seems to contribute to anti-
microbial resistance emergence due to the increased demand and pressure of patients
who force their physicians to be treated with specific drugs as a result of advertising
(Selgelid 2007).

Some basic reasons, which contribute to the dissemination of antimicrobial resis-
tant organisms in healthcare units, are inadequate infection control, shortfalls in
hygiene and sanitation along with the lack of proper education and surveillance
programs. Bacteria can acquire resistance through the horizontal transfer of genes
for resistant traits between them. This is achieved through the help of some genetic
elements as bacteriophages, plasmids, transposons, and others. However, antimicro-
bial resistance may also be intrinsic, which is a result of natural evolutionary pro-
cesses. Finally, clinical antimicrobial resistance may occur due to therapeutic
failure, which may be attributed to the pharmacokinetics of some drugs or interac-
tions among drugs. Acquired antimicrobial resistance is considered the most serious
in comparison to inherited and clinical resistance (Hayes and Wolf 1990; Jampilek
2018; Munita and Arias 2016; Okeke et al. 2005; Tenover 2006).

1.3 Ways of the Spread of Antibiotic Resistance

There are many ways by which an individual can be colonized with antimicrobial
resistant bacteria (Fig. 1.1). One way is through person-to-person transmission and
another way is through direct exposure to an antibiotic through selective pressure.
Crowded environments and health care facilities as child care centers are some of
the most favorable environments for person-to-person transmission of antibiotic
resistant organisms. More specifically in child care centers, the use of broad spec-
trum antibiotics against resistant organisms or recurrent infections is blamed for
antimicrobial resistance development. Streptococcus pneumoniae and methicillin
resistant Staphylococcus aureus (MRSA) are common in child care centers.
Especially, it is reported that MRSA has been isolated from children hospitalized in
child care centers who did not have any contact with MRSA in a health care center
and did not have carriers at home. Penicillin resistant pneumococci have also been
isolated from some military populations (Fairchok et al. 1996; Hudspeth et al. 2001;
Murphy et al. 1996).

In household settings, the use of antibiotics from one family member may lead
to antimicrobial resistance in other members of the family. Nonetheless, with the
use of methods as cleaning and disinfection, the spreading of antimicrobial resis-
tance microorganisms may be inhibited. Microorganisms are capable to cause
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cross-contamination if they survive in a home environment. This indicates the great
need for the implementation of more researches within the home environment about
the sources and routes for transmission of antimicrobial resistance organisms
(Aiello and Larson 2003; Kagan et al. 2002; Rydberg and Cederberg 1986).

It is believed that some cleaning and hygienic products may also cause pressure
on organisms to develop resistance. The mechanism of action of antibiotics involves
some specific targets within the bacterial cell while the mechanism of action of
cleaning and hygienic products was thought to involve multiple targets. Cleaning
and hygienic products act by degradation and inhibition of the bacteria (White and
McDermott 2001). Indeed, alcohols which are used for many years do not have a
specific target. However, it was proven that another substance called triclosan,
which was used widely in hygienic and cleaning products, acts like some antibiotics
by inhibiting the bacterial fatty acid biosynthetic pathway (Chuanchuen et al. 2001;
McMurry et al. 1998). Actually, at first, triclosan was discovered and used as an
herbicide. Because of its antimicrobial properties, especially in combination with
some antiviral and antifungal properties, it started to be used in personal hygienic
products, as an ingredient in surgical scrubs, in hand soaps afterward. Unfortunately,
it was proved that triclosan inhibits bacteria by having a specific bacterial target.
Researches have shown that the use of triclosan is associated with cross-resistance
development to clinically relevant antibiotics (Chuanchuen et al. 2001, 2002; Levy
2000, 2001, 2002; Perencevich et al. 2001).

1.4 Major Mechanisms of Development of Antibacterial
Drug Resistance

The understanding of the mechanisms of development of antimicrobial resistance
has been a subject of great concern. It is believed that the existence of huge bacterial
populations and the increment in mutation rates contribute to the rapid evolution of
antimicrobial resistance. It is of great importance to know the mechanisms of drug
action to understand the sophisticated mechanisms through which bacteria develop
antimicrobial resistance (Blair et al. 2015; Hayes and Wolf 1990; Hermsen et al.
2012; Jampilek 2018; Munita and Arias 2016). We should bear in mind that antimi-
crobial resistance may complicate the treatment of any infection no matter its sever-
ity (Kaku et al. 2014; Thampi et al. 2015).

Multiple biochemical routes are used in the classification of the mechanisms of
antimicrobial resistance. There are four main mechanisms by which antimicrobial
resistance can develop: (i) Modification of the antibiotic molecule that involves
inactivation or destruction of the drug. This is achieved with the help of some spe-
cific enzymes which are produced by bacteria; (ii) Decrease of antibiotic penetra-
tion or efflux. If there is a decrease in the permeability of the membrane, antibiotics
will render unable to cross this barrier. In the case of the efflux pumps, there is either
overexpression of a pump due to a mutation or a drug is extracted out of the cell
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Table 1.1 Mechanisms of drug resistance against antibiotics

Classes of
antibiotic Antibiotics Mechanisms(s) of resistance
Aminoglycosides | Gentamicin, Streptomycin, Phosphorylation, acetylation,

Spectinomycin nucleotidylation, efflux, altered target
Cationic Peptides | Colistin Altered target, efflux
Glycopeptides Vancomycin, Teicoplanin Reprogramming peptidoglycan
biosynthesis
Lipopeptides Daptomycin Altered target
Lincosamides Clindamycin Nucleotidylation, efflux, altered target
Macrolides Erythromycin, Azithromycin Hydrolysis, glycosylation,
phosphorylation, efflux, altered target
Oxazolidinones Linezolid Efflux, altered target
Pyrimidines Trimethoprim Efflux, altered target
Phenicols Chloramphenicol Acetylation, efflux, altered target
p-lactams Penicillins, Cephalosporins, Hydrolysis, efflux, altered target
Penems, Monobactams
Quinolones Ciprofloxacin Acetylation, efflux, altered target
Rifamycins Rifampin ADP-ribosylation, efflux, altered target
Streptogramins | Synercid Carbon-Oxygen lyase, acetylation,
efflux, altered target
Sulfonamides Sulfamethoxazole Efflux, altered target
Tetracyclines Minocycline, Tigecycline Monooxygenation, efflux, altered target

through some specific processes; (iii) Changes in the target site. It can be either
protected or modified through mutations, enzymatic alterations, complete replace-
ment, or bypass; and (iv) Resistance to global cell adaptations (Blair et al. 2015;
Hayes and Wolf 1990; Kaku et al. 2014; Munita and Arias 2016; Piddock 2006;
Wright 2011) (Table 1.1).

1.5 Strategies for Prevention of Antibacterial Drug
Resistance and Reduction of Selective Pressure

1.5.1 Reduction of Selective Pressure

Several studies mention that selective pressure constitutes a vital reason for the
development of antimicrobial resistance. The main cause is considered to be the
overuse along with the misuse of antibiotics in daily life. The main mechanism of
selective pressure concerns the contact of a bacterial population with an antibiotic
which leads to the eradication of susceptible organisms. At the same time, the resis-
tant organisms persist and are able to transmit their resistance coding genes either
by vertical gene transfer or through horizontal gene transfer (Essack 2006; WHO
2001a). The first process is a natural evolutionary step that occurs when a parent cell
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transmits its DNA to the daughter cells. When a mutation for antibiotic resistance
occurs, the resistant genes are transferred to their offspring by the process of repli-
cation. However, the horizontal transfer of resistant genes occurs between donor
bacteria and recipient cells, which are not their offspring.

This is achieved by three mechanisms: transformation, transduction, and conju-
gation. Transformation is a process in which dead bacteria release exogenous DNA
often and it is introduced into other bacteria. Meanwhile, transduction occurs when
bacterial viruses, called bacteriophages, infect bacterial DNA. If the phage has
incorporated resistance genes from the previous bacterium into its genome, it can
transfer those genes into the newly infected bacterium. Unlike the previous two
mechanisms, the conjugation requires direct cell-to-cell contact. It often involves a
single-stranded plasmid DNA that is transferred from the donor cell through a
bridge. Once the plasmid has passed to the recipient, both cells synthesize comple-
mentary strands and restore their plasmids (Griffiths et al. 2000).

Undoubtedly the environment plays an important role in the type and frequency
of the antimicrobial resistance emergence (Singh et al. 1992). It is believed that
sooner or later the use of any antibiotic will induce resistant bacteria. Actually, even
nowadays, specific antimicrobial resistance is a growing problem of concern in
healthcare worldwide. Therefore, due to the close correlation of antibiotic use to
selective pressure, we should apply techniques that will manage to reduce antibiotic
use internationally to affect selective pressure. Antibiotic policies should be applied
to achieve their rational use. To make this possible, the creation of treatment algo-
rithms and guidelines is necessary. It is suggested that if a bacterium, which is
responsible for the infection, has been identified through microbiological proce-
dures and if it is indicated, the type of antibiotics, are the narrow-spectrum antibiot-
ics should be used at the beginning of the treatment. The route of application of an
antibiotic, the optimal dose that will minimize selective pressure and the duration of
the treatment is also very important. Every treatment plan must be adjusted to the
characteristics of the patient. The physician should take into consideration the type
and the site of infection, pharmacokinetics and pharmacodynamics, drug interac-
tions, adverse drug reactions and the specific anatomical site where the concentra-
tion of the drug is higher (Essack 2006; Medeiros 1997; Pena et al. 1997).

The use of educational interventions both in developing and in developed coun-
tries is recommended in an effort to reduce selective pressure. Those interventions
should focus on changing the prescribing behavior of physicians and promoting
prescription requirement demands. If they fail to do this, they must be strengthened.
There is a great need for continuing educational programs adjusted to medical stu-
dents, resident doctors, doctors, pharmacists, pharmacy attendants, itinerant drug
sellers, and other healthcare specialists. Focus group discussions and seminars are
also very useful. Their main aim should be to inform physicians about the latest
news on the field of antibiotics and to give them instructions for proper use because
in their absence physicians will receive information mostly from pharmaceutical
companies.

Actually, the information from pharmaceutical companies does not always keep
up with rational drug use and the guidelines. The main reason is that the incentives
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of companies usually focus on economic profits. Some studies after the application
of educational programs in developing countries reported that there was an improve-
ment in diagnostic quality and a decrease in the pressure that physicians faced from
patients to prescribe antibiotics. At the same time, it is thought that the unjustified
prescription of antibiotics decreased due to the physician’s extensive and continuing
knowledge around the subject of antimicrobial resistance. Some other positive find-
ings were the decrease of polypharmacy along with the cost savings due to a
decrease in unnecessary antibiotic use (Adams et al. 2003; Bexell et al. 1996; Chuc
et al. 2002; Gutierrez et al. 1994; Okeke et al. 2005; Ross-Degnan et al. 1996;
Santoso et al. 1996).

The existence of an infectious disease consultant along with national standard
treatment guidelines is of great importance in the health care units and it contributes
to more efficient patient management and a decrease in the prescription of non-
essential drugs. Nonetheless, better results are expected if educational programs are
applied in combination with the interventions mentioned above. The first model list
of essential drugs was established by the World Health Organization in 1977 when
120 countries followed the steps of the World Health Organization by the imple-
mentation of national essential drug lists. The last revision and update of the World
Health Organization model list of essential medicines came in April 2019 at the
meeting of the 22" World Health Organization Expert Committee on the Selection
and Use of Essential Medicines.

The main purpose of the creation of the first list was to promote the rational use
of antibiotics and reassure the existence of an adequate number of antibiotics, which
will be able to cover the needs of every country. Another aim was to increase the
awareness of other countries to implement national drug lists, a goal that was
achieved successfully. These lists should be continually revised according to the
current news adjusted to the condition of every country (Ball et al. 2002; Bennadi
2013; Erbay et al. 2003; Kubin 2002; Laing et al. 2001; Okeke et al. 2005; Saez-
Llorens et al. 2000; WHO 2002, 2015).

In a Nigerian teaching hospital, it was observed that although a national drug list
existed, there were no educational programs for the physicians. So any decrease in
prescriptions was not observed. This example highlights the importance of continu-
ing educational interventions for both healthcare specialists and drug sellers.
Moreover, the proper education of consumers is also crucial to understand the
importance of their compliance in the physician’s instructions for antibiotic use. In
detail, the instructions about the duration and the dose of the treatment should be
clear and followed strictly. There are many examples in which patients stop the
antibiotics without completing the treatment plan that the physician suggested or
self-administer drugs to themselves, friends, and family members from previous
uncompleted courses that may have expired without consulting any physician. This
is the so-called “self-medication”. It is a common phenomenon nowadays. It may be
attributed to some factors as inaccessibility of healthcare facilities and poverty in
developing countries. Although it is also observed in high-income families and in
patients with high education who have better access to healthcare facilities.
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Patients must avoid self-medication because it seems to play an important role in
antimicrobial resistance development. This highlights the importance of patient
interventions including education and proper information from the healthcare work-
ers, organizations, and governments. Interventions like these will also contribute to
positive results in patient’s adherence to medications. Except for the measures men-
tioned above, the existence of Pharmacy and Therapeutic Committees (PTCs) is
recommended in hospital units in developed countries. Their presence seems to
have a positive effect not only in monitoring but also in promoting the proper use of
antibiotics. The financial capability of the patient to afford some or all the necessary
medications prescribed should not be neglected. If a patient cannot afford the drugs,
which the physician prescribed, this may lead to the use of unsuitable drugs, under-
dosing and drug counterfeiting. To avoid such circumstances, antimicrobials should
be more available in certain situations. Indeed, there is a great need for national
enforcement through legislation (Bavestrello et al. 2002; Harbarth et al. 2003; le
Grand et al. 1999; Mabadeje et al. 1991; Okeke et al. 2005; Okeke and Lamikanra
2003; Parimi et al. 2002; Perez et al. 2003; Wayland 2004).

The implementation of some strategies, which focus on the proper antimicrobial
use, can potentially lead to a reduction in the emergence of resistance de novo. It is
widely known that there are a variety of mechanisms, which lead to the develop-
ment of antimicrobial resistance. Before the beginning of the treatment, it is neces-
sary to ensure that the antibiotics are of high quality. The appropriate dose of a drug
along with the optimization of the distribution should be taken into consideration.
There is evidence that the selection of antibiotic resistant mutants is related to the
dose and the duration of the treatment. Different methods can be applied to avoid
the development of antimicrobial resistance. Some of the methods which are
reported are combination therapies, antimicrobial bacterial pairing, antimicrobial
cycling, and the banning of monotherapy of partner drugs when they should be used
in combination therapy (Drlica 2003; Okeke et al. 2005; Phillips-Howard et al. 2003).

It is proved that the consideration of pharmacokinetics and pharmacodynamics
properties of the antibiotics are not only crucial in the areas of antibacterial efficacy
but also are of vital importance for the prevention of antimicrobial resistance devel-
opment. The usage of incorrect drug doses with a low resistance barrier promotes
the development of antimicrobial resistance. The adaptation of dosing strategies
based on the principles of pharmacokinetics and pharmacodynamics is also recom-
mended by the Surviving Sepsis Campaign’s (SSC) guidelines. There is a close
relationship between dose and antimicrobial resistance development. Single and
high antibiotic doses seem to prevent resistance in comparison with multiple low
doses. However, more extent research is needed to find out that is the optimal dose
that will be capable to treat the bacterial infection and reduce antimicrobial resis-
tance development. The choice of the optimal drug dose is crucial for the outcome
especially in intensive care units. There are some parameters for the assessment of
the drug dose as Minimum inhibitory concentration (MIC) and Mutation prevention
concentration (MPC) which were used in some studies based on dose related pre-
vention of antibiotic resistance development. Apart from the dose of antibiotics, the
site of infection, the pathogenic bacteria, and the duration of the treatment course
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are also important. Especially in self limiting infections, short therapies with anti-
microbials are recommended (Barker 1999; Cui et al. 2006; de With et al. 2016;
DeRyke et al. 2006; Geli et al. 2012; Markou et al. 2008; Olofsson and Cars 2007,
Owens and Shorr 2009; Rhodes et al. 2017; Septimus 2018; Soothill et al. 2013;
Zhu et al. 2012).

In recent years, the human microbiota which acts as a barrier against coloniza-
tion has been researched intensively. Basically, its physiological mechanism of
action is to protect the organism from colonization of pathogenic microorganisms
and from the overgrowth of the microorganisms which are normally present in the
human body — the so called “colonization resistance”. There is a widespread belief
that the use of antibiotics exerts a negative effect on microbiota and this may have
detrimental consequences on human health. The exact mechanism by which antibi-
otics manage to affect microbiota is either by causing resistance or by damaging the
“colonization resistance” which is protective for the organism. Actually, the damage
of microbiota depends on its spectrum and some other parameters concerning drug
distribution and excretion, the route of administration, the degree of absorption, and
the route of elimination of the drug.

The antibiotics should be selected carefully before the start of the treatment in
order to figure out if they exert harmful effects on the microbiota. The use of antibi-
otics, which do not disturb the microbiota, reduces the risk of resistance develop-
ment, and spread. With the entrance of an antimicrobial drug in the organism,
different concentrations gets distributed in different tissues and organs throughout
the body. It is very important to choose the optimal route of administration of an
antibiotic either oral or parenteral and to be aware of the way how antibiotic is
excreted either in bile or through the kidneys in order to achieve the maximum
effect. The presence of microbiota in a body site plays an important role in resis-
tance development. In the sites where microbiota is found, the number of bacteria is
usually large so if the concentration of an antimicrobial that is prescribed is low this
may be related to the development of resistance (Guillemot et al. 1998; Gullberg
et al. 2011; Rashid et al. 2012; Soothill et al. 2013; Zhao and Drlica 2001).

In everyday clinical practice, the use of combination therapy is very common.
Especially, in the treatment of tuberculosis, multi drug regimens are used in order to
prevent bacterial resistance development. Because antimicrobial resistance devel-
ops very easy, combination therapy is also used in the treatment of leprosy, human
immunodeficiency virus (HIV) and cancer. The synergistic activity that some anti-
biotics exert when they are used in combination is another reason that renders this
therapy important. A common example is bacterial endocarditis in which penicillin
and gentamicin are the drugs combined and used successfully for treatment. It
should be mentioned that in critically ill patients with unknown pathogens, there is
a suspicion for septicemia, and therefore, broad spectrum therapy is needed to target
as many as possible species of bacteria, which may be responsible for the condition.
That is why in these cases several antimicrobials are used.

Another advantage of the combination therapy is its ability to target resistant
bacteria. Augmentin is a combination of amoxicillin and clavulanic acid. Clavulanic
acid is a beta-lactamase inhibitor while amoxicillin alone does not have the
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capability to act against beta-lactamase producing bacteria. In case of use of amoxi-
cillin and augmentin against Staphylococcus aureus in patients diagnosed with non-
bullous impetigo, S. aureus was resistant to amoxicillin and sensitive to the
combination therapy with augmentin. Therefore, the use of augmentin broadens the
spectrum of action. It seems that combination therapies can enhance the action of
old antibiotics. Their application may also decrease the duration of the treatment
and this depends on the abilities of the agents, which are added in the treatment
course. For example, in Mycobacterium tuberculosis infections, the duration of the
treatment was shortened after the addition of anti dormancy agents as pyrazinamide
and rifampicin. However, before the choice of the treatment with a combination
therapy we should bear in mind that there is a risk with the use of this method to
create multi drug resistant organisms (Boyd and Nailor 2011; Fox et al. 1954;
Mitchison 1954, 1998; Soothill et al. 2013; Traugott et al. 2011).

Another method that can be used for the prevention of antimicrobial resistance
development is bacterial-antimicrobial pairing. The bacterial load of different
infected sites is measured and the possibility to develop resistance against certain
antimicrobials is estimated. If the risk of antimicrobial resistance development is
high then the use of some antibiotics should be avoided (Soothill et al. 2013;
Williams and Sefton 1999). Since the 1980s, antimicrobial cycling, which is the
scheduled rotation of one class of antibiotics with one or more different classes with
a similar spectrum of activity was thought to be a promising strategy for reducing
antimicrobial resistance in hospitals. The idea is based on the removal of selective
pressure for a predetermined period of time by the withdrawal of an antibiotic that
is intensively used for the treatment of certain infections and its replacement with
another one with similar action. The highest is the rate of the prescription of an
antibiotic, the more likely it is to develop antimicrobial resistance. Unfortunately,
this method has been the subject of short-term limited investigations and in many of
the studies, there was not a complete cessation of the withdrawn agent. In one such
trial of antibiotic cycling in United Kingdom, the sulfonamide use was restricted
nationally for a period of time, however, no reduction in sulfonamide resistant
Escherichia coli was observed.

Another study concerned the treatment of Gram negative infections in a surgical
intensive care unit. The monthly rotation between different antibiotics led to an
improvement in the antimicrobial susceptibility profile of Gram negative organisms
in the surgical intensive care unit in comparison with the medical care unit. The
efficacy of antimicrobial cycling was documented in 2005 by a review which
included both clinical trials and mathematical modeling studies. Due to the poor
quality of the majority of the efficacy of the existed clinical trials along with the
small number of adequately designed trials the conclusion was that there is not
enough evidence in order to consider antimicrobial cycling as a strategy that should
be implemented routinely in hospitals in the effort to prevent antimicrobial resis-
tance development (Bennett et al. 2007; Brown and Nathwani 2005; Enne et al.
2001; Okeke et al. 2005).
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1.5.2 Diagnostic and Infection Prevention Stewardship

In critically ill patients, any delay in the diagnosis of infection may be associated
with an increase in hospital mortality. Thus, in this category of patients, the proper
and accurate diagnosis is of vital importance (Ferrer et al. 2014). In the case of
infectious diseases, the early microbiological diagnosis in combination with medi-
cal knowledge and judgment are very important and contribute to the improvement
of the disease outcome. Except for the fact that the diagnosis plays an important role
in the optimal therapy, it also helps in the control of infectious diseases and in the
prevention of their spread. A laboratory examination is extremely helpful when it is
done timely because it provides the physician with information about the presence
of an infection, the pathogen that is responsible for the infection and the susceptibil-
ity of the pathogen (Dik et al. 2016).

All microbiological examinations must be done before the therapy with an anti-
biotic starts in order to be more accurate. Proper collection of the specimens is
crucial because if the collection is done improperly, this may lead to misdiagnosis.
For example, for blood cultures, which are used to diagnose bacteremia, 20-30 ml
of blood is needed for adults and the amount of blood, which is needed in children,
depends on their age and weight. Two bottles are used (one aerobic and one anaero-
bic) and before the procedure starts the region from where the blood is taken should
be disinfected properly. This aims to decrease the probability of contamination. It
was reported that 25% of all positive blood cultures were contaminated. The
Infectious Diseases Society of America (IDSA) recommends the use of urine tests
only if urinary symptoms exist with an exception in pregnant women and patients
who undergo an invasive urinary procedure. This recommendation is because if a
urinary test is ordered without the presence of any symptom and the collection of
the specimen is done improperly this will lead to overdiagnosis and therefore over-
treatment, which accelerates antimicrobial resistance development (Pallin et al.
2014; Septimus 2018; Weinstein 2003).

The choice of the right diagnostic test is of vital importance. The results of the
tests are provided within hours, if it is a viral infection or within a day or two, if it
is a fungal or bacterial infection. The need for more rapid tests is uncontested. Some
new point of care assays may reduce the time needed for diagnosis. Their applica-
tion may render possible the early differential diagnosis of infectious from non-
infectious diseases. It is recommended that the physicians should use an individual
plan adjusted on the patient for the management of infectious diseases, which is
called a personalized infection management plan.

Although innovative methods as Next generation sequencing (NGS) and Matrix
assisted laser desorption/ionization time-of-flight (MALDI-TOF) are promising not
only for clinical microbiology but also for antimicrobial resistance prevention, the
conventional culture based diagnostics are still used and are considered very effec-
tive. The conventional culture based diagnostics include blood, urine, sputum and
other cultures in combination with susceptibility tests. Bacterial cultures are impor-
tant tools because they are both useful and cheap and some isolates can be stored
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and typed with no other mean. However, the main problem is that the turnaround
time of these tests is too long for the early diagnosis of infection. Another problem
is that the diagnostic care facilities which provide these tests most of the time are
located far away from an individual’s primary health care center. A solution would
be to make the diagnostic tools available in all primary health care centers to be
more easily accessible for the population.

It is reported that the use of procalcitonin (PCT) as a biomarker is helpful in the
differentiation of a bacterial from a viral infection, because it is expressed only in
response to bacterial infections. Therefore, if it is a viral infection, the procalcitonin
level will be low and the use of antibiotics, as treatment, will be avoided.
Undoubtedly, there is a great need for the application of more rapid diagnostic tests,
based on molecular technologies. Their implementation will help in early and opti-
mal decisions about the management of the available resources and the beginning of
the treatment with antibiotics. Although, this type of diagnostics is more expensive
in comparison with the conventional methods. Studies about the cost-effectiveness
should be done before their massive implementation (Dik et al. 2016; Schuetz et al.
2011; Septimus 2018).

The creation of databases in every microbiological laboratory, which will include
all the daily microbiological examinations and the results, will be very useful. It will
help with clinical and epidemiological surveillance reports (WHO 2001b). There is
a connection between the programs of antimicrobial stewardship, diagnostic stew-
ardship (Hudspeth et al. 2001) and infection prevention stewardship. A pyramid was
made and it shows that as serious the condition of a patient is, the more experienced
specialists and multi disciplinary team are needed for the disease management.
Especially, in specific infectious diseases where the condition of the patient is
changing continually and varies over time, the availability of an experienced team
is necessary (Dik et al. 2016).

Unfortunately, bacterial cultures, susceptibility tests, and the other tests, which
are mentioned above that are common in developed countries, are uncommon or are
unreliable in many developing countries. Due to the lack of these tests, most of the
times the diagnosis is made based on the clinical signs and symptoms of the patients.
Sometimes physicians use even chemotherapy as a diagnostic tool, which means
that the confirmation of the diagnosis is made from the recession of the symptoms
after the course of the treatment. Another phenomenon that is observed in develop-
ing countries is the irrational empirical antimicrobial prescription based on geo-
graphically and temporally inconsistent data. All these highlights the great need for
systemic surveillance programs internationally. The information that will be col-
lected will help in the modification of empirical antimicrobial prescription and in
order to estimate the global burden due to antimicrobial resistance.

At the same time, the design of interventions that will be capable to monitor and
control antimicrobial resistance is also important. If data are collected properly, this
will help to record treatment failures or associate treatments with outcomes with the
help of the International Classification of Diseases 11™ Revision (ICD-11) passively
or by recruiting sentinel sites actively. In order to gather the collection of surveil-
lance data, quality assured laboratories, and organized health care units are required
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which most of the time are absent in developing countries. The World Health
Organization created the WHONET shareware software, which aims to present sur-
veillance data uniformly and analyze the results of susceptibility tests. This is done
to track the local along with the global resistance trends, which are very helpful for
the proper use of antibiotics and the management of the infections and diseases
globally (Ande et al. 2004; Lim and Cheong 1992; Mutanda et al. 1989; O’Brien
and Stelling 1996; Okeke et al. 1999, 2005; Shapiro et al. 2001; Woolhouse
et al. 2016).

1.6 Strategies for Containment of Widespread Infection
with Antibacterial Drug Resistant Bacteria

1.6.1 Infection Prevention Stewardship

It is important to employ methods, which will reduce the need for antibiotics, as
antimicrobial resistance development is associated with their extensive use in the
community, hospitals, veterinary medicine, agriculture, and aquaculture. There are
variety of ways, which can be applied in order to prevent the spread of infections
worldwide. Good hygienic practices and proper food preparation should be fol-
lowed both in health care units and in the community. Especially, in the community,
it is reported that hand hygiene can affect the appearance of diarrhea, acute respira-
tory tract infections and community acquired infections. Barrier precautions should
be used from health care workers in hospital units and the existence of consultants
in combination with hospital guidelines for infections and antimicrobial use are of
great importance (Allcock et al. 2017; Dik et al. 2016; Okeke et al. 2005). Patients
with potentially dangerous resistant bacteria must be isolated in special units or
rooms and patient-specific consultations are also recommended. It is reported that
in the countries where methods like isolation in special units or in single rooms of
hospitalized patients who are colonized with methicillin resistant Staphylococcus
aureus (MRSA) has led to a decrease in the rate of infections with MRSA. However,
in order to have more spectacular results, other measures should be applied in com-
bination with the isolation of the patients (Dik et al. 2016; Levy and Marshall 2004).

Herein lies a paradox, in developed countries hygienic products and health infra-
structure are available both in communities and in hospital facilities. Nonetheless,
illnesses remain a problem of concern. The mechanism of action of cleaning and
hygienic products, which are used, should be tested carefully. The main reason is
that the use of antibacterial ingredients as triclosan seems to be associated with
cross resistance to relevant antibiotics. The American Medical Association suggests
that the use of the hygienic products whose mechanism of antibiotic resistance have
been characterized should be stopped. Yet, more studies should be done on this
subject. However, no changes are suggested for individual use of cleaning and
hygienic products. Only in those products where the mechanism for the potential
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transfer of resistance is unknown, their use should be limited. Indeed, if a family
member is ill, immunocompromised or has a postoperative wound, the use of
hygienic products is recommended. In the developed world, there is a strong asso-
ciation between hygiene and better quality of health; while in the developing world
there is evidence that hygienic practices contribute to the decrease of infections.
Therefore, it is quite difficult to persuade individuals to avoid the use of all types of
antibacterial products (Aiello and Larson 2002; Tan et al. 2002; and Council on
Scientific Affairs 2002).

It is widely known that over last several decades, the life expectancy of the popu-
lation has prolonged and at the same time, living conditions are improved. This can
be attributed to the existence of better hygienic conditions, antibiotics, and vaccines,
which are very important in the control of infections. However, one of these three
pillars, the antibiotics tends to weaken due to the presence of many multi drug resis-
tant bacterial strains. This may have a devastating effect on human health. That is
the reason why attention should be given in preventive measures as vaccination in
order to decrease antibiotic use and thus decrease the antimicrobial resistance devel-
opment. Vaccines are a very useful tool for physicians in order to prevent bacterial
and viral infections. Furthermore, vaccination decreases the demand for therapeutic
treatments by preventing the start of an infection and the health consequences of
vaccine-preventable infectious diseases. This leads to a decrease in mortality rate
and at the same time reduce the health care costs (Tagliabue and Rappuoli 2018).
Especially, there is a greater need for vaccination in immunocompromised patients
who are at higher risk to suffer from various bacterial infections. Pneumococcal
vaccination is recommended for patients with chronic obstructive pulmonary dis-
ease, and for elderly and younger patients who have concomitant diseases (Garau
et al. 2014; Okeke et al. 2005).

The discovery of every new antibiotic sooner or later is followed by the develop-
ment of antimicrobial resistance in contrast with vaccines where resistance develop-
ment is an extremely rare phenomenon (O’Neil 2016). Therefore, vaccines can be
used as prophylaxis for longer periods and for the entire population while antibiot-
ics are used therapeutically only after an infection is manifested. The way by which
vaccines act is by inducing a protective immune response against multiple antigenic
targets. With the vaccination, the selection has lower opportunities to act in com-
parison to the use of antibiotics. In contrast with antibiotics, which can be used
immediately, vaccines need some time from a week to several months to exert fully
their protective properties but they induce a memory that can last for years. It should
be pointed out that with the use of vaccines, infections as polio, diphtheria,
Haemophilus influenza, Meningococcus A and C and several strains of Pneumococcus
were eliminated and smallpox was eradicated. However, the refusal of many parents
to have their children vaccinated led to the reemergence of smallpox in many devel-
oping countries such as France and others.

The discovery of new vaccines was benefited from new technologies, while there
is a decline in the discovery of new classes of antibiotics. The World Health
Organization has documented a list with the priority pathogens which includes
twelve families of bacteria that threaten the public health and highlights the
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importance of vaccines. A report “Tackling drug-resistant infections globally” that
includes the main reasons and methods to reduce antimicrobial resistance and a sec-
tion for vaccines was published in 2016 by a group of experts (O’Neil 2016;
Tagliabue and Rappuoli 2018).

Every year since 2004, ‘Palio meetings’ are organized. The meeting takes place
in Siena, Italy, close to an event, the horse race of “Palio di Siena”. For that, the
meetings are called the “Palio meetings”. That is a forum in which the most impor-
tant issues for vaccines are discussed worldwide. The last meeting was held in July
2017 in Wavre, Belgium and its title was “Prioritizing vaccines to fight antimicro-
bial resistance”. The main purpose of the meeting was to find ways to make vac-
cines one of the primary tools used to tackle antimicrobial resistance and increase
public confidence in vaccination. They concluded that to achieve this purpose, evi-
dence based cases are needed which will support the fact that vaccines are very
important for prophylaxis and their use is associated with the prevention of antimi-
crobial resistance development. Indeed, it should not be neglected that the use of
vaccines aims at protection from illness as well as, the long side effects that an ill-
ness may cause to an individual. During the last decade new vaccines are developed,
thanks to the introduction of new technology, the so-called “reverse vaccinology
2.0” (Barocchi et al. 2016; Black et al. 2015; Black and Rappuoli 2010; Bloom et al.
2017; Rappuoli et al. 2009; Saul and Rappuoli 2009; Tagliabue and Rappuoli 2018).

There are reports which show that antibiotic use in livestock is related to antimi-
crobial resistance development in humans and animals and due to this correlation
Denmark has restricted the use of antibiotics in pigs. It is believed that if primary
and secondary infections are controlled there will be no need for antibiotic use
(Kruse et al. 2019). The only measure which is available and capable to prevent
infectious diseases and most viral infections in animals is the vaccination. The rapid
development of antimicrobial resistance against antibiotic and anthelmintic drugs
necessitates the use of vaccines instead of chemotherapy. The benefit of vaccines
use is double and concerns both animals and humans. With their use animals are
protected from infections and therefore, this protects humans from zoonotic infec-
tions (Pastoret and Jones 2004).

Thus, to achieve better control of antimicrobial resistance development mass
vaccination campaigns should be organized for both humans and animals to manage
the maximum coverage of the populations. More research should be done on vac-
cines especially they should focus on pathogens that are blamed for multi drug
resistance infections. The pathogens which are of great concern based on the priori-
tized classification of the US are E. coli, which already developed resistance to 3
generation cephalosporins and fluoroquinolones; K. pneumoniae, which developed
resistance to 3™ generation cephalosporins and carbapenems; MRSA; S. pneu-
moniae which developed resistance to penicillin; Non-Typhoidal Salmonella (NTS)
and Shigella which developed resistance to fluoroquinolones; and Neisseria gonor-
rhoeae which has reduced susceptibility to 3rd generation cephalosporins
(Whitehouse 2014).

Another route of spread of resistant bacteria and resistant genes between humans
is the food chain. Actually, the food acts as a vector. Soil, water, animal and human
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fecal material are some sources where resistant bacteria may be found. The theory
that there is a connection between antibiotic use in agriculture and the development
of antimicrobial resistance is supported by numerous scientific studies (Carattoli
2008; Depoorter et al. 2012; Mayrhofer et al. 2006; Silbergeld et al. 2008; Srinivasan
et al. 2008; Stine et al. 2007; Zirakzadeh and Patel 2005). The use of antibiotics is
not limited only in agriculture but also in animal production. This is an explanation
about the presence of Salmonella Typhimurium strains in some humans after the
consumption of poultry and pork meat. Therefore, it seems that both agriculture and
aquaculture may constitute sources of transfer of resistant bacteria (Verraes
et al. 2013).

Animal as well as plant products may be contaminated with resistant bacteria if
they are washed with water contaminated with human or animal feces or sewage
discharges. Seafood is particularly prompt to bacterial contamination. We should
bear in mind that food can be contaminated by the environment after food process-
ing or through the presence of other contaminated food when they are stored or
handled together. The first way of contamination is called “post-contamination”
while the second one is called “cross-contamination”. During the procedure of food
processing, some microorganisms are added for technical reasons as starter cul-
tures, probiotics, preventing pathogenic microorganisms to develop. The purpose of
starter culture use is due to their capacity to induce the onset of fermentation.
Probiotics seem to have positive effects on human health and they are mostly added
in yogurts and supplementary food. Biopreservation helps in the extension of food
shelf life while bacteriophages are capable of inactivating foodborne pathogens
along with spoilage organisms (Verraes et al. 2013).

The problem of the transfer of antimicrobial resistance bacteria through food
chain concerns both developed and developing world but the condition in the devel-
oping world is more serious because it affects mortality rates in comparison to the
developed world where the losses are mostly financial due to the increased thera-
peutic costs (Founou et al. 2016; Padungtod et al. 2008). A global action plan was
published in 2015 by the World Health Organization, Food and Agriculture
Organization (FAO) of the United Nations, and World Organization for Animal
Health (OIE). The main purpose of this plan was to increase knowledge and aware-
ness of antibiotics use and developing antimicrobial resistance. It aims to the reduc-
tion of infectious diseases and the optimization of the rational use of antibiotics
(Founou et al. 2016).

It is well known that the risk for transfer of antimicrobial resistance bacteria is
extremely high with raw food consumption, while if heat treatments are applied the
risk is reduced. Nevertheless, the probability of transfer of antimicrobial resistance
bacteria seems to increase if minimum processes and preservation techniques are
applied due to the existence of stressed bacteria (McMahon et al. 2007a, b). To
ensure safe food production, good manufacturing, and hygienic practices should be
used at all stages of the food production chain. Furthermore, heat treatments should
be adjusted in temperature and duration which is recommended for different foods
in order to be safe for consumption. At the same time, more research should be done
on the subject of transmission of antimicrobial resistance bacteria through the food
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chain and new ways to cope with this problem must be found (Verraes et al. 2013).
Until then, national systems should monitor antimicrobial usage in food animals,
and guidelines should be developed and applied for veterinarians to reduce the
improper use of antibiotics in livestock (WHO 2001b).

1.6.2 Antibiotic Stewardship

Antibiotics stewardship refers to a multidisciplinary program, which was developed
to improve prescribing, to optimize clinical outcomes and at the same time decrease
the adverse consequences of antimicrobial use. In 1997, the program of antibiotics
stewardship was considered to be a key component for the prevention of the emer-
gence of antimicrobial resistance in hospitals according to the guidelines of the joint
committee of Society for Healthcare Epidemiology of America (SHEA) and
Infectious disease Society of America (IDSA). Nowadays, due to the decrease in the
discovery of new antibiotics along with the rapid development of antimicrobial
resistance both in community settings and hospitals, the optimal use of the existing
antibiotics is necessary to extend their effectiveness. This highlights the greater
importance of antibiotics stewardship programs in the twenty-first century in com-
parison to the past. It should be mentioned that the antibiotics stewardship program
is included in antimicrobial, infection prevention and diagnostic models (Hughes
and Andersson 2015). The antibiotics stewardship program is based not only on
American guidelines of SHEA and IDSA but also on German and Dutch guidelines
for antibiotics stewardship programs. In 2016, the new guidelines for antibiotics
stewardship program were published by SHEA and IDSA (Barlam et al. 2016;
Dellit et al. 2007; Dik et al. 2016; Fishman 2006; Septimus 2018; Weber and
Courvalin 2005).

The main purpose of antibiotics stewardship is to reassure the clinical success of
the treatment with an antibiotic and to decrease the potential consequences as the
development of antimicrobial resistance and collateral damage. The term collateral
damage is used to describe the ecological adverse effects of antibiotic therapy,
which include the selection of antimicrobial resistant bacteria and infections with
multi drug resistant microorganisms.

For instance, the use of quinolones and cephalosporins is associated with col-
lateral damage; therefore, they are not suitable for sustained use in hospitals.
However, if the therapy, which causes collateral damage is discontinued or replaced,
the antibiotic pressure against certain bacteria will be reduced which is called col-
lateral benefit. The antibiotics stewardship programs involve a number of interven-
tions and the use of evidence based treatment regimens, which aim to the optimal
antimicrobial use and to the decrease of antimicrobial resistance development. In
order to achieve these, specific indications and criteria for antibiotic use are needed
before the start of the treatment. The implementation of antibiotics stewardship pro-
grams seems to contribute to the reduction of the mortality and recurrent infections
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rate, the length of hospital stay, the duration of the therapy, and superinfection with
multi drug resistant bacteria.

An antimicrobial stewardship team that will be comprised of clinical microbiolo-
gists, infectious disease specialists, hospital pharmacists with the support of trained
doctors and nurses in the hospital ward is needed. Although the financial cost of
training is a barrier to the widespread implementation of antibiotics stewardship
programs, it seems that there is a long term cost reduction. In cases where there is
no possibility of rapid laboratory results that are needed to provide evidence for a
bacterial infection, the choice of therapy is empiric and is based on the most likely
diagnosis and the characteristics of the patient. The empiric therapy is also the
choice in severely ill patients in whom it is proved that any delay in the start of the
treatment results in poorer infection outcomes. When the laboratory results are
available the initial empirical antibiotic regimen should be changed with a more
appropriate one, based on the laboratory tests, culture results and the clinical status
of the patient.

The optimization and personalization of the therapy are of vital importance. The
appropriate antibiotic should be selected and it should be capable to act on the site
of infection. The optimal dose, the route of administration and the duration of the
treatment play also an important role in the therapy. Actually, the spectrum of the
initial empiric therapy is usually broad so if the laboratory results indicate it, a
change from a broad regimen to a narrower regimen is recommended. This will
contribute to a decrease in the extended use of broad spectrum antibiotics. In cases,
where the presence of an infection is not proved with a laboratory examination, the
initial therapy should be discontinued. This method called de-escalation and its use
seems to increase the likelihood of clinical success and considered to be another key
strategy against antimicrobial resistance development.

Preauthorization is a method that also aims to the improvement of antibiotic use.
According to this method, clinicians will need approval for the administration of
certain antibiotics which also seems to lead in antimicrobial resistance reduction.
The implementation of antibiotics stewardship programs should be combined with
other methods that aim to the prevention of resistance development and should be
integrated with other programs for pharmacy management, microbiology, diagnos-
tics and laboratory quality control. Behavioral change strategies are also important
especially those who target prescribers. Furthermore, the improvement of antibiot-
ics stewardship programs in animals should not be neglected because human con-
sumption of resistant bacteria which are found in animals leads to the development
of infection (Allcock et al. 2017; Dik et al. 2016; Fishman 2006; Garau et al. 2014,
Paskovaty et al. 2005; Paterson 2004; Septimus 2018).



22 A. Valsamatzi-Panagiotou et al.
1.6.3 Research and Development of New Antibacterial Drugs

It is widely known that the research and development of new antibiotics are urgently
needed. Antimicrobial resistance appeared since the discovery of the first antibiot-
ics. Although, during the last decades the rate of antimicrobial resistance increased
rapidly and the main cause is considered to be the overuse along with the misuse of
antibiotics. Indeed, the spread of resistance worldwide seems to be a threat to the
well-being of many people. Unfortunately, the discovery of new drugs can not fol-
low the rate of resistance development. During the period of time, drug develop-
ment started to rely more on structural changes of antibiotics which already exist
while there is a decline in the number of newly approved antibiotics in comparison
with the past. There are many reasons which render difficult the success of the
development of new antibiotics. Some of them concern the proper selection of the
target which must fulfill some criteria. Especially, the target should be essential, and
at the same time not susceptible to the rapid development of resistance. All these
characteristics decrease the possibility of success and increase economic costs.

There is the conviction that the conventional pipelines for antibacterial drug dis-
covery dried up. Therefore, new drug targets in conjunction with novel mechanisms
of antibacterial drug action are needed to develop more timely modern classes of
antibiotics which will be less susceptible to antimicrobial resistance development.
Actually, the antibiotics that need to be developed should target the virulence poten-
tial of bacteria to induce few, if any antimicrobial resistance strains. To achieve
these, new molecular tools and new molecular targets that have not been used before
are needed. Some of the promising molecular tools are antisense oligonucleotides,
nanoparticles (Shende et al. 2017), phage therapies, riboswitches, antimicrobial
peptides, and other novel antibiotics (Allcock et al. 2017; Lewis 2013; Penchovsky
and Stoilova 2013; Penchovsky and Traykovska 2015).

The antisense oligonucleotides offer many advantages for antibacterial drug
development including fast, comprehensive, and accurate procedures of rational
drug design. The antisense oligonucleotides are attached to a cell-penetrating pep-
tide, such as pVEC, which delivers them into the bacterial cell (Penchovsky and
Traykovska 2015). They are chemically modified to resist enzyme degradation. The
chemical modifications of antisense oligonucleotides are classified into 3 different
groups. The antisense oligonucleotides of the first group are recognized by the
enzyme RNase, which cleaves targeted bacterial mRNA where the antisense oligo-
nucleotide is hybridized to it (Fig. 1.2). In this way, we can inhibit the expression of
any essential bacterial RNA and kill the bacteria.

As it is mentioned above, the use of antibiotics changes the microbiota which
may have negative effects on human health. This is one of the main reasons why
there is a great need in research and development of novel narrow spectrum antibiot-
ics which will target only bacterial pathogens to decrease the effect that antibiotics
exert to microbiota. A method, which can be implemented initially to prevent micro-
biota alterations, is the use of probiotics which most of the times are lactic acid
bacteria and seem to produce various antibiotics that are capable of competing with
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Fig. 1.2 Applying antisense oligonucleotides as novel antibiotics. The antisense oligonucleotides
are attached to cell-penetrating peptides (CPPs) that deliver them into the bacterial cell

other gut microbes and at the same time they may inhibit the growth of some patho-
genic bacteria. Based on a limited number of studies, fecal microbiota transplanta-
tion of fecal bacteria from a healthy individual seems to be effective in patients who
suffered from C. difficile infections. Especially, in a study in which patients with
recurrent C. difficile infections participated, fecal microbiota transplant was used
successfully in an effort to treat the infections and considered to be more effective
as a treatment in comparison with the use of vancomycin. However, the potential
long term risks that fecal microbiota transplant may cause should not be neglected.
It must also be mentioned that this method is not recommended for acutely ill
patients (Cattoir and Felden 2019; Mantravadi et al. 2019; Penchovsky and
Traykovska 2015; Raffatellu 2018; van Nood et al. 2013).
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1.7 Conclusion

The reduction in antimicrobial resistance to an acceptable minimum is possible if
measures described here are executed worldwide. From a practical point of view, it
would be a great achievement if we manage to reverse the trend of ever increasing
emergence of antimicrobial resistance. We cannot stop the development of antimi-
crobial resistance because it is an intrinsic part of nature. However, we can manage
it much better if we use the antibiotics based on solid scientific guidelines as
described. At the same time, we need to constantly develop new antibiotics against
multi drug resistant bacterial strains.
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Chapter 2

Dietary Management by Probiotics,
Prebiotics and Synbiotics

for the Prevention of Antimicrobial
Resistance

Fouad M. F. Elshaghabee and Namita Rokana

Abstract The increasing global threat of multi drug resistant pathogens is indicat-
ing that this is the time to put together our efforts to develop some approaches to
turn down the spread of drug resistivity among the microbial world. The best way to
reduce the evolution of antimicrobial resistance is to eliminate the heavy burden of
antibiotics from our environment. The unfeasibility of elimination of antibiotics
from our healthcare system directs us to develop some effective means to reduce
their use at the least level. For this, we need to shift from completely antibiotic
dependent therapeutic strategy to the multiple prophylactic and therapeutic
approaches. Substantial efforts are being invested worldwide to find the sustainable
line of defense against the rising pressure of antimicrobial resistance.

In this chapter we investigated the possible role of alternative multiple strategies
using biologics such as probiotics, prebiotics, synbiotics and their metabolites in
alleviation of the development of drug resistance. These environment and host
friendly approaches could reduce the burden of infections by the means of direct or
indirect mechanisms such as colonization interference, antimicrobial activity and
stimulation of host defense system. Regardless of prompt research and substantial
increase in clinical relevance, the approaches are still used as subsidiary or prophy-
lactic strategy only. Advanced efforts are required to establish them as an absolute
therapeutic alternative to reduce or replace the use of antibiotics.
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2.1 Introduction

Microbes play a vital role in the existence of human being. They shape our immune
system from the very beginning of our life and mold our physiology and metabo-
lism even before the birth (Swartwout and Luo 2018; Thompson 2019). The natural
interdependence of humans and microbes also comprises the host pathogen interac-
tion. In this context, microbes again save our life by providing a large range of
antimicrobial substances (Mohanta et al. 2020). However, after few decades of the
discovery of such antimicrobials, the development of antibiotic resistance has
become a major challenge for the wellbeing of humankind. The inappropriate prac-
tice of over-prescription and taking incomplete course of antibiotic treatment have
come out as the eventual development of antibiotic resistance against majority of
novel antibiotics. Nowadays, multi drug resistance microbes have become a serious
threat to the health and economy of global community (Nadimpalli et al. 2018;
Tornimbene et al. 2018). Presence of multi drug resistant Escherichia coli,
Mycobacterium tuberculosis, drug resistant Streptococcus pneumoniae and
Klebsiella pneumoniae, methicillin resistant Staphylococcus aureus, multi drug and
extensively drug resistant Pseudomonas aeruginosa and many others in our bio-
sphere have augmented the struggle of health workers.

The quest of novel and sustainable strategies to combat multi drug resistance is
constantly going on among world-wide researchers. In this way, multiple innovative
approaches using different kind of biologics to target pathogens or host to treat
infections are being explored. Biologics such as immunoglobulin, bioactive pep-
tides, phage therapy, bacterial vaccines, probiotics and synbiotics have been proven
to be an effective alternative for the prevention of several communicable or non-
communicable diseases. These components attract the interest of researchers
because of their sustainable capacity to fight directly (antimicrobial activity) or
indirectly (immunomodulation of the host) against the development of antimicro-
bial resistance (Czaplewski et al. 2016). Apparently the alternative strategies seem
less effective than antibiotics, but in long terms they may reduce the burden and
selective pressure of antibiotics which ends up with the better health and less burden
of antibiotics.

2.2 Dietary Management to Mitigate
Antimicrobial Resistance

There is a continuous quest for “new” and unique antimicrobial strategies which
could reduce the risk of antimicrobial resistance in natural way of living. In this
regard the dietary management for prevention of common infections seems to be
very promising approach. Consumers also demands for the natural food supple-
ments which could provide additional health benefits and reduce the risk of infec-
tions in a synergistic way to reduce the need for antibiotics. Likewise, the antioxidant
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and antimicrobial activity of food from biological sources is being explored by
some researchers. The functional foods having living or non-living biological ele-
ments could be instrumental for mitigation of antimicrobial resistance by means of
direct inhibition of drug resistance pathogens or indirectly by reducing the risk of
infections.

Supplement of probiotics with combination of some natural antimicrobials is
being used to get more therapeutic benefits. A study by Ankolekar and coworkers
(2011) explored the effect of cherry juice fermented with Lactobacillus acidophilus
on inhibition of Helicobacter pylori, and proliferation of probiotic Bifidobacterium
longum. Moreover, nowadays combination of probiotics with prebiotics is gaining
more attraction because the presence of prebiotics stimulate and supplement the
functionality of these beneficial microbes (Pandey et al. 2015; Markowiak and
Slizewska 2017). In this context, synbiotic based supplements could be explored as
an effective strategy to reduce the burden of antibiotics among the population. In
this chapter we will analyze the conjoining approaches of probiotics, prebiotics and
synbiotics as a therapeutic substitution of antibiotics and as a preventive approach
for the development of antimicrobial resistance.

2.3 How Probiotics Reduce the Risk
of Antimicrobila Resistance

Probiotic microorganisms were defined as ‘live microorganisms that, when admin-
istered in adequate amounts, confer a health benefit on the host” (Hill et al. 2014a).
This definition evolved during the last decade. Probiotic microorganisms consists of
awide range of different genera mainly Lactobacillus, Bifidobacterium, Pediococcus,
Propionibacterium, Saccharomyces and species of spore forming Bacillus (Ayeni
et al. 2009; Czerucka et al. 2007; Hill et al. 2014b; Abdhul et al. 2015). Direct feed
microbial strains with probiotics properties have been applied as feed or food sup-
plement for both animals and humans as an alternative supplement to antibiotics,
immune stimulator, growth promoters and enhancer of the host health (Tellez et al.
2015; Muifioz-Atienza et al. 2013; Retta 2016).

The two main criteria for probiotic microorganisms include (1) resistance to
harsh condition during gastrointestinal tract transient (Schillinger et al. 2005;
Kaushik et al. 2009) as well as manufacturing conditions (EL-Deib et al. 2012;
El-Shafei et al. 2018) and (2) promotion of health benefits toward the host (de Waard
et al. 2001; Amrouche et al. 2006; EL-Deib et al. 2012; Madhu et al. 2012; Sanchez
et al. 2014). The health benefits of probiotics include conferring defense against
infection, prevention of metabolic disorders, besides stabilizing or reconstituting
the physiological balance between the intestinal microbiota and its host (Bhushan
et al. 2019; Elshaghabee et al. 2019) (Fig. 2.1).

Besides their health benefits, probiotics have been found instrumental in reduc-
ing the risk of antimicrobial resistance in many ways (Table 2.1). The
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Fig. 2.1 Probiotic intervention against antimicrobial resistance. After colonization of probiot-
ics into the intestine, they execute their beneficial effects using different pathways including immu-
nomodulation, maintenance of epithelial barrier function, maintenance of intestinal microflora
homeostasis and exclusion of pathogen. The beneficial activities of probiotics reduce the need and
all over load of antibiotics in general population. Hence, reduced use of antibiotics pull down the
selective pressure for the development of antimicrobial resistance among commensal microflora.
Abbreviations: tight junction (TJ), zonula occludens (ZO), antimicrobial peptide (AMP), secretary
immunoglobulin A (SIgA), interferon-y (IFN- y), interleukine-10 (IL-10), tumor necrosis fector-o
(TNF-a), interleukine-6 (IL-6)

co-administration of probiotics with antibiotics can decline the development of drug
resistance by diluting the selective pressure of antibiotic. The broad target range of
antibiotics causes massive adverse effect on commensal microbial community of
the host, sometime leading to secondary infections like diarrhea or yeast infection.
Probiotics can also reduce the all over drug dependency by neutralizing many side
effects caused by antibiotics such as distress, inflammation and electrolyte imbal-
ance caused by gut microflora disturbance (Thiagarajah et al. 2015; Evans et al.
2016). There are different ways by which probiotics could cut down the use of
antibiotics or combat the occurrence of antimicrobial resistance very efficiently.
The mechanism of prevention of emergence of antimicrobial resistance using probi-
otic involves different direct and indirect interactions among host, probiotics and
pathogens. Here we will go through the particulars of the beneficial actions of pro-
biotics known to be useful against the battle with antimicrobial resistance.
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Table 2.1 The antagonistic effect of probiotics against multi drug resistant (MDR) pathogens
MDR Pathogens Probiotics Type of study | Findings Author(s)
S. aureus ATCC L. acidophilus In vitro Cell free Naderi et al.
25923, E. coli ATCC3456, L. supernatant of L. (2014)
ATCC 25922 casei ATCC 39392, casei was the most
and L. rhamnosus effective probiotic
ATCC 7469
Clinical isolates of | Curd lactobacilli In vitro Curd of lactobacilli | Halder and
E. coli and K. (L. animalis, L. alone or in Mandal (2016)
pneumoniae gasseri, L. combination with
acidophilus, L. antibiotics had a
rhamnosus) therapeutic effects
against infection
Multi drug L. paracasei In vitro Combination of Gomaa (2018)
resistant isolates of bacteriocins and
S. aureus and P. Nano-silver
aeruginosa particles could
inhibit the multi
drug resistant
isolates
Thirty multi drug | L. reuteri In vitro Combination of Moghadam
resistant isolates of | (DSM17938), L. probiotic strains et al. (2018)
P. aeruginosa acidophilus with antibiotics
(DSM), B. could enhance the
coagulans antagonistic effect
(DSM1), L.
plantarum 299v
(DSM9843), and B.
bifidum
(DSM20456)
Six multi drug L. acidophilus In vitro Cell free extract Abdelhamid
resistant E.coli EMCC 1324, L. from skim milk by | et al. (2018)
isolates helveticus EMCC tested probiotics
1654, L. plantarum had strain specific
EMCC 1027, L. antimicrobial
rhamnosus EMCC activity against
1105 multi drug resistant

B. longum EMCC
1547
B. bifidum EMCC
1334

E. coli

(continued)
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MDR Pathogens Probiotics Type of study | Findings Author(s)
Multi drug L. acidophilus and | In vitro/In Increased Ibraheem et al.
resistant S. S. cerevisiae vivo concentration of (2014)
typhimurium probiotic filtrate
could increase the
inhibition zone and
oral administration
of both probiotic
isolates could
decrease the counts
of S. typhimurium in
liver and spleen
Multi drug LactoLevure® In vivo Pretreatment of Machairas et al.
resistant isolates of | commercial LactoLevure® (2015)
P. aeruginosa and | probiotic product could increase the
E. coli containing L. survival rate, levels
plantarum, L. of cytokine e.g.
acidophilus, S. TNF and IL-10 of
boulardii and B. mice under infection
lactis condition.
Multi drug L. plantarum In vivo Probiotic strains Kumar et al.
resistant MTCC 1407 and L. could be usedasa | (2016)
enteroaggregative | acidophilus MTCC therapeutic agent to
E. coliand E. coli | 10307 curb multi drug
ATCC 25922 resistant E. coli.
Multi drug E. coli Nissle 1913 | Double blind, | E. coli Nissle had Tannock et al.
resistant E. coli placebo- not any inhibitory (2011)
controlled activity against
trial MDR E. coli
K. pneumoniae L. casei Shirota Randomized, | Oral administration | Rongrungruang
strain open-label of probiotic L. casei | et al. (2015)
controlled Shirota strain could
trial reduce the risk of
Ventilator
associated
pneumonia (VAP) in
patients
K. pneumoniae Lactocare capsules | Clinical Adminstration of Mahmoodpoor

containing
Lactobacillus
species (casei,
acidophilus,
rhamnosus,
bulgaricus),
Bifidobacterium
species (breve,
longum)

Lactocare could
reduce the hospital
stay of patients

et al. (2019)
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2.3.1 Establishment of Intestinal Homeostasis

Our intestine has been found to be structured in such a way that it is constantly in
direct or indirect contact with both transient and resident microflora which is invari-
ably exposed to a plethora of cytotoxins, antigens and pathogenic microbes to the
epithelium. Humoral and immunological components of intestinal barrier function
are continuously tailored to eliminate these factors from the lumen. Despite the
backtracking efforts of barrier function elements, the dynamic homeostasis between
intestinal barrier and enteric flora is often targeted by pathogens and several drugs
(especially antibiotics and non-steroidal anti inflammatory drugs). The dysbiosis
and inflammation in these conditions are consequences of the altered environment
in the host physiological system which puts pressure on the gut microbial commu-
nity to shift it towards an unfavourable composition for the enteric health (Fig. 2.1).
This shift in microbiota leads to increased population of opportunistic pathogens
and the ensuing loss of symbiotics or good bacteria from the gut.

The outcomes of a sizeable number of studies carried out on these lines have
demonstrated the effect of probiotics on normalization of the composition of gut
microbiota under several challenging condition. For example, Esaiassen and co-
workers (2018) studied the effect of probiotics and antibiotic therapy on the devel-
oping gut microbiota and antibiotic resistome in extremely preterm infants in
Norway. They found that supplement of probiotic (Lactobacillus acidophilus and
Bifidobacterium longum subspecies infantis, Infloran®) could induce colonization,
alleviate harmful effects of antibiotics and prevent the development of antibiotic
resistome in infants. Similarly, Gao et al. (2019) observed that long term consump-
tion of probiotics caused significant changes in the gut microbiota structure in
elderly, including an increase in the composition of beneficial microorganisms.
Authors stated that beneficial genus like Blautia, Streptococcus, Enterococcus and
Faecalibacterium had higher abundance in the gut of probiotic group. In the same
way, a number of studies (Doenyas 2018; Kong et al. 2019; Pérez-Burillo et al.
2019) have established the role of probiotics in maintenance of intestinal homeosta-
sis. Hence, cumulatively probiotics support the growth and proliferation of other
health promoting microorganisms. As a result, the population of opportunistic and
potential pathogenic species remains under control and a healthy intestinal environ-
ment is maintained.

2.3.2 Modulation of Innate and Adaptive Inmune
System of Host

The complexity of relationship between intestinal microflora, immune system,
inflammation and intestinal barrier is well recognized. The prophylactic and thera-
peutic effects of probiotics against dysbiosis and inflammation have also been
established and proven clinically (Ducatelle et al. 2015). The therapeutic efficacy of
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probiotics has been found to be triggered by affecting gene expression of tight junc-
tion proteins, as well as increasing the secretion of mucus, modulating mucosal and
systematic immunity, stimulating host antimicrobial peptides and IgA secretion and
by improving the functionality of epithelial cells (Tsai et al. 2012; Nebot-Vivinus
et al. 2014; Wang et al. 2014). The major advantage of probiotic interventions lies
on their therapeutic action without provoking the host innate immunity that makes
them more reliable among medical practitioners for the treatment of gut barrier
related disorders. Hence, more in depth study to understand the mechanism involved
in probiotic action in enhancing intestinal barrier are becoming the major focus of
attention in the field of biotherapeutics as a safe and viable alternative to drugs.

Probiotic could enhance the immune response of host at different levels.
Probiotics could regulate host innate immune response by activation of toll like
receptors, dendritic cells, macrophages, and T and B lymphocytes (Vanderpool
et al. 2008; Yan and Polk 2010). Long term effect of yoghurt consumption (200 g/
day of yoghurt for 1 year) could decrease allergic symptoms and had little effect on
levels of interferon gamma in young and senior adults (Van de Water et al. 1999).
Kwon et al. (2010) demonstrated that a probiotic mixture consisting of Lactobacillus
acidophilus, Lactobacillus casei, Lactobacillus reuteri, Bifidobacterium bifidium,
and Streptococcus thermophilus stimulated regulatory dendritic cells and reduce the
intestinal inflammation cascade. Bifidobacterium breve AH1205, Bifidobacterium
longum and Lactobacillus salivarius AH102 were shown to reduce airway allergy
(Lyons et al. 2010). Lactobacillus acidophilus Lafti 110 regulate genes involved in
immune response including IL-23 signaling pathway (Van Baarlen et al. 2011).
Microarray analysis of whole genome of Lactobacillus acidophilus NCFM resulted
in regulation of different genes related to viral defense in murine bone-marrow
derived dendritic cells including TLR-2, interferon-p, IL-12, and IL-10; however,
these effects were not seen for Bifidobacterium bifidum 79 and Escherichia coli
Nissle 1917 (Weiss et al. 2010). Some active components of probiotic could regu-
late the immune system of the host. In this manner, Lactobacillus rhamnosus GG
derived soluble protein p40 was noticed to reduce levels of tumor necrosis factor,
IL-6, keratinocyte chemoattractant, and interferon-y production indicating that p40
regulates innate immunity and Thl immune response (Yan et al. 2011). Also,
Lactobacillus reuteri RC-14 could produce cyclic dipeptides which could inhibit
the staphylococcal accessory gene regulator (agr) quorum sensing system and
decrease the expression of toxic shock syndrome toxin-1 in Staphylococcus aureus
MNS (Li et al. 2011).

Spore forming probiotic like Bacillus coagulans containing 1 x 10° CFU/g living
bacteria could enhance the immune functions, spleen index and secretary immuno-
globulin A (SIgA) of intestinal mucosa in Broilers (Xu et al. 2017). Also, inacti-
vated Bacillus coagulans GBI-30 could enhance immune response by increasing
levels of cytokines e.g. IL-1, tumor necrosis factor-a andinterferon-y using in vitro
model (Jensen et al. 2017). Different mechanisms by which spore forming probiot-
ics (SFP) could enhance immune response of the host were reviewed by Elshaghabee
et al. (2017). Non-commensal and non-pathogenic yeast Saccharomyces boulardii
could inhibit the enterotoxigenic Escherichia coli (ETEC) induced expression of
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pro inflammatory cytokines and chemokines at both transcriptional and protein
expression levels, including IL-6, IL-8 and IL-10 (Zanello et al. 2011). Figure 2.1
shows the immune modulation by different genera of probiotics.

Probiotics are weak inducers of pro inflammatory cytokines in comparison to
pathogens because they could differentially stimulate the nuclear factor-kB (NF-
kB) and the signal transducer and activator of transcription (STAT) (Sharma et al.
2010). It has been further noticed that probiotics can suppress the NF-kB pathway
by blocking the degradation of inhibitor of NF-kB and prevent subsequent translo-
cation of active NF-kB dimers to the nucleus (Bermudez-Brito et al. 2011).
Probiotics also contribute towards reduction of inflammation by induction of T
regulatory cells (T,,) in the crypts that downregulate pro inflammatory signaling
through production of interleukin-10 (IL-10) and transforming growth factor-f3
(Izcue et al. 2006; Jeon et al. 2012). A wide range of probiotics have been reported
to inhibit T helper cell-1 (Thl) polarizing by activation of toll like receptor-2
(TLR2) mediated pathways (Evrard et al. 2011). The redirection of Th1/Th2 bal-
ance toward Th2 in inflamed gut encourage the expression of anti-inflammatory/
regulatory cytokines like IL-10 and transforming growth factor-f associated with
T, tolerance and IL-6, IL-12, interferon- y and tumor necrosis factor-au suppres-
sion. Altogether, the inbuilt compositional properties of probiotics enable them to
activate the immune cells towards adaptive or anti inflammatory mechanism. Even
in the presence of pathogens, probiotics could modulate the infection derived
inflammatory response to minimize damage to the host tissue.

2.3.3 Antimicrobial Activity Against Pathogens

Probiotic bacteria have antagonistic effect to control levels of pathogenic bacteria
including opportunistic pathogen Clostridium difficile that is implicated in antibi-
otic associated diarrhea (Ouwehand et al. 2016). Also, probiotics could enhance the
microbial balance in gut of the host and prevent gastrointestinal tract infections
(such as stomach infections caused by Helicobacter pylori). This beneficial effect
attributed to different probiotic strains could produce wide range of antimicrobial
substances including bacteriocins, organic acids (mainly lactic and acetic acids) and
hydrogen peroxide. Bacteriocins produced by different species of lactic acid bacte-
ria were defined as small, heat stable, ribosomally synthesized bioactive peptide
produced during growth of lactic acid bacteria (Gillor et al. 2008). Generally, most
of bacteriocins except nisin and pediocin appear to be characterized as narrow spec-
trum of antimicrobial activity representing a major concern (Figueroa-Gonzilez
et al. 2011). Bacteriocins have been proven as the natural antimicrobial agents
which are predominantly active against Gram positive pathogens and food spoilage
bacteria, including Listeria monocytogenes, Staphylococcus aureus, Bacillus cereus
and Clostridium botulinum (Chen and Hoover 2003).

Bacteriocins can be divided into two major classes according to their structure
and mode of action; class I (lantibiotics) include nisin, which is active against Gram
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positive bacteria including food spoilage and pathogenic microbes. Nisin, which
was mostly investigated, has a pentacyclic structure composed of 34 amino acids
with one lanthionine residue. Another type of bacteriocins is class II peptides, which
are heat stable and expressed from the bacterial cell without any post-translational
modifications (Umu et al. 2016). Several types of bacteriocin were produced by
lactic acid bacteria; nisin (Lactococcus lactis), reuterin (Lactobacillus reuteri),
pediocin (Pediococcus acidilactici), acidophilin (Lactobacillus acidophilus), saca-
cin (Lactobacillus sakei), plantaricin (Lactobacillus plantarum), helveticin
(Lactobacillus  helveticus), curvacin  (Lactobacillus  curvatus), lactobin
(Lactobacillus amylovorus). Bacteriocins based products could be used as an alter-
native therapy to classical antibiotics in order to reduce the risk of antimicrobial
resistance; WipeOut® Dairy Wipes, and Mast Out® (Immucell Corporation) are
already applied as an elective alternative for the treatment of mastitis (Pieterse et al.
2010). Recently, Sharma et al. (2018) reviewed several mechanisms by which pro-
biotics and bacteriocins could decrease the antimicrobial resistance in dairy ani-
mals. These above mentioned examples shows that the production of growth
inhibitory or bacteriostatic components (i.e. organic acids, H,0O,) and bactericidal
components (i.e. bacteriocins) are the key mechanisms of antimicrobial property of
probiotics.

2.3.4 Interference with Colonization and Invasion
of Pathogens

It is now well recognized that adhesion to the intestinal mucosa is a crucial step for
transient colonization of microbes in the intestine (Carlson et al. 2009). In this con-
text, one of the important prerequisites for probiotics to control the balance of the
intestinal microbiota is to displace the pathogens from mucus layer and establish
their own colonization to the mucosal surface. However, contrary to this, induction
of alteration in mucus expression is an important strategy of the pathogens to induce
infection in the target host tissue (Zarepour et al. 2013). Therefore, enhancement of
the mucous layer is supposed to protect the host from attachment of hazardous mol-
ecules and pathogens to the epithelium. Thus, to facilitate the strengthening of
mucosal layer, probiotics have evolved the ability to regulate mucin production by
activating different signaling cascades and secretary elements (Caballero-Franco
et al. 2007; Da Silva et al. 2014).

Intestinal epithelium has also been recognized as a delicate interphase between
intestinal immune cells and their ligands. Any instability in this interphase is likely
to expose a huge number of antigens to their reactive immune cells triggering acute
pro inflammatory response at sub mucosal layer which eventually account for heavy
structural and functional damage to the epithelial barrier. However, probiotics have
the ability to restore the pathogens or allergen derived disturbances in intestinal
permeability and immune homeostasis by evoking modulation of cytokine produc-
tion either via immune activation or suppression. The initial stage of probiotic
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action includes reshaping the immune system to control the overgrowth of harmful
microbes through stimulation of macrophages and natural killer cells and increasing
IgA secretion by inducing secondary or adaptive immune system of the host (Sakai
et al. 2014). In this context, probiotics and pathogens evoke opposite responses in
the gut as they compete with each other for survival. Since the surface molecules of
probiotic bacteria and pathogens are not easy to discriminate, when probiotics and
pathogens both come in contact with intestinal epithelial cells, pathogenic microor-
ganisms induce a strong host response because of presence of their additional viru-
lent factors, while probiotics exhibit homeostatic control of the response and are
able to competitively exclude enteropathogens (Lebeer et al. 2010; Rokana et al.
2016). Thus, we can say that probiotics could inhibit the colonization of pathogens
into intestine by directly competing for space and nutrition or by indirectly stimulat-
ing the host mediated exclusion mechanisms.

2.3.5 Modulation of Intestinal Barrier Function

Probiotics have also been demonstrated to control or modulate the cytotoxic effect
induced by the pathogens during infection by reinforcing the disrupted cellular per-
meability (Rokana et al. 2017). Quite a few previous studies have shown that pre-
treatment with probiotic bacteria could inhibit the decrease in resistance and
alteration in tight junctions caused by stress, infection, or pro inflammatory cyto-
kines (Karczewski et al. 2010; Wang et al. 2012). The outcome of few other reports
(Mennigen et al. 2009; Anderson et al. 2010; Karczewski et al. 2010) have also
shown that probiotics can subvert the deleterious effect of pathogens by stimulation
of transcription and activation of myosin light chain kinase (MLCK), Rho GTPases
signaling pathways besides regulating the arrangement of actomyosin ring, trans-
membrane tight junction proteins and finally reestablish the trans epithelial resis-
tance of intestinal epithelium. The reversal of cytokine induced decrease in trans
epithelial resistance and ion secretion is shown to be dependent on extracellular
signal regulated kinase (ERK), p38, and phosphatidylinositol 3-kinase (PI3K) acti-
vation evoked by the probiotic bacteria (Resta-Lenert and Barrett 2006). Probiotics
can also directly alter epithelial barrier function by influencing the structure of tight
junctions also. These bacteria have been demonstrated to induce activation of occlu-
din and zonula occludens (ZO-1) proteins, by increased levels of phosphorylated
proteins without a significant change in the total levels. Increased permeability of
the epithelial barrier can also be caused by apoptosis via activation of caspase-3.
Probiotics can modulate the apoptosis cascade induced by harmful stimuli likely
through inhibition of tumor necrosis factor-o production and secretion which is the
main factor to induce the apoptosis in epithelial cells (Dalmasso et al. 2006).
Antimicrobial peptides, another important humoral element of epithelial barrier
can also have a significant impact on host mucosal homeostasis. Several strains of
probiotics have been reported to induce the secretion of antimicrobial agents for the
management of dysbiosis. The antimicrobial potential of probiotics have been
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thoroughly investigated and have revealed that they are capable of inducing a dif-
fused antimicrobial environment near epithelial cells by the mechanisms involving
MAP kinases ERK %2 (microtubule associated protein kinase, extracellular signal
regulated kinases), p38 and JNK (c-JUN N terminal kinase) signaling pathways
which induce NF-kB and activator protein-1 transcription factors (Wehkamp et al.
2004; Froy 2005). Overall, probiotics strengthen the single layer of epithelial lining
using variety of mechanisms. Broadly it includes reinforcement of structural com-
ponents of cell-cell junction complex and stimulation of secretory antimicrobial
components.

2.4 How Prebiotics and Synbiotics Reduce the Risk
of Antimicrobial Resistance

Prebiotics are carbohydrate ingredients resistant to human gut digestive enzymes
but get fermented by microflora of large intestine. Prebiotics are defined as “non
digestible food ingredients that beneficially affect the host by selectively stimulat-
ing the growth and/or activity of one or a limited number of bacterial species already
resident in the colon, and thus attempt to improve host health” (Gibson and
Roberfroid 1995). The criteria for prebiotics are (1) resistance to gastric condition,
(2) selective fermentation by beneficial microbes mainly probiotics, and (3) improve
host health and well being (Roberfroid et al. 2010). Most of prebiotics (in other
words, colonic foods) belong to dietary non-digestable polysaccharids such as
galacto oligosaccharides, inulin, fructo oligosaccharides, raffinose, resistant starch,
and resistant dextrins; non-starch polysaccharides (e.g., pectins, arabinogalactans,
gum Arabic, gum guar and hemicellulose). Also, non-digestable oligosaccharides
e.g. lactulose and sugar alcohol such as lactitol are considered as prebiotics (Yazawa
et al. 1978; Gibson and Roberfroid 1999).

These substances induce selective stimulation of growth of specific groups of
microflora which are devised with the capacity to metabolize them. Furthermore,
consumption of prebiotics activates the metabolic pathways of health promoting
bacteria and induces the production of beneficial metabolites thus ultimately
improve the health of host (Holscher 2017). Hence, prebiotics could promote the
health benefits of host by different mechanisms such as (1) modulation of gut micro-
biota and its metabolites (Viladomiu et al. 2013), (2) enhance the immune response
(Nagura et al. 2002), (3) reduce the risk of hepatic encephalopathy (Dbouk and
McGuire, 2006), (4) anti microbial activity and (Raafat et al. 2008) and anti obesity
effect (Delzenne et al. 1993; Agheli et al. 1998; Daubioul et al. 2002; Sugatani et al.
2012). Prebiotics indirectly incite the protective mechanism against pathogenic
infection by lowering the pH of intestinal milieu, improving the functionality of
epithelial cells and by promoting the growth of competitive beneficial microbes in
the intestine (Fig. 2.2). Moreover, prebiotics also have influence on nutrient
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Fig. 2.2 Synbiotics and their mechanisms of action against antimicrobial resistant pathogens.
Synbiotics collectively support intestinal homeostasis by stimulation of the growth of beneficial
microflora. Production of metabolites such as short chain fatty acids also helps in modulation of
immune system and neutralization of toxic components. Inhibition of pathogenesis in natural way
results in reduced use of antibiotics and antibiotic generated selection pressure to cause antimicro-
bial resistance

absorption by intestinal epithelium and efficiency of host immune system (Scholz-
Abhrens et al. 2007).

The concept of prebiotics also serves in combination of the activity of beneficial
microbes in the intestine. Thereby, the combination of prebiotics and probiotics
could aid sustainable improvement for the welfare of host. Gibson and Roberfroid
introduced the term “synbiotics” for this concept and explained it as “mixtures of
probiotics and prebiotics, growth promoter for probiotics, which beneficially affect
the host by improving the survival and implantation of live microbial dietary sup-
plements in the gastrointestinal tract.”

2.5 Synbiotic Mechanism of Action

The gut environment has a range of nutrients which provide a favorable place for the
colonization of different species of microorganisms. Presence of prebiotics gives an
additional advantage to probiotics to compete out other organisms and pathogens in
that space. The establishment and invasion of pathogens may also be hindered by
lowering the pH of gut vicinity using fermentative metabolism of probiotics and
synbiotics. This phenomenon has been evaluated by several researchers. For exam-
ple, Kondepudi et al. (2012) examined antimicrobial activity of three strains of
Bifidobacterium against Clostridium difficile in the presence of five different
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prebiotic non digestible oligosaccharides. Authors observed that in given conditions
Bifidobacterium breve 46 and Bifidobacterium lactis 8:8 inhibited the growth and
toxin production in four different strains of Clostridium difficile. In the same way,
Koruri et al. (2016) reviewed the antimicrobial activity of Pediococcus acidilactici
with natural prebiotics i.e. garlic and basil against Escherichia coli, Salmonella,
Enterococcus faecalis and Staphylococcus aureus. The study showed that the pres-
ence of prebiotic resulted in enhanced inhibitory activity of probiotic strain against
the pathogens.

Achievement of beneficial microbial balance in the intestine during and after ill-
ness is a difficult task. The restoration of imbalanced intestinal microbial commu-
nity in both human and animals using prebiotics could be a better alternative to
antibiotic treatment of several infections. The bifidogenic effect of prebiotics has
been elucidated in a range of clinical trials and animal studies. In this context, pre-
biotic konjac glucomannan hydrolysate has reported to produce a favorable short
chain fatty acid profile and selective stimulation of genus Bifidobacterium,
Lactobacillus-Enterococcus group and Atopobium group in the batch culture inocu-
lated with human faeces (Connolly et al. 2010). Correspondingly, a meta-analysis of
controlled trials evaluating the effect of prebiotics on the composition of gut micro-
biota of healthy adults was done by So and coworkers (2018). This meta-analysis
involved 64 studies and 2099 participants and revealed that the dietary fibers could
increase the abundance of both Bifidobacterium spp. and Lactobacillus spp. and
faecal short chain fatty acid concentration in healthy adults (So et al. 2018).

Some in vivo studies also shows the dynamic interactions between synbiotic and
antibiotic interventions in reshaping the composition of intestinal microbiota. For
instance, in a study conducted by Hammami et al. (2015), a synbiotic maple sap
containing inulin and Bifidobacterium lactis Bb12 and Lactobacillus rhamnosus
GG valio minimized the antibiotic induced breakdown of mice gut microbiota.
Similarly, recently a more elaborated study of Jacan et al. (2019) exhibited that a
synbiotic of nine probiotic strains and four types of prebiotics preserved the
Lactobacillales and expanded the Verrucomicrobiales and Bifidobacteriales order
in a mice model treated with antibiotic mix containing bacitracin, meropenem, neo-
mycin, and vancomycin. In the same line, a positive effect of different concentra-
tions of mannan oligosaccharides and fructo oligosaccharides was also observed on
histo-morphometry and gut health status of broiler chickens (Biswas et al. 2018).
Figure 2.2 shows the cumulative effect of synbiotics on the host including modula-
tion of gut microbiota by inhibition of the growth of pathogens and improving the
abundance of beneficial microbes.

Briefly, once prebiotic foods like inulin reached to colon, they fermented to dif-
ferent organic acids e.g. lactic, acetic acids and short chain fatty acids i.e. propio-
nate and butyrate by beneficial microbes like Bifidobacterium spp. and resulted in
increasing their abundance in gut. Lactate could be fermented to butyrate by lactate
fermenting microbiota like Anaerostipes caccaelEubacterium hallii (Belenguer
et al. 2006). As stated previously, organic acids and short chain fatty acids work
together in reducing the pH of colon resulting in reduced numbers of harmful and
pathogenic microorganisms. These shifts in gut microbiota are useful for the public
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health including reducing the risk of antimicrobial resistance. A recent study by
Perdijk et al. (2019) claims that in addition to differential promotion of the growth
of Bacteriodes and Bifidobacteria, two human milk oligosaccharides namely sialyl-
lactose and galactooligosaccharide can also induce the differentiation and repair of
intestinal epithelial cells. Thereby, we can say that prebiotics could modulate the
ecosystem of host intestine towards the population of beneficial microbes and helps
in establishment of morphologically and physiologically healthy environment.

Prebiotics could also directly modulate the immune system of host by stimulat-
ing the expression of anti inflammatory cytokines (Shokryazdan et al. 2017). The
modulation of host immune response is associated with modulation of gut micro-
biota through 1. Inhibition of pathogen colonization (Kogut 2013), and 2. Prebiotics
act as non-pathogenic antigens where they can be recognized by different receptors
of immune cells resulting in modulation of immune response (Teng and Kim 2018).
Even prebiotics such as active hexose correlated compound is reported to attenuate
the expression of different pro inflammatory cytokines including IL-1f, IL-1 recep-
tor antagonist, tumor necrosis factor and monocyte chemoattractant protein-1 in
colitis rat models (Daddaoua et al. 2007). Likewise, Bodera (2008) reviewed the
influence of prebiotics on immune parameters in gut associated lymphoid tissue. In
this review author deciphered that prebiotics could modulate various properties of
the immune system of gut associated lymphoid tissue, secondary lymphoid tissues
and peripheral circulation. Overall, prebiotics and synbiotics could indirectly reduce
the resistivity to antibiotics by manipulating the gut health which will hinder the
invasion of pathogen to intestinal epithelium; thus may lower the consumption of
antibiotics and the positive selective pressure responsible for the development of
antimicrobial resistance.

2.6 Antimicrobial Resistance in Probiotics: An Important
Aspect to Be Considered

Antibiotic resistance of probiotic strains assures maintenance of healthy intestinal
microbiota throughout antibiotic treatments of different microbial infections
(Tuomola et al. 2001). Also, absence of “transferable” antibiotic resistance genes is
a vital criterion for evaluation of safety of different probiotic strains (Franz et al.
2001; De Vuyst et al. 2003). The presence of highly antibiotic resistance strains
among established probiotics raises the safety concern of the consumers. In this
manner, a survey of susceptibility of 46 Lactobacillus strains to 44 antibiotics was
assayed by Charteris et al. (1998). They found that all strains were resistant to a
group of 14 antibiotics, which included inhibitors of cell wall synthesis (cefoxitin),
protein synthesis (gentamycin), nucleic acid synthesis (nalidixic acid), and cyto-
plasmic membrane function (polymyxin B). Ispirli et al. (2017) also found that
probiotic strains Enterococcus durans PY 126 and Enterococcus durans PY 146 pos-
sessed antibiotic resistance against number of common antibiotics including



48 F. M. F. Elshaghabee and N. Rokana

ampicillin, chloramphenicol, erythromycin, tetracycline hydrochloride, vancomy-
cin, rifampicin, carbenicillin, amoxicillin and oxacillin. Thereby, it becomes essen-
tial to conduct an elaborated study on safety aspect of probiotic strains before
establishing them for human consumption.

Currently, in market, many intrinsically vancomycin resistant strains of
Lactobacillus have been safely used as probiotics without any indication of transfer-
ring this resistance to other species (Mattila-Sandholm et al. 1999). The natural
resistance of probiotics to a wide range of clinically important antibiotics may
enable the development of antibiotic/probiotic combination therapies for such con-
ditions as diarrhea, female urogenital tract infection, and infective endocarditis
(Charteris et al. 1998). But the potential and probable possibility of horizontal trans-
fer of this trait should be evaluated carefully.

2.7 Conclusion

Probiotics and prebiotics or their combination positively improve the health of the
host and contribute to control the invasion of pathogens. The mechanisms of pre-
vention of infection involve interference with colonization and survival of patho-
gens, modulation of the composition of gut microflora, host immune system and
epithelial barrier function. However the efficacy of these biologics as therapeutics
largely depends on several factors such as the state of disease, mode of delivery and
innate and physiological state of the host. Undoubtedly, probiotics and prebiotics
extend a promising approach to lower the burden of antibiotics but further systemic
studies to evaluate the direct interaction between multi drug resistant pathogens and
probiotics/synbiotics are required to establish them as a reliable therapeutic
alternative.
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Chapter 3 )
Plant Natural Products for Mitigation b
of Antibiotic Resistance

Wen-Jie Ng, Chong-Seng Shit, Kah-Yaw Ee, and Tsun-Thai Chai

Abstract The emergence of antibiotic resistance and in particular multi drug resis-
tance is of great threat to human health worldwide. Amid the ongoing efforts to
search for novel antibacterial agents as alternatives to conventional antibiotics,
researchers have intensively explored the potency of various antibacterial com-
pounds derived from plant sources. In this chapter, we have summarised recent
findings on five groups of plant natural products, namely flavonoids, phenolic acids,
peptides, essential oils, and honey, as antibacterial agents. Research to date has
demonstrated their effectiveness in combating various bacterial pathogens, includ-
ing antibiotic resistant strains. These natural products exert their inhibitory effects
through diverse mechanisms, for instance, perturbation of bacterial membrane
integrity, inhibition of intracellular metabolism, in addition to interfering with quo-
rum sensing and biofilm formation. Synergism between the aforementioned plant
natural products and conventional antibiotics was established. Flavonoids and phe-
nolic acids with superior inhibitory effects against human pathogenic bacteria,
including relatively detailed understanding of their modes of action, have been
documented.

Understanding of how endogenous plant peptides and protein hydrolysate-
derived peptides of diverse structural complexities interact with the bacterial cell
surface and exert their effects also continue to emerge. The potency of essential oils
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as in vivo antibacterial agents was established in poultry and rat models. Notably,
clinical studies have provided evidence that honey is an effective anti infective agent
in the human body. Overall, the aforementioned plant natural products are not only
potential alternatives to conventional antibiotics in the treatment of multi drug resis-
tant bacterial infections, they are also promising candidates for future development
of combination treatments with antibiotics.

Keywords Antibiotic resistance - Essential oil - Flavonoid - Honey - Peptide -
Phenolic acid - Plant natural product

3.1 Introduction

The advent of antibiotics is widely regarded as a crucial medical breakthrough of
the twentieth century. However, due to the emergence of bacteria that have devel-
oped or acquired resistance towards antibiotics, the application of antibiotics in
modern medical practice may not be sustainable in future (Moore et al. 2017). In
general, multi drug resistant bacteria, sometimes referred to as “superbugs”, are
resistant to three or more antibiotics (Styers et al. 2006), which makes standard
treatments ineffective.

In 2017, the World Health Organization published a list of 12 families of antibi-
otic resistant “priority pathogens” that pose the greatest threat to human health
(World Health Organization 2017). The World Health Organization list is divided
into three categories according to the urgency of need for new antibiotics: critical,
high and medium priority (Table 3.1). These bacteria are resistant to a large number
of antibiotics, including carbapenems and third- generation cephalosporins, which
are the best available antibiotics for targeting multi drug resistant bacteria.

The emergence of multi drug resistant bacteria increasingly limits the effective-
ness of current antibiotics, leading to treatment failure. Owing to antibiotic resis-
tance, more and more common diseases, including respiratory tract infections,
sexually transmitted infections, and urinary tract infections have become untreat-
able. For instance, colistin is the last-resort treatment for life threatening infections
caused by Enterobacteriaceae, which is resistant to carbapenems. Resistance to
colistin has recently been detected in several countries, making infections caused by
such bacteria untreatable. On the other hand, resistance of Escherichia coli to the
fluoroquinolone antibiotics that are widely used for the treatment of urinary tract
infections has been long established. There are countries in the world where fluoro-
quinolone treatment is now ineffective in more than half of the patients. Another
example of antibiotic resistant bacteria is Klebsiella pneumoniae, a major cause of
hospital acquired infections, such as pneumonia, bloodstream infections, and infec-
tions in new-borns and intensive care unit patients. Due to antibiotic resistance,
carbapenem antibiotics, last-resort treatments, do not work in more than half of the
people infected by K. pneumoniae (World Health Organization 2018).
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Table 3.1 World Health Organization priority pathogens list for research and development of new
antibiotics

Groups Pathogens
Priority 1: 1. Acinetobacter baumannii, carbapenem resistant
Critical 2. Pseudomonas aeruginosa, carbapenem resistant

3. Enterobacteriaceae, carbapenem resistant, extended spectrum f-lactamase
producing

Priority 2: High | 1. Enterococcus faecium, vancomycin resistant

2. Staphylococcus aureus, methicillin resistant, vancomycin intermediate and
resistant

3. Helicobacter pylori, clarithromycin resistant

4. Campylobacter spp., fluoroquinolone resistant

5. Salmonella, fluoroquinolone resistant

6. Neisseria gonorrhoeae, cephalosporin resistant, fluoroquinolone resistant

Priority 3: 1. Streptococcus pneumoniae, penicillin non-susceptible

Medium 2. Haemophilus influenzae, ampicillin resistant

3. Shigella spp., fluoroquinolone resistant

According to the Centres for Disease Control and Prevention, each year in the
United States of America, at least 2 million people get an antibiotic resistant infec-
tion, resulting in at least 23,000 deaths. The United Nations also reported that drug
resistant diseases could cause 10 million deaths each year by 2050. Such public
health threats will continue to worsen in the absence of effective strategies to treat
multi drug resistant bacterial infection (Interagency Coordination Group on
Antimicrobial Resistance 2019).

Living organisms produce primary and secondary metabolites. Primary metabo-
lites are organic compounds that are essential for an organism to survive, whereas
secondary metabolites are not directly involved in the growth, development and
reproduction of the organism. Some secondary metabolites possess pharmacologi-
cal and biological activities (Arshad and Batool 2017). Such natural products are
important to the discovery and development of medicinal agents. Ever since the
discovery of penicillin by Alexander Fleming, many more antibiotics were isolated
from microorganisms. Afterwards, interest in antibiotics increased, leading to new
waves of development of synthetic antibiotic. Mankind has relied more and more on
synthetic and semi-synthetic antibiotics. Recently, the global issue of bacterial
resistance to synthetic antibiotics has prompted researchers to consider the use of
plant derived natural products which exert antibiotic actions (Abdallah 2011).

Plant products have been traditionally used as a therapeutic agents in folk medi-
cine to treat various pathogenic diseases. Many scientists consider plant products to
be important alternative sources of new and innovative antibacterial drugs against
multi drug resistant bacteria. The potential of natural compounds derived from edi-
ble plant products, especially fruits, vegetables, herbs, spices and honey, for the
prevention and even treatment of bacterial infections has now been extensively
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investigated. To date, more than 30,000 antimicrobial compounds have been identi-
fied from plants (Tajkarimi et al. 2010). Furthermore, plant natural products-
antibiotic combinations are increasingly recognised as a promising strategy in
tackling the issue of antibiotic resistance (Simdes et al. 2009; Ayaz et al. 2019). In
this chapter, we summarise recent findings on the potency of five groups of plant
natural products, namely flavonoids, phenolic acids, peptides, essential oils, and
honey, as antibacterial agents, especially for combating antibiotic resistant bacterial
strains. Synergistic interactions between the aforementioned plant natural products
and conventional antibiotics are highlighted. Emphasis is also given to their phyto-
chemistry and modes of action underlying their antibacterial effects. Literature per-
taining to antifungal plant natural products is not within the scope of this chapter.
Concerning such discussion, we refer the reader to recent reviews by Daglia (2012);
Lopes et al. (2017); Seleem et al. (2017); de Andrade Monteiro and dos Santos
(2019). Figure 3.1 presents an overview of the mechanisms of action of five groups
of plant natural products discussed in this chapter.

3.2 Flavonoids

Flavonoids are a class of natural secondary metabolites with the phenolic skeleton
of C4-C;5-Cs. According to their backbone structures, flavonoids can be categorised
into major subclasses, which include aurones, flavones, isoflavones, neoflavones,
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Fig. 3.1 An overview of the mechanisms of action of flavonoids, phenolic acids, peptides, essen-
tial oils, and honey. Such phytochemicals are able to target the metabolic functions and ultrastruc-
tural integrity of the bacterium cell. In addition, they could compromise cellular function, such as
motility, and intercellular communication, which is key to biofilm formation. Some phytochemi-
cals, e.g., quercetin and methylglyoxal, are capable of compromising multiple target sites
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flavonols, flavans, flavanols (catechin), flavanones, flavanonols, chalcones, dihydro-
chalcones, anthocyanidins, proanthocyanidins, and leucoanthocyanidins (Cushnie
and Lamb 2005; Rudrapal and Chetia 2017). Flavonoids are pharmacologically
active compounds that exhibit various bioactivities, including antibacterial activity
(Jaiswal and Kumar 2015). The therapeutic properties of flavonoids have also been
shown in folk medicines. For example, the luteolin, quercetin-7-O-glucoside,
kaempferol, kaempferol-7-O-glucoside, apigenin, and apigenin-7-O-glucoside iso-
lated from a folk medicine Tripleurospermum disciforme exhibited antibacterial
activities (Tofighi et al. 2015) (Fig. 3.2). In addition, the licoflavone C and derrone
isolated from the Retama raetam flower were active against P. aeruginosa and
E. coli (Edziri et al. 2012). A recent comprehensive review on the biosynthesis,
structure-activity relationships, and medicinal potentials of plant chalcones demon-
strates their diverse applications, which could inspire drug discovery in the future
(Rammohan et al. 2020). Table 3.2 shows selected examples of plant flavonoids,
their target bacterial species, and antibacterial activity.

Due to the increasing cases of infectious disease caused by antibiotic resistant
bacteria and the need to search for novel bioactive compounds to target such bacte-
ria, the antibacterial properties of plant flavonoids are attracting great attention in

Quercetin-7-0O-glucoside

OH OH
H OH
syes
o
)

OH O 2.0 R
Kaempferol Kaempferol-7-0-glucoside
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OH HOT%  om
o]
HO ) o
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Fig. 3.2 Chemical structures of antibacterial flavonoids of medicinal plant Tripleurospermum dis-
ciforme. More details, including synonyms and chemical properties, of these flavonoids are avail-
able at ChemSpider (http://www.chemspider.com/)
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Table 3.2 Examples of plant flavonoids and their antibacterial activities
Minimum
inhibitory
Source Flavonoids Target species concentration | References
Alkanna orientalis | Sarothrin Mpycobacterium 75-800 pg/mL | Bame et al.
smegmatis (2013)
S. aureus
Artocarpus Artocarpin Bacillus cereus 0.45 mg/mL Jamil et al.
anisophyllus E. coli (2014)
Pseudomonas
putida
Ficus sansibarica | Isovitexin S. aureus 1.6-8 mg/mL | Awolola
Epicatechin etal. (2014)
Trihydroxyflavanol
Graptophyllum Chrysoeriol xyloside | Vibrio cholera 0.25-2048 pg/ | Tagousop
Grandulosum Luteolin S. aureus mL etal. (2018)
apiofuranosyl
xylopyranoside
Chrysoeriol Candida albicans
apiofuranosyl
xylopyranoside
Chrysoeriol Cryptococcus
rhamnopyranosyl neoformans
hydrogeno sulfate
glucopyranoside
Isorhamnetin
rhamnopyranosyl
glucopyranoside
Kalanchoe pinnata | Quercetin E. coli 50-100 pg/mL | Barboza
(lam.) Pers. etal. (2016)
Retama raetam Licoflavone C P. aeruginosa 7.81-15.62 pg/ | Edziri et al.
flowers Derrone E. coli mL (2012)
Terminalia arjuna | Free and bound Enterobector 0.156— Jaiswal and
bark aerogens 1.250 mg/mL. | Kumar
B. subtilis (2015)

Routella planticola

Agrobacterium
tumifacians

E. coli

P. aeruginosa

(continued)
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Table 3.2 (continued)
Minimum
inhibitory
Source Flavonoids Target species concentration | References
Tripleurospermum | Luteolin S. aureus 16-64 mg/mL | Tofighi
disciforme Quercetin-7-O- S. epidermidis etal. (2015)
glucoside
Kaempferol
Kaempferol glucoside
Apigenin
Apigenin glucoside
Black tea Kaempferol Clostridium Not available Sawamura
Kaempferitrin botulinum et al. (2002)
Nicotiflorin
Quercetin glycoside
Galangal Galangin E. coli 500-1000 pg/ | Eumkeb
Kaempferide mL (synergistic | et al. (2012)
Kaempferol glucoside with L
amoxicillin)
Grape seed extract | Catechin Streptococcus 5-15% (wiw) El-Adawi
Epicatechin mutans (2012)
Green tea Catechin E. coli 200 puM and Zhang and
Catechin gallate above Rock
Epicatechin (2004)
Epicatechin gallate
Epigallocatechin
Gallocatechin gallate
Epigallocatechin
gallate
Green tea Epicatechin gallate E. coli 100-500 mg/ Reygaert
Epigallocatechin P. aeruginosa mL (2014)
Epigallocatechin S. aureus
gallate S. mutans
C. albicans
Green tea Epigallocatechin Enterohemorrhagic | 0.05 mg/mL Sugita-
gallate E. coli Konishi

Gallocatechin gallate

et al. (1999)

research. The potential mechanisms of action of flavonoids against antibiotic resis-
tant bacteria encompass (1) disruption of cytoplasmic membrane structure (Sanver
et al. 2016; Tagousop et al. 2018); (2) inhibition of chemical modifying enzymes;
(3) inhibition of nutrient and metabolite conveyance; (4) inhibition of nucleic acid
synthesis (Wu et al. 2013); and (5) synergistic/potentiating effects (Godrniak

et al. 2019).

The effect of flavonoid-membrane interaction in the mitigation of antibiotic
resistance has been documented, but the understanding on the complete mechanism
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remains controversial (Sanver et al. 2016). The presence of hydroxyl groups in fla-
vonoids, especially in A ring at positions 5 and 7, B ring at 2 and 4, as well as C ring
at position 3, has been suggested to increase the binding efficacy of flavonoids to
negatively charged cell membranes, especially in Gram negative bacteria (Cushnie
et al. 2008). The binding of some flavonoids, such as catechin, flavanone, and some
flavonoid glycosides, to bacterial cell membrane was reported to damage membrane
integrity and lead to leakage of intracellular substances in multi drug resistant
V. cholerae (Tagousop et al. 2018) and methicillin resistant S. aureus (Cushnie et al.
2008; Reygaert 2014). In addition, green tea epigallocatechin gallate was reported
as a potent inhibitor of both trans-2-enoyl-ACP and p-ketoacyl-ACP reductases in
the bacterial type II fatty acid synthesis system. The inhibition of reductases inter-
feres with acetate incorporation during the elongation cycle of fatty acid (Zhang and
Rock 2004). Moreover, quercetin (a component of propolis), chrysin, and kaemp-
ferol were also reported to increase the permeability of the outer membrane of
B. subtilis, E. coli and Rhodobacter sphaeroides, which further facilitates the
absorption of flavonoids (Mirzoeva et al. 1997).

Flavonoids have also been reported to affect bacterial cell adhesion, quorum
sensing and biofilm establishment, thus reducing the chance of mutation and inhib-
iting the establishment of antibiotic resistance (Borges et al. 2016; Babii et al.
2018). Many plant flavonoids, such as apigenin-6-C-glycoside, epicatechin
(El-Adawi 2012; Nyila et al. 2012), 5,7,4’-trihydroxyflavanol (Awolola et al. 2014),
quercetin, naringenin (Barboza et al. 2016) and synthetic tricyclic flavonoid (Babii
et al. 2018) have been reported to be effective biofilm antagonists of S. aureus,
S. mutans, Listeria monocytogenes, K. pneumoniae, and E. coli, although research
on their mechanisms of action is rather limited (Borges et al. 2016; Babii et al.
2018). Flavonols, including galangin, kaempferol glucoside and kaempferide, have
been reported to exert antibacterial activity against amoxicillin resistant E. coli and
reverse its resistance by inhibiting ribosome and peptidoglycan synthesis (Eumkeb
et al. 2012). In addition, direct and indirect interferences with the cell wall materials
in methicillin resistant S. aureus by epigallocatechin-3-gallate were reported.
Studies found that epigallocatechin-3-gallate interfered with the formation of gly-
cocalyx, disrupted its interactions with the cell wall, and thus reducing the produc-
tion of slime that accumulated to form biofilm. Epigallocatechin-3-gallate also
bonded to peptidoglycan and induced the loss of the cell wall integrity (Zhao et al.
2001; Blanco et al. 2005).

Antibiotic resistant bacteria could employ chemical modification mechanism
through certain aminoglycoside modifying enzymes, such as acetyltransferases,
nucleotidytransferases, and phosphotransferaces, to degrade antibiotics (Ramirez
and Tolmasky 2010). However, the literature on the inhibitory activity of flavonoids
on these enzymes is currently limited. Quercetin and apigenin, for instance, were
reported to inhibit the phosphotransferaces and related enzymes (Shakya et al. 2011).

Inhibition of nutrient and metabolite conveyance, through the formation of
flavonoid-metal complexes, suppression of toxin production, and inhibition of
efflux pumps, is one of the modes of antibacterial mechanisms. Flavonoid chelation
of metal ions depends on the availability of metal ions, the binding sites of
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flavonoids, and the environmental pH (Kasprzak et al. 2015). Despite limited litera-
ture found on drug resistant bacteria species, bactericidal effects of flavone-metal
complexes (Wang et al. 1992), quercetin-metal complexes (Bravo and Anacona
2001), and morin-metal complexes (Panhwar and Memon 2011) on other bacteria
species have been reported. Studies suggested that the formation of these flavonoid-
metal complexes halted the bioavailability of minerals which are required for the
sustainability of bacterial metabolism. In the case of bacterial toxin production,
similarly, many studies mainly focused on the inhibition of virulence factors, instead
of the underlying mechanism. Typical examples are the inhibition effects of
epigallocatechin-3-gallate and gallocatechin gallate on E. coli verotoxin (Sugita-
Konishi et al. 1999), myricetin and quercetin on Streptococcus agalactiae hyal-
uronic acid lyase (Hertel et al. 2006), genistein on S. aureus exotoxin, kaempferol
and quercetin glycoside on C. botulinum neurotoxin (Sawamura et al. 2002) and
pinocembrin on S. aureus a-hemolysin (Soromou et al. 2013).

The ability of flavonoids to impair drug efflux system in bacterial cells has
attracted significant attention in research. Effluence of antibiotics plays a key role in
the ability of bacteria to resist antibiotic drugs. The down regulating and inhibitory
effects of flavonoids on the efflux pumps of different bacteria have been reported.
For examples, epicatechin gallate (minimum inhibitory concentration 64-512 pg/
mL) and epigallocatechin gallate (minimum inhibitory concentration 32—-64 pg/mL)
possessed a fourfold higher inhibition activity than norfloxacin against norfloxacin
resistant strain of S. aureus, which overexpressed the NorA multi drug efflux pump
(Gibbons et al. 2004), sarothrin (minimum inhibitory concentration 75-800 pg/mL)
inhibited the efflux pump NorA of drug resistant S. aureus (Bame et al. 2013), quer-
cetin and epigallocatechin gallate inhibited the Mmr and EmrE efflux pumps of
drug resistant Mycobacterium tuberculosis, K. pneumoniae and E. coli
(Suriyanarayanan and Sarojini Santhosh 2015), and epigallocatechin gallate inhib-
ited the CmeDEF efflux pumps of drug resistant Campylobacter spp. isolates
(Kurinc¢ic et al. 2012).

Topoisomerases are essential enzymes for DNA replication. Inhibition of these
enzymes has been suggested as one of approaches to mitigate antibiotic resistance.
The B ring of the flavonoids, including the 3-, 5-, 7-OH groups, plays a major role
in bonding with the amino acid residues of topoisomerases, which explains the
inhibitory action of flavonoids on DNA and RNA synthesis (Plaper et al. 2003; Wu
et al. 2013). For examples, myricetin, robinetin and epigallocatechin gallate (com-
ponents of Elaeagnus glabra) were reported to inhibit the synthesis of nucleic acids
in bacteria (Cushnie and Lamb 2005). Besides, quercetin (a component of propolis),
chrysin and kaempferol were reported to inhibit E. coli DNA gyrase B subunit (Wu
et al. 2013). Baicalein, morin, epicatechin, silibinin, silymarin, quercetin and its
derivatives inhibited the ATPase activity of gyrases and D-alanine-D-alanine ligase
(Plaper et al. 2003; Wu et al. 2013) by blocking the ATP binding site (Wu et al.
2008), inhibiting ATP synthase, the rotation of the y-subunit, and ATP hydrolysis
(Chinnam et al. 2010). Furthermore, both helicases and dihydrofolate reductase are
also common targets of antibacterial flavonoids. For examples, luteolin, morin and
myricetin were revealed as the inhibitors of helicase RepA (Xu et al. 2001).
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Epigallocatechin gallate was also shown to inhibit the activity of dihydrofolate
reductase (Raju et al. 2015).

There have been many recent reports on synergistic and potentiating effects
between flavonoids and conventional antibiotics (Goérniak et al. 2019). These effects
could be employed as mitigation tactics against antibiotic resistant bacteria.
Synergistic effect is recognised when the fractional inhibitory concentration index
is lower or equal to 0.5. When fractional inhibitory concentration index ranges from
above 0.5 to 1.0, the effect is interpreted as potentiation (Gérniak et al. 2019). To
date, the five most vigorous flavonoid antibiotic synergistic combinations were
demonstrated by Cushnie and Lamb (2011): (i) epicatechin gallate and oxacillin
against methicillin resistant S. aureus; (ii) quercetin and p-lactam against penicillin
resistant S. aureus; (iii) baicalein and f-lactam against methicillin-resistant
S. aureus; (iv) myricetin and isoniazid against Mycobacterium spp.; (V) Zanthoxylum
piperitum polymeric proanthocyanidin fraction (ZP-CT-A) and oxacillin against
methicillin resistant S. aureus. Of all the flavonoid subclasses, the flavanol (cate-
chin) subclass has been investigated most intensively. Potentiating effects were
observed in different combinations of epicatechin, epigallocatechin gallates, and
f-lactam antibiotics with regards to the inhibition of bacterial type II fatty acid syn-
thesis and efflux activity in methicillin resistant S. aureus (Zhao et al. 2001). In
addition, some other flavonoid subclasses also exhibit significant synergism with
antibiotics. Examples include quercetin and its isomer morin in separate combina-
tion with either ciprofloxacin, tetracycline, or erythromycin against S. aureus strains
(Abreu et al. 2015), and myricetin in different combinations with either cefoxitin,
ampicillin/sulbactam, or amoxicillin/clavulanate against the pathogenic extended
spectrum f-lactamase producing K. pneumoniae (Lin et al. 2005). Furthermore,
synergism or potentiating effects were also reported for six types of isoflavonoids
isolated from the root of Erythrina species in separate combinations with vancomy-
cin against methicillin resistant S. aureus and vancomycin resistant enterococci
(Sato et al. 2004). Fong et al. (2019) reported that oroxindin, rosmarinic acid and
verbascoside acted as inhibitors of urease, shikimate kinase and aspartate-
semialdehyde dehydrogenase, respectively, in the treatment of H. pylori infection.
The study also revealed the potentiating effect of the combination of oroxindin and
amoxicillin, with the fractional inhibitory concentration index value of 0.75 (Fong
et al. 2019). Overall, further investigations on the detailed mechanisms underlying
the aforementioned synergistic and potentiating effects, especially by using in vivo
animal studies, for example suckling mice model and rabbit model of infection
(Koley et al. 2019), are warranted.

3.3 Phenolic Acids

Phenolic acids occur in edible plant sources, which include various cereals and
legumes, green and black teas, coffee, dark plum, and blueberry, as well as medici-
nal herbs (Wong et al. 2013; Miklasinska-Majdanik et al. 2018; Shahidi and Yeo
2018). Phenolic acids can be divided into two groups, (i) hydroxybenzoic acids,
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such as gallic, protocatechuic and p-hydroxybenzoic acids; (ii) hydroxycinnamic
acids, such as caffeic, ferulic, chlorogenic and p-coumaric acids (Miklasinska-
Majdanik et al. 2018; Shahidi and Yeo 2018). Figure 3.3 shows the structures of the
aforementioned examples of phenolic acids.

The inhibitory effects of phenolic acids against multi drug resistant bacteria have
been reported. Gallic acid and its derivatives exhibited antibacterial activity against
multi drug resistant clinical isolate MDREC-KG#4 of E. coli, with minimum inhibi-
tory concentration ranging between 500 and 2000 pg/mL (Dwivedi et al. 2016). On
the other hand, caffeic acid was inhibitory against methicillin resistant S. aureus
reference and clinical strains, with minimum inhibitory concentration values rang-
ing from 256 to 1024 pg/mL (Kegpa et al. 2018). Greater lipophilicity and easier
transport across the bacterial cell membrane may be accountable for the stronger
antibacterial activity of caffeic acid relative to gallic, vanillic, and protocatechuic
acids (Miklasifiska-Majdanik et al. 2018).

Phenolic acids produced relatively high minimum inhibitory concentration val-
ues in comparison with conventional antibiotics. For example, the minimum inhibi-
tory concentration values of caffeic, gallic and protocatechuic acids on strains of
A. baumannii, a Gram negative pathogen known for multi drug resistance, ranged
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Fig. 3.3 Chemical structures of selected phenolic acids. More details, including synonyms and
chemical properties, of these phenolic acids are available at ChemSpider (http://www.chemspi-
der.com/)
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between 32 and 256 pg/mL. By contrast, the minimum inhibitory concentration of
antibiotic colistin on the same A. baumannii strains only ranged between 0.256 and
0.512 pg/mL (Ajiboye et al. 2018). Study on multi drug resistant clinical isolate of
E. coli showed that gallic acid and its derivatives reduced the minimum inhibitory
concentration of clinically used antibiotics (norfloxacin, ofloxacin, amikacin, tobra-
mycin, ampicillin, cefoxitin, cefotaxime, tetracycline, and oxy-tetracycline) by two
to eight folds when used in an antibiotic-phytochemical combination (Dwivedi et al.
2016). Thus, although not considered highly potent as antibacterial monotherapy,
phenolic acids are promising candidates for combined therapy with antibiotics
(Miklasinska-Majdanik et al. 2018). Recently, the synergy between caffeic acid and
antibiotics (erythromycin, clindamycin, and cefoxitin) against methicillin resistant
S. aureus reference and clinical strains has been demonstrated (K¢pa et al. 2018).

The spread of A. baumannii is associated with nosocomial outbreaks, leading to
high death rates. Development of resistance to colistin, a last-resort antibiotic
against the pathogen, has been reported (Mohd. Rani et al. 2017; Almasaudi 2018).
A recent study found that phenolic acids in combination with colistin may be an
effective strategy in treating A. baumannii infections (Ajiboye et al. 2018). Caffeic,
gallic, and protocatechuic acids were each able to enhance colistin mediated A. bau-
mannii cell death. Acting in synergy, the phenolic acids and colistin exacerbated
reactive oxygen species (ROS) mediated killing of the pathogen, as evidenced by
elevated superoxide radical generation, as well as concomitant increase in NAD"/
NADH and ADP/ATP ratios, and decline in the level of reduced glutathione. The
study suggested that the phenolic acids can potentiate the bactericidal action of
colistin by compromising the pathogen’s ability to detoxify H,O,. In addition, the
phenolic acid colistin co-treatment can elevate superoxide radical production in the
bacterial cells, likely a consequence of enhanced activities of the citric acid cycle
and electron transport chains (Ajiboye et al. 2018).

3.4 Peptides

Antimicrobial peptides are small, compact peptides that exhibit microbicidal activ-
ity. They often comprise 15—100 amino acid residues and are normally cationic and
cysteine rich. Antimicrobial peptides are key components of the innate immune
system of plants. Thus they are ubiquitous in the plant kingdom and have been
found in virtually every plant organ studied (Borges et al. 2015; Campos et al.
2018). Plant antimicrobial peptides may be broadly divided into three structural
groups: cysteine-bond free, cysteine-rich, and cyclic families (Campos et al. 2018).
Based on primary structure, molecular size, and cysteine content, plant antimicro-
bial peptides can be further classified into different families, which include glycine-
rich proteins, cyclotides, defensins, knottin-like, hevein-like, lipid transfer proteins,
snakins, myrosinase binding proteins, and short non-disulphide peptides (de Souza
Candido et al. 2014; Borges et al. 2015). Antibacterial activity of plant antimicro-
bial peptides against human pathogenic bacteria has been well documented.
Table 3.3 shows some examples of plant antimicrobial peptides, their target bacte-
rial species, and antibacterial activity.
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Table 3.3 Examples of plant antimicrobial peptides
Minimum
inhibitory
Source Peptide Size Target species concentration | References
Guava Pg-AMP1 55 E. coli 72,32 pg/mL | Pelegrini
(Psidium residues | K. pneumoniae et al. (2008)
guajava)
Sweet violet Cycloviolacin |30 E. coli 10-20 pM Stromstedt
(Viola odorata) | O2 residues | P geruginosa et al. (2017)
S. aureus
Cowpea (Vigna | Cp-thionin II 47 S. aureus 128, 64 pg/mL | Franco et al.
unguiculata) residues | g coli (2006)
Green coconut | Cn-AMP1 8-11 E. coli 76-302 pg/mL | Mandal
(Cocos Cn-AMP2 residues | B. subrilis et al. (2009)
nucifera) Cn-AMP3 P. aeruginosa
S. aureus
Jatropha JCpep7 7 Salmonella 24-64 pg/mL | Xiao et al.
curcas residues | Typhimurium (2011)
P. aeruginosa
Shigella
dysenteriae
S. aureus
B. subtilis
S. pneumoniae
Garden balsam | Ib-AMP4 20 Extended- 4-16 pg/mL Fan et al.
(Impatiens residues | spectrum (2013)
balsamina) B-lactamase-
producing E. coli
Methicillin-
resistant S. aureus
Wax gourd Hispidalin 49 E. coli 80-120 pg/mL | Sharma
(Benincasa residues | p geruginosa etal. (2014)
hispida) Salmonella
enterica
S. aureus
Rapeseed BnPRP1 35 E. coli 31.25,62.5 pg/ | Caoetal.
(Brassica residues | Micrococcus mL (2015)
napus) luteus
Alfalfa Met-Asp-Asn | 3-8 B. subtilis 2.45-5.27 mM | Kobbi et al.
(Medicago residues (2018)
sativa) Gly-Asn-Ala- E. coli 2.12-5.27 mM
Pro-Gly-Ala-
Val-Ala
Leu-Arg-Asp- Listeria innocua |2.00-3.12 mM
Asp-Phe

(continued)
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Table 3.3 (continued)

Minimum
inhibitory
Source Peptide Size Target species concentration | References
Highland Barleycin 9 B. subtilis 4-16 pg/mL Pei et al.
barley (Tibetan residues | S gureus (2018)
barley) L. innocua
E. coli

S. dysenteriae

Note: Pg-AMPI, Cycloviolacin 02, Cp-thionin II, Cn-AMP1, Cn-AMP2, Cn-AMP3, JCpep7,
Ib-AMP4, and BnPRP1 are names of antibacterial peptides designated by the respective authors

Pg-AMP1, isolated and identified from guava seeds, is an example of the glycine-
rich proteins (Pelegrini et al. 2008). Such antimicrobial peptides are characterised
by an abundance of glycine residues, up to about 70%, in the primary structure.
They are also relatively hydrophobic owing to the occurrence of phenylalanine and
tyrosinase residues (de Souza Candido et al. 2014). Pg-AMP1 is the first glycine-
rich protein which showed inhibition against Gram negative bacteria. The antimi-
crobial peptide inhibited the growth of Klebsiella sp. and Proteus sp., the principal
human bacterial pathogens responsible for urinary and intestinal infections in
immuno-suppressed patients. Pg-AMP1 is a monomer with a molecular mass of
6029.34 Da, but possibly requires homodimer formation for antibacterial activity
(Pelegrini et al. 2008).

Cycloviolacin O2 is a cyclotide identified from the dried aerial plant materials of
sweet violet (Stromstedt et al. 2017). Cyclotides are small, cyclic peptides compris-
ing 28-37 amino acid residues. They are characterised by a cystine knot embedded
in a macrocyclic backbone (de Souza Candido et al. 2014; Stromstedt et al. 2017).
Cycloviolacin O2 preferentially disrupts phosphatidylethanolamine-containing
bacterial membranes, which may explain the potent antibacterial activity of
Cycloviolacin O2 on Gram negative bacteria (Stromstedt et al. 2017).

Cp-thionin II is a 47-residue defensin identified from cowpea seeds. It has a
molecular mass of 5.2 kDa, stabilised by four disulphide bonds. Cp-thionin II exhib-
ited bactericidal activity against both Gram positive and Gram negative bacteria
(Franco et al. 2006).

Cn-AMPI1 (SVAGRAQGM, 858 Da), Cn-AMP2 (TESYFVFSVGM, 1249 Da),
and Cn-AMP3 (YCSYTMEA, 950 Da) are three short non-disulphide peptides
identified from green-coconut water (Mandal et al. 2009). Short non-disulphide
peptides contain either no or very low cysteine content, unlike most plant antimicro-
bial peptides (de Souza Candido et al. 2014). The three antimicrobial peptides
showed bactericidal activities against E. coli, B. subtilis, P. aeruginosa, and
S. aureus, with Cn-AMP1 being the most potent. Interestingly, Cn-AMP1 is cat-
ionic (net charge +1), whereas Cn-AMP2 and Cn-AMP3 are both anionic (net
charge —1). Based on ab-initio molecular modelling, Cn-AMP1 has an alpha-helix
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structure. At the centre of the alpha-helix, an arginine residue occurs. The residue is
believed to provide a positive charge, thus facilitating interaction with bacterial cell
surface and contributing towards the antibacterial activity of Cn-AMP1 (Mandal
et al. 2009).

JCpep7 (KVFLGLK) is another example of short non-disulphide antimicrobial
peptides which exhibited antibacterial activity at low concentrations. JCpep7 is cat-
ionic, with total net charge of +2 and total hydrophobic ratio of 57%. It exhibited
antibacterial activity against Gram negative and Gram positive bacteria. Analysis
with fourier transform infrared spectroscopy and transmission electron microscopy
techniques revealed that JCpep7 killed S. aureus mainly by breaking their cell walls
and membranes, leading to cell lysis. After S. aureus was exposed to JCpep7 for
60 min, pores were found at the bacterial surface. Later, cell lysis was observed
(Xiao et al. 2011).

Ib-AMP4 is a small cysteine-rich antimicrobial peptide identified from the seeds
of Impatiens balsamina. IbAMP4 has been shown to be active against Gram posi-
tive and Gram negative bacteria at micromolar levels. Importantly, Ib-AMP4 effi-
ciently targeted clinical multiresistant isolates, including methicillin resistant
S. aureus and extended spectrum f-lactamase producing E. coli. Ib-AMP4 selec-
tively targeted bacterial membranes and was inactive on sheep erythrocytes and
A459 cancer cells. Such a lack of haemolysis and cytotoxicity is an advantage
where clinical applications are concerned. It was proposed that Ib-AMP4 might be
a potential candidate for clinical studies involving patients with septicaemia or for
coating clinical devices. Furthermore, Ib-AMP4 may be combined with conven-
tional antibiotics to treat antibiotic resistant pathogens (Fan et al. 2013).

Besides antimicrobial peptides that occur naturally or endogenously in plants,
other antimicrobial peptides have also been discovered from the various plant pro-
tein hydrolysates (Xiao and Zhang 2012; Kobbi et al. 2018; Pei et al. 2018; Chai
et al. 2019). These hydrolysate derived antimicrobial peptides, although not consid-
ered natural products in the strictest sense, are essentially fragments of natural plant
proteins. Such peptides are short peptide sequences that are encrypted in the parent
proteins and can be liberated through enzymatic hydrolysis. Antimicrobial peptides
purified and identified from plant hydrolysates are often shorter than the naturally
present plant antimicrobial peptides. For example, Met-Asp-Asn (378 Da), an anti-
microbial peptide identified from the peptic hydrolysate of alfalfa ribulose-1,5-
bisphosphate carboxylase/oxygenase, is only 3-residue long (Kobbi et al. 2018).

Barleycin (KIIIPPLFH, 1077.38 Da) is an antimicrobial peptide identified from
the tryptic hydrolysate of highland barley proteins. Circular dichroism spectra indi-
cated that barleycin had an alpha-helix conformation. The antimicrobial peptide is
active against both Gram positive and Gram negative bacteria. It showed no cyto-
toxicity on human liver and renal cells. Furthermore, it was non-haemolytic against
human red blood cells. The main mode of action of barleycin was proposed to be
bacterial membrane permeabilisation, which may lead to the leakage of cytoplasmic
contents and the death of sensitive bacteria (Pei et al. 2018).

JCpep8 (CAILTHKR) is an antimicrobial peptide identified from the protamex
hydrolysate of Jatropha curcas meal protein isolate. JCpep8 was active against both
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Gram negative and Gram positive bacteria, with minimum inhibitory concentration
values of 29-68 pg/mL. Ultrastructural analysis of S. aureus, by transmission elec-
tron microscopy, indicated bacterial membrane disruption and cell lysis. JCpep8 has
a total net charge of +3 and total hydrophobic ratio of 50%. Positive charge and
hydrophobicity are believed to contribute to the binding of JCpep8 to the surface of
bacterial membrane, which is important to its antibacterial effects (Xiao and
Zhang 2012).

3.5 Essential Oils

“The essential oil is the product obtained from a vegetable raw material, either by
steam distillation or by mechanical processes from the epicarp of Citrus, or dry
distillation”, according to a definition given by The French Agency for Normalisation:
Agence Frangaise de Normalisation (AFNOR) (Association francaise de normalisa-
tion 2000). These volatile oils are mainly colourless liquid with distinctive aroma.
Plant essential oils may contain 20—60 lipophilic secondary plant metabolites at
different concentrations. Two or three of the aforementioned components may be
present at concentrations of up to 85%; these abundant components may be the
main factors that exhibit antimicrobial activity (Bauer et al. 2001). Terpene deriva-
tives and phenylpropenes are the main components in essential oils that exhibit
antibacterial activity (Omonijo et al. 2018).

Terpenes are synthesised by the mevalonic acid pathway, requiring acetyl-CoA
as the precursor (Chouhan et al. 2017); whereas phenylpropenes are produced via
the shikimate pathway where phenylalanine is the precursor (Atkinson 2018). The
main constituents in terpenes are monoterpenes (C,0H;s) and sesquiterpenes
(C;5H,4). Thousands of monoterpenes and sesquiterpenes were discovered but only
less than one hundred phenylpropenes were identified (Cooke et al. 1998; Lee et al.
2004; Omonijo et al. 2018).

Carvacrol is an example of monoterpenes that is present in most essential oils
(Fig. 3.4). The essential oil of wild Thymus species contains 7-52% of carvacrol
(Amiri 2012). The hydroxyl groups and the delocalised electrons present in carva-
crol influence its antibacterial activity (Lambert et al. 2001; Ultee et al. 2002). For
example, p-cymene, the precursor of carvacrol, had poorer antibacterial activity
compared to carvacrol; p-cymene has a methyl ether instead of a hydroxyl group.
The presence of hydroxyl group could greatly increase the hydrophobicity of mono-
terpenes, hence enhancing their antibacterial activity (Nazzaro et al. 2013).
Carvacrol can target multiple cellular components in bacteria. In particular, it can
bind to the surface of bacterial cell and accumulate in the phospholipid bilayer,
causing cellular membrane expansion and membrane potential perturbation (Ultee
et al. 2002). Following the accumulation of carvacrol, cell lysis may occur as the
structural and functional properties of bacterial cellular membrane are compro-
mised (Sikkema et al. 1995; Faleiro 2011; Yap et al. 2014).
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Fig. 3.4 Chemical structures of carvacrol, thymol and eugenol. More details, including synonyms
and chemical properties, of these essential oil compounds are available at ChemSpider (http://
www.chemspider.com/)

The sub-lethal effect of carvacrol may be attributed to errors during the folding
of membrane proteins, resulting in the formation of defective proteins (Di Pasqua
et al. 2010). E. coli cells upregulated the production of GroEL, a chaperone protein
which assists in the proper folding of proteins, indicating that carvacrol compro-
mised the process of membrane protein folding (Burt et al. 2007). Furthermore, the
synthesis of flagellin, a microbial motility component, was inhibited by carvacrol,
resulting in the production of bacterial cells without flagella (Gabel and Berg 2003).

Thymol is also a monoterpene that is present in most essential oils (Fig. 3.4). It
is structurally similar to carvacrol; the difference between these two molecules is
the position of their hydroxyl groups (Nazzaro et al. 2013). The essential oil of com-
mercial Thymus vulgaris contains 20-60% of thymol (Satyal et al. 2016). Thymol
diffuses into the bacterial cell membrane smoothly; due to its lipophilic property,
thymol has great binding affinity to the components in bacterial cell membrane. Cell
membrane dissociation happens as thymol partitions into the membrane lipids,
destabilising the membrane structure (Sikkema et al. 1994; Nazzaro et al. 2013; Issa
et al. 2019). On the other hand, cellular components present on bacterial cell mem-
brane are also affected by thymol. For example, bacterial ATP synthesis is interfered
as thymols bind to the ATP synthase (Denyer and Hugo 1991; Sikkema et al. 1995;
Davidson 1997). Besides its effect on the bacterial membrane, thymol may also
interrupt cellular metabolism, particularly by inhibiting mRNA transcription, thus
leading to cell death (Benchaar et al. 2007; Lv et al. 2011; Bajpai et al. 2013; Nazzaro
et al. 2013).

Generally, Gram positive bacteria are more sensitive to essential oils as their cell
walls compose of peptidoglycan that allows rapid diffusion of hydrophobic essen-
tial oils into the bacterial cells. On the other hand, the outer membrane of Gram
negative bacteria is rich in lipopolysaccharides, which reduces the diffusion of
essential oils into the cells (Vaara 1992). Still, both thymol and carvacrol are able to
overcome the Gram negative bacterial resistance by their lipopolysaccharides
releasing properties. They cause damage to the outer bacterial membrane by releas-
ing the lipopolysaccharides, thus sensitising the membrane (Omonijo et al. 2018).
On the other hand, exposure to thymol and carvacrol altered the fatty acid composi-
tion of Gram negative bacterial cell membrane and outer membrane, which increased
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bacterial membrane fluidity (Di Pasqua et al. 2006; Di Pasqua et al. 2007; La Storia
et al. 2011). Hence, a combination of thymol and carvacrol could be effective in
combating multi drug resistant bacteria.

Essential oils rich in thymol and carvacrol, such as those extracted from the wild
thyme, can also exert their antibacterial activity through the interruption of bacterial
quorum sensing by inhibiting N-acyl homoserine lactones synthesis, and then inter-
fering with biofilm production (MCetin et al. 2011; Magi et al. 2015; Joshi et al.
2016; Oh et al. 2017). A recent study revealed that quorum sensing activity of
Chromobacterium violaceum was inhibited after exposure to thymol- and carvacrol-
rich essential oils (Zhang et al. 2018). Both carvacrol and thymol, acting as quorum
sensing inhibitors, interfered with intercellular communication among C. violaceum
by inhibiting N-acyl homoserine lactones production and/or binding to the cognate
receptor of N-acyl homoserine lactones (Myszka et al. 2016). The same essential oil
also showed antibiofilm activity on a Pseudomonas fluorescens isolate (Zhang et al.
2018). Hence, to inhibit biofilm forming activity, the bacterial quorum sensing
activity has to be interrupted.

The in vivo effectiveness of thymol- and carvacrol-rich essential oils was inves-
tigated, showing promising results. For example, mist generated from Ocimum
basilicum essential oil cured 6-75% of pneumococci induced and 56-81% of
H. influenzae induced acute otitis media in rats (Kristinsson et al. 2005). On the
other hand, Clostridium perfringens induced intestinal lesions in broiler chickens
were palliated by thymol- and carvacrol-rich supplements. The researchers postu-
lated that the supplements interfered with the adhesion activity and/or toxin produc-
tion of C. perfringens. Meanwhile, the total number of bacteria in the broiler
chickens, especially the number of E. coli, decreased linearly after treatment with
the supplements (Du et al. 2015).

Incorporation of essential oils into antibiotic treatments seems to be a promising
strategy. At fairly low concentrations, 0.31 mM of thymol and 0.16 mM of carvacrol
acted synergistically with penicillin to increase bacterial membrane permeability of
S. aureus, which allowed the rapid penetration of penicillin into the bacterial cell
(Lambert et al. 2001; Palaniappan and Holley 2010; Yap et al. 2013). On the other
hand, a combination of thymol and carvacrol could act as extended spectrum
B-lactamase-inhibitors in pathogens treated with fluoroquinolones (Si et al. 2008).

Eugenol is one of the well-studied phenylpropenes (Fig. 3.4). The antimicrobial
activity of phenylpropenes is conferred by the free hydroxyl group and methyl
group in their chemical structures (Jung and Fahey Jr 1983; Laekeman et al. 1990).
The exceptionally great anti-cariogenic property of eugenol against the disease
causing oral bacteria makes it a popular ingredient in oral care products (Zhang
et al. 2009; Freires et al. 2015; Marchese et al. 2017). Meanwhile, eugenol is used
as a dental filling component in dentistry (de Souza Costa et al. 2007). Surprisingly,
eugenol exhibited greater antibacterial activity against Gram negative bacteria than
against Gram positive bacteria (Hyldgaard et al. 2012). The growth of H. pylori was
inhibited by eugenol even under low pH conditions (Ali et al. 2005). Eugenol dis-
rupted the cellular membrane by altering the fatty acid profile of Enterobacter aero-
genes, resulting in an increase of turgor pressure and thus collapsing the transport of



3 Plant Natural Products for Mitigation of Antibiotic Resistance 75

ions and ATP. Eugenol also targeted bacterial enzymes, such as ATPase, histidine
carboxylase, amylase and protease (Poolman et al. 1987; Thoroski et al. 1989;
Trumpower and Gennis 1994; Wendakoon and Sakaguchi 1995). Like carvacrol,
eugenol also exhibited anti-quorum sensing and anti biofilm properties. The levels
of N-acyl homoserine lactones signalling molecules in Pectobacterium sp. decreased
after the bacteria were treated with sub-lethal amount of eugenol (Joshi et al. 2016).

The addition of eugenol into poultry feed successfully reduced the number of
Salmonella spp. by weakening the motility, adhesion, and colonisation of the bacte-
ria in chicken oviduct epithelial cells (Upadhyaya et al. 2013). The genes responsi-
ble for the above mentioned activities were downregulated with the presence of
eugenol (Kollanoor-Johny et al. 2012). In addition, the survival of Salmonella enter-
itidis in macrophages was reduced as eugenol interfered with the expression of its
virulence genes (Upadhyaya et al. 2013).

3.6 Honey

Honey is produced by bees from plant nectars, plant secretions and excretions of
plant-sucking insects. It is a mixture of natural macro- and micro-nutrients, consist-
ing of a saturated solution of sugars and a wide range of minor phytochemical con-
stituents (Alvarez-Suarez et al. 2010). It has been proposed that honey can serve as
a vehicle for transferring phytomedicinal compounds. Due to the growing crisis of
antibiotic resistance, there is a resurgence of interest in utilising honey to treat
wound infections, especially those not responsive to conventional treatments.
Several studies have confirmed the bactericidal effects of honey against several spe-
cies of Gram positive and Gram negative bacteria, including antibiotic resistant
strains. In a study conducted by Kwakman et al. (2011), all bacteria tested, includ-
ing B. subtilis, methicillin resistant S. aureus, extended spectrum p-lactamase pro-
ducing E. coli, ciprofloxacin resistant P. aeruginosa, and vancomycin resistant
E. faecium were killed by 10-20% (v/v) honey.

Beside its effectiveness against the more vulnerable planktonic form of bacteria,
honey also inhibit biofilm-embedded bacteria; the latter are 10—1000-fold more
resistant to antibiotics than the free-floating planktonic bacteria (Ng et al. 2017; She
et al. 2018). It has been reported that honey was able to repress curli genes (csg-
BAC), quorum sensing genes (AI-2 importer and indole biosynthesis), and virulence
genes (LEE genes), thus reducing the biofilm colonisation and virulence of patho-
genic E. coli O157:H7 (Lee et al. 2011). Honey can be used for prolonged infection
treatments due to its low toxicity. Importantly, the risk of bacteria acquiring resis-
tance to honey is low. A study showed reduced susceptibilities to Manuka honey in
test bacteria, including two reference strains (S. aureus NCTC 10017 and P. aerugi-
nosa ATCC 27853) and four clinical strains isolated from wounds (E. coli, methicil-
lin resistant S. aureus, P. aeruginosa and S. epidermidis) during long term exposure.
However, such changes were not permanent and honey resistant mutants were not
detected (Cooper et al. 2010).
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Besides hyperosmolality and acidity, the complex synergistic effect between
hydrogen peroxide and phytochemicals, including phenolic compounds and meth-
ylglyoxal, also contributes to the overall antibacterial activity of honey. Table 3.4
summarises the antibacterial compounds present in honey and their mechanisms
of action.

The hydrogen peroxide in honey is a by-product that arises during the conversion
of glucose to gluconic acid by glucose oxidase. Brudzynski (2006) demonstrated
that honey hydrogen peroxide exerted bacteriostatic and DNA degrading activities
on E. coli. It was observed that in honey with high content of hydrogen peroxide,
bacteria cannot respond normally to proliferative signals and their growth remains
arrested. Pre-treatment of honey with catalase restored bacterial growth, thus sug-
gesting that the endogenous hydrogen peroxide in honey was implicated in bacterial
growth inhibition (Brudzynski 2006). The DNase-like activity was heat resistant but
catalase sensitive, indicating that the hydrogen peroxide in honey participated in
oxidative DNA damage. Although the hydrogen peroxide content in tested honey
samples (0.248-2.68 mM) was over 900 fold lower than that in disinfectants (0.8—8
M) that kill bacteria on contact, the study concluded that honey hydrogen peroxide
was involved in oxidative damage, causing bacterial growth inhibition and DNA
degradation. Furthermore, these effects were clearly augmented by the action of
other components in honey (Brudzynski et al. 2011).

The coupling chemistry between hydrogen peroxide and polyphenols in honey,
rather than hydrogen peroxide alone, may exert oxidative effect causing bacterial
growth arrest and DNA degradation (Brudzynski et al. 2012; Brudzynski and
Lannigan 2012). Although polyphenols in honey are generally known to possess
antioxidant activities, the same polyphenols could become powerful pro-oxidants
when oxidised in the presence of oxygen. Oxidised polyphenols further generate
hydrogen peroxide which, in the presence of transition metals such as Cu(Il) or
Fe(II), produces hydroxyl radicals through the Fenton reaction (Brudzynski and
Lannigan 2012). Other than hydrogen peroxide, hydroxyl radicals are also powerful
oxidants that can oxidise cellular biomolecules in a non-specific manner. A study
has demonstrated for the first time that inhibitory effect of honey on methicillin
resistant S. aureus and vancomycin resistant enterococci isolated from wounds was
dose-dependently related to the generation of hydroxyl radicals from honey hydro-
gen peroxide (Brudzynski and Lannigan 2012). These observation indicates that
honey induced oxidative stress in bacteria can be attributed to action of hydroxyl
radicals, rather than from the action of molecular hydrogen peroxide per se. Thus, a
functional link between the generation of hydroxyl radicals from honey hydrogen
peroxide and bacterial growth inhibition has been established. In addition, the
hydroxyl radical based mechanism of action of honey did not discriminate between
antibiotic-sensitive and antibiotic-resistant bacteria (Brudzynski and Lannigan 2012).

Clumps of lysed S. aureus were observed under the electron microscope after
they were treated with honey (Ng et al. 2017). The presence of phenolic acids in
honey, including gallic, caffeic, ferulic, benzoic and cinnamic acids, was associated
with the enhanced inhibitory activity against methicillin sensitive and resistant
S. aureus (Aljadi and Yusoff 2003; Ng and Lim 2015). Among these phenolic acids,
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Table 3.4 Antibacterial components in honey and their mechanisms of action
Type of
Component honey Antibacterial action References
Hydrogen peroxide Most types | This compound is generated by Brudzynski
glucose oxidase, an enzyme secreted | et al. (2011),
by bee. Hydrogen peroxide is Brudzynski
suggested to be a major antibacterial | and Lannigan
factor of many honeys. Despite (2012)
occurring at low levels, hydrogen
peroxide is capable of interacting
with other antibacterial components
of honey, producing radicals and
causing bacterial DNA damage.
Phenolic compounds Most types | These compounds mainly originate | Aljadi and
(Examples: gallic acid, from plant nectars. Other than Yusoft (2003),
caffeic acid, benzoic acid, antioxidant activities, some of them | Estevinho
ferulic acid, cinnamic acid, are potent against Gram positive and | et al. (2008)
p-hydroxybenzoic acid, Gram negative bacteria, including
naringenin, pinocembrin antibiotic resistant strains.
and chrysin)
Bee defensin I Revamil An antibacterial peptide secreted by | Klaudiny et al.
honey bees into honey. This peptide is able | (2005),
to compromise bacterial membrane | Kwakman
integrity by forming pores in the etal. (2010)
membranes, causing cell lysis. This
peptide could prevent biofilm
development either by (i) interfering
with bacterial adhesion to a surface,
(ii) inhibiting the growth of attached
cells in the early biofilm stage, or
(iii) altering polymeric substances
production.
Jelleins Buckwheat | This is an antibacterial peptide that | Brudzynski
honey was originally isolated from the and Sjaarda
royal jelly. It is a precursor of major | (2015)
royal jelly protein that is secreted by
bees. This peptide plays a role in the
destruction of the bacterial cell wall
and the antibacterial effects of
honey.
Leptosperin Manuka Formerly known as leptosin, this Kato et al.
honey compound is a novel glycoside of (2014), Kato

methyl syringate. It is a naturally
occurring chemical found only in the
nectar of Manuka plants.
Concentrations of leptosperin
correlate positively with the
antibacterial activity of Manuka
honey. The antibacterial mechanism
of action of leptosperin has not been
elucidated.

etal. (2012)

(continued)
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Table 3.4 (continued)

Type of
Component honey Antibacterial action References
Methylglyoxal Manuka High level of methylglyoxal is found | Adams et al.
honey only in ripened Manuka honey. This | (2008), Adams
compound is formed by non- et al. (2009),
enzymatic Maillard reactions. Weigel et al.
Methylglyoxal can disrupt the (2004)
structure and function of bacterial
DNA and proteins.
Fig. 3.5 Chemical 0
structure of methylglyoxal. N\
More details, including
synonyms and chemical

properties, are available at ©

ChemSpider (http://www.
chemspider.com/)

gallic and ferulic acids were believed to alter bacterial membrane properties irre-
versibly through hydrophobicity changes, decrease of negative surface charges, and
pore formation, consequently causing leakage of essential intracellular constituents
(Borges et al. 2013). According to Luis et al. (2014), the antibacterial mechanism of
caffeic acid is associated with polyphenol membrane interaction. The study showed
increased membrane permeability, depolarisation of cell membrane, and reduction
of respiratory activity in S. aureus in the presence of caffeic acid. The authors sug-
gested that caffeic acid may exert its effects by damaging cell membrane integrity
and interfering with the aerobic metabolism of S. aureus. Furthermore, caffeic acid
also shows relatively strong nucleophilic properties, thus it can donate an electron
pair to electrophile functional groups of plasma membrane proteins and/or lipids,
which may impair membrane function (Vaquero et al. 2007). Catechin, one of the
flavonoids in honey, is known to damage bacterial membrane by penetrating directly
into the lipid bilayer and perturb its barrier function. The flavonoid was able to dam-
age the cytoplasmic membrane of E. coli. The bactericidal action of catechin is
attributed to its ability to generate hydrogen peroxide, which damages the bacterial
cell membrane (Arakawa et al. 2004).

Recent studies have focused on the antibacterial potential of methylglyoxal, a
1,2-dicarbonyl compound, in Manuka honey (Leptospermum scoparium) (Fig. 3.5).
Methylglyoxal is believed to be the key factor for the non-peroxide mediated anti-
bacterial activity of honey. The compound is present in Manuka honey in exception-
ally high levels (38-725 mg/kg). It is formed from dihydroxyacetone, a nectar
derived compound, via non-enzymatic Maillard reaction during the ripening of
honey (Adams et al. 2008; Cokcetin et al. 2016). Methylglyoxal is a highly electro-
philic molecule and can also bind to DNA and protein, thereby altering protein
structure, function and synthesis. Booth et al. (2003) found that the adducts formed
following cellular exposure to methylglyoxal reacted simultaneously with DNA
guanine bases, subsequently activating the DNA repair systems. In addition,


http://www.chemspider.com/
http://www.chemspider.com/

3 Plant Natural Products for Mitigation of Antibiotic Resistance 79

methylglyoxal reacts with the thiol groups of proteins, causing inhibition of enzyme
activity (Booth et al. 2003). It has been proposed that methylglyoxal may disrupt the
structural integrity and function of bacterial DNA and protein, such as the plasma
membrane proteins, resulting in changes in permeability and cellular lysis.
Methylglyoxal may also react with amino acids to produce free radicals. In a study
conducted by Kang (2003), DNA strand was cleaved when plasmid DNA was incu-
bated with methylglyoxal and lysine. Results of the study suggest that superoxide
anion and hydrogen peroxide may be generated from a glycation reaction involving
methylglyoxal and lysine. Furthermore, Cu(II) likely participates in a Fenton reac-
tion with the reactive oxygen species to produce hydroxyl radicals, which in turn
induces DNA cleavage.

Manuka honey can disrupt the regular cell division process of S. aureus (Jenkins
etal. 2011). Cell division is complete when murein hydrolase degrades the cell wall
between two daughter cells, allowing their separation (Priyadarshini et al. 2007).
Manuka honey has been shown to inhibit the activity of murein hydrolase, causing
a build-up of septated non-dividing cells (Jenkins et al. 2011). Another study has
proposed an entirely different mechanism against P. aeruginosa. Reduced expres-
sion of outer membrane protein F (OprF), a key anchor protein of P. aeruginosa, has
been observed after treatment with Manuka honey, along with membrane blebbing
and cell lysis (Roberts et al. 2012). On the other hand, a study on the antibacterial
action of Manuka honey on E. coli revealed up-regulation of stress response genes.
In particular, the genes that encode products required for protein synthesis were
down-regulated by at least two folds (Blair et al. 2009). Gene expression study also
revealed that Manuka honey induced large-scale down-regulation of critical viru-
lence genes (enterotoxins, fibronectin binding proteins, haemolysins, and lipases),
with concomitant reductions in global regulators and quorum sensing genes, in
S. aureus (Jenkins et al. 2013).

The methylglyoxal in Manuka honey compromised the morphology of bacteria
by altering the structure of fimbriae and flagella, which are integral to bacterial
adhesion, initiation of infection, and biofilm formation (Rabie et al. 2016). Exposure
of P. aeruginosa to Manuka honey reduced both swarming and swimming motili-
ties. This may be due to de-flagellation of the bacterial cell, which correlated with
decreased expression of the major structural flagellin protein and concurrent sup-
pression of flagellin associated genes (Roberts et al. 2014). Methylglyoxal also
induced the loss of fimbriae and flagella in B. subtilis and E. coli; moreover, the
bacteria were rounded and shrunken, with their membrane integrity lost (Rabie
et al. 2016).

Hayashi et al. (2014) reported that the minimum inhibitory concentration values
of methylglyoxal against both multi drug resistant strains and efflux deficient
mutants of P. aeruginosa, E. coli and S. enterica were the same. This suggests that
methylglyoxal is not recognised by the drug efflux systems in these antibiotic resis-
tant bacteria (Hayashi et al. 2014). Chaki et al. (2010) demonstrated the ability of
both methylglyoxal and honey added with methylglyoxal in inhibiting a wide range
of Gram positive and Gram negative bacteria. Methylglyoxal exhibited antibacterial
activity against antibiotic-sensitive and -resistant strains of S. aureus, E. coli,
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Salmonella spp., Shigella spp., K. pneumoniae and V. cholera with minimum inhibi-
tory concentration ranging from 0.5 to 2.0 mM. In addition, the antibacterial activity
of methylglyoxal was increased by two to three folds when it was added with honey.
This indicates potential synergistic antibacterial effect between methylglyoxal and
other honey components (Chaki et al. 2010). Neutralisation reduced but did not
diminish the antibacterial activity of methylglyoxal completely, which implies the
presence of other antibacterial compounds in the Manuka honey (Chaki et al. 2010;
Kwakman et al. 2011).

The diverse effects of Manuka honey in different bacteria species, including anti-
biotic resistant strains, highlight the potential for multiple modes of action and the
presence of multiple antibacterial compounds in the honey. Overall, it is possible
that the antibacterial activity of Manuka honey is attributable to synergism between
methylglyoxal and other honey components, including hydrogen peroxide and phe-
nolic compounds (Chaki et al. 2010).

Honey was shown to be an effective topical dressing for full-thickness burn
wounds in animal models. Burn wound size was found to be markedly reduced and
statistically smaller in the honey treated wounds than hydrofibre silver treated
wounds. Moreover, honey treatment reduced bacterial growth in P. aeruginosa inoc-
ulated wounds in rats, with marked bacterial growth reduction on day 3, 12, 15, 18
and 21 of the experiment (Khoo et al. 2010). Another in vivo study also showed that
topical application of honey on burn wounds contaminated with P. aeruginosa and
A. baumannii gave the fastest healing rate than chitosan gel and hydrofibre silver
treatments (Sukur et al. 2011). In a study conducted by Paramasivan et al. (2014),
ovine frontal sinuses were irrigated with methylglyoxal augmented Manuka honey
twice per day for 5 days. Both treatments of 0.9 mg/mL and 1.8 mg/mL of methyl-
glyoxal reduced the biomass of S. aureus biofilm significantly. Besides, such treat-
ments were found to be safe to mucosa with normal pseudostratified epithelium and
cilia structure. Bacterial biofilms are involved in recalcitrance rhinosinusitis cases,
thus methylglyoxal augmented Manuka honey was proposed to be a viable treat-
ment option for chronic rhinosinusitis (Paramasivan et al. 2014).

The efficacy of honey in infection control and wound management was also
proven in a clinical study which was conducted with 66 volunteers. The study
revealed that honey was able to inhibit or reduce plaque formation in the mouth.
Although 0.2% chlorhexidine (a disinfectant and antiseptic agent in mouthwash)
was found to exhibit greater antiplaque efficacy (mean plaque score: 1.77 + 0.86)
than 1.8 mg/mL honey mouthwash (mean plaque score: 1.64 = 0.90), the difference
was not statistically significant. Besides, six tested oral bacteria (Eubacterium
nodatum, S. mutans, Campylobacter rectus, Streptococcus sanguinis,
Aggregatibacter actinomycetemcomitans and Porphyromonas gingivalis) were
found to be inhibited by honey as well (Aparna et al. 2012).

On the other hand, in a surgical wound care clinical study, 20 patients with spinal
cord injuries who had chronic pressure ulcers were treated with Manuka honey
dressings. At the beginning of the honey treatment, various pathogenic bacteria
were isolated from the pressure ulcers. These included Gram negative K. pneu-
moniae, P. aeruginosa, E. coli, P. mirabilis, Providencia stuartii and Enterobacter
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cloacae; Gram positive S. epidermidis and S. aureus; and methicillin resistant
S. aureus. After a week of honey treatment, despite no antibiotic treatment, all
wound swabs were void of bacterial growth. After 4 weeks of treatment, 90% of the
patients showed complete wound healing. No negative effects, particularly no
changes in blood sugar level, were observed in diabetic patients, even with large
amounts of honey applied daily (Biglari et al. 2012). Hence, instead of viewing
honey as an experimental treatment, clinicians should begin to consider honey as a
safe and effective infection control.

3.7 Conclusion

There is a growing body of evidence that highlights the potency of plant natural
products, particularly flavonoids, phenolic acids, peptides, essential oils and honey,
as antibacterial agents. Research findings summarised in this chapter reveal that
they exert their antibacterial activities through diverse modes of action, which
encompass disruption of bacterial membrane integrity, interruption of intracellular
metabolisms, and interference of quorum sensing and biofilm formation. Potency of
some of these natural products in the elimination of pathogenic bacteria in animal
models and in clinical studies was demonstrated. Notably, the inhibitory effects of
the aforementioned natural products against multi drug resistant bacteria suggest
that they are promising candidates for future development of therapeutics against
antibiotic resistance. As substantiated by some encouraging findings discussed in
this chapter, phytochemical-antibiotic combination treatment is a promising strat-
egy to combat antibiotic resistance. Notwithstanding, issues such as bio-stability of
the plant natural products, optimal phytochemical/antibiotic ratios, and potential
side effects of phytochemical-antibiotic combination treatment warrant further
research attention.
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and Swee Hua Erin Lim

Abstract Antimicrobial resistance has been reported since the discovery of antibi-
otics; the microorganisms which have been exposed to antibiotics are continuously
and rapidly evolving to overcome the effect of antimicrobial agents. This has made
antimicrobial resistance a major public health issue. In order to overcome antimi-
crobial resistance, various alternatives are being explored; this includes the utiliza-
tion of plant essential oils, which are mixtures of secondary metabolites produced
by plants that have antimicrobial activity. Essential oils have proven to be effective
against various pathogens such as, Klebsiella pneumoniae, Campylobacter jejuni,
Staphylococcus aureus and others.

This chapter aims to briefly discuss resistance mechanisms employed by micro-
organisms and alternative methods used to overcome antimicrobial resistance.
Then, the chemistry of essential oils and the effects these essential oils have on the
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genomes and proteomes of the treated microorganisms has also been reviewed.
These essential oils should be further explored in the future to examine their toxicity
and side effects through in vitro and clinical studies.

Keywords Antimicrobial resistance - Antimicrobial activity - Combination
therapy - Drug resistant pathogens - Essential oil - Extraction methods - Gene
regulation - Plant metabolites - Proteomic analysis - Terpenes

4.1 Introduction

Antimicrobial resistance occurs when microorganisms such as bacteria, fungi, viru
ses and parasites evolve so that the antimicrobials (antibiotics, antifungals, antivi-
rals, antimalarials and anthelmintics) which were used to control the infections
have become ineffective (World Health Organization 2017). The idea of the mod-
ern “antibiotic era” began with the principle of a “magic bullet” defined by Paul
Ehrlich whereby the antibiotic selectively targets only disease causing microbes,
but not the host (Aminov 2010). The first antibiotic, penicillin, was discovered by
Alexander Fleming in 1928 (Aminov 2010; Ventola 2015). During the period
between 1950s and 1970s, various novel antibiotics were discovered; these new
treatments resulted in a decrease in the mortality and morbidity rates of the most
serious infectious diseases. However, the discoveries of new classes of antibiotics
have significantly declined since then (Fig. 4.1). Currently, modifications of the
existing classes of antibiotics are the main approach used to combat antimicrobial
resistance.

Since the introduction of antibiotics, microorganisms have continued to evolve to
resist these agents, leading to the development of antimicrobial resistant strains that
pose a significant risk to human health. The Centers for Disease Control and
Prevention reported that in the European Union, antibiotic resistance caused 25,000
deaths annually; whereas in the United States, there were approximately 23,000
deaths annually due to infection by resistant bacterial strains (Centers for Disease
Control and Prevention 2017). The massive expansion of bacterial genomic sequenc-
ing in recent years has led to the identification of 20,000 potential resistance genes,
grouped into a lesser number of functional resistance determinants in diverse patho-
genic species (Davies and Davies 2010; Aslam et al. 2018).

All antibiotics identified since the initial discovery of penicillin can be classified
into one of 20 different classes. Table 4.1 describes several of these classes of anti-
biotics which are commonly used and their mode of action against bacterial cells.

The global rise in the number of antimicrobial resistance cases is alarming, and
priority has been given to identifying new antimicrobial alternatives such as natural
products for clinical application in infection control (Yap et al. 2014). Plant extracts
used medicinally contain various constituents, and this diverse assembly of second-
ary metabolites can be tested for antimicrobial activity and also for synergistic
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Fig. 4.1 The number of antibiotics discovered and approved showing a decrease over time. The
number in the bar chart represents the number of antibiotics discovered over the years (Centers for

Disease Control and Prevention 2013; Ventola 2015; Andrei et al. 2018)

Table 4.1 Groups of antibiotics commonly used and their mode of action against bacteria

Antibiotic Class | Example(s) Target Reference
B-lactam Penicillin, Cephalosporin, | Biosynthesis of Etebu and Arikekpar
Carbapenems and peptidoglycan (2016), Yap et al. (2017)
Monobactams
Aminoglycoside | Gentamicin, Translation Davies and Davies
Streptomycin (2010), Yap et al. (2017)
Glycopeptide Vancomycin Biosynthesis of Davies and Davies
peptidoglycan (2010), Yap et al. (2017)
Macrolide Erythromycin, Translation Leclercq (2002), Davies
Azithromycin and Davies (2010),
Etebu and Arikekpar
(2016)
Lincosamide Clindamycin Translation Leclercq (2002), Davies
and Davies (2010),
Etebu and Arikekpar
(2016)
Quinolone Ciprofloxacin Deoxyribonucleic acid | Davies and Davies
(DNA) replication (2010), Etebu and
Arikekpar (2016)
Rifamycin Rifampin Transcription Wehrli and Staehelin
(1971), Davies and
Davies (2010)
Cationic Colistin Cell membrane Davies and Davies
peptides (2010)
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effects when combined with antibiotics. Essential oils are aromatic, oily liquids
synthesized by different parts of plants and have been widely used in different fields
such as the perfumery industry, cosmetics, aroma therapy and pharmaceutical
development. The use of essential oils has been recorded in traditional medicines
such as Ayurveda, traditional Iranian medicine and traditional Korean medicine for
centuries (Sharifi-Rad et al. 2017; Varijakzhan et al. 2020). Essential oils consist of
complex mixtures of hydrocarbons and oxygenated hydrocarbons; these are pro-
duced and secreted by specialized secretory plant tissues called glandular trichomes.
The essential oils diffuse onto the surface of the plant organs such as the flowers and
leaves (Semeniuc et al. 2017; Sharifi-Rad et al. 2017). Essential oils have the ability
to inhibit the growth of microbes in plants by acting as an antibacterial, antiviral and
also as antifungal agents in the control of phytopathogens (Fiirstenberg-Higg et al.
2013; Moo et al. 2020).

The objective of this chapter is to describe the chemistry of essential oils and the
effect of the essential oils on the genomes and proteomes of the targeted pathogens.

4.2 Overview of Antimicrobial Resistance

Over time, bacteria have evolved to resist the activity of antibiotics, and the decline
in efficacy has resulted in increased mortality and morbidity rates in hospital and
community settings. In this subsection, we are going to discuss briefly the mecha-
nisms developed by bacteria to tolerate and counter the growth inhibitory effects of
antibiotics and the more effective strategies that have been developed to overcome
antibacterial resistance in clinical practice.

4.2.1 Mechanisms of Antimicrobial Resistance

In general, microorganisms develop resistance towards antimicrobials when they
are exposed to the same antimicrobials continuously at low, sub-inhibitory concen-
trations. Microorganisms are evolving to counter an environmental challenge in the
manner of any other evolutionary driver for survival. Antimicrobial resistance can
be developed naturally in the environment due to the intense competition between
various microorganisms in mixed ecosystems. Most of the antimicrobial compounds
used clinically are molecules produced naturally by microorganisms that live in
these complex ecosystems. Therefore, natural environments such as the soil act as a
potential reservoir of resistance genes in the armory of competing microorganisms
(Stokes and Gillings 2011; Perry and Wright 2013; Chamosa et al. 2017). The resis-
tance mechanisms that are used by bacteria to counter antibiotic activity can be
categorized as intrinsic, acquired or adaptive (Hollenbeck and Rice 2012; Munita
and Arias 2016; Pang et al. 2019). These will be discussed in the following sections.
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4.2.2 Intrinsic Resistance

Gram positive and Gram negative bacteria are able to exhibit intrinsic resistance
towards antibiotics. Intrinsic resistance is archaically integrated within the genome
of a bacterial species or may be due to a critical structural feature of bacterial cells;
either condition is not dependent on antibiotic selective pressure or horizontal gene
transfer (Hollenbeck and Rice 2012; Kostyanev and Can 2017). Resistance towards
B-lactams, fluoroquinolones and aminoglycosides for example, may be due to the
intrinsic resistance found in the bacteria. Pseudomonas aeruginosa (Gram negative)
and Enterococci (Gram positive) to name few, possess high levels of intrinsic resis-
tance towards most classes of antibiotics. The principal mechanisms involved are
reduction in outer membrane permeability, expression of efflux pump system and
the production of enzymes that inactivate the antibiotic molecules (Fig. 4.2)
(Breidenstein et al. 2011; Paraje 2011; Hollenbeck and Rice 2012; Pang et al. 2019).
An example of intrinsic resistance based on structural feature is the inability of
penicillin to kill Mycoplasma, a bacterium that lacks cell wall around the membrane.

4.2.2.1 Restriction of Outer Membrane Permeability
and the Efflux System

The vast majority of antibiotics used clinically are able to pass through the cell
membrane to reach their respective targets within bacterial cells (Mingeot-Leclercq
et al. 1999; Lambert 2002). Aminoglycosides and polymyxins enter the bacterial
cells by interacting with lipopolysaccharide on the outer membrane of Gram

Antibiotics

Enzyme

Efflux pump
Porin
Outer membrane

Peptidoglycan cell
wall

Cytoplasmic cell
membrane

Fig. 4.2 intrinsic antibiotic resistance mechanisms in bacteria. (a) Enzymes such as p-lactamase
break down antibiotics (penicillin) and inactivate the antibiotic. (b) Antibiotics that enter the bac-
teria cells through porins are pumped out of the cells through the efflux pump. (¢) Antibiotics are
not able to enter the cell due to lower outer membrane permeability of the membrane. (Figure
adapted from Moo et al. 2019)
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negative bacteria (Pang et al. 2019). The lipopolysaccharide structure is made up of
Lipid A; central core oligosaccharide region and outermost O-antigen (Nishino
et al. 2006). Calcium and magnesium cations act as a bridge between nearby lipo-
polysaccharide molecules to stabilize the monolayer (Hancock and Chapple 1999;
Velkov et al. 2010; Yu et al. 2014). Polymyxin B antibiotic displaces the divalent
cations (calcium and magnesium cations) thus weakening the packing of the adja-
cent lipid A molecules of the lipopolysaccharide; hence, inducing the expansion of
the outer membrane (Yu et al. 2014). Due to the instability of the outer membrane,
polymyxin B will cross the outer membrane, leading to the destruction of the integ-
rity of the phospholipid bilayer of the inner membrane, so causing death of the
bacterial cells. Bacterial cells achieve resistance to polymyxin B through lipid A
modification by reducing the net negative charge of the outer membrane, and the
dependence on cationic interaction for stability (Kato et al. 2012; Yu et al. 2014).
This is achieved by shielding the phosphate group on Lipid A by positively charged
groups such as phosphoethanolamine.

The function of bacterial efflux pumps is to expel toxic compounds out of the
cells, which can be enhanced by the over-expression of the efflux pumps (Yang
et al. 2018a, b). The efflux pumps can be classified into five families: resistance-
nodulation-division family, major facilitator superfamily, Adenosine triphosphate
(ATP) binding cassette superfamily, small multi drug resistance family and the
multi drug and toxic compound extrusion family (Sun et al. 2014; Chakraborty
2017). In P. aeruginosa, the efflux pumps belong to the resistance-nodulation-
division family and have an important role in antimicrobial resistance (Pang et al.
2019). Over-expression of more than one efflux pump in bacteria can result in the
development of multi drug resistant bacterial strains such as multi drug resistant
P. aeruginosa (Yang et al. 2018a, b; Pang et al. 2019).

4.2.2.2 Antibiotic Inactivating Enzymes

Antibiotic inactivating enzymes are able to inactivate antibiotics through the cleav-
age of hydrolysable chemical bonds such as amide and ester bonds. Enzymes such
as p-lactamases, aminoglycoside modifying enzymes and enzyme superoxide dis-
mutase are a few examples of enzymes that inactivate antibiotics (Hollenbeck and
Rice 2012; Alvarez-Cisneros and Ponce-Alquicira 2018). p-lactamases can be
grouped into classes A, B, C and D whereby enzymes from classes A, C and D
hydrolyze p-lactams through an active serine site, while the class B enzymes are
metalloenzymes that require zinc ions for activity (Bush and Jacoby 2010). Gram
negative bacteria have the ampC gene (Class C p-lactamase) which encodes a
hydrolytic B-lactamase that confers resistance to all penicillins and cephalosporins
(Munita and Arias 2016).
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4.2.3 Acquired Resistance

Bacteria are able to gain resistance through mutational changes or by acquisition of
resistance genes, the latter occur via horizontal gene transfer between strains or spe-
cies. Acquired resistance will only initially be found in a particular bacterial sub-
population (Hollenbeck and Rice 2012; Munita and Arias 2016; Alvarez-Cisneros
and Ponce-Alquicira 2018). However, this resistant population may subsequently
become predominant in a particular case or disease outbreak.

4.2.3.1 Horizontal Gene Transfer

Horizontal gene transfer in bacteria is the ability to acquire new genes through the
uptake of broad host range plasmids or through the integration of transposons or
integrons (Breidenstein et al. 2011). Horizontal gene transfers can be classified as:
transformation (naked deoxyribonucleic acid (DNA) incorporation); transduction
(phage mediated); or conjugation (bacterial “sex”). Resistance among pathogenic
bacteria can be achieved through conjugation, which is a very efficient method to
transfer genes and involves direct cell-to-cell contact between bacteria (Munita and
Arias 2016). f-lactamases such as imipenemases, Verona integron-encoded metallo-
B-lactamase, Sao Paulo metallo-p-lactamase, Germany imipenemase, New Delhi
metallo-p-lactamase and Florence imipenenmase belong to class B f-lactamase
enzymes which are metalloenzymes that require zinc ions for the hydrolysis of
B-lactams (Bush and Jacoby 2010). They are carried by genetic elements such as
integrons and plasmids and these genes have been identified in P. aeruginosa dem-
onstrating the incredibly broad range of antimicrobial resistance mechanisms that
are found in this organism (Khajuria et al. 2013; Hong et al. 2015; Pang et al. 2019).

4.2.3.2 Resistance by Gene Mutation

For this type of resistance, a group of bacterial cells from a susceptible population
may undergo mutation in specific genes that will suppress the activity of antibiotic
compound applied at sub-lethal concentrations. The resistant bacterial population
will dominate as the antibiotic will suppress the growth or eliminate the susceptible
bacterial cells. One example of an antimicrobial resistance mechanism affected by
the mutation of genes would be a modification of the antibiotic that reduces its affin-
ity for its target or decreases the rate of antibiotic uptake (Munita and Arias 2016).
The modification of an antibiotic affecting its activity can also be achieved through
the addition of a chemical moiety to the antibiotic which will inactivate it. This
activity can be conferred by enzymes synthesized by the bacteria and is commonly
found in both Gram positive and Gram negative species. Biochemical modifications
that are catalyzed by these modifying enzymes include acetylation, adenylation and
phosphorylation (Munita and Arias 2016). Aminoglycoside modifying enzymes
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modify the aminoglycoside molecule by changing the hydroxyl or amino groups
present in the molecule. Aminoglycoside modifying enzymes can be classified into
three groups: aminoglycoside phosphotransferase, aminoglycoside acetyl-
transferase and aminoglycoside nucleotidyl transferase (Ramirez and Tolmasky
2010; Munita and Arias 2016). Antibiotics are prevented from accumulating in the
cytoplasm by energy-dependent efflux systems, while entry may be affected by the
physical properties of trans-membrane pores. For example, clinical isolates of
Klebsiella pneumoniae showed a shift in a porin expression from OmpK35 to
OmpK36, where the latter possesses a smaller channel pore size that prevents anti-
biotic entry (Doménech-Sanchez et al. 2003; Hasdemir et al. 2004; Munita and
Arias 2016).

4.2.4 Adaptive Resistance

Adaptive resistance can be defined as a reduction in antibiotic killing in an origi-
nally susceptible bacteria population after exposure to the antibiotic. The adaptive
resistance increases the resistance of bacterial cells through changes in the expres-
sion of proteins or by alteration in genes as a response towards an environmental
stimulus. In the absence of the stimulus, the mechanism is reversible (Pang et al.
2019). The ability to form biofilms is an example of adaptive resistance.
Approximately 65% of infections are associated with biofilm formation (Paraje
2011). A biofilm is an organized community of bacteria whereby they collaborate
amongst themselves, attaching to a surface through a polymeric matrix which is
primarily made up of exopolysaccharide (Donlan 2002). Bacteria that are able to
form biofilms are highly resistant towards antibiotics due to the structure of the
biofilm and also the presence of sessile cells which act as a sink for antibiotic
sequestration, thus leading to a protected environment (Costerton et al. 2003; Vuong
et al. 2004; Patel 2005). The biofilm matrix acts as a diffusion barrier and in a bio-
film, the degradation of antibiotics may be achieved in discrete parts of the biofilm,
resulting in the formation of persister cells (Patel 2005; Paraje 2011). Some antibi-
otics may enter the biofilm without achieving the effective concentration required to
suppress bacterial growth. Bacteria that occupy the peripheral layers of the biofilm
can be killed by the antibiotics but the innermost population of bacterial cells will
be exposed to a lower antibiotic concentration and will adapt to the evolutionary
pressure and acquire antibiotic resistance (Patel 2005; Paraje 2011).

4.3 Strategies to Counteract Antimicrobial Resistance

To tackle the issue of increased antimicrobial resistance, alternative strategies have
been evaluated. In this section, we will briefly discuss strategies that are used to
overcome antimicrobial resistance.
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4.3.1 Combination Drug Therapy

Combination drug therapy is the use of two or more agents to treat the same condi-
tion, in this context, bacterial infection. There are two factors that need to be taken
into consideration when using a combination of drugs: (1) the mechanisms of action
of the drugs should not be overlapping, and (2) the drugs should not have antagonis-
tic interaction (Fischbach 2011). The treatment of Mycobacterium tuberculosis is an
example of established combination therapy. The treatment relies upon a combina-
tion of four drugs: isoniazid which inhibits the enoylreductase subunit of fatty acid
synthase; ethambutol which inhibits the arabinosyl transferases involved in cell wall
biosynthesis; rifampicin and pyrazinamide which are ribonucleic acid (RNA) poly-
merase inhibitors (Fischbach 2011; Moo et al. 2019). A combination of these drugs
is much more effective in preventing the development of resistance in M. tuberculo-
sis as compared to monotherapy.

4.3.2 Bacteriophage Therapy

Bacteriophages are bacteria infecting viruses that kill bacteria by causing cell lysis
(Clokie et al. 2011). Every bacteriophage, due to its highly specific surface mole-
cules, can only bind to a narrow range of bacteria, possibly even a single subgroup
within a species. Multiple bacteriophages may target one bacterium and the affinity
of binding for each phage may vary. For example, there are approximately 137 dif-
ferent bacteriophages characterized as targeting the Pseudomonas genus (Pang
et al. 2019). Importantly, bacteriophage therapy has been recorded to have potent
activity against Pseudomonas or Burkholderia biofilms (Hughes and Webber 2017,
Pang et al. 2019). The bacteriophages will invade the biofilm and move through the
bacterial population within the biofilm resulting in a reduction in the number of
viable cells within the biofilm (Hughes and Webber 2017). A study was conducted
on a mouse model of chronic lung infection with P. aeruginosa. P. aeruginosa strain
LESB65 was isolated from cystic fibrosis patients in an artificial sputum medium
biofilm and was effectively killed by bacteriophage PELP20 indicated by enhanced
clearance of the bacterial cells in the mouse model (Waters et al. 2017).

One advantage of using bacteriophage therapy includes the high specificity
towards the target bacteria, so not affecting the commensal flora found in the human
host. Bacteriophages are able to replicate at the site of infection, and have minimal
systemic side effects compared with other treatments such as antibiotic therapy.
Bacteriophages are able to exhibit bactericidal effects against antibiotic resistant
bacteria and are easily administered to patients (Ly-Chatain 2014). To avoid the
development of resistance towards bacteriophages, a cocktail of bacteriophages is
used for the treatment of bacterial infections where possible (Ly-Chatain 2014; Moo
etal. 2019).
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4.3.3 Use of Nanoparticles

Nanoparticles are tiny materials which are less than 100 nm in size and have a large
surface area to mass ratio (Pang et al. 2019). Antibiotics can be loaded into the
nanoparticles by physical encapsulation, adsorption or chemical conjugation
(Karaman et al. 2017). Nanoparticles are able to increase the efficacy of established
antibiotics; this enables reduction in the dose administered. This limits the toxicity
associated with the antibiotics used, such as aminoglycoside associated nephrotox-
icity (Karaman et al. 2017; Kumar et al. 2018). When nanoparticles such as silver
are used together with antibiotics, a synergistic interaction has been observed. For
example, when tetracycline was attached to the surface of silver nanoparticles this
resulted in an increase in anti-bacterial activity against Salmonella Typhimurium
(Deng et al. 2016). Tetracycline-silver nanoparticle complexes accumulated around
the bacterial cells and enhanced contact of the antibiotic with the cell wall, thus
increasing the inhibition of bacterial growth.

4.4 Chemistry of Essential Oils

Essential oils are complex mixtures of hydrocarbons and oxygenated hydrocarbons;
they are made up of over 300 different compounds whereby each organic volatile
compound has a molecular weight of less than 300 Daltons (Da) (Dhifi et al. 2016;
Swamy et al. 2016; Morsy 2017; Sharifi-Rad et al. 2017). The aroma and bioactive
properties of essential oils, such as antimicrobial activity and anti-cancer, are depen-
dent upon the chemical compounds found in the particular essential oils and whether
they are present in their oxygenated or active form (Swamy et al. 2016). In general,
an essential oil will have about 20—100 different bioactive compounds whereby only
two or three of these compounds will be found as major fractions ranging from 20
to 70% of the total volume (Swamy et al. 2016; Moghaddam and Mehdizadeh
2017). Another important property of essential oil is its hydrophobicity and high
solubility in alcohol, ether and fixed oils, but insolubility in water (Dhifi et al. 2016).

Different species of plants produce essential oils with different chemical constitu-
ents where in the chemical composition of the essential oils of a single plant are influ-
enced by geographical location of cultivation, the immediate environment surrounding
the plants, the harvesting conditions such as the season and climate, stage of maturity
of the plant and the extraction methods used to prepare the essential oils (Lahlou
2004; Swamy et al. 2016; Morsy 2017). In a single species study conducted by
Zheljazkov et al. (2008), significant variation was found in the essential oil chemical
composition of 38 sub-types of sweet basil (Ocimum basilicum L). They categorized
the sweet basil varieties into seven groups based on the oil composition: high—linalool
chemotype; linalool-eugenol chemotype; methyl chavicol chemotype; methyl chavi-
col-linalool chemotype; methyl eugenol- linalool chemotype; methyl cinnamate-lin-
alool chemotype and bergamotene chemotype (Zheljazkov et al. 2008).
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Essential oils are primarily made up of terpenes and also other chemical classes
such as alcohols, ethers or oxides, aldehydes, ketones, esters, amines, amides, phe-
nols and heterocycles (Dhifi et al. 2016; Moghaddam and Mehdizadeh 2017; Morsy
2017; Mabhizan et al. 2019). Terpenes can be further categorized as monoterpenes,
sesquiterpenes, diterpenes and triterpenes where monoterpenes are the major com-
ponent (~90% by volume) contributing to the bioactivity in an essential oil (Bakkali
et al. 2008; Mabhizan et al. 2019). Terpenes are synthesized through the mevalonic
acid pathway and they are essentially polymers of isoprene joined in a repetitive
head-to-tail manner (Bakkali et al. 2008) (chemical formula of CsHyg) as shown in
Fig. 4.3.

Monoterpenes are the product of the combination between two isoprene units
and they can be easily oxidized on exposure to air and or heat sources. Monocyclic
monoterpenes are found abundantly in essential oils, however, linear and bicyclic
monoterpenes can also be found. Sesquiterpenes are terpenoid molecules made up
of three isoprene units and when a functional group is added to a monoterpene or
sesquiterpenes, it is known as a terpenoid (Zuzarte and Salgueiro 2015). Limonene
is an example of a monoterpene which is a compound found in citrus fruits while
zingiberene is an example of sesquiterpene compound which is commonly found in
the essential oil of ginger (Table 4.2).

Many studies have reported that essential oils have antimicrobial activity where
the evaluation of antimicrobial activities of the essential oils in a biological system
is complicated by the fact that a mixture of compounds is being analyzed and that a
number of the constituents in the mixture may have different biological activities
(Yanishlieva et al. 2006; Souza et al. 2007). Any specific biological activity such as
antimicrobial activity is usually conferred by only one or two main compounds
found in the essential oil (Bakkali et al. 2008). However, at times, overall activity of
the essential oil cannot be credited to one specific compound, instead a diverse com-
bination of molecules may be needed to exert a significant antimicrobial activity
(Isman et al. 2008). Therefore, the antimicrobial activity of an essential oil may be
the consequence of synergistic effects between several chemical compounds. The
activity of an essential oil is due to the presence of active constituents such as mono-
terpenes, sesquiterpenes, alcohols and phenols. However, the rate of diffusion of an
essential oil into the bacterial cell varies not only due to the differences in the com-
position of essential oil but also due to the difference in the structure of cell walls of
Gram positive and Gram negative bacteria (Nazzaro et al. 2013).

Gram positive bacteria consist of a thick peptidoglycan layer and molecules such
as teichoic acid and proteins are attached to it. This allows hydrophobic molecules
to penetrate the cells easily and to act on both the cell wall and cytoplasmic targets
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Table 4.2 Chemical structures of compounds found in essential oils and their categorization

Plant

Chemical
structure

Name of the compound

Reference

Citrus fruit such as
lemon

Limonene (Monoterpene)

Zuzarte and Salgueiro
(2015)

NS 10nd

Ginger Zingiberene (Sesquiterpene) Zuzarte and Salgueiro
(2015)

Cinnamon Cinnamaldehyde (Aldehyde) Ashakirin et al. (2017)

Peppermint Menthone (Monoterpene) Loolaie et al. (2017)

<50

Menthol (Monoterpene
alcohol)

Loolaie et al. (2017)

3

S

Methyl acetate (Monoterpene)

Loolaie et al. (2017)

Q

Iso-menthone (Monoterpene)

Loolaie et al. (2017)

(continued)
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Table 4.2 (continued)

Chemical
Plant structure Name of the compound Reference
Oregano Carvacrol (Monoterpene) Bokov et al. (2015)
¢
==
HO
Y Thymol (Monoterpenoid Bokov et al. (2015)
HO- phenol)
| =

E / y-terpinene (Monoterpene) Bokov et al. (2015)
p-cymene (Monoterpene Bokov et al. (2015)
alkylbenzene)

(Nazzaro et al. 2013). Essential oils contains phenolic compounds which have anti-
microbial activity against Gram positive bacteria that depends on the concentration
of the phenolic compound within the essential oil (Tiwari et al. 2009). Phenolic
compounds at low concentrations interfere with enzymes involved in the production
of energy (adenosine triphosphate synthesis) whereas at a higher concentration,
these compounds can cause protein denaturation. Gram negative bacteria have a
thinner peptidoglycan layer compared to the Gram positive bacteria and also have
an outer membrane layer surrounding the peptidoglycan layer. The outer membrane
of Gram negative bacteria cells contains lipopolysaccharide (Nazzaro et al. 2013;
Aljaafari et al. 2019). The structure of the Gram negative cell wall is one of the
reasons for Gram negative bacteria to be more resistant to some essential oils. Only
small hydrophilic molecules are able to pass through the outer membrane layer
through porin proteins which are hydrophilic trans-membrane channels. This is also
another reason why Gram negative bacteria are relatively resistant to hydrophobic
compounds (Aljaafari et al. 2019). However, the outer membrane of Gram negative
bacteria is partially permeable to the hydrophobic molecules because some small
molecules are able toslowly transverse through the porins (Vaaraand Nurminen 1999).
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4.5 Essential Oils as Combination Therapy

Essential oils have been described as improving the effectiveness of various antibi-
otics to which various pathogens have become resistant. In this section, we will
discuss a few of the essential oils that are commonly used and demonstrate the abil-
ity to improve the efficacy of the antibiotics. The interaction between the essential
oil and the antibiotics can be categorized into three types: (1) synergistic; (2) antag-
onistic and (3) additive. The interaction can be identified by conducting checker-
board assays and from the values obtained through the addition of fractional
inhibitory concentrations of each of the drugs. This is known as the fractional inhib-
itory concentration index (FICI). The interaction is categorized as synergistic if the
FIClI is less than or equal to 0.5; additive if the FICI greater than 0.5 but less than or
equal to 1.0; and antagonistic if the FICI is greater than 2.0 (Moon et al. 2011; Yang
et al. 2017).

Cinnamon bark essential oil enhances the effectiveness of the antibiotic merope-
nem through an additive interaction in combinatory therapy (Yang et al. 2017).
Cinnamon bark essential oil and meropenem in combination were tested against
K. pneumoniae BAA-1705 and was found to have an additive interaction. The mini-
mum inhibitory concentration of the cinnamon bark essential oil was 0.16%,
whereas the minimum inhibitory concentration of meropenem was 32 pg/
mL. Cinnamon bark essential oil and meropenem used in combination resulted in a
fractional inhibitory concentration index of 1.00 indicating an additive interaction.
Time-kill analysis was performed on K. pneumoniae to determine the complete kill-
ing analysis. The combination of meropenem and cinnamon bark essential oil, both
at sub-inhibitory concentrations of 16 pg/mL and 0.08% respectively, were able to
kill the bacterial cells completely within 1.5 hours. The meropenem-cinnamon bark
essential oil combination also increased the zeta potential value, indicating an
increase in the charge of the membrane of the bacterial cells. This was also indicated
when the cells treated with this combination of compounds displayed extensive cor-
rugation and distortion to the bacterial cell envelope. Thus, it can be concluded that
meropenem-cinnamon bark essential oil combination is more effective in killing the
K. pneumoniae than individual compounds and this may have implications for clini-
cal application.

Rosemary essential oil has been tested for its synergistic effects with antibiotics
against eight clinical isolates of E. coli from urine (Abdulhasan 2017). Among these
eight strains, six strains of the E. coli were moderate biofilm formers whereas the
other two strains were strong biofilm formers. These strains were tested for sensitiv-
ity to gentamicin, trimethoprim/sulfamethoxazole, ciprofloxacin and the rosemary
essential oil. The minimum inhibitory concentration of gentamicin, trimethoprim/
sulfamethoxazole, ciprofloxacin and the rosemary essential oil for strong biofilm
producing E. coli were 256 pg/mL, 2000 pg/mL, 500 pg/mL and 10*pg/mL respec-
tively whereas for the moderate biofilm producing E. coli were 512 pg/mL, 2000 pg/
mL, 1000 pg/mL and 10*pg/mL respectively. The combination of the antibiotic gen-
tamicin with the rosemary essential oil indicated a synergistic effect when used
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against both types of the strains. The fractional inhibitory concentration for the
gentamicin and the essential oil combination was 0.257 for strong biofilm producers
whereas 0.263 for moderate biofilm producing strains. The synergistic effect was
determined when the fractional inhibitory concentration is less than 0.5. The cipro-
floxacin and rosemary essential oil combination also exhibited a synergistic interac-
tion where the strong biofilm producing strains exhibited a value of 0.065 whereas
the moderate biofilm producing strains exhibited 0.034.

Clove essential oil is another example of essential oil that has antibacterial activ-
ity and has been as an antiseptic of oral infection (Nufiez and D’Aquino 2012).
Clove essential oil has a high concentration of eugenol which is responsible for the
antimicrobial activity. Both the essential oil and eugenol are able to inhibit the
growth of both Gram positive and Gram negative bacteria (Nuilez and D’ Aquino
2012). Apart from the antibacterial activity, clove essential oil and the compound
eugenol are also able to exhibit synergistic effects with antibiotics such as ampicil-
lin and gentamicin to suppress the growth of oral pathogens (Moon et al. 2011).
Clove essential oil and ampicillin combination treatment resulted in a synergistic
effect when tested against the oral pathogens Streptococcus mutans, Streptococcus
sobrinus and Streptococcus gordonii where the cell counts were reduced by more
than four-fold when ampicillin and clove essential oil were used in combination.
The combination of clove essential oil with gentamicin also achieved a synergistic
action and was more effective against the pathogens S. mutans, Streptococcus san-
guinis, S. sobrinus, Streptococcus criceti, Streptococcus anginosus, S. gordonii,
Actinobacillus actinomycetemcomitans, Fusobacterium nucleatum, Prevotella
intermedia, and Porphylomonas gingivalis but not for Streptococcus ratti which
showed an additive effect. Similarly, eugenol in combination with gentamicin
exhibited a synergistic effect against all the bacteria tested except for S. mutans and
S. ratti which showed an additive effect. The combination of clove oil or eugenol
with the antibiotics demonstrated a higher rate of killing in the bacterial cells within
1 h of exposure.

Lemon grass is a plant widely found in regions with a warm tropical climate and
exhibits antibacterial activity (Langeveld et al. 2014). The essential oil is also able
to improve the efficacy of antibiotics such as streptomycin and kanamycin against
Salmonella Typhimurium KCMM 11862 (Shin 2005). A checkerboard assay testing
lemon grass essential oil and its major compound citral showed a significant syner-
gism with streptomycin and kanamycin, displaying fractional inhibitory concentra-
tion indices in range of 0.28-0.67. The essential oil individually had an average
minimum inhibitory concentration of 1 pg/mL; the citral average minimum inhibi-
tory concentration was 0.5 pg/mL; whereas the average minimum inhibitory con-
centration of streptomycin and kanamycin were 64 pg/mL and 8 pg/mL respectively.
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4.6 Studies of Genomic and Proteomic of Microorganisms
Treated with Essential Oils

There are various studies that have been conducted providing evidence of essential
oils’ antimicrobial activity. Figure 4.4 illustrates the mode of action of essential oil
against bacteria cells. However, fewer studies have been done to explain the changes
that microorganisms’ cells undergo when they are exposed to the essential oil. In
this section, we will be discussing the changes experienced by these cells in terms
of genomic and protein expression when the cells are exposed to the essential oil.
We will be focusing on a few essential oils which are being widely studied and have
demonstrated efficacy in antimicrobial activity against pathogenic microorganisms.
They are: (1) cinnamon essential oil, (2) peppermint essential oil, (3) oregano essen-
tial oil, (4) rosemary essential oil, (5) thyme essential oil, and (6) Eucalyptus essen-
tial oil.

4.6.1 Effects of Essential Oils on Genome Expression

Cinnamon is commonly used in food preservation and for flavoring purposes. The
major component of the essential oil is cinnamaldehyde which is an aldehyde com-
pound (Raeisi et al. 2015). A study was conducted to determine the effect of
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Fig. 4.4 Proposed antimicrobial mechanism of essential oils in bacteria. The diagram above illus-
trates several modes of action exhibited by essential oils against bacterial cells. Reactive oxygen
species are generated by antioxidants found in an essential oil. The mechanism involves (a) disrup-
tion of the cell membrane of the bacteria resulting in the leakage of the cell’s content; (b) oxidation
of the proteins by modifying the covalent bonds involved in maintaining the structure of the pro-
teins; (¢) damage to the deoxyribonucleic acid (DNA) and (d) interruption of the electron transport
chain. The mechanisms represented are adapted from Benzaid et al. 2019; Yang et al. 2019, 2020
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cinnamon essential oil on icaA gene expression by Staphylococcus epidermidis
(Nuryastuti et al. 2009). S. epidermidis is a Gram positive bacterium which is an
important nosocomial infectious agent. The gene icaA is responsible for the produc-
tion of polysaccharide intercellular adhesion protein which is required for the for-
mation of a biofilm (Namvar et al. 2013) and it belongs to ica operon. Sixteen
clinical isolates of S. epidermidis were tested for the effect of cinnamon essential
oil. The icaA gene was overexpressed when S. epidermidis was exposed to a 0.01%
concentration of the essential oil. However, when S. epidermidis was exposed to the
cinnamon essential oil at 2%, expression of gene icaA was inhibited which is
responsible for the synthesis of polysaccharide intercellular adhesion protein, thus
preventing the formation of a biofilm. However, low level exposure to the cinnamon
essential oil promoted icaA expression and enhanced biofilm formation.

Peppermint (Mentha piperita) is another essential oil that has been recorded to
have antimicrobial activity. There are four main constituents that have been identi-
fied from peppermint essential oil: menthone, menthol, iso-menthone and methyl
acetate (Mahboubi and Kazempour 2014; Yang et al. 2018a, b; Kovdcs et al. 2019).
There was a study conducted to investigate the effect of peppermint essential oil on
bacterial motility of Campylobacter jejuni as a reflection of its antibacterial effects
(Kovdcs et al. 2019). C. jejuni are highly motile bacteria; the bacterial cells were
tested for the effect of peppermint essential oil on their motility. After 24-hour treat-
ment with peppermint essential oil at a concentration 150 pg/mL, there was no
swarming activity. In this study, 44 genes were analyzed to examine the impact of
peppermint essential oil on the C. jejuni. Most of the changes were observed in
general stress genes, such as dnaK, groEL and groES which are responsible for the
synthesis of chaperones that are responsible for the folding of other proteins in the
cell (Lund 2001; Stintzi 2003). Gene fliA was up-regulated when treated with pep-
permint essential oil, whereas genes rpoN and rpoD were down-regulated which
functions as RNA polymerase sigma factor.

Peppermint essential oil was tested against Candida sp., an opportunistic fungal
pathogen in human in relative to an antifungal agent, Amphotericin B (Benzaid
et al. 2019). The study was conducted to investigate the effect of the essential oil in
regulating expression of SAP and HWPI genes. The peppermint essential oil was
able to down-regulate significantly the genes SAPI, SAP2, SAP3, SAP9, SAP10 and
HWP-1 which are responsible for the virulence of the C. albicans cells. The essen-
tial oil was also able to distort the shape of the cells which was due to the loss of
cytosolic volume. The effect of the essential oil on the surface was similar to that
seen in C. albicans cells treated with Amphotericin B. Other than affecting the gene
regulation, the essential oil was also able to cause cytolysis or disruption of the cell
membrane which led to the death of the cells.

Besides, a study was conducted on enterohaemorrhagic E. coli serotype O157:H7
to determine the effect of oregano essential oil and its main constituent compound
carvacrol on the expression of genes involved in enterohaemorrhagic E. coli
O157:H7 virulence (Mith et al. 2015). The virulence genes which were monitored
in this study were genes ler; stx2B, fliC and [uxS. The gene ler is located in the LEE]
operon which encodes a type III secretion system important for injecting effector



110 D. Varijakzhan et al.

proteins into epithelial cells, causing secretory diarrhea (Berdichevsky et al. 2005;
Mellies et al. 2011). The ler gene acts as an anti-silencer of multiple LEE operons
genes. Gene stx2B produces Shiga toxin (Wang et al. 2002) and gene fliC is respon-
sible for the synthesis of flagellin, a subunit protein which will polymerize to form
the filament of bacterial flagella (Wang et al. 2000). Gene [uxS is involved in the
biosynthesis of auto-inducer AI-2 which is involved in regulating quorum sensing
(Mith et al. 2015). This study found that exposure of enterohaemorrhagic E. coli
O157:H7 to oregano essential oil and carvacrol at a sub-growth inhibitory concen-
tration (0.005% and 0.008% respectively) caused the down-regulation of [uxS gene
followed by the genes ler, stx2B and fliC without affecting bacterial growth. This
could indicate that the virulence of enterohaemorrhagic E. coli O157:H7 can be
controlled with oregano essential oil or carvacrol treatment.

Rosemary (Rosemarinus officinalis L.) essential oil consists of cineole as the
major constituent, followed by camphor and a-pinene (Elyemni et al. 2019). Other
compounds which were found in the essential oil at significant abundance were
linalool, borneol, a-terpinene and P-caryophyllene. Rosemary essential oil was
tested against clinically isolated extended spectrum f-lactamase positive E. coli;
whereby standard strain E. coli ATCC 2 combination therapy 922 was used as con-
trol (Sienkiewicz et al. 2013). The essential oil was tested against E. coli F’lac K12
LE140 to investigate its effect on plasmid transfer (Schelz et al. 2006; Yu et al.
2019). From this study, it was found that the essential oil was able to inhibit the
replication of the F’lac metabolic plasmid by 3.1% at a 1.09 mg/mL concentration,
thus preventing the vertical transfer of the antibiotic resistance gene carried by the
plasmid during bacterial growth. The ability of the essential oil to inhibit the trans-
fer of resistance gene ensures the Enterobacteriaceae pathogens will not emerge to
be multi drug resistance pathogens. The probable mechanism which prevents the
transfer and replication of the resistance genes through plasmid would be the com-
plex formation with the guanine-cytosine rich regions in the plasmid, which is
required for the replication of the plasmid (Schelz et al. 2006).

Thyme (Thymus vulgaris) essential oil is known to be effective against both
Gram positive and Gram negative bacteria and multi drug resistant strains, such as
E. coli, S. aureus, E. faecalis and E. faecium (Sienkiewicz et al. 2012). The essential
oil and its major components, both thymol and carvacrol have been reported to have
the ability to inhibit the quorum sensing involved in the formation of biofilms by
down-regulating the gene expression involved in the synthesis of flagellar proteins,
which suppresses the motility of the bacterium and reduce viability.

A study was conducted by Myzka et al. (2016) on Pseudomonas fluorescens
KM121, a biofilm producing organism to determine the effect of thyme essential oil
and its major compounds thymol and carvacrol on the inhibition of quorum sensing,
thus preventing the formation of a biofilm (Myszka et al. 2016). Thyme essential oil
and its major compounds were able to suppress flagellum related movement in
P. fluorescens KM121. The essential oil itself was more potent than the two indi-
vidual compounds in the inhibition of bacterial cell motility. The motility assay was
validated by performing quantitative real time polymerase chain reactions (qRT-
PCR). Quantitative real time polymerase chain reaction analysis showed that thyme
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essential oil exhibited the greatest reduction in the abundance of messenger ribo-
nucleic acid (mRNA) for the gene fIgA. The alteration in transcription of gene flgA
was mainly caused by carvacrol. The down-regulation in flgA gene synthesis resulted
to the inhibition of the swarming by bacterial cells, thus resulting to the loss of
motility resulting to the inhibition of the biofilm formation by P. fluorescens.

Eucalyptus essential oil obtained from Eucalyptus globulus Labill was tested
against three Aspergillus sp., namely Aspergillus parasiticus (KMi-220-LR),
Aspergillus parasiticus (KMi-227-LR) and Aspergillus flavus (KMi-202-LR),
which are capable of producing mycotoxins (Cisarovd et al. 2016). From the study,
it was found that the essential oil resulted in the significant growth antagonism of
the mycelium of the fungi. The fungal strains were treated with Eucalyptus essential
oil at a concentration of 500 pL/mL and resulted to the inhibition in the synthesis of
fungal toxic aflatoxin B, which is carcinogenic and one of the four major aflatoxins
synthesized by Aspergillus sp. (Yu et al. 2004). The proposed mechanism which
inhibits the synthesis of aflatoxin B; would be by down-regulation of genes nor-1,
ver-1, omtA, afiR and pksA (Jahanshiri et al. 2015). Gene afIR is a positive regula-
tory gene which involves in the biosynthesis of the aflatoxin, therefore, the low
expression of this gene resulted to the down-regulation of other genes which are
involved in the biosynthesis of aflatoxin (Jahanshiri et al. 2015). The essential oil
was able to inhibit the growth of the Aspergillus sp. and also capable of inhibiting
the synthesis of aflatoxin B;.

4.6.2 Effects of Essential Oils on Proteomic Expression

A study conducted by Yang et al. (2019) on carbapenemase producing K. pneu-
moniae (Gram negative bacteria) and cinnamon bark (Cinnamomum verum J. Presl)
essential oil, found that the oil exhibited antimicrobial activity against K. pneu-
moniae. The bacterial cells, untreated and treated with cinnamon bark essential oil
were subjected to proteomic analysis. From the study, it was found out that K. pneu-
moniae treated with cinnamon bark essential oil expressed 242 detectable proteins,
where 10 proteins out of the 242 proteins were uniquely expressed by the cinnamon
bark essential oil treated bacterial cells. Non-treated K. pneumoniae expressed 384
detectable proteins, where 152 proteins were uniquely expressed by the non-treated
bacterial cells. In the essential oil treated cells, proteins involved in biological pro-
cesses, cellular components and molecular functions were down-regulated.
Cinnamon bark essential oil acted on K. pneumoniae by disrupting the membrane of
the bacterial cells resulting in the loss of the plasma membrane protein complexes
involved in energy generation that are embedded in the plasma membrane such as
the adenosine triphosphate (ATP) synthase, the electron transport complex and the
nicotinamide adenine dinucleotide hydrogen (NADH)-quinone oxidoreductases
which were lost completely (Yang et al. 2019). In addition, the bacterial cells also
underwent oxidative stress when treated with the cinnamon bark essential oil. This
was identified by the presence of proteins such as autonomous glycyl radical
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cofactor and catalase peroxidase. The glycyl radical cofactor affects pyruvate for-
mate lyase which is involved in glucose metabolism (Yang et al. 2019). The pres-
ence of reactive oxygen species at a high concentration will lead to oxidative damage
to the nucleic acids in the bacterial cells.

Other than affecting genome expression, peppermint essential oil is also able to
affect the expression of proteins in C. jejuni. There were decrease in the expression
of proteins involved in the synthesis of virulence associated factors such as PEB4 (a
temperature dependent colonization factor) and HtrA (a serine protease which is
involved in adherence and invasion). However there were very few proteins with an
elevated expression, but these included adhesion factors (PEB1 and PEB3), the
stress response protein (DnaK), the elongation factor (Tu) and oxidoreductase, ade-
nylate kinase, enzymes involved in energy metabolism, succinyl CoA and thiol per-
oxidase that indicates the bacterial cells are undergoing stress when exposed to the
peppermint essential oil (Kovécs et al. 2019).

Peppermint essential oil has also been reported to have antifungal property and
is able to affect the expression of protein. The essential oil was tested against
Candida sp., an opportunistic fungal pathogen in human in relative to an antifungal
agent, Amphotericin B (Benzaid et al. 2019). Benzaid and colleague also tested the
effect of the peppermint essential oil on the secreted aspartyl proteinases enzymes.
The enzymes secreted aspartyl proteinases includes 10 types of enzymes which are
involved in the degradation of the proteins of the host and also to invade tissues and
organs of the human host. C. albicans treated with peppermint essential oil resulted
to the decrease in the synthesis of secreted aspartyl proteinase enzymes. Apart from
that, the effectiveness of the essential oil to inhibit the formation of biofilm also was
tested. From the study, it was found that the peppermint essential oil was able to
inhibit the formation of biofilm of C. albicans by producing low density biofilm
similar to the Amphotericin B treated biofilms compared to the non-treated bio-
films. The decrease in the biofilm formation is due to the down-regulation of hyphal
cell wall protein which is responsible for the formation of biofilm and also patho-
genesis (Benzaid et al. 2019).

Other than affecting genomic expression, oregano essential oil and its main com-
pound carvacrol, are capable of affecting the proteomic expression. Carvacrol was
tested for antibacterial activity against E. coli K12, where the minimum inhibitory
concentration obtained was 256 mg/L (Bozik et al. 2018). The mode of action of
carvacrol was through disruption of the plasma membrane of the bacterial cells, thus
increasing membrane permeability resulting in the leakage of protons and potas-
sium, leading to the loss of membrane potential (Xu et al. 2008). In the study con-
ducted by Bozik et al. (2018), matrix-assisted laser desorption/ionization-time of
flight- mass spectrometry (MALDI-TOF-MS) was used in the proteomic analysis of
the stress response induced by exposure of E. coli K12 cells for 0, 90 and 120 min.
After treatment with carvacrol, protein YthA, a stress response protein was expressed
at greater abundance compared to non-treated samples and the histone-like DNA-
binding protein HU-alpha was also highly induced by carvacrol. The function of
this protein is to stabilize the DNA by wrapping around it to prevent denaturation.
The 30S ribosomal proteins S15 and S19 were moderately expressed in the treated
sample. Both these proteins enable RNA binding and are part of the small ribosomal
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subunit in the cytosol. The 50S ribosomal protein L30 was also induced by carva-
crol. The function of this protein is to aggregate, arrange and promote the binding
of RNAs and proteins to form the large ribosomal subunit (Bozik et al. 2018).

Rosemary essential oil has been shown to have antiviral property. -caryophyllene,
a compound found in the rosemary essential oil can be used as an anti-viral for the
treatment of herpes simplex virus type 1. This virus has been reported to have
become resistant to some of the anti-herpes virus drugs (Astani et al. 2011). The
compound acts by directly inactivating and interfering with the virion envelope
structure or by masking the viral structure required for adsorption or entry into the
host cells. This is achieved by inhibiting the glycosylation of viral proteins. The
virion envelope structure is made up of proteins which enable the virus itself to bind
to the host cells. However, the mechanism that interferes with the protein structure
of the virion envelope is still not defined.

Apart from its antibacterial activity, thyme essential oil have also been shown to
exhibit antiviral properties on acyclovir-resistant herpes simplex virus-type 1 and
on acyclovir-sensitive herpes simplex virus-type 1 (Schnitzler et al. 2007).
Acyclovir-sensitive and resistant herpes simplex virus pre-treated before infection
with thyme essential oil showed a significant reduction in infectivity. This indicates
that the thyme essential oil affected the virus before adsorption; however the essen-
tial oil is less effective if the virus is replicating within the cells and also when the
virus is spreading from cell-to-cell. The thyme essential oil acts on the virion enve-
lope structure that contains proteins responsible for the virus to enter into the host
cells for multiplication. Preliminary electron microscope studies have also shown
that there was disruption of the viral envelope of the herpes simplex virus after treat-
ment with thyme essential oil, therefore resulting in its inability to infect the host
cells. However, more studies are required to understand the mechanism that results
to the down-regulation of the proteins on the viral envelope of the virus by thyme
essential oil.

Other than exhibiting anti-fungal properties, Eucalyptus essential oil, is also able
to inhibit the growth of bacteria. A study was conducted to test antibacterial activity
on Gram positive bacteria, Gram negative bacteria and on multi drug resistant
E. faecalis and antibiofilm activity of the essential oil on multi drug resistant E. fae-
calis (Correa et al. 2019). From the study, it was found that the essential oil exhib-
ited in vitro activity against Gram positive bacteria (S. aureus ATCC 4163,
S. epidermidis ATCC 35984, E. faecalis ATCC 29212, S. gallolyticus ATCC 9809,
S. agalactiae ATCC 13813, Listeria monocytogenes ATCC 7644, Bacillus pumilus
IA/ICBS and Bacillus cereus ATCC 14579). The Eucalyptus essential oil was able
to inhibit the biofilm formation by multi drug resistant E. faecalis strains (Correa
et al. 2019). Treatment of the bacterial cells before formation of the biofilm enables
the essential oil to interact with the surface proteins Esp, which are found on the
bacterial surface, thus affecting the initial phase in biofilm formation which involves
the adhesion of bacterial cells to the surface and also interferes with the quorum
sensing systems. The biofilm formation by E. faecalis clinical strains showed a
decrease when the cells were pre-treated with the essential oil prior to the formation
of the biofilm. Table 4.3 summarizes the effects of various essential oils on the
expressions of both genome and proteome of various pathogens.
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Table 4.3 Summary of effects of various essential oils on the genome and proteome expressions

of target pathogens
Essential
oil Genome expression Proteome expression

Cinnamon

Staphylococcus epidermidis when
treated with cinnamon essential oil
at 2% prevented the formation of
biofilm by inhibiting the
expression of gene icaA
(Nuryastuti et al. 2009).

Carbapenemase producing K. pneumoniae
expressed 10 unique proteins such as
autonomous glycyl radical cofactor, catalase
peroxidase, bifunctional protein GImU,
carbon storage regulator homolog, cobalamin
biosynthesis protein CobD, DNA ligase,
ferrochelatase, hydroxyacylglutathione
hydrolase, integration host factor subunit beta,
probable malate: quinone oxidoreductase and
tRNA-2thiocytidine biosynthesis protein TtcA
when treated with cinnamon bark essential oil
compared to the non-treated K. pneumoniae
cells (Yang et al. 2019).

Peppermint

Campylobacter jejuni treated with
peppermint essential oil resulted to
the expression of general stress
genes such as dnak, groEL and
groES which are responsible for
the synthesis of chaperones
(Kovécs et al. 2019).

Peppermint essential oil also was
able to decrease the expression of
genes SAPI, SAP2, SAP3, SAP9,
SAP10 and HWP-1 which are
responsible for the virulence of
Candida albicans (Benzaid et al.
2019).

C. jejuni treated with peppermint essential oil
also showed a decrease in the expression of
proteins involved in the synthesis of virulence
associated factors. However, few proteins
showed an increase in expression, which are
adhesion factors, the stress response protein,
the elongation factor and oxidoreductase,
adenylate kinase, enzymes involved in energy
metabolism Kovdcs et al. 2019).

Oregano Oregano essential oil and its main | Carvacrol, a major compound found in
compound carvacrol were tested oregano, when treated against E. coli K12,
against enterohaemorrhagic E. coli | resulted to over expression of protein YthA, a
O157:H7 virulence and resulted to | stress response protein and the histone-like
the down-regulation of /uxS gene | RNA-DNA-binding protein HU-alpha (Bozik
followed by the genes ler; stx2B et al. 2018).
and fliC without affecting bacterial
growth (Mith et al. 2015).

Rosemary | Rosemary essential oil was able to | -caryophyllene, a compound found in

inhibit replication of the F’lac
metabolic plasmid of multi drug
resistant strain E. coli by
preventing the vertical transfer of
the antibiotic resistance gene
carried by the plasmid
(Sienkiewicz et al. 2013).

rosemary essential oil inactivates and
interferes with the virion envelope structure of
herpes simplex virus 1 or masks the viral
structure required for adsorption or entry into
the host cells (Astani et al. 2011).

(continued)
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Table 4.3 (continued)

Essential

oil Genome expression Proteome expression

Thyme The quantitative real time Thyme essential oil and the major compounds
polymerase chain reaction analysis | thymol and carvacrol were tested against
showed that thyme essential oil Pseudomonas fluorescens KM121. The
exhibited decrease in the essential oil and compounds resulted to
messenger ribonucleic acid reduction in N-acyl-homoserine lactone which
(mRNA) for the gene flgA of is a signaling molecule in the quorum sensing
Pseudomonas fluorescens KM121 | (Myszka et al. 2016).
resulting to the loss of motility
(Myszka et al. 2016) .

Eucalyptus | The Eucalyptus essential oil Eucalyptus essential oil when treated with
inhibited the synthesis of fungal multi drug resistant E. faecalis strains enables
toxic aflatoxin B, in Aspergillus the essential oil to interact with the proteins
sp. (Cisarova et al. 2016). which are found on the bacterial surface, thus

affecting the initial phase in biofilm formation
(Correa et al. 2019).

4.7 Conclusion and Future Prospects

There is an evident and worrying increase in antimicrobial resistance cases world-
wide resulting in the search for alternative approaches for the treatment of infection.
Essential oils, a mixture of secondary metabolites that are produced by plants as a
defense mechanism against pathogens, have been used as a treatment for infection
in traditional medicines even before the discovery of antibiotics. Hence, essential
oil is being explored as a potential alternative intervention. At present, different
types of essential oils are being tested for antimicrobial activity from a variety of
plants species. The compounds responsible for antimicrobial activities are being
identified and tested against various pathogens individually and also tested for their
combinatory effect with antimicrobials which might result in reversion back to their
original sensitivity level. Unfortunately, there have been limited studies done to
understand the precise mechanisms by which essential oils act as antimicrobial
agents thus far. It is hoped that proteomic and genomic analyses will be able to
provide the missing links in mechanistic determination, thus, providing a fuller pic-
ture of the pathways involved.

Essential oils are currently being widely used not only in aromatherapy, but also
in hospital environments to manage stress and to reduce patients’ anxiety (Allard
and Katseres 2018). The use of essential oil in aromatherapy has been approved by
the Food and Drug Administration (Nufiez and D’ Aquino 2012). However, the anti-
microbial activity of essential oil has not been subject to extensive animal testing
and human clinical trials. Currently, there are no essential oils that have been tested
for their antimicrobial activity in human subjects or in animal models and so studies
on their efficacy against pathogenic microorganisms has all been done in vitro
(Koley et al. 2019). Based on data from the website clinicaltrials.gov, essential oils
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are widely undergoing clinical trials for the efficacy of aromatherapy in overcoming
sleep disorders, in addition to incorporation within perineal towels for women (an
anti-bacterial feminine hygiene wipe) as well as, the effects on the cardiovascular
system of using Eucalyptus essential oil. However, studies relating to oral health
such as treatment of gingivitis and dental plaque are also being studied (Quintas
et al. 2015).

As various essential oils are identified to have antimicrobial activity, they will
proceed to future testing in appropriate animal models for toxicity and side effects
following consumption. Essential oils and compounds that have been identified as
non-toxic and safe may ultimately proceed to the human trials to test for efficacy
and safety towards humans subject to proper regulation. It is likely to be some time
before essential oils finds their way into normal clinical practice as a treatment for
infection.

Essential oils have been found to be able to interact synergistically or additively
with the currently used antibiotics where the development of resistance by patho-
gens has been reported. By furthering studies in interactions between essential oils
and antibiotics, currently redundant antibiotics can be revived for clinical use.
Furthermore, the knowledge acquired about the mechanisms of essential oils’ action
on microorganisms through proteomic and genomic analyses and the effect of the
essential oils and the compounds on the humans through clinical trials can be uti-
lized to design and develop new antimicrobial agents. Through these methods, it is
hoped that we will be better equipped to tackle antimicrobial resistance.
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Chapter 5
Polymeric Antimicrobials with Quaternary
Ammonium Moieties

Check for
updates

Anca Giorgiana Grigoras

Abstract Pathogenic microorganisms develop over time a resistance especially to
the antimicrobial substances used abusively. Medical education and preventive
medicine practiced by doctors is complemented by the research activity of chemists,
pharmacists and physicists regarding the discovery of new antimicrobial substances.
In order to minimize environmental toxicity and short duration of action character-
istic of antimicrobial agents with low molecular weights, specialists focused over
last few years on conceiving and studying of polymeric materials with antimicrobial
properties.

This updated review refers to certain quaternary ammonium compounds
synthesized based on natural or synthetic polymers, especially to those bio-
compatible. Polymers like cellulose, chitosan, dextran, pullulan, starch, cashew
gum, poly(lactide), poly(amidoamine), poly(urethane), poly(siloxane),
poly(methacrylate) or poly(ethylene) were modified with cationic quaternary
ammonium moieties by different methods. Due to physicochemical properties
of polymers or microenvironment factors, these quaternary ammonium con-
taining polymers specifically interfere with the metabolism of a wide range of
bacteria and fungi. Often, in order to increase the efficiency of these antimicro-
bial polymeric materials, the synergistic action of the quaternary ammonium
groups with other groups or chemical compounds is considered.
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5.1 Introduction

Control and prevention of microbial contamination represent major challenges for
researchers, doctors, and population. Over time, pathogenic microorganisms have
developed some features that have helped them to survive even to the most aggres-
sive antimicrobials of time. Usually, after a long period of efficient usage of new
antimicrobials, resistance to those substances develops. Antimicrobial agents with
low molecular weight generally have a series of disadvantages like environmental
toxicity and short term antimicrobial capacity (Kenawy et al. 2007). In order to
minimize these problems, specialists have focused in last years on design and study
of polymeric materials with enhanced antimicrobial efficacy, reduced toxicity
toward organisms or environment, and prolonged action time, compared with their
small molecular weight counterparts (Jain et al. 2014). In this respect, various meth-
ods of introducing atoms or functional groups on polymer chain in order to obtain
materials able to destroy structural integrity of the bacteria, fungi or algae have been
tested. Antimicrobial macromolecular substances have been classified as: quater-
nary ammonium polymers, guanidine polymers, polymers designed to mimic natu-
ral peptides, halogenated macromolecules, polymers containing phosphonic or
sulfonic derivatives and silver ion bearing polymers (Munoz-Bonilla and Fernandes-
Garcia 2012; Siedenbiedel and Tiller 2012).

Attachment of substances with potential antimicrobial activity to the surface of
microorganisms is possible due to the specific interactions between extracellular
polymeric components like exopolysaccharides, proteins, lipids or humic sub-
stances, and reactive functional groups of antimicrobials. After cell surface adhe-
sion, antimicrobial agents can act by various mechanisms: breakdown of cell
membrane structure, inhibition of protein synthesis or metabolic pathways, interfer-
ence with synthesis of nucleic acids, etc. Due to the surface negative charge of
microbial entities, the most probable and efficient interactions will be with cationic
contact surfaces. This category also includes quaternary ammonium compounds.
Cationic quaternary ammonium antimicrobial agents are part of some formulations
used as disinfectants, which act through electrostatic attraction, infiltration and dif-
fusion (Rajkowska et al. 2016).

Importance of this type of materials is evidenced by a large number of reviews
that generally discussed various aspects of mechanism of action and medical appli-
cations of antimicrobial polymers, as well as of quaternary ammonium based mate-
rials (Kenawy et al. 2007; Timofeeva and Kleshcheva 2011; Kenawy et al. 2014;
Xue et al. 2015; Santos et al. 2016; Francolini et al. 2017; Jiao et al. 2017).

Present chapter covers most recent studies, predominantly over past 5 years,
focused on natural or synthetic quaternary ammonium polymeric compounds and
factors that influence their antimicrobial activity. It is generally assumed that molec-
ular weight variation of polymers, hydrophilic-hydrophobic balance, conformation
of polymer chain in solution, strength and type of intramolecular and intermolecular
interactions will influence antimicrobial efficacy of polymers containing quaternary
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ammonium moieties. Also, this chapter highlighted the diversity of polymers, espe-
cially those biocompatible that can be modified with quaternary ammonium groups
to create new antimicrobial materials.

5.2 Polymeric Antimicrobials with Quaternary
Ammonium Moieties

Specialized literature reports that various modifications of polymers in solution or
in bulk, enhance their antimicrobial activity. From this point of view, antimicrobial
applications of polymers with quaternary ammonium moieties are represented by
coatings, modified surfaces and solutions. If, in some cases, coating implies appli-
cation of electrospinning, dip-coating and polyelectrolyte complex formation onto
polymeric support; in other ones, modified surfaces resulted from covalent linkage
of quaternary ammonium salts directly onto polymeric support. Polymers with qua-
ternary ammonium moieties and potential antimicrobial properties were synthe-
sized from solution, purified by dialysis, concentrated and precipitated in
non-solvent, filtered, dried for solvent removal, stored and then dispersed or dis-
solved in suitable solvent for antimicrobial tests.

In order to prevent biofouling phenomenon, researchers use different strategies
to improve antibacterial properties of surfaces via creation of superhydrophobic
surfaces; incorporation and controlled diffusion over time of biocide compounds
from surfaces; and conjugation of antibiotic functional groups on surfaces. By such
modifications, bacterial adhesion is suppressed, biocide leaching is initiated, and
contact killing is activated (Lichter et al. 2009). Cationic quaternary ammonium
groups could be immobilized or anchored onto polymeric chains via different
approaches: chemical coupling reactions, surface initiated polymerization of mono-
mers bearing antibacterial moieties and post-polymerization modifications to syn-
thesize surface-tethered antimicrobial polymer brush (Gettings and White 1987;
Lee et al. 2004; Lenoir et al. 2006; Wiarachai et al. 2012; Yao et al. 2010). In next
sections, polymeric antimicrobials with quaternary ammonium moieties are classi-
fied and analyzed according to the nature of polymer matrix: natural or synthetic.

5.3 Antimicrobials Based on Natural Polymers

Natural polymers like cellulose, chitosan, dextran, starch, pullulan, gum, poly(lactic
acid) are suitable for chemical modifications with quaternary ammonium moieties.
The new polymers are characterized by improved biological, chemical and physical
properties compared with their precursors viz better water solubility, moisture
absorption, flocculation, nontoxicity, biocompatibility and antimicrobial activity.
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5.3.1 Cellulose Type Antimicrobials

Cellulose is a polysaccharide with linear chain structure consisting of f(1—4)
linked D-glucose units, and is a suitable macromolecule for chemical changes for
applications in pharmaceutical industry in form of membrane, fibers or hydrogels.
Meng et al. (2015) described a one-step modification method for direct covalent
linking of quaternary ammonium salts onto membrane surface of regenerated cel-
lulose, based on alkoxy silane polycondensation reaction and silane coupling
agents like trimethoxysilylpropyl trimethyl ammonium chloride and trimethoxysi-
lylpropyl octadecyldimethyl ammonium chloride. Reaction mechanism ensured
chemical coupling of cationic antibacterial alkyl groups responsible for enhanced
hydrophobicity of regenerated cellulose membrane and infiltration of ammonium
groups through hydrophobic membranes of tested microorganisms. In same cul-
ture conditions, it was reported that Staphylococcus aureus ATCC 6538 more eas-
ily formed colonies on modified cellulose membrane compared with Escherichia
coli DH5a. In addition, length of hydrophobic alkyl chains from regenerated cel-
lulose membranes modified with trimethoxysilylpropyl trimethyl ammonium
chloride or trimethoxysilylpropyl octadecyldimethyl ammonium chloride induced
different behavior against the viability of bacteria. Thus, viability of S. aureus or
E. coli was about 99% in presence of membrane modified with trimethoxysilyl-
propyl trimethyl ammonium chloride, while membrane modified with trime-
thoxysilylpropyl octadecyldimethyl ammonium chloride reduced the cell
viabilities up to about 0.5%.

In order to avoid growth of pathogenic microorganisms on skin, researchers
designed a hydrogel as a component of diapers, based on blending of native cellu-
lose solution with quaternized cellulose solution (Peng et al. 2016). In this way,
novel hydrogel formed by chemical cross-linking in aqueous solution of NaOH-
urea mixture and in presence of epichlorohydrin, represented a potential antimicro-
bial material with improved mechanical properties, too. Varying molecular weight
and substitution degree of quaternized cellulose (M,, = 94000 g/mol or 256000 g/
mol; DS = 0.23-0.69), different hydrogels encoded as Gel9-2, Gel9—4, Gel9-6,
Gel25-2, Gel25-4, and Gel25-6 were prepared and microbiologically tested.
Quaternary ammonium groups introduced in hydrogel network by quaternization
reaction of cellulose with 3-chloro-2-hydroxypropyl-trimethylammoniumchloride
were responsible for inhibition of Saccharomyces cerevisiae cultures. The best anti-
bacterial activity of Gel25-6 sample compared with other hydrogel samples sug-
gested that a higher substitution degree of quaternized cellulose has intensified
electrostatic type interactions between polycationic quaternary ammonium groups
of cellulosic hydrogel and anionic components of microbial membranes leading to
disruption and death of cells.
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5.3.2 Chitosan Type Antimicrobials

As anatural material derived from chitin, chitosan is a non-toxic, biodegradable and
linear macromolecule with cationic behaviour and comprises of f-(1 — 4) linked
copolymer of 2-acetamido-2-deoxy-D-glucopyranose units and 2-amino-2-deoxy-
D-glucopyranose, often used to design biocompatible materials. Even if it has anti-
microbial properties, opportunity to enhance them was exploited by insertion of
quaternary ammonium groups. Usually, chitosan is functionalized by quaterniza-
tion, carboxymethylation, acylation or sulfhydrylation of amino groups in C, posi-
tion of glucopyranose unit. Chitosan based materials with quaternary ammonium
moieties are diverse in shape, state or functionality: hydrogels (Mohamed et al.
2015; Fan et al. 2015), fibers based on polyelectrolyte complexes (Ignatova et al.
2016), chitosan ammonium salts (Tang et al. 2015; Li et al. 2015; Tan et al. 2016; Li
et al. 2016; Wang et al. 2016; Tang et al. 2016; Chen et al. 2016; Oyervides-Munoz
et al. 2017) or copolymers (Song et al. 2016).

Hydrogels represent 3-D networks able to retain large amounts of biological
fluids or water, being used in different fields such as biomedical devices, food pack-
ing or water purification. Also, quaternized chitosan based hydrogels serve as anti-
microbial or wound healing materials. When Mohamed et al. (2015) designed
hydrogels based on N-trimethyl ammmonium chitosan chloride and poly(vinyl
alcohol) in weight ratios of 1:3, 1:1 and 3:1, they used glutaraldehyde in weight
ratio of 1-5% as chemical cross-linking agent to ensure formation of chemical
bonds between glutaraldehyde and hydroxyl groups of poly(vinyl alcohol) or resid-
ual amino groups from N-trimethyl ammmonium chitosan chloride. Beside differ-
ent physico-mechanical properties, resulted materials exhibited specific antibacterial
or antifungal activities. Thus, antimicrobial activity of N-trimethyl ammmonium
chitosan chloride/poly(vinyl alcohol) hydrogels was higher than N-trimethyl
ammmonium chitosan chloride itself, while antimicrobial effect increased with glu-
taraldehyde concentration.

Fan et al. (2015) performed gamma radiation-crosslinking to prepare hydrogels
based on solution of hyaluronic acid and quaternary ammonium chitosan,
poly(ethylene oxide) and poly(vinyl alcohol). Preliminary, quaternary ammonium
chitosan was synthesized from chitosan and N-(3-chloro-2-hydroxypropyl)tri-
methyl ammonium chloride in NaOH solution. Then, solution of quaternary ammo-
nium chitosan mixed with poly(vinyl alcohol)/poly(ethylene oxide) solution was
subjected to irradiation with a °Co source. The sample irradiated with a dose of 40
kilograys was tested against E. coli RCMB 000107 and S. aureus RCMB 000106.
In both cases, polymeric hydrogels containing quaternary amino N*(CHj3); groups
showed a clear inhibition zone compared with poly(vinyl alcohol)/poly(ethylene
oxide) hydrogel. Due to excellent moisture properties, these hydrogels were pro-
posed as valuable materials for wound dressing applications.

By applying electrospinning, dip-coating and polyelectrolyte complex forma-
tion, Ignatova et al. (2016) designed various fibrous materials with antimicrobial
and antioxidant properties, based on quaternized chitosan derivative named
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N-trimethyl ammonium chitosan iodide, poly(3-hydroxybutyrate), caffeic acid and
k-carrageenan. Thus, system represented by caffeic acid /poly(3-hydroxybutyrate)
fibers was coated with N-trimethyl ammonium chitosan iodide/k-carrageenan poly-
electrolyte complex, while system based on poly(3-hydroxybutyrate) fibers was
coated with N-trimethyl ammonium chitosan iodide/k-carrageenan complex con-
taining caffeic acid. Ability of fibrous materials containing N-trimethyl ammonium
chitosan iodide and/or caffeic acid to inhibit the growth of E. coli and S. aureus was
due to the fact that caffeic acid and N-trimethyl ammonium chitosan iodide exer-
cised synergic antibacterial activity (bacteriostatic or bactericidal). Both materials
containing caffeic acid and quaternized chitosan suppressed bacteria growth after
3—4 h of exposure. In addition, by studying S. aureus cells adhesion to the surface
of fibrous materials, it was observed from scanning electron microscopy images that
a large number of viable S. aureus cells with unaltered morphology adhered on
surface of hydrophobic neat poly(3-hydroxybutyrate) fibers. In return, on contact
with surface of treated poly(3-hydroxybutyrate) fibers, adhesion of pathogenic
S. aureus bacteria was suppressed such that no bacteria or only a limited number of
adhered bacteria were observed.

When antimicrobial properties of molecular iodine were combined with those
of N-(2-hydroxy) propyl-3-trimethylammonium chitosan chloride, a new material
with stronger antimicrobial activity was obtained (Tang et al. 2015). Thus, a sta-
ble charge transfer complex of N-(2-hydroxy) propyl-3-trimethylammonium chi-
tosan chloride with iodine resulted by combination of those two components in a
molar ratio of 1:1.33, due to the attraction between large electron cloud density of
iodine and positive charge of quaternary ammonium salt. By testing antibacterial
efficacies of samples against S. aureus and E. coli, it was observed that the anti-
bacterial inhibitory effect increased in order: chitosan > N-(2-hydroxy) propyl-3-
trimethylammonium chitosan chloride > N-(2-hydroxy)
propyl-3-trimethylammonium chitosan chloride-iodide. Other approach to
improve antimicrobial activity of chitosan consisted of synthesis of chitosan qua-
ternary ammonium salts with halogens: chitosan halo-acetates and chitosan
halo-1,2,3-triazoles (Tan et al. 2016; Li et al. 2016). In this way, electronegativity
of halogenic substituent groups in chitosan ammonium salts enriched positive
charge density of cationic amino groups, and antimicrobial activity of chitosan
derivatives, consequently.

Antifungal activity of a series of water soluble chitosan ammonium salts with
halogens namely, chitosan-bromoacetate, chitosan-chloroacetate, chitosan-
dichloroacetate, chitosan-trichloroacetate and chitosan-trifluoroacetate was evalu-
ated in vitro by hypha measurement of three phytopathogens viz. Fusarium
oxysporum, Phomopsis asparagi and Colletotrichum lagenarium. For example, in
case of 1.0 mg/mL of potential antimicrobial agent, and in presence of F. oxyspo-
rum, inhibitory index values of 55.8%, 69.6%, 71.0%, 73.9% and 78.5% were
reported  for  chitosan-bromoacetate, chitosan-chloroacetate, chitosan-
dichloroacetate, chitosan-trichloroacetate and chitosan-trifluoroacetate, respec-
tively. These increased values compared with respect to chitosan (11.8%) were in
relation with substitution degree of polysaccharide and protonation degree of amino
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groups. As electronegativity of halogenic substituent groups in chitosan ammonium
salts decreased in order trifluoromethyl > trichloromethyl > dichloromethyl > chlo-
romethyl > — bromomethyl, the antifungal activity followed same tendency:
chitosan-trifluoroacetate > chitosan-trichloroacetate > chitosan-dichloroacetate >
chitosan-chloroacetate > chitosan-bromoacetate > chitosan); such that a stronger
adherence of antimicrobials to outer membranes of fungi produced more damage to
fungal integrity and transport of nutrients was affected (Tan et al. 2016).

Starting from 6-bromo-6-deoxy-N-phthaloyl-chitosan, Li et al. (2016) synthe-
sized triazole chitosan quaternary ammonium iodide, chloro-1,2,3-triazole chitosan
quaternary ammonium iodide and bromo-1,2,3-triazole chitosan quaternary ammo-
nium iodide. In case of chloro-1,2,3-triazole chitosan quaternary ammonium iodide
and bromo-1,2,3-triazole chitosan quaternary ammonium iodide, the growth inhibi-
tion of phytopathogens like F. oxysporum f. sp. niveum ATCC36116, F. oxysporum.
f. sp. cucumebrium Owen ATCC42357 and C. lagenarium (Pass) Ell.et halst
ATCC30016 was due to an interactive effect of halogen and triazole moieties.
Chitosan quaternization by chemical grafting reactions with different low molecular
weight quaternary ammonium salts represents a usual practice to obtain chitosan
derivatives. In this way, limited antibacterial and antifungal activities of chitosan
which are related to its cationic character below pH 6.5, were improved. In addition,
even solubility of new chitosan derivatives was better compared with pure chitosan.

Later, Overvidez-Munoz et al. (2017) functionalized amine groups of chitosan
with different quaternary ammonium salts such as 4-bromobutyl-benzalkonium
bromide, 4-bromobutyl-triethylammonium bromide or 4-bromobutyl-pyridinium
bromide, resulting in following derivatives of chitosan: 4-bromobutyl-benzalkonium
bromide chitosan, 4-bromobutyl-triethylammonium bromide chitosan and
4-bromobutyl-pyridinium bromide chitosan. Amongst these modified chitosan sam-
ples, 4-bromobutyl-pyridinium bromide chitosan showed highest antibacterial
activity, while 4-bromobutyl-triethylammonium bromide chitosan was the least
active. Chitosan bearing benzalkonium, triethylammonium and pyridinium moi-
eties, resulting from mixing of 4-bromobutyl-benzalkonium bromide,
4-bromobutyl-triethylammonium bromide and 4-bromobutyl-pyridinium bromide
in a weight ratio of 1:1:1, was less soluble, and displayed a reduced antimicrobial
activity due to an improper contact of insoluble material with bacterial cells.

Wang et al. (2016) intended to modify the hydroxyl group of chitosan from C,
position, and prepared five water-soluble O-quaternary ammonium salt-chitosans
bearing N-methyl-N-R-N, N-bis(2-hydroxyethyl) ammonium bromides where radi-
cal R represented benzyl, dodecyl, tetradecyl, hexadecyl or octadecyl. Because the
new amphiphilic chitosan derivatives presented lipotropic character due to long car-
bon chains, and hydrophilic character due to quaternary ammonium salt moiety
within O-quaternary ammonium salt-chitosan backbone, its antibacterial abilities
and cytotoxicity were consistently improved compared to their low molecular
weight quaternary ammonium salt homologues. In other works, a chitosan quater-
nary ammonium salt, named N-(2-hydroxyl)propyl-3-trimethyl ammonium chito-
san chloride, obtained by grafting glycidyl trimethylammonium chloride on
chitosan, was the subject of subsequent transformations: combination with
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commercial-grad Reactive Red x-3b (Tang et al. 2016) or phthalic anhydride (Chen
etal. 2016). Using Reactive Red x-3b, a color reactive bearing sulfonic groups, suit-
able for textile and wood, a biopolymer dye with improved water solubility and
antibacterial properties compared with pure low molecular weight dye was achieved.
It was observed that in presence of new biopolymer dye, number of bacterial colony
was reduced from 79% to 99% in case of E. Coli, and from 73% to 99% in case of
S. aureus due to a synergic effect of quaternary ammonium and sulfonic groups
from structure of biopolymer dye (Tang et al. 2016).

Following esterification reaction of N-(2-hydroxyl)propyl-3-trimethyl ammo-
nium chitosan chloride with phthalic anhydride, subsequent introduction of NCO-
sulfobetaine onto OH position of N-phathaloyl quaternized chitosan derivative were
confirmed. Amine groups of resulting N-phathaloyl quaternized betainized chitosan
were recovered using an aqueous solution of hydrazine monohydrate (Chen et al.
2016). The final zwitterionic product (O-sulfobetaine-N-(2-hydroxyl)propyl-3-
trimethyl ammonium chitosan chloride) fulfilled role of materials with enhanced
antibacterial activity and biocompatibility based on synergic action of sulfobetaine
and quaternary ammonium groups. Improved water solubility, low cytotoxicity and
hemolytic activity of zwitterionic chitosan derivatives are among the necessary
parameters for their application under in vitro and in vivo condition. Beside sulfonic
and sulfobetaine groups, thiourea may synergistically act, potentiating the antimi-
crobial properties of the compound carrying quaternary ammonium groups. Usually,
benzoyl thiourea and acyl thiourea derivatives of chitosan display antifungal activ-
ity (Eweis et al. 2006; Mohamed and El-Ghany 2012). Earlier, Li et al. (2015) intro-
duced double antibacterial groups, namely O-quaternary ammonium and N-acyl
thiourea, onto OH and NH, positions of macromolecular chains of chitosan follow-
ing few steps: synthesis of N-benzylidene-chitosan; quaternization of N-benzylidene-
chitosan with glycidyl trimethylammonium chloride resulting in O-quaternary
ammonium N-benzylidenechitosan; synthesis of O-quaternary ammonium chito-
san; reaction of acyl thiocyanate with O-quaternary ammonium chitosan resulting
in O-quaternary ammonium-N-acyl thiourea chitosan. In case of S. aureus, Bacillus
subtilis, E. coli, Pseudomonas aeruginosa and Aspergillus niger, antibacterial activ-
ity increased in order: O-quaternary ammonium-N-acyl thiourea chitosan >
O-quaternary ammonium chitosan > chitosan. Zeta potential measurements and
transmission electron microscopy images confirmed hypothesis related to electro-
static interactions between cationic amino groups and negative charged cell mem-
branes. Thus, higher values of zeta potential in case of quaternized chitosans
compared with pure chitosan indicated an increase in positive charge of chitosan
derivatives and an increased number of electrostatic interactions. Also, changes in
bacterial morphology after treatment with O-quaternary ammonium-N-acyl thio-
urea chitosan were due to the rupture of cell membranes and modification of cell
metabolism as a result of quaternized chitosan infiltration.

Knowing that chitosan quaternary ammonium salt has antimicrobial and good
antioxidant properties, Song et al. (2016) attempted to integrate it in a traditional
dental material in order to form a resin base which could improve the overall oral
health. They used N-trimethyl ammmonium chitosan chloride, denture water
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(containing methyl methacrylate monomer, cross-linking agent, inhibitor and an
UV absorber) and denture powder (containing poly(methyl methacrylate)), and pre-
pared two types of formulations in accordance with order of material mixing.
Material 1 was prepared physically by adding varying amount of chitosan quater-
nary ammonium salt directly to denture powder, and then denture water. Material 2
was prepared chemically by adding variable amount of N-trimethyl ammmonium
chitosan chloride to denture water, which determined the graft copolymerization of
methyl methacrylate monomer with the chitosan quaternary ammonium salt. Both
formulations presented low cytotoxicity and insignificantly modified tensile
strength. In contrast, these materials recorded different antimicrobial properties and
degrees of corrosion resistance. Antimicrobial tests were carried out with microor-
ganisms specific to oral cavity: Streptococcus mutans and Candida albicans. In case
of both materials, antibacterial rate increased with concentration of chitosan quater-
nary ammonium salt. As material 1 may have higher specific surface area over
chemically produced material 2; it recorded a better performance in both antibacte-
rial and antifungal tests as compared to material 2. In addition, material 2 did not
recorded any antifungal property.

5.3.3 Dextran Type Antimicrobials

Naturally synthesized by Leuconostoc mesenteroides and S. mutans bacteria, dex-
trans are complex glucans composed of glucose molecules linked by a-1,6 glyco-
sidic linkages in main chain or by a-1,3 glycosidic linkages in branching points.
These polysaccharides with various molecular weights due to branched glucose
chains of variable lengths are intensively used in medicine and laboratory as antico-
agulants, size-exclusion chromatography matrices, cell osmotic pressure or blood
sugar level regulators, and components of biosensors or bioreactors. To diversify its
degree of application, dextran could be chemically modified such that to obtain
cationic amphiphilic dextran derivatives with potential application as broad spec-
trum external biocides.

Quaternary ammonium groups were attached to dextran main chain bearing alkyl
or dialkyl end groups by reaction of modified polysaccharide with an equimolar
mixture of a tertiary amine (N,N-dimethyl-N-benzylamine, N,N-dimethyl-N-
octylamine or 1-methylimidazol) and epichlorohydrin. Obtained cationic amphiphi-
lic dextran derivatives were tested from microbiological point of view (Tuchilus
et al. 2017). It was observed that all samples were ineffective against P. aeruginosa
ATCC 27853, but displayed antimicrobial activity against E. coli ATCC 25922,
S. aureus ATCC 25923, Sarcina lutea ATCC 9341, Candida glabrata ATCC
MYA2950, C. albicans ATCC 90028 and C. parapsilosis ATCC 22019. Besides
type of microbes, antimicrobial activity of samples was correlated with polymer
chemical composition. Thus, self-assembling properties, and consequently interac-
tions with microbial cellular components, were tuned by dextran with relative molar
mass of 6000 or 10,000, chemical structure of ammonium groups e.g. R; = benzyl,
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octyl; R, = dimetyl-R;-quaternary ammonium, imidazol; R, = dodecyl, octadecyl,
and length of end alkyl group, meaning by hydrophilic/hydrophobic balance. Even
that length of alkyl or dialkyl chains like C;,, C;5 or (C,), did not significantly influ-
enced antimicrobial activity of samples originating from dextran with the same
molecular mass, modified polymers based on dextran 10,000 recorded lower activ-
ity compared with those coming from dextran 6000. In addition, polymers with
N,N-dimetyl-N-benzyl-quaternary ammonium groups showed the best results in
case of all tested microorganisms, while samples with N,N-dimetyl-N-octyl-
quaternary ammonium groups have a preference for E. coli, and imidazolium based
polymers induced only a weak antifungal activity.

5.3.4 Pullulan Type Antimicrobials

Pullulan is a neutral homopolysaccharide with linear chain consisting of almost
regularly repeating a-(1 — 4)-maltotriosyl units (3-D-glucopyranosyl) joined
through a-(1 — 6) linkages. It looks like an amorphous slime formed by aerobic
fermentation of Aureobasidium pullulans polymorphic fungus (Singh et al. 2008;
Cheng et al. 2011). Molecular weight of this exopolysaccharide is from 4.5 x 10* to
6 x 10° Da and varies with yeast cultivation parameters. Hydroxyl functional groups
as a part of flexible polysaccharide chain are the subject for chemical modifications
and can result into a series of derivatives: pullulan succinylate, pullulan acetate, pul-
lulan amine, carboxymethyl pullulan, cholesterol bearing pullulan (Singh et al.
2015). In this way, chemical and physical properties of pullulan such as hygroscop-
icity, biodegradability, viscosity, non-reducing agent, water solubility, formation of
oxygen impermeable films are improved due to solubility in organic solvents or
enrichment with new reactive functional groups.

Since its introduction as food additive by the Japanese, pullulan and its deriva-
tives recorded numerous applications in foods, pharmaceutical and medical indus-
tries. Exploiting antimicrobial potential of quaternary ammonium groups, Grigoras
et al. (2013) designed three pullulan derivatives. Length and frequency of grafts
influenced all solutions properties, and consequently antimicrobial activity.
Diameter of inhibition zones, recorded in presence of S. aureus ATCC 25923 strains
and salted aqueous polymer solutions, varied from 7 mm to 10 mm in accordance
with solution concentration and poly(3-acrylamidopropyl) trimethylammonium
chloride content in grafted polymer. Antibacterial activity of grafted pullulans was
due to electrostatic interactions between quaternary ammonium cation of poly(3-
acrylamidopropyl)trimethylammonium chloride and phosphatidylethanolamine, a
negatively charged component from bacterial cell wall.
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5.3.5 Starch Type Antimicrobials

Starch (amylum) is a polysaccharide synthesized by plants and structurally formed
from amylase and amylopectin molecules in variable proportions. Because of their
widespread availability, biodegradability and environmental friendliness, this mac-
romolecule and its derivatives frequently are used as flocculants and disinfectants in
water treatment industry. Cationic starch based flocculants possessing quaternary
ammonium functional groups on backbone have been developed by grafting reac-
tion or esterification, a more convenient, cost saving, and reliable reaction. Huang
et al. (2017) synthesized four different starch-graft-poly(2-methacryloyloxyethyl)
trimethyl ammonium chlorides with various grafting ratios, while Liu et al. (2017)
reported synthesis of four starch-3-chloro-2-hydroxypropyl triethylammonium
chlorides having various quaternary ammonium salt groups on starch backbone.
Tests on synthetic turbid and microbiological contaminated waters revealed that
starch based derivatives have dual functionality: flocculation effect and antimicro-
bial performance. Three dimensional excitation emission matrix fluorescence spec-
tra of supernatants of bacterial cultures and scanning electron microscopy images
of E. coli CMCC 44102 and S. aureus CMCC 26003 before and after flocculation
using cationic starch based flocculants are used to represent antibacterial properties
of these starch derivatives. Fluorescence signals from wavelength intervals of
200-240 nm and 280-380 nm, attributed to protein like extracellular organic mat-
ters, were more intense for E. coli than for S. aureus suggesting the higher break-
down of E. coli cells. Also, after flocculation, treatment with cationic starch based
derivatives, changed shape of bacteria from uniform elliptical to anamorphic one in
case of E. coli, while most of S. aureus cells preserved their spherical shape or
appeared “pinched”. The study suggested that due to synergistic effect from inor-
ganic particles of kaolin and cationic starch based flocculants, bacterial cell walls
were effectively destroyed through strong electrostatic interactions.

5.3.6 Cashew Gum Type Antimicrobials

Cashew gum is a chemical constituent of Anacardium occidentale L. tree stem,
extracted in order to prepare viscous and emulsifying suspensions for food and
pharmaceutical industries. This anionic heteropolysaccharide is composed of f-D-
galactose, a-D-glucose, arabinose, rhamnose and glucuronic acid in proportion of
72%, 14%, 4.6%, 3.2% and 4.6%, respectively. Galactose units are joined by f
(1 — 3) links in main chain of macromolecule or by f (1 — 6) links in side chain
(de Paula et al. 1998). To improve its weak antimicrobial activity (Campos et al.
2012), Quelemes et al. (2017) chemically modified cashew gum by quaternization
reaction. Firstly, cashew gum alkoxide was reacted with epoxide- or
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N-(3-chloro-2-hydrohypropyl) trimethylammonium chloride. In this way, alkoxide
groups of cashew gum were nucleophilic substituted by cationic quaternary ammo-
nium moieties. All three resulted quaternized cashew gum derivatives with degree
of substitution of 42%, 68% and 73% were tested against eleven strains of
Staphylococcus genus. Generally, it was observed that minimum inhibitory concen-
tration and minimum bactericidal concentration values decreased with the increase
in degree of substitution; anti-staphylococcal activity was enhanced due to more
incorporated positive charges in quaternized cashew gum. Influence of the most
promising derivative on bacterial morphology was evaluated using atomic force
microscopy. After a 24 h exposure of methicilin sensitive S. aureus ATCC 29213
culture to solution of quaternized cashew gum having 73% degree of substitution,
mean height of cells changed from 0.9 pm (in case of untreated cultures) to 1.4 pm
or 1.3 pm at minimum inhibitory concentration or minimum bactericidal concentra-
tion. In addition, integrity of cell wall was gradually affected due to partial damage
of bacterial cell. Also, all quaternized cashew gum derivatives showed good bio-
compatibility on erythrocytes, fibroblasts and keratinocytes which recommended
them as promising agents against skin pathogens.

5.3.7 Poly(lactide) Type Antimicrobials

Being a non-toxic, biodegradable and bioactive bioplastic intensively used globally,
poly(lactic acid) or poly(lactide) represents a thermoplastic aliphatic polyesther
extracted from natural sources like sugarcane, corn starch or cassava roots, and used
as fibers or films. Thus, poly(lactide) fibers could be more sustainable compared
with other polyesther fibers derived from petroleum.

Usually, finishing of poly(lactide) fibers is carried out by their treatment with an
antimicrobial film of silver or zinc oxide nanoparticles, essential oils, antibiotics or
chitosan. Some of these antimicrobial coatings operate by mechanism of controlled
release or by formation of a biological barrier. To increase the effectiveness of anti-
microbial protection in case of poly(lactide) fibers, Logar et al. (2016) tailored anti-
microbial coatings with dual and synergistic activities using silver and quaternary
ammonium functional groups. They developed a three-stage finishing procedure
which involved creation of a silica matrix (I), in situ synthesis of AgCl from silver
nitrate and sodium chloride (II) and in third stage, application of silver chloride and
3-(trimethoxysilyl)-propyldimethyltetradecyl ammonium chloride. Even though
application of this coating generated some esthetic disadvantages for poly(lactide)
fibers such as reduced lightness and increased yellowing; from microbiological
point of view it displayed excellent bactericidal activity with a 99.99% reduction in
S. aureus and E. coli colonies.

A water soluble cationic benzanthrone derivative namely 1-[(7-oxo-7H-
benzo[de]anthracen-3-ylcarbamoyl)-methyl]-triethylammonium  chloride  was
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synthesized and incorporated into a poly(lactide) thin film in order to test its antimi-
crobial activity (Staneva et al. 2015). The compound was observed to be very pho-
tostable and exhibited a prolonged release of benzanthrone derivative into aqueous
solution. The system composed of poly(lactide) matrix and benzanthrone derivative
was tested against a wide spectra of microorganisms (Bacillus cereus, B. subtilis,
S. lutea, Micrococcus luteus, E. coli, Pseudomonas aeruginosa, Acinetobacter
Jjohnsonii, S. cerevisiae, Xanthomonas oryzae, Candida lipolytica), and minimum
inhibitory concentration was in range of 48—125 pg/mL and zones of inhibition
were in range of 12-24 mm. Also, optical densities of growth media for E. coli and
P. aeruginosa strains decreased in the presence of composite material compared
with untreated poly(lactide) matrix. Authors attributed the antimicrobial activity of
new system to action of cationic quaternary ammonium groups onto plasma mem-
brane of yeasts and cytoplasmic (inner) membrane of bacteria.

5.4 Antimicrobials Based on Synthetic Polymers

Because natural sources are limited, sometimes researchers attempt to design syn-
thetic polymers with antimicrobial activities. Biocompatible synthetic polymers
like poly(amidoamine), poly(urethane)s, poly(siloxane)s, poly(methacrylate)s and
poly(ethylene) have found applications in various medical subdomains. In addition,
these have efficient antimicrobial properties and are non-toxic for rest of cells, too.

5.4.1 Poly(amidoamine) Type Antimicrobials

A new trend to enhance the contact surface between pathogenic cells and antimicro-
bial substances involves the use of tree like branched polymers, with a sphere like
shape, named dendrimers. Modulating synthesis conditions of these molecules, the
number of branches could exponentially increase with each new generation of
branches. Poly(amidoamine) is a representative of dendrimer class, composed of
repetitively branched subunits of amide and amine functionality. Because it is bio-
compatible, easy to synthesize and has similar properties with globular proteins,
some researchers had functionalized this macromolecule in order to fabricate novel
antibacterial agent for water treatment. Thus, Maleki et al. (2017) modified
poly(amidoamine) dendrimers (generations G2 and G4) into quaternary ammonium
salts using Cl, Br, I halogens groups. Then, antimicrobial activity was determined
against E. coli, Klebsiella oxytoca, B. subtilis, and S. aureus isolated from contami-
nated water samples. Compared with unmodified polymers, quaternary ammonium
salts exhibited an enhanced antimicrobial efficacy against bacteria, the most effec-
tive being G4 generation of poly(amidoamine) modified with iodine.
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5.4.2 Poly(urethane) Type Antimicrobials

Versatile materials like poly(urethane)s, intensively applied in medical and automo-
tive fields as biomaterials or coatings, are synthesized in forms of foams, starting
from di- or triisocyanates and polyols. To avoid potential leaching of physically
bonded biocides from polyurethane matrix, some authors chosed chemically bonded
cationic groups like imidazolium, pyrrolidonium or ammonium to design antimicro-
bials with prolonged usage. Thus, Udabe et al. (2017) prepared porous materials
with antibacterial properties using glycerol propoxilate, tri- or tetra-hydroxyl func-
tionalized quaternary ammonium compounds, and poly(hexamethylene diisocya-
nate) or toluene diisocyanate in different compositions. They observed that
poly(urethane) ability to grow was enhanced in accordance with amount of quater-
nary ammonium compound in foam formulation. Also, 20% of quaternary ammo-
nium component in poly(urethane) foams ensured a high antimicrobial activity.
Chemically incorporated ammonium groups into poly(urethane) backbone were
responsible for killing of S. aureus ATCC 29737 and E. coli ATCC 25922. In case of
E. coli, an efficiency of 89% was observed for poly(urethane) formulation with 16%
quaternary ammonium content. However, in case of S. aureus, maximum killing
efficiency was observed with 7% of quaternary ammonium content. Besides, differ-
ent chemical composition of microorganism structure and different content of reac-
tive antimicrobial groups, type of isocyanate was another influencing factor for
antibacterial behavior. In comparison with poly(hexamethylene diisocyanate), the
more hydrophobic molecule toluene diisocyanate ensured a higher antimicrobial rate.

In another study, dressings based on poly(urethane) foams containing poly(diallyl-
dimethylammonium chloride), known as polyquaternium-6, were applied on
wounds infected with different microorganisms: S. aureus AH133; P. aeruginosa
strain PAO1 Lux; a clinical isolate of Acinetobacter baumannii; S. aureus Lux;
MRSA strains of S. aureus (Tran et al. 2017). Wound dressing material was placed
on back of laboratory animals and bacterial biofilm formation in tissue under ban-
dage was evaluated. It was observed that poly(diallyl-dimethylammonium chloride)
containing poly(urethane) dressings totally inhibited biofilm formation, for all test
organisms, reducing wound overinfection.

To endow them with antimicrobial properties, the biodegradable and biocompat-
ible poly(urethane) coatings were successfully prepared by Liu et al. (2015) starting
from a mixture of terpene-based polyol, various quaternary ammonium salts and
hydrophilically modified hexamethylene diisocyanate tripolymer. In this case, qua-
ternary ammonium salts were synthesized by quaternization reaction of terpene-
based carbamate with alkyl bromides. Beside excellent mechanical properties and
water resistance, resulted products recorded considerable antimicrobial activities
against both E. coli and S. aureus even at reduced concentrations (5 wt%). As
expected, antimicrobial activity of poly(urethane) coatings was improved by intro-
duction of quaternary ammonium groups.

In order to prevent damage of medical devices covered by antimicrobials, but
subsequently overpopulated with dead microorganisms, a research team designed a
complex reverse surface structure, composed of an contact-active antibacterial
upper-layer and a long-lasting antifouling sub-layer (He et al. 2016). Thus, gemini
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quaternary ammonium salt waterborne poly(urethane) films casted from solutions
have been prepared using: isophorone diisocyanate, poly(tetramethylene glycol),
poly(ethylene glycol), N,N,N’,N'-tetramethyl-N,N’-bisdodecyl-2,6-bis(ammonium
bromide)—L-lysine-(1",3’-propylene diamide)-L-lysine, and L-lysine.
Poly(tetramethylene glycol) soft segment of modified poly(urethane) films and
isophorone diisocyanate were hydrophobic, while soft segment poly(ethylene gly-
col) and L-lysine formed anti-fouling sub-layer, and N,N,N’',N'-tetramethyl-N,N’-
bisdodecyl-2,6-bis(ammonium bromide)—L-lysine-(1",3"-propylene
diamide)-L-lysine antibacterial brushes formed upper layer. By varying molar frac-
tion of components, different gemini quaternary ammonium salt waterborne
poly(urethane) samples were obtained. Killing efficiency of this novel surface struc-
ture was tested against both types of Gram bacteria. It was observed that after a criti-
cal concentration of N,N,N’,N'-tetramethyl-N,N’-bisdodecyl-2,6-bis(ammonium
bromide)—L-lysine-(1’,3’-propylene diamide)-L-lysine (4.96 wt%), all gemini qua-
ternary ammonium salt waterborne poly(urethane) samples displayed strong anti-
bacterial activity. Simultaneously, antifouling properties were related with surface
hydrophilicity determined by contact angle measurements. Decreasing of time
related water contact angle and enhancing of hydrophilicity at the same time with
increase in N,N,N’,N'-tetramethyl-N,N’-bisdodecyl-2,6-bis(ammonium bromide)—
L-lysine-(1",3’-propylene diamide)-L-lysine, were attributed to the cationic nature
of gemini quaternary ammonium fragments from modified poly(urethane)s.

5.4.3 Poly(siloxane) Type Antimicrobials

Poly(siloxane)s, generically called silicones, are biocompatible and biodurable
materials widely applied in healthcare industry. State of aggregation of final prod-
ucts could be tuned by varying —Si—O- chain length, side organic groups attached to
silicon atoms and crosslinking degree. Thus, silicones with properties characteristic
to liquids or hard plastics such as thermal and chemical stability, hydrophobicity or
low surface tension, represented matrix for various medical equipment and instru-
ments. When the latter are to be used for therapeutic purposes, conditions of sterility
and asepsis should also be considered. In this regard, antimicrobial materials based
on silicones and quaternary ammonium moieties were designed.

Starting from poly(siloxane)s containing tertiary amino group and epichlorohy-
drin, Cui et al. (2015) obtained poly(siloxane) quaternary ammonium salts contain-
ing epoxy group with different molecular weights (M, = 3150-13,000 g/mol) by a
quaternization reaction in ethanol. It was observed that the new products spontane-
ously formed micelles in aqueous solutions and exhibited surfactant properties, as
well as thermal and chemical stabilies. From microbiological point of view,
poly(siloxane) quaternary ammonium salts containing epoxy group were active
against S. aureus, B. subtilis, and E. coli such that increased molecular weight of
polymers led to a high antibacterial activity. In addition, sensitivity of microorgan-
isms in relation to poly(siloxane) quaternary ammonium salts containing epoxy
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group decreased in order: B. subtilis (most sensitive) > S. aureus (less sensi-
tive) > E. coli (most insensitive).

Beside better wetting, emulsifying and solubilization properties, and lower criti-
cal micelle concentration, compared with conventional surfactants, gemini surfac-
tants (molecules composed of two hydrophilic headgroups and two hydrophobic
tails connected through a spacer unit) could have antimicrobial properties, espe-
cially when they have cationic or zwitterionic character. Taking into account all
these advantages, Bao et al. (2017) synthesized some cationic gemini surfactants
with poly(ether siloxane) linked group (C,-PSi-C,, m = 8§, 10, 12, 14, 16, 18).
Qualitative and quantitative antimicrobial tests revealed that C,,-PSi-C;, polymeric
surfactants have strongest antimicrobial ability against E. coli and S. aureus, while
C,4-PSi-Cy, possessed the strongest antimicrobial activity against A. flavus. As
expected, antimicrobial activities of Cg-PSi-Cg and C4-PSi-C;3 compounds were
insignificant, because the inadequate length of hydrophobic chain (too long or too
short) from structure of polymeric gemini surfactants was unfavorable to interac-
tions with tested pathogenic microorganisms.

Another approach to improve antimicrobial properties of biocompatible syn-
thetic polymers involves synthesis of copolymers, especially block copolymers.
Because pure poly(dimethylsiloxane) has tendency to form a brittle silica like layer,
it was chosen as candidate for blending with antimicrobial agents and subsequently
chemical surface modifications. Thus, Qin et al. (2015) designed an antibacterial
coating from block copolymers of poly(dimethylsiloxane) with quaternized
poly(N,N-dimethylaminoethyl methacrylate). In this study, hydrophilic poly(N,N-
dimethylaminoethyl methacrylate) was converted into cationic form by quaterniza-
tion of tertiary amino groups with n-octyliodide. Spin coated copolymer films were
obtained from acetonitrile solution of block copolymers mixed with hexamethylene
diisocyanate. A different chemical composition of quaternized block copolymers
was related with variable Si/N ratio: 1.5/1, 0.6/1, 0.7/1 and 1.1/1. In case of some
films, mobility of poly(dimethylsiloxane) chains and intermolecular ionic interac-
tions between alkyl side chains and positively charged groups in quaternary ammo-
nium salts have favored appearance of microphase separations. So, surface
roughness determined interaction with bacteria such that heterogeneous surfaces
ensured an increased contact area with microorganisms and improved antimicrobial
activity. From entire series of quaternized block copolymers, the exponent with the
higher content of N* showed antimicrobial activity towards both B. subtilis and
E. coli. In contrast, the other three were insensitive towards Gram negative bacteria.

Self-assembling capacity of block copolymers was exploited by Zhou et al.
(2015) in order to design new fluorosilicone copolymers containing bloks of dithio-
carbonate terminated poly(dimethylsiloxane), poly(2-(dimethylamino)ethyl meth-
acrylate) quaternized with n-octyliodide, poly(hexafluorobutyl methacrylate) and
hydroxyethyl methacrylate, respectively. The new quaternized multi block copoly-
mers contained different mass percentages of poly(2-(dimethylamino)ethyl methac-
rylate) and poly(hexafluorobutyl methacrylate). Visualization of inhibition zones
around multi block copolymer films, in presence of representative Gram positive
bacteria (B. subtilis ATCC 63501) and Gram negative bacteria (E. coli ATCC
44752), helped to correlate antimicrobial activities of these quaternized multi block
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copolymers with the stronger tendency of poly(dimethylsiloxane) and quaternary
ammonium salts related blocks to migrate to surface of films, compared with
poly(hexafluorobutyl methacrylate) blocks. Thus, fluorosilicone multi block copo-
lymer containing appropiate amount of poly(hexafluorobutyl methacrylate), usually
lower than 26.1 wt%, recorded antibacterial activity due to a higher C-N* content
and ability to form films with relatively smooth morphology.

5.4.4 Poly(methacrylate) Type Antimicrobials

Monomethacrylates and di-methacrylates are monomers intesivelly used in polym-
erization reactions resulting in thermoplastic materials with excellent weatherabil-
ity, good mechanical properties and chemical resistance. Makvandi et al. (2018)
reviewed antibacterial properties of dental composite materials composed of a qua-
ternary ammonium modified methacrylate resin matrix, beside inorganic microfill-
ers or nanofillers, coupling agents, and an initiator—accelerator system. Even that
dental restoration materials incorporated with quaternary ammonium compounds
exert a long time antibacterial effect compared with other antimicrobials, e.g. silver
or zinc oxide nanoparticles, a balance between antimicrobial properties and mam-
malian cell cytotoxicity must always be considered.

Lv and team (2018) designed an electrochemical biosensor for immobilization of
redox protein, which possesed antimicrobial properties, too. They used positively
charged polymeric quaternary ammonium salts of dimethylaminoethyl methacry-
late and negatively charged hemoglobin for constructing a film onto a glassy carbon
electrode. Catalytic activity of immobilized hemoglobin was evaluated toward per-
oxide of hydrogen, and antimicrobial properties were tested against E. coli (ATCC
25922), S. aureus (ATCC 6538), Candida albicans (ATCC 14053) and Aspergillus
Jumigatus (Af 293). Both properties were influenced by the length of alkyl chain or
type of methacrylate molecule (macromolecule or monomer).

5.4.5 Poly(ethylene) Type Antimicrobials

Beside well-known plastics like poly(urethane), poly(styrene), poly(propylene) or
poly(vinyl chloride), being intensively used in daily life, poly(ethylene) is another
thermoplastic semicrystalline polymer usually applied in packaging industry or
medical instruments and devices. Because most of poly(ethylene) type materials
come into contact with living beings, it is necessary to ensure their sterility. Thus,
Rossetti et al. (2017) mixed poly(ethylene) from melt with mono- and bicationic
quaternary ammonium salts. They used nine different salts: benzyldimethylstearyl-
ammonium chloride; trimethylstearylammonium chloride; dimethyldistearylam-
monium chloride; methyltristearylammonium bromide; tetrastearylammonium
bromide; 1,12-bis(dimethyloctylammonium)dodecane dibromide; 1,20-bis(dim-
ethyloctylammonium)eicosane  dibromide; 1,30-bis(dimethyloctylammonium)
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triacontane dibromide; bis(dimethyloctylammonium)PEG(400) ditosylate. Resulted
antimicrobial poly(ethylene)s were self-organized in such a way that quaternary
ammonium salts bounded by Vander-Waals forces were displayed to the surface of
polymer, forming nonleaching, permanent biocidal surfaces.

5.5 Target Microorganisms Affected by Polymeric
Antimicrobials Containing Quaternary
Ammonium Moieties

Eradication of various pathogens such as viruses, bacteria, fungi, algae from sur-
rounding world, or of opportunistic germs from living organisms, involves the use
of more or less aggressive physical or chemical methods. Each method is chosen
according to the main structural features of target microorganism. In this regard, it
takes in consideration hydrophilic character of Gram positive bacteria or hydropho-
bic character of Gram negative bacteria. This difference is due to synergic action of
main components of cells. Thus, murein layer in Gram positive bacteria cell wall is
thick, cross-linked and reinforced with teichoic and lipoteichoic acids, and dis-
played to external part of cell wall. In return, in case of Gram negative bacteria, thin
layer of murein is located in periplasmic space between outer and inner membranes.
If membrane of Gram positive bacteria is composed of cardiolipin, predominant
phospholipids in inner membrane of Gram-negative bacteria are phospahtidyletha-
nolamine and phosphatidylglycerol. In addition, outer membrane of Gram negative
bacteria is covered with a lypopolysaccharides layer, while in case of Gram positive
bacteria, outer membrane is missing. Even chemical structure of fungi is variable.
For example, mycelium hyphae consisting of branched filament tubes are sur-
rounded by a rigid cell wall with variable chemical composition, most of fungi
containing chitin and glucan. Some fungus like organisms have a cell wall made up
of considerable amounts of cellulose, while cell surface of Candida albicans is
negatively charged due to terminal sialic acid, which is found on the surface of the
membrane. There is a wide spectrum of pathogens studied by researchers, but rep-
resentative microorganisms tested in the presence of polymers containing quater-
nary ammonium moieties are limited and grouped in Table 5.1 or schematically
represented in Fig. 5.1 and Table 5.2, respectively.

A possible lower antimicrobial activity of quaternary ammonium polymers com-
pared with standard antibiotics is balanced by their broader activity. Bacteriostatic/
fungistatic and bactericidal/fungicidal effects of quaternary ammonium polymers
are related to passive or active mechanism of action of substances in the presence of
microorganisms. If a passive action of antimicrobials is supposed to repel patho-
genic entity due to hydrophilic/hydrophobic/electrostatic repulsion or low surface
energy, an active action involves microorganism killing by electrostatic or biocidal
interaction (Huang et al. 2016). In depth, molecular mechanism of antimicrobial
action is carried out along several stages: adsorption of antimicrobial agent onto cell
surface/to outer membrane; formation of interface complexes between



Table 5.1 Representative microorganisms tested in presence of polymers with quaternary
ammonium moieties

Microorganisms

Species

References

Gram positive
bacteria

Staphylococcus
aureus, S. epidermidis

Meng et al. (2015), Mohamed et al. (2015), Fan

et al. (2015), Ignatova et al. (2016), Tang et al.
(2015), Oyervides-Munoz et al. (2017), Wang et al.
(2016), Tang et al. (2016), Chen et al. (2016), Li

et al. (2015), Tuchilus et al. (2017), Grigoras et al.
(2013), Quelemes et al. (2017), Logar et al. (2016),
Maleki et al. (2017), Udabe et al. (2017), Liu et al.
(2015), He et al. (2016), Cui et al. (2015), Bao et al.
(2017), Lv et al. (2018), Rossetti et al. (2017)

Streptococcus mutans

Song et al. (2016)

a-Hemolytic
Streptococcus

Wang et al. (2016)

p-Hemolytic
Streptococcus

Wang et al. (2016)

Bacillus subtilis

Li et al. (2015), Maleki et al. (2017), Cui et al.
(2015), Qin et al. (2015), Zhou et al. (2015)

Enterococcus faecalis

Mohamed et al. (2015)

Sarcina lutea

Tuchilus et al. (2017)

Gram negative

Escherichia coli

Meng et al. (2015), Mohamed et al. (2015), Fan

bacteria et al. (2015), Ignatova et al. (2016), Tang et al.
(2015), Oyervides-Munoz et al. (2017), Wang et al.
(2016), Tang et al. (2016), Chen et al. (2016), Li
et al. (2015), Tuchilus et al. (2017), Logar et al.
(2016), Staneva et al. (2015), Maleki et al. (2017),
Udabe et al. (2017), Liu et al. (2015), He et al.
(2016), Cui et al. (2015), Bao et al. (2017), Qin
et al. (2015), Zhou et al. (2015), Lv et al. (2018),
Rossetti et al. (2017)
Pseudomonas Wang et al. (2016), Li et al. (2015), Tuchilus et al.
aeruginosa (2017), Staneva et al. (2015), Rossetti et al. (2017)
Proteus vulgaris Wang et al. (2016)
Klebsiella Mohamed et al. (2015), Maleki et al. (2017)
pneumoniae, K.
oxytoca
Fungi Saccharomyces Peng et al. (2016)
cerevisiae

Aspergillus niger, A.
fumigatus, A. flavus

Mohamed et al. (2015), Wang et al. (2016), Li et al.
(2015), Bao et al. (2017), Lv et al. (2018)

Candida albicans, C.
glabrata,
C. parapsilosis

Wang et al. (2016), Song et al. (2016), Tuchilus
etal. (2017), Lv et al. (2018)

Colletotrichum
lagenarium (Pass) Ell.
et halst

Tan et al. (2016), Li et al. (2016)

Fusarium oxysporum
f.sp.niveum

Tan et al. (2016), Li et al. (2016)

Fusarium
oxysporum.f.sp.
cucumebrium Owen

Tan et al. (2016), Li et al. (2016)

Phomopsis asparagi

Tan et al. (2016)

Geotricum candidum

Mohamed et al. (2015)
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Fig. 5.1 Schematic representation of microorganisms and polymer chain bearing quaternary
ammonium moieties. Under favorable conditions, macromolecular chains bearing positive charged
groups of quaternary ammonium can interact with components of microbial entities

microorganism membrane and antimicrobial substance by diffusion through cell
wall and binding of substances to cytoplasmic membrane; cytoplasmic membrane
disruption; translocation of negatively charged lipids of membrane from inside part
to outside part of membrane and lateral segregation of membrane lipids; destabiliza-
tion of outer membrane by releasing cytoplasmic constituents like potassium ions,
DNA and RNA; interaction of genetic material with biocidal agent; cell death
(Munoz-Bonilla and Fernandes-Garcia 2012; Timofeeva and Kleshcheva 2011).
Preliminary qualitative microbiological tests and extensive quantitative micro-
biological methods are used in order to evaluate antimicrobial activity of substances.
Some of parameters directly refer to microorganism number affected by potential
antimicrobials; others are indirectly related with the effect of antimicrobials.
Usually, colony forming units are counted, while cell viability, inhibitory index,
bacterial reduction, and antimicrobial efficiency are assessed in percentage. Other
parameters are also estimated from microbiological tests: bactericidal activity in
time (h), bacteriostatic efficiency (log reduction), minimum inhibitory concentra-
tion, minimum bactericidal concentration and minimum fungicidal concentration.
There are different approaches to evaluate inhibition zone; some authors include in
diameter of zone of inhibition, even the size of cylinder or disk containing or
immersed with antimicrobial solution; while others calculate zone of inhibition (in
mm) by separating support “imprinted” with antimicrobial solution from diameter
of transparent zone. Table 5.3 presents the antimicrobial activity of polymers
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containing quaternary ammonium moieties. It could be observed that diameter of
inhibition had values of 6-25 mm for quaternized compounds compared with their
precursors characterized by lower or nonexistent antimicrobial activity. Also, for a
constant concentration of potential biocidal polymer, diameter of inhibition zone
increased in accordance with quaternization degree of polymers. In some cases,
values of diameter of inhibition zone were lower than those recorded in presence of
standard antibiotics (22—-32 nm).

After a variable time of microorganisms incubation in presence of polymeric
antimicrobials containing quaternary ammonium moieties, e.g. 4 h for hydrogels
containing quaternized cellulose and native cellulose (Peng et al. 2016); 12 h for
regenerated cellulose membranes including trimethoxysilylpropyl trimethyl ammo-
nium chloride or trimethoxysilylpropyl octadecyldimethyl ammonium chloride
(Meng et al. 2015) or 24 h for chitosan biopolymer dye (Tang et al. 2016), cell via-
bility (%) was considerably reduced. This decrease in cell viability was inversely
proportional to the alkyl chain dimension, substitution degree of ionizable groups in
polymer chain and incubation time period. A similar behavior was observed in case
of bacterial reduction. For example, for poly(urethane) coatings containing quater-
nary ammonium salts, this parameter had the highest value in case of compound
with the longest hydrophobic alkyl chains of the whole series (Liu et al. 2015). In
other case, if poly(lactic acid) fabrics coated with crosslinked Si-matrix contained
3-(trimethoxysilyl)-propyldimethyltetradecyl ammonium chloride and silver
nanoparticles, the bacterial reduction represented a synergistic effect of quaternary
ammonium groups and silver (Logar et al. 2016).

Because the quality and antiseptic properties of a substance are not assured only
by a bacteriostatic effect, usually bactericidal activity is also examined (https://
emerypharma.com/biology/minimum-inhibitory-concentration/). Literature reports
that bacteriostatic activity is associated with a ratio of minimum bactericidal con-
centration to minimum inhibitory concentration greater than 4, although determina-
tion of this ratio is affected by numerous factors and technical problems. Regarding
in vitro microbiological activity, it has been found that, at high concentrations, some
antibacterial agents considered bacteriostatic are often bactericidal towards some
susceptible organisms, while at low concentrations, other bactericidal drugs simply
exhibit bacteriostatic effect. In vitro bacteriostatic or bactericidal data provide infor-
mation about potential action of antimicrobial agents because only clinical results
are relevant in treatment of bacterial infections. Thus, presumption that bactericidal
agents are superior compared with bacteriostatic agents was invalidated by clinical
results: meningitis, usually treated with bactericidal drugs, was effectively cured
with bacteriostatic agents (Pankey and Sabath 2004).

In case of cationic amphiphilic dextran derivatives with a long alkyl group and
quaternary ammonium moieties, minimum bactericidal concentration was two
times lower than minimum inhibitory concentration; same results was recorded
between minimum fungicidal concentration and minimum inhibitory concentration
(Tuchilus et al. 2017). In the same time, values of minimum inhibitory concentra-
tion were insignificantly different from minimum bactericidal concentration values
for the most quaternized cashew gums with different substitution degree of
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(3-chloro-2-hydroxypropyl) trimethylammonium chloride (Quelemes et al. 2017),
while for poly(amidoamine) dendrimers modified with halogenated quaternary
ammonium salts, values of minimum bactericidal concentration were slightly higher
than minimum inhibitory concentration values (Maleki et al. 2017). Study about
antimicrobial activity of poly(siloxane) quaternary ammonium salts containing
epoxy group revealed that microbiological parameters indirectly have been influ-
enced by concentration of quaternary ammonium groups such that minimum bacte-
ricidal concentration values generally decreased with increase of molecular weight
of polymers (Cui et al. 2015).

5.6 Factors That Influence Antimicrobial Activity

Beside already presented heterogeneous chemical composition of microorganisms
responsible for hydrophilic, hydrophobic, lipophilic or amphiphilic character of
microbial entities, there are other factors that influence antimicrobial activity of
substances (Table 5.4). Higher is the degree of substitution of ionizable groups,
more potent is the antimicrobial activity. Because of a large number of incorporated
positive charges in modified polymers, charge density increases with increase in
zeta potential values for macromolecules in solution. Molecular weight of polymer
is another characteristic that could indirectly influence charge density. By increas-
ing degree of substitution, molecular weight of polymer increase and more electro-
static interactions are established between biomembranes and antimicrobial
substances (Wang et al. 2016; Quelemes et al. 2017). A higher antimicrobial activity
was recorded with an increase in molecular weight, in case of poly(siloxane) qua-
ternary ammonium salts containing epoxy group compared with their precursor
(Cui et al. 2015).

Depending on position of the biological active quaternary ammonium groups in
polymer structure (usually pendant, and rarely in side chain) and their steric hin-
drance, the flexibility and conformation of macromolecular chains may vary, influ-
encing thus probability of interactions between cationic quaternary ammonium
groups and anionic components of microorganisms (Bao et al. 2017). Flexible
chains bearing quaternary ammonium groups have a facile access to components of
microorganisms, while an extended conformation enhances antimicrobial effect
(Grigoras et al. 2013). Also, probability of electrostatic interactions depends on
density/concentration of quaternary ammonium bearing grafts on polymer back-
bone which is indirectly related to degree of substitution of ionizable groups
(Grigoras et al. 2013). For example, in case of wastewater treatment industry, the
number of grafts on polymeric backbone is important. Thus, flocculation properties
of some quaternary ammonium type materials were enhanced with increase of
grafting ratio, because cell wall of pathological E. coli was destroyed by electro-
static interactions established between modified starches and biomembranes (Huang
et al. 2017).
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Table 5.4 Physical, chemical and physicochemical factors that influence antimicrobial activity of
compounds bearing quaternary ammonium moieties

Factors

References

Degree of substitution of
macromolecules

Peng et al. (2016), Li et al. (2015)

Molecular weight of polymers

Wang et al. (2016), Quelemes et al. (2017), Cui et al.
(2015)

Charge density of macromolecular
chain

Chen et al. (2016), Tuchilus et al. (2017)

Zeta potential of antimicrobials

Chen et al. (2016), Tuchilus et al. (2017)

Position of biological active
quaternary ammonium groups in
polymer structure: pendant or lateral

Tuchilus et al. (2017)

Steric hindrance of quaternary
ammonium groups

Bao et al. (2017)

Flexibility of macromolecular chains

Grigoras et al. (2013), Lv et al. (2018)

Conformation of polymer chains

Grigoras et al. (2013)

Pendant chain dimensions or length of
alkyl chains between quaternary
ammonium groups and polymer
backbone

Tuchilus et al. (2017)

Hydrophilic-hydrophobic balance

Tuchilus et al. (2017)

Critical micelle concentration

Tuchilus et al. (2017)

Density of the grafts on polymer
backbone

Grigoras et al. (2013)

Chemical structure of polymer;
polyampholyte or polyzwitterionic
character of antimicrobials

Chen et al. (2016), Tuchilus et al. (2017)

Electronegativity of different
substituted groups

Tan et al. (2016), Li et al. (2016)

pH of medium and type of solvent
used for formation of polymeric
solutions

Meng et al. (2015)

Surface morphology of polymeric
films

Rossetti et al. (2017)

Synergistic antimicrobial effect of
different reactive groups

Li et al. (2015), Tang et al. (2015), Tan et al. (2016), Li
et al. (2016), Oyervides-Munoz et al. (2017), Ignatova
et al. (2016), Logar et al. (2016), Mohamed et al. (2015)

Taking into account hydrophilic—hydrophobic balance, some researchers
designed antimicrobials with polyampholyte or polyzwitterion character. Presence
of hydrophobic alkyl chains with variable lengths between hydrophilic quaternary
ammonium groups and polymer backbone could be tuned from synthesis condi-
tions; the length of alkyl chain being thus a critical parameter. In this way, chemical
structure of polymer, namely ratio between hydrophobic moiety and hydrophilic
part, has a decisive role on antimicrobial activity. If hydrophobicity is enhanced by
a long alkyl chain, penetration of quaternary ammonium groups through a hydro-
phobic biological membrane, mainly composed from proteins and phospholipids, is
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assured, and efficiency of antimicrobials with quaternary ammonium groups is
improved (Meng et al. 2015; Bao et al. 2017). It seems that, usually, an octyl chain
in structure of polymers is the best choice to design such polymeric antimicrobials
containing quaternary ammonium moieties (Tuchilus et al. 2017; Qin et al. 2015).
Since longer alkyl chains are more flexible, they can patch and mask the quaternary
ammonium chains, so that electrostatic interactions will be limited and the antimi-
crobial potential of the substances will decrease (Lv et al. 2018).

Another issue concerns the correlation between self-aggregation state of quater-
nized macromolecules and their antimicrobial activity. Experiments revealed that
some chemical agents were microbiologically active only in self-assembled form
when minimum inhibitory concentration value was almost the same with that of
critical micelle concentration; others were efficient at concentrations higher or
lower than their critical micelle concentration. In addition, bacteriostatic or bacteri-
cidal character of a substance is dictated by relationship between minimum bacteri-
cidal concentration and minimum inhibitory concentration; for example, in case of
quaternized dextrans, minumum inhibitory concentration recorded a value of 20
times greater than minimum bacterial concentration (Singh et al. 2008).

Electronegativity of different substituted groups with halogens in polymeric qua-
ternary ammonium salts is a sensitive factor that influenced antifungal activities of
halogenated derivatives of chitosan acetate (Tan et al. 2016) or of chitosan deriva-
tives with halogeno-1,2,3-triazole (Li et al. 2016). It was observed that as electro-
negativity increased in the order trifluoromethyl > trichloromethyl > dichloromethy]l
> chloromethyl > bromomethyl, antifungal activity recorded same trend.
Halogenated groups with stronger electronegativity have ability to draw more elec-
trons from surrounding cationic amino groups of polymeric ammonium salts, and
positive charge densities of cationic amino groups was consequently enhanced.
Cationic amino groups possessing higher positive charge densities are more likely
to interact with anionic components of fungal entities, such as mannan, glucan,
proteins, and lipids, thereby blocking the proper transport of essential nutrients
into cell.

pH of medium and type of solvent influence the polymer solubility, conformation
of macromolecular chains and accessibility of cationic quaternary ammonium
groups to anionic components of microorganisms. For example, chitosan, a bio-
polymer with intrinsec antimicrobial properties, become soluble in water if a small
quantity of acid is added in solution such that glucosamine units are transformed
into positively charged moieties. In addition, in order to increase solubility and
antibacterial activity of this polysaccharide, introduction of substituting groups rep-
resented a feasible choice, especially in case of quaternary ammonium groups.

Compared with macromolecules in solutions, where antimicrobial activity
depends especially on flexibility of macromolecular chains, in case of polymeric
films containing quaternary ammonium moieties, surface morphology is related
with position of biological active quaternary ammonium groups confined on film
surface. On the other hand, morphology, roughness and topography of surface are
in close relationship with antimicrobial activity. A surface with relatively smooth
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morphology and lower surface roughness value presents an increased contact area
favoring microorganism adhesion (Rossetti et al. 2017).

In order to increase antimicrobial performance of materials, researchers chemi-
cally modify macromolecules such that equipped them not just with quaternary
ammonium moieties, but also with other types of reactive antimicrobial groups: acyl
thiourea, triazole, halogen, benzalchonium or pyridinium (Li et al. 2015; Tang et al.
2015; Tan et al. 2016; Li et al. 2016; Oyervides-Munoz et al. 2017). When they
made physical mixture, beside quaternized polymer bearing quaternary ammonium
cations, they used molecules with antimicrobial properties like silver, k-carrageenan
or caffeic acid (Ignatova et al. 2016; Logar et al. 2016). In some cases, the intrinsic
antimicrobial properties of polymers like chitosan were combined with the proper-
ties of quaternary ammonium cations (Mohamed et al. 2015). In this way, dual
antimicrobial materials have a synergistic antimicrobial effect against a broad spec-
trum of microorganisms.

5.7 Conclusions

Quaternary ammonium groups are versatile chemical entities with antimicrobial
properties that could be introduced in various type of polymers in order to design
more efficient biocides. Incorporation of quaternary ammonium groups or moieties
can be accomplished by two pathways or approaches: chemical and physical. Each
of them has advantages and disadvantages. Antimicrobial agents bonded on matrix
by physical forces are released in a controlled manner into environment until their
concentration decreases by leaching of antimicrobial system. In return, chemical
bonded antimicrobial agents, accomplished by binding biocide moieties to polymer
chains, form a permanent bio-barrier and act as a biological obstacle for microor-
ganisms that come in contact with polymeric matrix. Although, from economical
point of view, a permanent biocidal material is preferred over physically bonded
material, the latter possess a higher specific surface area available for more contacts
with pathogenic entities. Even if polymeric quaternary ammonium salts have vari-
ous advantages like chemical stability, no volatility, and generally do not penetrate
mucosa, biocompatibility and cytotoxicity tests are required in order to assess
potential toxic effects before introducing them into clinical use.

Currently, there are numerous roughly qualitative studies in which antimicrobial
effects are generally observed. For the progress of pharmaceutical industry and
responsible use of resources, the need for simulation studies of molecular dynamics
regarding interactions between quaternary ammonium compounds and model mol-
ecules, which have chemical structures similar to each component of the microor-
ganism, should be considered. Also, it is desirable and should insist on design of
materials with dual-antimicrobial functional groups to prevent resistance of the
most aggressive microorganisms to antimicrobial substances.
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Chapter 6
Nanoparticles: Powerful Tool to Mitigate
Antibiotic Resistance

Mitali Mishra, Shashank Patole, and Harapriya Mohapatra

Abstract The discovery of antibiotics has offered tremendous advantage for prog-
ress in medicine. It has ensured recuperation from deadly bacterial diseases and an
increase in the longevity of human life. Bacteria, due to their versatile and quick
adaptation towards a changing environment, inevitably emerged as winners in the
struggle for survival. The bacteria have acquired resistance by means of genetic
modifications, shared the resistance genes through horizontal gene transfer and
evolved strategies to overcome lethal antimicrobials. This resulted in the emergence
of resistance towards multiple antimicrobial agents. Concurrent with the emergence
of resistance, better connectivity across the globe led to a rapid spread and disper-
sion of the resistance traits. Cumulatively, all the above, resulted in antimicrobial
resistance emerging as the most significant human health crisis of the twenty-first
century. Deaths attributed to antibiotic resistant infections have raised significantly
worldwide, particularly in high and low-income nations. This crisis threatens to
undo medical advances such as organ transplants and interventional surgery heal-
ing. Ongoing surveillance conducted by the World Health Organization on the
occurrence of antibiotic resistant infections worldwide suggested approximately ten
million deaths to occur by 2050. Such predicted death rates surpass those associated
with other deadly diseases like cancer and diabetes. Several studies have highlighted
the mechanisms behind such growing drug resistance, which unanimously urges us
to look for alternatives to antibiotic and take action to tackle antibiotic resistant
pathogens. The complexity of the problem is compounded with the bottlenecks in
drug development and a lack of available new antimicrobials. Such a scenario has
necessitated a search for alternatives to naturally occurring antimicrobials.
Nanoparticles/nanomaterials have emerged as promising alternatives with poten-
tial leads possessing enhanced antimicrobial activities. The nanoparticles are
endowed with a wide spectrum of antimicrobial activity against multi drug resistant
pathogens. Though in its primitive stage, the efficacy of nanomaterials can be
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enhanced with its physicochemical properties, antimicrobial efficacy and reduced
cytotoxicity. Both inorganic (metallic and metal oxide nanoparticles) and organic
nanoparticles have been extensively studied for their antimicrobial properties. Their
ultra small size, easy penetration to the target cell and biocompatibility nature has
only enhanced the popularity of nanoparticles to be used as an alternative antimicro-
bial agent. However, a lot of performance and quality assessment are essential
before actual implementation of such nanoparticles in biomedicine.

The present chapter will focus on the development and diversity of metallic and
non-metallic nanoparticles. Aspects of metallic nanoparticle synthesis, their mode
of action along with use of non-metallic nanoparticles as drug delivery agent is also
reviewed. The chapter finally concludes with discussion on limitations and future
research potentials in the field.

Keywords Nanoparticles - Antibiotic resistance - Multi drug resistance - Silver
nanoparticle - Bimetallic nanoparticle - Carbon nanoparticle - Fullerene - Graphene
- Gold nanoparticle - Antibacterial activity

6.1 Introduction

Amongst significant developments in the history of medicine, discovery of the mir-
acle molecule ‘Penicillin’ from the fungus Penicillium notatum by Alexander
Fleming in 1928, was considered most relevant and decisive. Thereafter, by the
mid-1940s, E. B. Chain and H. W. Florey were able to generate stable commercial
formulations of Penicillin. In the year 1945, Fleming, Chain and Florey, were
awarded the Nobel Prize in medicine for “the discovery of penicillin and its curative
effect on various infectious diseases” (Lobanovska and Pilla 2017). Undoubtedly,
over the past 70 years, antimicrobial therapy has enabled the treatment of a multi-
tude of infectious diseases. It has contributed immensely to advances in medical
interventions such as organ transplants. This, in turn has boosted the average life
expectancy of individuals during the twentieth century.

However, within just 4 years of the discovery of commercial formulation of peni-
cillin in 1943, there were reports of microbes developing resistance to this antibiotic
by the production of a hydrolyzing enzyme ‘penicillinase’. Resistance is the ability
of a microorganism to escape or prevent the action of a drug that once successfully
killed the same pathogen (Li and Webster 2018). Since then, the discovery of every
new antimicrobial compound was challenged by superlative resistance mechanisms
employed by pathogens. As a result of this, the antibiotic becomes ineffective
against the infectious agent, resulting in treatment failure. This tug of war between
pathogen and antimicrobial has eventually resulted in the development of multi
drug resistant (MDR), extensive drug resistant (XDR) and pan drug resistant (PDR)
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pathogens (Magiorakos et al. 2012). The dissemination of antibiotic resistant genes
among pathogens is associated with horizontal gene transfer, which is the exchange
of plasmids bearing antibiotic resistance determinants and mutations. Integrons are
another group of mobile genetic elements responsible for the transfer and insertion
of resistance genes in gram negative pathogens (Davies and Davies 2010).

Overall the antimicrobial efficacy has been tremendously compromised due to
evolution of drug resistance. The accumulation of multiple antimicrobial resistance
mechanisms has resulted in evolution of bacteria that are immune towards multiple
therapeutic drugs. Such ‘superbugs’ pose a threat towards the advancement of medi-
cal interventions and have globally emerged as a potential health threat. Moreover,
antibiotic therapy options, being largely empirical, pose various side effects like
toxicity, hypersensitivity, teratogenicity and/or mutagenicity (Hemeg 2017). In
addition, the escalation of drug resistant pathogens and reduction in the potency of
antibiotics is a major setback to public health with limited or no treatment options
available in the future. Undoubtedly we are now in the “post-antibiotic era” and are
exposed to a global health crisis (Ventola 2015). Considering the present situation,
researchers have listed top six multi drug pathogens which are escalating rapidly
worldwide resulting in higher mortality and morbidity in cases of antibiotic resis-
tant infections. “ESKAPE”, is the acronym for such group of opportunistic patho-
gens which includes Enterococcus faecium, Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter
spp. The ESKAPE pathogens have rapidly developed resistance to primary, second-
ary and tertiary therapeutic agents and have posed a grave threat to healthcare prac-
tices globally over the last decade (Mulani et al. 2019; Boucher et al. 2009).

6.1.1 Mechanisms of Antibiotic Resistance

To mitigate the antimicrobial resistance problem, it is crucial to understand the
tricks adopted by pathogens to escape the action of antimicrobials. This understand-
ing is essential to develop counter strategies to combat resistant infections.
Antimicrobial resistance mechanisms can broadly be classified into four categories
viz. (1) modification and/or inactivation of drugs by various hydrolysing enzymes,
(2) alteration of antibiotic target site, (3) limited membrane permeability thereby
restricting the entry of antibiotic into the target cell, and, (4) active efflux pumps
that expel antibiotics out of the cell (Li et al. 2015; Sherrard et al. 2014).

6.1.1.1 Drug Inactivation or Alteration

The first recognised and extensively studied antimicrobial resistance mechanism
involves acquisition of genes encoding enzymes that alter or degrade the antibiotics,
making them ineffective against their target, for instance pf-lactamases and amino-
glycoside modifying enzymes. f-lactamase enzymes are ancient, widely distributed
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in bacterial genera with activity on diverse substrates, and usually act by hydrolyz-
ing the PB-lactam rings (Santajit and Indrawattana 2016). Mutations in the genes
encoding such enzymes produce extended spectra of resistance against f-lactams as
well as cephalosporins. f-lactamase enzymes are classified into Ambler classes A,
B, C and D (Bush and Jacoby 2010) based on their amino acid sequences. The
ambler class A of serine f-lactamase enzymes include extended spectrum
B-lactamases (ESBLs), mainly TEM, SHV, CTX-M and KPC (Klebsiella pneu-
moniae carbapenamase) types, which are prevalent in Enterobacteriaceae. Ambler
class B includes metallo-f-lactamases such as IMP (active-on-imipenem), VIM
(Verona integron-encoded) and NDM-1 (New Delhi metallo-f-lactamase), whereas
the ambler class D include many oxacillin hydrolyzing enzymes (OXA) group of
B-lactamases. The ambler class C includes AmpC p-lactamases, which are usually
chromosomally encoded in many gram negative bacteria including Citrobacter,
Serratia and Enterobacter spp. The presence of such chromosomal encoded genes
result in low level resistance to the broad spectrum cephalosporin group of antibiot-
ics due to their constitutive expression, however, expression of these enzymes is
enhanced in the presence of antibiotics (Munita and Arias 2016).

Another important enzyme mediated antibiotic resistance mechanism is by
shielding the target. An example of such mechanism is observed in resistance to
fluoroquinolones facilitated by gnr (Quinolone resistance) genes. The gnr genes
encode a family of DNA binding proteins that compete for the binding site in a
gyrase-DNA complex. This lowers the ability of fluoroquinolones to bind and hence
confer low levels of quinolone resistance (Strahilevitz et al. 2009).

6.1.1.2 Modification of Drug Binding Sites

Resistant pathogens avoid killing activity by antimicrobial agents by modifying
their target sites. For example, penicillin binding proteins are enzymes usually
anchored on the bacterial cytoplasmic membrane and offer resistance to p-lactam
antibiotics. Mutation of such genes encoding for penicillin binding proteins result in
low affinity for f-lactam antibiotics, and this in turn allows the pathogens to escape
the antimicrobial action (Lambert 2005) and develop resistance.

6.1.1.3 Reduced Permeability of Antibiotics by Outer
Membrane Proteins

The third most important drug resistance strategy involves limited membrane per-
meability that restricts the access of antibiotics through the intricate outer mem-
brane and cell membrane barrier. This membrane mediated mechanism of antibiotic
resistance is achieved through decreased membrane permeability by outer mem-
brane proteins or porins, which are channel like proteins embedded in the cell mem-
brane (Krishnamoorthy et al. 2017). These transport proteins form the primary
mechanical barrier to antimicrobial therapy in gram negative pathogens by
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regulating the entry of hydrophilic antibiotics like p-lactams and fluoroquinolones,
with porin modifications/mutations and downregulation of porin synthesis (Bolla
et al. 2011).

6.1.1.4 Active Efflux Pumps Extruding Antibiotics

The rapid escalation of multi drug resistant pathogens is often characterized by the
presence of active efflux pumps that expel antibiotics from the cytoplasm and peri-
plasm, out of the cell (Piddock 2006). Both gram negative and gram positive patho-
gens harbour single component as well as multi component tripartite multi drug
resistant efflux pumps from different families. Efflux mediated antibiotic resistance
mechanisms were widely reported as a primary means of multi drug resistant phe-
notypes in many clinically significant pathogens owing to its substrate redundancy
and over expression in stress conditions (Li et al. 2015) (Fig. 6.1).

Reduced membrane
permeability by porin
mutation or loss

Active efflux of
antimicrobials by
overexpression of efflux
umps

Enzymatic
inactivation/hydrolysis Target modification of
of antibiotics r antibiotics

Fig. 6.1 A simplistic model depicting the broad categories of antibiotic resistance mechanisms
employed by pathogens to avoid antimicrobial action. The figure summarizes the resistance strate-
gies followed by bacteria mainly: antibiotic modifying/inactivating enzymes, change in target site
of the antibiotic — both of this make the antibiotic non-functional/ineffective. Reduced outer mem-
brane permeability by porins and active efflux of drugs by efflux pumps, both lower the effective
concentration of the antibiotic inside the cell to be functional. All of these strategies in singular or
in combination can exert resistance to the antimicrobial action in pathogens



176 M. Mishra et al.
6.1.2 Current Status of Antibiotic Resistance

Accurate prediction of worldwide healthcare associated infections caused by anti-
microbial resistance is uncertain and often extrapolated, as it involves exclusive
information obtained from regional/national level tertiary care hospitals, is not pop-
ulation centric and lacks data from countries with low or moderate income (Kraker
et al. 2016). Nevertheless, significant efforts have been made by many international
committees, namely, World Health Organization (WHO), Centre for Disease
Control and prevention (CDC), European Centre for Disease Prevention and Control
(ECDC), the Centre for Disease Dynamics, Economics and Policy (CDDEP), to
contribute to our present knowledge of antimicrobial resistant infection statistics.
As per the Centre for Disease Control and prevention (CDC) 2013 report on
‘Antibiotic resistance threat” in the United States of America, every year two million
people get affected and ~23,000 people die due to serious antimicrobial resistant
infections (CDC 2013). Despite the availability of treatment options, infections due
to drug resistant opportunistic and nosocomial pathogens account for 28—-30% crude
mortality rate in healthcare settings (WHO 2014). The present antibiotic resistance
crisis has been largely attributed to overuse and misuse of antibiotics in clinics,
veterinary, industry and agriculture settings, thus unknowingly aiding in the spread
of resistant traits through diverse sources (Beceiro et al. 2013). Definitely, we have
reached the ‘post-antibiotic’ era with mounting drug resistance due to the compro-
mised efficacy of the available therapeutics, the recalcitrance of biofilms towards
antibiotics, and development of resistance in bacteria to even the last-resort antibiot-
ics, colistin (Aslam et al. 2018; Gupta et al. 2019). It was estimated that the mortal-
ity rates due to infections by antimicrobial resistant organisms could be approximately
ten million by 2050 (O Neil 2014), which is even higher than other deadly diseases
like cancer, diabetes, and is a matter of grave concern. Moreover, considering the
amount of time, resources and precision required, developing new effective drugs to
tackle this gigantic health issue seems practically impossible. This has necessitated
the search for cost-effective and easily producible alternate treatment options, where
nanoparticle based therapies have shown promising effects.

6.2 Nanoparticles: Boon in Post-antibiotic Era

Over the last decade, the utilization of nanotechnology in medicine has gained sig-
nificant attention as a substitute to ameliorate the disastrous consequences of antibi-
otic resistance. Nanoparticles possess a surface area-to-volume ratio that is much
larger than the bulk compounds originally used to synthesise them, which furnishes
an abundance of functional sites for the compound to interact with the target. The
nanoparticles are also less inclined to induce resistance in bacteria as compared to
classical antibiotics (Natan and Banin 2017). Most of the work examining the thera-
peutic impact of nanoparticles has focused on capitalising on the pre-recognised
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antimicrobial properties of metal ions such as silver (Rai et al. 2009) and oxides of
metals such as iron, titanium and zinc (Jiang et al. 2009).

Nanoparticles offer dual benefits; one, they combat antibiotic resistance and two,
they offer the advantage of being used as drug carriers for antibiotics and natural
compounds to increase their bioavailability. There are many important attributes of
nanoparticles for which they have gained significant attention as a novel candidate
to mitigate multi drug resistant pathogens:

1. Ultra small size coupled with greater surface area-to-volume ratio, which enables
them to directly interact with the bacterial cell membrane without penetration,
thus enhancing their antimicrobial property (Kim et al. 2007)

2. Wide spectrum antimicrobial activity against various gram positive and gram
negative pathogens, with some nanoparticles exhibit antifungal and antiviral
properties.

3. Increased drug solubility and stability in a chemical process (Huh and
Kwon 2011).

4. Synthesis of nanoparticles is easy and reproducible in nature
(Gholipourmalekabadi et al. 2017) and,

5. Biocompatibile with target drug and their regulated release, which can be modu-
lated further by different stimuli, like light, pH and heat (Zhang et al. 2017).

Additionally, a combination of nanoparticles along with antibiotics makes them
more effective in killing microorganisms due to increased target specificity (Wang
and Hu 2017). Depending upon the type of materials used, nanoparticles can be
broadly utilized for different applications including diagnosis using biosensors, cell
and tissue imaging, food technology, textile industry, antimicrobial coatings, super-
conducters, optical devices, quantum lasers, energy and environment (Rudramurthy
et al. 2016).

Another alternative that has been gaining greater attention is the use of nanopar-
ticles as delivery vehicles to transport chemicals, antibiotics or other nanoparticles
that have a proven antibacterial efficacy. Such nano encapsulated molecules can
contain higher dose of antibiotics even in smaller volume and help in rapid absorp-
tion of the active drug material. Their ultra small size coupled with target specific
property and less toxicity has helped the nanoparticles gain advantage over other
delivery agents. There have been a plethora of nanomaterials that have been reported
to be successful in the delivery of drugs and antibiotic compounds to treat infec-
tions, some of which include liposomes, dendrimers, solid lipid nanoparticles,
nanotubes, polymeric micelles, and biodegradable polymer based nanoparticles
(Huh and Kwon 2011; Gupta et al. 2017). Such antimicrobial compound nanopar-
ticle composites have been associated with an increased solubility of the drug, a
greater loading capacity for the drug, flexibility in the pathways of absorption, pro-
tection from oxidation, aggregation or metabolic degradation, and enabling sus-
tained release of the drug/active-compound at the specific site (Gupta et al. 2017,
Natan and Banin 2017). It is worth noting here that while these nanoparticles of
organic origin themselves do not possess any antibacterial property like their metal
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counterparts; their properties have the potential and have already been applied to
galvanize efforts to combat antibiotic resistance.

6.2.1 Characterization of Nanoparticles

Nanoparticles are particles of 1-100 nanometres in size and are generally composed
of either organic matter, carbon, metal or metal oxides with unique physical and
biochemical properties. Nanoparticles differ in their shape; could be spherical,
cylindrical, tubular, spiral, conical etc. or irregular in size and structure depending
on the matter from which it is synthesized. Certain nanoparticles have uniform sur-
face structure, whereas others have surface variations (Ealias and
Saravanakumar 2017).

Further, based upon the chemical composition of nanomolecules these can be
further categorized as metallic nanoparticles, metal oxide nanoparticles, liposomes,
dendrimers (highly branched, symmetric nano-sized complex); nano shells (dielec-
tric core covered by a metal coat); quantum dots (tiny semiconductors bearing
unique optical and electronic properties); polymeric nanospheres (spheres of micron
size); nanobins; super paramagnetic iron oxide nanoparticles (SPIONs) that are
very stable nanoparticles constituted of a magnetic core coated with either polysac-
charides, or polymers/monomers, and ultra stable polymer coated nanocrystals.

6.2.2 Classification of Nanoparticles

While the classification and characterization of inorganic based nanomaterials,
which consist of metal and metal oxide nanoparticles has been well studied and
documented, the efficacy of nanomaterials derived from non-metallic compounds
has been fairly understated in comparison. However, for easy understanding all the
nanoparticles can broadly be categorized into three, namely, organic, inorganic and
carbon nanoparticles (Kandi and Kandi 2015).

(A) Organic nanoparticles:

» Utilize non-covalent interactions for their assembly, such as dendrimers,
liposomes, micelles, ferritins and polymer nanoparticles.

* Such nanomaterials are biodegradable, non-toxic in nature.

* Micelles that are fatty acid core enclosed within lipid monolayers, and lipo-
somes made up of lipid bilayers; are sensitive to different stimuli like ther-
mal and electromagnetic radiation such as heat and light.

* Applications in biomedical field include targeted drug delivery because they
are highly efficient in injecting the nanomaterials into specific parts of
the body.
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(B) Inorganic nanoparticles:

* Include metal and metal oxide based nanoparticles, which are more advan-
tageous due to their ability to sustain adverse conditions.

* Both the metallic and metal oxide nanoparticles have demonstrated excel-
lent antimicrobial properties.

* Metallic nanoparticles — silver (Ag), copper (Cu), gold (Au), aluminium
(Al), cobalt (Co), iron (Fe), cadmium (Cd), lead (Pb), and zinc (Zn) based
nanoparticles. Metallic nanoparticles have distinctive features including
nanoscale size range of 10-100 nm, greater surface area-to-volume ratio,
surface charge density, pore size, structure, shape, colour, sensitivity and
reactivity to different environmental stimuli.

* Metal oxide nanoparticles — They are synthesised in such a manner as to
enhance the inherent properties of their respective metal based nanoparti-
cles by increasing its reactivity and sensitivity. Examples include alumin-
ium oxide (ALOs), cerium oxide (CeQ,), iron oxide (Fe,O;), magnetite
(Fe;0,), titanium oxide (Ti0,), silicon dioxide (SiO,), zinc oxide (ZnO).

(C) Carbon nanoparticles:

These nanoparticles are composed essentially of carbon and can be categorized
into graphene, fullerenes, carbon nanotubes (CNT), carbon black, carbon
nanofibers and sometimes activated carbon.

(D) Composite based nanomaterials

Combinations of nanomaterials from either of the above mentioned three cat-
egories in combination with ceramic, metal, or polymer materials that are
larger in dimension (Jeevanandam et al. 2018).

6.2.3 Synthesis of Nanoparticles

Synthesis of high throughput nanoparticles with good and regulated quality is
highly desirable and has always been recommended for their successful applica-
tions in various fields. Commonly, there are two basic methods which are practiced
to synthesize metallic nanoparticles that include -

1.

Top-down approach: This is a destructive method where synthesis is initiated
with the reduction of a bulk material to particles of nanometric scale. This is the
most widely used approach utilized for synthesis of fine nanoparticles. Examples
include mechanical milling, nanolithography, anodization, ion and plasma etch-
ing laser ablation, sputtering and thermal decomposition.

Bottom-up approach: This is a constructive method which involves the assem-
bly of atoms to clusters to nanoparticles. Examples include self assembly of
monomer/polymer molecules, spinning, sol-gel processing, chemical vapour
deposition (CVD), laser pyrolysis and most importantly biosynthesis that are
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eco-friendly, green synthesis approach for production of bio-degradable and
non-toxic nanoparticles (Dhand et al. 2015).

In general, nanoparticles can be synthesized by different combinations of physical
and chemical methods, but these methods are costly and potentially dangerous to
the environment as they generate toxic by-products. Therefore, in recent years of
nanotechnology advancement, biological methods of synthesis of nanoparticles,
popularly known as ‘green synthesis’, have been widely adapted (Swamy et al.
2015), where biological entities are utilized as a substitute to toxic physicochemical
methods, for the development of eco-friendly, cost-effective and non-toxic metallic
and metal oxide nanoparticles (Graves et al. 2017).

In such cases of bio-assisted synthesis, three different approaches exist that uti-
lize either living microorganisms (bacteria, fungi, viruses, actinomycetes etc.), or
plant extracts/biomass or biomolecules (nucleic acids-DNA, membranes and dia-
toms) as a template, for the generation of nanoparticles (Zhang et al. 2016). Amongst
these potential biological methods though, microbe assisted synthesis of nanopar-
ticle is technically challenging perhaps owing to the need of highly aseptic condi-
tions and their continuous maintenance throughout the production of nanoparticles
(Sharma et al. 2015). As a result, use of plant extracts is more appropriate as com-
pared to microorganisms due to the apparent improvement, low cell culture mainte-
nance and other safety issues (Kuppusamy et al. 2016).

6.2.4 Inorganic Nanoparticles

Amongst various inorganic nanoparticles, metal and metal oxide based nanoparti-
cles have been heavily documented for their antibacterial and antifungal activity, but
development of resistance to nanomaterials in the microorganisms are less studied.
Commonly used metals in inorganic nanoparticles include silver (Ag), gold (Au),
zinc (Zn), copper (Cu), aluminium (Al), titanium (Ti), nickel (Ni), magnesium
(Mg), iron (Fe), calcium (Ca) and silicon (Si). While certain metals such as zinc,
silver, copper exhibit antimicrobial properties in their bulk form, metal oxides like
iron oxide demonstrate antibacterial properties in nanoparticulate form. Compiling
results from a greater number of studies, this book chapter will briefly focus on the
different metallic nanoparticles, their efficacy and modes of action as antimicro-
bial agents.

6.2.4.1 Silver Nanoparticles

Silver nanoparticles are increasingly used in multiple applications including indus-
try, healthcare products, medical device coatings, optical sensors, household, diag-
nostics, drug delivery, textile industry, food industry, wound dressings. Rationale
behind such wide applications of silver nanoparticles are attributed to its unique
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physicochemical and biological properties, low side effects, easy availability and
cost effective synthesis (Zhang et al. 2016; Bilal et al. 2017; Rai et al. 2012). The
antimicrobial properties of Ag, Ag ions and Ag compounds have gathered much
attention in the scientific field. The historical use of silver as an antimicrobial agent
and antiseptic against numerous diseases has reinforced the development of silver
nanoparticles as most promising nanoparticles in medicine (Franci et al. 2015). In
addition to wide spectrum antimicrobial properties exhibited against both gram
positive and gram negative pathogens, silver nanoparticles possess anti biofilm
(Markowska et al. 2013), anti oxidant, anti inflammatory (Ravishankar and Jamuna
Bai 2011) and anti tumor and anti angiogenic properties (Swamy et al. 2015); thus
making silver nanoparticles as the most desirable metallic nanoparticle. In addition,
silver nanoparticles have displayed minimal cytotoxicity and dose dependent killing
activity at very less concentrations (Sanyasi et al. 2016).

Several reports have documented remarkably higher antibacterial activity of sil-
ver nanoparticles against many gram negative bacteria species (including E. coli,
K. pneumoniae, Enterobacter spp., Vibrio cholerae, Salmonella typhi, Acinetobacter
baumannii and P. aeruginosa) and gram positive bacteria (e.g. Methicillin resistant
Staphylococcus aureus, Staphylococcus epidermidis and vancomycin resistant
Enterococcus faecium) (Salomoni et al. 2017; Sanyasi et al. 2016; Losasso et al.
2014; Yuan et al. 2017). In addition, silver nanoparticles have also shown potential
anti fungal activities against different fungal pathogens including Candida albicans,
Candida tropicalis, Aspergillus fumigatus, Cladosporium spp., Penicillium spp. etc.
(Zhang et al. 2016). Undoubtedly, the minimum bactericidal/inhibitory concentra-
tions (MBCs/MICs) of silver nanoparticles would be strain specific but are far
below the minimum inhibitory concentration of antibiotics tested for the organism.

Several studies have established the mechanism of microbicidal activity of silver
nanoparticles and attributed to multiple factors. However, two major hypothetical
modes of action of silver nanoparticles have been widely accepted. The first one
attributes the microbicidal activity of silver nanoparticles to membrane destabiliza-
tion and membrane perturbation (mainly pores). This is caused due to the release of
Ag" ions upon interaction of silver nanoparticles with thiol groups present in sulfur
containing membrane proteins and enzymes (Morones-Ramirez et al. 2013). The
second hypothesis attributes the antimicrobial activity of silver nanoparticles to its
larger surface area-to-volume ratio that increases membrane permeability. This
increased membrane permeability (membrane damage) generates reactive oxygen
species inside the cell, affecting DNA replication, cell division and metabolic pro-
cess, ultimately leading to cell death (Dasgupta and Ramalingam 2016; AbdalDayem
etal. 2017). Again, there are reports on interaction of silver nanoparticles with ribo-
somes and proteins that halt cellular, transcriptional and translational machineries
affecting overall growth (Prabhu and Poulose 2012).

Besides working at cellular level, silver nanoparticles have also been implicated
in inhibiting biofilm formation. Biofilm associated infections are essentially persis-
tent infections and are difficult to treat due to poor penetration ability of antibiotics
to the biofilm matrix, where silver nanoparticles have worked efficiently. Reports
suggested that silver nanoparticles (with mean diameter of 50 nm) at an effective
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concentration of 100 nM completely prohibited biofilms formed by P. aeruginosa
and S. epidermidis. (Kalishwaralal et al. 2010). Similar anti biofilm activities were
also reported to reduce biofilm mediated infections with Mycobacterium spp.,
Staphylococcus aureus and E. coli (Markowska et al. 2013). Moreover, synergistic
application of silver nanoparticles with antibiotics was observed to enhance the
antimicrobial activities, suggesting that simultaneous use of antibiotics and silver
nanoparticles may decrease the emergence of resistance in pathogens (Franci
et al. 2015).

6.2.4.2 Gold Nanoparticles

The earliest recognized form of gold nanoparticles was colloidal gold, which was
largely used for its healing activities. Gold nanoparticles have distinct physico-
chemical properties with a size range of 0.8-250 nm. They are inert, biologically
compatible and can be prepared in different shapes and structures utilizing chemical
and biological synthesis methods (Rai et al. 2016). The mode of action of gold
nanoparticles include generation of pores in the bacterial cell membrane leading to
cellular leakage, change in membrane potential, prevention of ATPase and inhibit-
ing the subunit of ribosome for transfer RNA (tRNA) (Lima et al. 2013).
Antimicrobial activities of gold nanoparticles largely depend on their surface area,
shape, dispersion and surface capping. Gold nanoparticles, alone or in combination
with antibiotics, have displayed antibacterial properties against multiple multi drug
resistant pathogens such as E. coli, E. cloacae complex, Salmonella typhimurium,
P. aeruginosa, Methicillin resistant Staphylococcus aureus, S. epidermidis, and
even fungal pathogens including Trichoderma viridae (Rudramurthy et al. 2016).

6.2.4.3 Zinc Nanoparticles

Zinc nanomaterials are extensively used in biomedical applications such as drug
delivery systems, bioimaging owing to their easy availability, low toxicity and
unique electrical, optical and photocatalytic properties. Also zinc nanomaterials,
particularly zinc oxide nanoparticles, display excellent antimicrobial activity against
both gram positive (e.g. B. subtilis, S. aureus) and gram negative (E. coli, Salmonella
spp., Listeria monocytogenes) pathogens (Ali et al. 2017). Antimicrobial mecha-
nisms of zinc oxide nanoparticles was thought to be mediated by production of
reactive oxygen species, such as hydrogen peroxide (H,0,), hydroxyl ions (OH")
and superoxide molecules (Sharma et al. 2012). The hydrogen peroxide molecules
react with the released Zn?* ions causing damage to membrane proteins and lipids
leading to diminished cell surface hydrophobicity. Further, the internalized nanopar-
ticles interact with intracellular compartments, disturb metabolic pathways and sub-
sequently inhibit bacterial growth (Lakshmi Prasanna and Vijayaraghavan 2015).
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6.2.4.4 Aluminium Nanoparticles

Aluminium nanoparticles and its metallic oxide counterparts like aluminium oxide
(Al,O3) are thermodynamically stable and have wide biomedical and industrial
applications. In similar fashion to other metallic nanoparticles, the antimicrobial
mechanisms employed by aluminium nanoparticles were attributed to cell mem-
brane disruption and cell death via generation of reactive oxygen species (Ansari
et al. 2014). Reports suggested growth inhibitory effect of aluminium nanoparticles
towards several bacterial species including B. subtilis, E. coli, and P. fluorescens
(Hemeg 2017) (Table 6.1).

6.2.4.5 Copper Nanoparticles

Historically, the element copper and its compounds were extensively used in the
manufacture of weapons, ornaments and coins. Now, they have found broad appli-
cations because of their unique chemical stability, and physical properties involving
heat resistance, spin dynamics, and superconductivity. Copper nanoparticles exert
antimicrobial activity against both Gram positive (such as Staphylococcus aureus
and Bacillus subtilis) as well as Gram negative pathogens (namely E. coli, Klebsiella
spp. and P. aeruginosa) and fungal strains (Ramyadevi et al. 2012; Ahamed and
Alhadlaq 2014; Kruk et al. 2015). The mechanism of their antimicrobial activity is
attributed to a greater surface area-to-volume ratio, increasing adhesion of nanopar-
ticles to bacterial cell walls of opposite electric charge. This adhesion facilitates
penetration of copper nanoparticles to microbial membrane leading to generation of
reactive oxygen species and subsequent oxidative stress induced damage to the
pathogen. Though copper oxide nanoparticles were also shown to exhibit antibacte-
rial effects but copper nanoparticles display greater activity in comparison, could be
due to better electron transfer amongst the negatively charged bacteria and the
metallic nanoparticles (Vimbela et al. 2017). Moreover, copper nanoparticles have
stronger affinity towards amines and the carboxyl groups of the bacterial cell mem-
brane, explaining their better antimicrobial efficacy. Very recently, efflux inhibitory
properties of copper nanoparticles were also reported (Christena et al. 2015).

6.2.4.6 Bismuth Nanoparticles

Bismuth nanomaterials and its commonly found compounds such as bismuth oxide,
bismuth sulfide and bismuth carbonate exhibit antimicrobial activity at relatively
higher concentrations due to its poor water solubility. Generally, to enhance their
efficacy at lower concentrations for an extended time point, their water solubility is
increased upon addition of chelating agents like dimercaptoethanol. Bismuth
nanoparticles which were synthesized using appropriate surface modifiers were uti-
lized in the treatment of gastrointestinal disorders (Rudramurthy et al. 2016).
Bismuth nanoparticles also are known to have potential antibacterial, antifungal as



184

M. Mishra et al.

Table 6.1 Overview of different mechanisms of antimicrobial actions of metal and metal oxide

nanoparticles
Type of
metallic
nanoparticles | Mode of action Target organisms References
Silver Disturb the electron Vancomycin resistant Zhang et al. (2016),
nanoparticles | transport chain Enterococcus faecalis, methicillin | Wan et al. (2016),
machinery resistant Staphylococcus aureus, | Franci et al. (2015),
Cell membrane damage| Staphylococcus epidermidis, and Yuan et al.
and reactive oxygen Pseudomonas fluorescens, (2017)
species generation Pseudomonas aeruginosa,
Prevent cell wall Klebsiella pneumoniae,
synthesis, protein and Esch.e.rzchta. coli, Bacillus
nucleic acid synthesis subtilis, Acinetobacter
and cascade of baumannii, Mycobacterium
intracellular reaction | Segmatis, Vibrio fluvialis
Evasion of multi drug
efflux pumps
Penetration in the
bacterial cell wall and
biofilms
Combination with
antibiotics
Anti inflammatory and
antioxidant properties
Also anti fungal and
anti viral agent
Gold Disruption of bacterial | Methicillin resistant Lima et al. (2013),
nanoparticles | cell wall. Staphylococcus aureus, E. coli, Roshmi et al.
DNA damage and Enterobacter aerogenes, E. (2015), Rai et al.
inhibit the transcription | cloacae, Klebsiella pneumoniae, | (2016), and Li
process. Salmonella typhimurium, P. et al. (2014)
Anti inflammatory aeruginosa, A. baumannii, S.
properties as it limit the epidermidis, S haemolyticus,
enzymatic activity of Proteus species
liposomes in
macrophages.
Penetration through
biofilms and interaction
with intracellular
components
Magnesium Generation of reactive |S. aureus, E. coli, Bacillus Stankic et al.
oxide oxygen species, lipid | megaterium, Bacillus subtilis (2016)
nanoparticle | peroxidation and

electrostatic
interactions in cell
membranes and cell
damage due to alkaline
effect.

(continued)
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Type of
metallic
nanoparticles | Mode of action Target organisms References
Titanium Formation of reactive | S. aureus, E. coli and also anti Lai et al. (2015)
dioxide oxygen species, and fungal in nature
nanoparticle | targeted DNA damage,
photocatalytic
properties
Zinc oxide Primarily by reactive | E. coli, K. pneumoniae, Yu et al. (2014)
nanoparticles | oxygen species Salmonella sp., Listeria and Lakshmi
production. Released | monocytogenes, S. aureus, B. Prasanna and
Zn** ions damage cell | subtilis Vijayaraghavan
membrane proteins (2015)
and interfere the
metabolic pathways
inhibiting growth.
Copper/ Penetration of the cell | P. aeruginosa, E. coli, B. subtilis, | Chen et al. (2014)
copper oxide | wall. Disrupt S. aureus. and Kruk et al.
nanoparticles | biochemical processes, (2015)
Inhibition of biofilm
formation, efflux
inhibition.
Iron oxide Reactive oxygen S. aureus, P. aeruginosa, E. coli, |Behera et al.
nanoparticles | species mediated S. epidermidis (2012)
oxidative stress.
Interference with
electron transfer
system
Aluminium Disruption of cell E. coli, S. aureus Ansari et al. (2014)
nanoparticles | walls, reactive oxygen
species generation.
Bismuth Interfere the Krebs Multiple antibiotic resistant Baptista et al.
nanoparticles | cycle and disturb Helicobacter pylori (2018)

amino acid and
nucleotide metabolism.

Silver-gold
bimetallic
nanoparticles

Disruption of bacterial
cell wall, inactivate the
proteins and enzymes
for adenosine-
triphosphate (ATP)
production.

E. coli, S. aureus, E. faecalis, P.
aeruginosa

Ramasamy et al.
(2017) and Sharma
et al. (2019)
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well as antiviral activity primarily through alternations in the Kreb’s cycle, disrup-
tion of amino acid and nucleotide metabolism (Baptista et al. 2018). However their
toxicity aspects still remains to be investigated in detail.

6.2.4.7 Titanium Nanoparticles

Titanium nanomaterials are successfully employed in dentistry and orthopaedic
implants and prosthetics, because of its non-toxicity, biocompatibility and good
optical and mechanical properties. Titanium dioxide nanoparticles are also heavily
used in pharmaceuticals, food industry, cosmetics, due to significant antibacterial
activity towards E. coli, S. epidermidis, S. aureus and fungal pathogens like
Aspergillus niger. Titanium dioxide nanoparticles exhibit photocatalytic activity
that results in antimicrobial effects. In the presence of light, titanium dioxide
nanoparticles generate hydroxyl ions (OH™) that ruptures the cell membrane result-
ing in cell death of the microorganism (Slavin et al. 2017). Similar to other metallic
and metal oxide nanoparticles, titanium dioxide nanoparticles exhibit an antimicro-
bial response primarily by the generation of reactive oxygen species that act on
phospholipids on the bacterial surface, resulting in alteration of membrane perme-
ability and site specific DNA damage (Vimbela et al. 2017; Ranjan and
Ramalingam 2016).

6.2.4.8 Magnesium Nanoparticles

Inorganic metal oxides like magnesium oxide nanoparticles, similar to zinc oxide
nanoparticles, are utilized in biomedical applications. Their antimicrobial proper-
ties coupled with other physicochemical parameters such as biocompatibility, bio-
degradable in nature and high abundance; make these metals preferable for such
applications (Rudramurthy et al. 2016). Moreover, the antimicrobial activity doesn’t
rely on the photoactivation and magnesium oxide nanoparticles also exhibit anti
inflammatory and antioxidant properties. Mechanisms behind antimicrobial actions
of magnesium oxide nanoparticles were attributed to multiple factors, which include
generation of reactive oxygen species, lipid peroxidation and electrostatic interac-
tions between bacterial cell membrane and the nanoparticles, resulting in cell death
(Vimbela et al. 2017). It is also believed that upon contact with the bacterial cell
surface, the high pH of magnesium oxide nanoparticles results in an alkaline effect
that damages the cell (Rudramurthy et al. 2016). Nonetheless, reports suggest
potential antimicrobial activity of magnesium oxide nanoparticles against Gram
positive such as S. aureus, B. subtilis, Bacillus megaterium as well as Gram negative
bacterial species; including E. coli, P. aeruginosa (Stankic et al. 2016).
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6.2.4.9 Iron Containing Nanoparticles

Iron oxide nanoparticles have broad spectrum applications in food industry, as bio-
sensors, as antimicrobial agents, targeted drug delivery vehicles, in magnetic reso-
nance imaging, in cell sorting and as anti cancer agents. The antimicrobial
mechanism of these iron containing nanoparticles is mainly contributed by genera-
tion of reactive oxygen species, resulting in oxidative stress induced cell death
(Wang and Hu 2017). It is believed that upon interaction with microbial cells, these
nanoparticles penetrate the membrane and disturb the functioning of electron trans-
fer, as well as damage macromolecules like DNA and proteins (Behera et al. 2012).
Several studies on the antimicrobial properties of ferrosoferric oxide (Fe;O,)
nanoparticles revealed its notable growth inhibitory activities against multi drug
resistant bacteria such as S. epidermidis, Staphylococcus saprophyticus, Methicillin
resistant Staphylococcus aureus, E. coli, P. vulgaris and Xanthomonas.

6.2.4.10 Bimetallic Nanoparticles

With the ongoing development of metallic and metal oxide nanoparticles, the recent
focus on bimetallic nanoparticles has enhanced to further improvise the efficiency
and sensitivity of metallic nanoparticles. One such important example is gold-silver
bimetallic nanoparticles to enhance the drug action with required dose to minimize
the cytotoxicity. Though individually both silver nanoparticles and gold nanoparti-
cles possess excellent antimicrobial properties; in combination they form bimetallic
nanoparticles with significantly enhanced antimicrobial activity (Arvizo et al. 2010;
Singh et al. 2016). Such bimetallic gold-silver nanoparticles overcome the limita-
tion of silver nanoparticles to function in conjunction with biomolecules and drugs.
In addition, these bimetallic nanoparticles also possess improved characteristics
such as better optical, electronic and catalytic properties (Santos et al. 2012).
Further, compared to silver nanoparticles, gold nanoparticles are well known as bet-
ter delivery vectors for pharmacologic compounds. Therefore, gold-silver bimetal-
lic nanoparticles are highly effective with superb antimicrobial activity of silver
coupled with improved stability and ease in functioning supported by gold (Doria
et al. 2010; Santos et al. 2012).

6.2.5 Mechanism of Action of Metallic Nanoparticles

Metallic nanoparticles utilize pleiotropic ways to disrupt the normal functioning of
multi drug resistant pathogens and successfully eliminate microbes from the sites of
infection (Sharma et al. 2012; Wang and Hu 2017). The molecular mechanism
behind antimicrobial actions of metallic nanoparticles has been extensively investi-
gated and has been summarized below in Fig. 6.2.
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Fig. 6.2 Probable modes of antimicrobial action of metallic nanoparticles against multi drug
resistant bacterial pathogens. The figure summarizes different mechanisms employed by metallic
nanoparticles (labelled as NPs in the figure) to tackle multi drug resistant bacterial pathogens, such
as: reactive oxygen species (ROS) dependent oxidative stress, efflux pump inhibition, release of
heavy metal ions that damages cellular proteins and nucleic acids, disruption of biofilms, ribosome
destabilization, interference in electron transport chain and destabilization of bacterial membrane
integrity by causing pores for nanoparticle to penetrate host cell
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6.2.5.1 Generation of Reactive Oxygen Species

One of the principal strategy employed by maximum metallic nanoparticles is the
generation of reactive oxygen species- hydroxyl radicals, superoxide ions, hydro-
gen peroxide, which subsequently induce lipid peroxidation, compromise mem-
brane permeability and affects bacterial replication as well as translational process
leading to cell death (Seil and Webster 2012). For instance, silver nanoparticles
generate hydroxyl radicals (OH™) and zinc oxide nanoparticles produce hydrogen
peroxide (H,0,), that damage their target organisms via reactive oxygen species
mediated oxidative stress. Moreover, release of heavy metal ions such as Cu?* from
copper nanoparticles, were also responsible for formation of reactive oxygen
species.

6.2.5.2 Release of Heavy Metal Ions

Microorganisms have different sensitivities towards heavy metal ions. The signifi-
cantly enhanced antibacterial activity of silver nanoparticles and zinc oxide nanopar-
ticles have been due to interaction of released metal ions (Ag* and Zn>*) with the
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bacterial cell wall that disrupt the membrane integrity. It is suggested that Ag* has a
strong affinity towards the sulfhydryl groups of bacterial membrane proteins and
enzymes in many Gram negative and Gram positive pathogens, making them dys-
functional (Hemeg 2017). In similar fashion, in case of the Gram positive pathogen
Bacillus subtilis, Cu®* interacts with amines and carboxyl groups of the microbial
surface, resulting in membrane disruption (Ahamed et al. 2014).

6.2.5.3 Affecting Bacterial Membrane Permeability

Metallic nanoparticles, particularly silver nanoparticles and zinc oxide nanoparti-
cles, adhere to the bacterial cell surface, alter membrane permeability and interfere
with the transmembrane electron transport system. Positively charged metal ions,
e.g. Ag', released from silver nanoparticles interact with the negatively charged
lipopolysaccharide in the bacterial membrane, dissipate the electrochemical proton
gradient across the membrane, resulting in cell lysis. Similar loss of membrane
potential and inhibition of respiratory chain was also reported as a probable mode
of antimicrobial action for other metallic and metal oxide nanoparticles including
gold, copper and nickel oxide nanoparticles (Baptista et al. 2018).

6.2.5.4 Adsorption of Nanoparticles to Bacterial Cell and Its Penetration

In bacteria, the cell membrane behaves as the primary defensive barriers, which
protect the organisms against external environment. Gram negative bacterial cell
wall is composed of lipoproteins, phospholipids and lipopolysaccharides, whereas
the cell wall of Gram positive bacteria is made up of a thin layer of peptidoglycans
(Kumar et al. 2018). Upon electrostatic interaction between the metallic nanoparti-
cles and its target microbial cells, altered membrane permeability and production of
reactive oxygen species, the metallic nanoparticles can then internalize through
generated pores or perturbations in the cell envelope. This eventually results in a fall
in cytoplasmic pH, which raises the membrane potential. The adhesion of silver
nanoparticles and zinc oxide nanoparticles to bacterial cell envelope cause damage
to membrane lipids and proteins (Wang and Hu 2017). Aluminium oxide nanopar-
ticles cause oxidative damage to membrane and enter cytoplasm. Both silver and
gold nanoparticles have been reported to exert toxicity by penetrating inside the cell
and denaturing the 30S ribosomal subunit, thereby impeding protein translation
(Hemeg 2017).

6.2.5.5 Affecting Nucleic Acid Replication

Inhibition of the cellular DNA replication machinery and DNA degradation has
been well documented with copper nanoparticles. Moreover, titanium oxide
nanoparticles in E. coli were shown to downregulate the gene expression of
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precursor molecules to nucleic acid synthesis (Slavin et al. 2017). Bismuth nanopar-
ticles in combination with X-ray treatment emit electrons, with the formation of free
radicals that damage bacterial DNA (Rudramurthy et al. 2016). It was also reported
that Ag* ions released from silver nanoparticles intercalate with DNA, inhibiting
DNA replication and thereby cell division.

6.2.5.6 Disruption of Bacterial Biofilms

One important cause of persistent drug resistant infections is bacterial biofilms,
because they evade antibiotic actions and escape innate immune activity. During
bacterial biofilm maturation, the extracellular polymeric substance generated, pre-
vents penetration of the antibiotics to target sites. Several reports have suggested
metallic nanoparticles like silver nanoparticles to inhibit the microbial biofilm for-
mation (Mu et al. 2016) by interacting with extracellular polymeric substance mol-
ecules and by hampering quorum sensing of E. coli and S. aureus. Magnetic
nanoparticles such as super paramagnetic iron oxide nanoparticles coated with sil-
ver or gold exhibit the greatest activity against bacterial biofilms (Baptista
et al. 2018).

6.2.5.7 Efflux Inhibitory Properties of Nanoparticles

While relatively new, this mechanistic approach of metallic nanoparticles’ antimi-
crobial action against drug resistant pathogens was supported by many studies. This
is a very good way to tackle the emerging drug resistant bacteria by utilizing
nanoparticles as efflux pump inhibitors, which block the activity of efflux pumps
and enhance the concentration of the antibiotic inside the cell for it to be effective in
killing pathogens (Sun et al. 2014). For instance, copper nanoparticles were known
to exhibit significant efflux inhibitory properties against multi drug resistant P. aeru-
gionsa and S. aureus (Christena et al. 2015). Similar reports of efflux inhibitory
activities of silver nanoparticles and bimetallic gold-silver nanoparticles against
AcrAB-TolC type resistance nodulation division (RND) efflux pumps was recently
demonstrated in multi drug resistant Enterobacter cloacae isolates (Mishra
et al. 2018).

6.2.6 Antimicrobial Efficacy of Carbon Nanoparticles

Carbon nanoparticles or nanostructures, have become increasingly popular owing to
a profusion of properties that they afford. These include mechanical strength, photo
luminescence, thermal and electrical conductivity, in addition to a high surface area
and improved structural stability (Al-Jumaili et al. 2017). They also have been
found to exhibit bactericidal effect (Kang et al. 2008). The antibacterial activity of
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carbon based nanoparticles is a function of their size and surface area; greater the
surface area and smaller the size of the nanoparticle, higher is the antimicrobial
activity associated with it (Rudramurthy et al. 2016). However, the exact mode of
action against bacterial cells has been hard to predict. The efficacy of carbon
nanoparticles has been demonstrated against bacteria, with most of the work done
either using non-resistant, non-clinical type strains or by demonstrating activity
against resistant strains in vitro (Lyon et al. 2006; Kang et al. 2007), but the explana-
tion for their potency is currently at best speculative.

6.2.6.1 Fullerenes

Fullerenes and their derivatives are known to possess potent antibacterial activity
against microorganisms by virtue of their intrinsic molecular architecture. They are
generally closed-cage nanoparticles with conjugate double bonds maintaining
n-electrons in the molecule. Upon illumination by photons, the fullerene is ener-
gized to an excited state, from the ground state. The excited state is very short lived,
and rapidly decays to a longer lasting triplet state which, in the presence of molecu-
lar oxygen tends to form reactive oxygen species, including singlet oxygen ('O,)
and the superoxide anion (O,"). These unstable chemical species are intensely lethal
in high concentrations, leading to the peroxidation of lipids, protein and nucleic
acids in eukaryotes (Al-Jumaili et al. 2017). The surface of fullerenes is highly
hydrophobic. It has the potential to interact with membrane lipids in the bacterial
outer membrane, resulting in cleavage of DNA and disruption of the cell membrane
(Grinholc et al. 2015). Fullerenes have been seen to negatively affect the growth of
Gram positive bacteria as well as yeasts that colonize and infect the skin (Aoshima
et al. 2009). However, antibacterial activity of fullerenes has been observed to be
higher in Gram positive bacteria rather than their Gram negative counter parts
(Markovic and Trajkovic 2008). It has been postulated that a high concentration of
fullerenes increase oxygen uptake, with a concomitant increase in its conversion to
hydrogen peroxide that in turn interferes with the cellular respiratory chain (Mashino
et al. 2003). A polyhydroxylated derivative of fullerene, fullerol, has been gaining
attention as an antimicrobial agent for exhibiting activity against a host of microor-
ganisms with the advantage of being less toxic than fullerene to the host (Aoshima
et al. 2009).

6.2.6.2 Carbon Nanotubes

Carbon nanotubes were first reported to possess antibacterial properties against
E. coli (Kang et al. 2008). The small cross section of single walled carbon nano-
tubes allowed partitioning of and penetration into the bacterial cell membrane. With
a larger surface area, they induce a greater amount of oxidative stress responses in
conjunction with the resultant membrane stress response. These were seen to nega-
tively impact cell morphology, metabolism and envelope integrity, precipitating in
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cell death. The more complex variants of these nanoparticles, i.e., multi walled
carbon nanotubes, also exhibit antibacterial action, where particles longer than
50 pm are seen to wrap around the bacterial cell and induce osmotic lysis (Chen
et al. 2013). Single walled carbon nanotubes have been demonstrated to have
antibacterial activity against Salmonella enterica, E. coli, and Enterococcus
faecium (Dong et al. 2012). Like fullerenes, carbon nanotubes also possess the
ability to generate reactive oxygen species in response to stimulation by ultraviolet
radiation, with both single- and multi- walled nanotubes producing far greater
reactive species than fullerenes (Chae et al. 2011).

6.2.6.3 Graphene

Graphene is a family that comprises of many nanomaterial formulations, not
restricted to pristine graphene, but also include graphite, graphene oxide and its
reduced form, multi layered graphene, and graphene nanosheets. Graphene oxide
has been seen to exhibit the most antibacterial activity, followed by reduced gra-
phene oxide and graphite, when tested against Pseudomonas aeruginosa. Though
the exact mode of action is not known, simulations have pointed towards graphene
sheets penetrating the cell membrane through slow diffusion. While small sheets
leave the phospholipid order intact, larger sheets tend to disrupt the distribution and
density of phospholipids within the layer (Dallavalle et al. 2015). The main mecha-
nism of antibacterial action, however, has been proposed to be by generation of
reactive oxygen species, an overproduction of which confers oxidative stress upon
the cell (Krishnamoorthy et al. 2012). Graphene oxide was seen to be adept at inac-
tivating S. aureus better than E. coli (Akhavan et al. 2011) in-vitro. A unique anti-
bacterial mechanism of graphene has been reported using aggregated graphene
sheets. These structures have the property to entrap bacterial cells, physically isolat-
ing them from nutrients in their vicinity and inducing a proliferative slowdown, akin
to bacteriostatic action (Akhavan et al. 2011).

6.2.7 Organic Nanomaterials and Their
Biomedical Applications

6.2.7.1 Improving the Bioavailability of Drug Molecules

Roxithromycin, a semisynthetic derivative of erythromycin, has a low bioavailabil-
ity of 50% (absolute oral bioavailability) due to its hydrophobic nature. To exploit
its effectiveness as an antimicrobial agent used against multi drug resistant Gram
positive bacteria, nanoparticles were prepared using roxithromycin and Poly-(lactic-
co-glycolic acid) (PLGA) and showed a greater antibacterial activity against multi
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drug resistant strains of E. coli and S. aureus (Masood et al. 2016). A report by
Marslin et al. (2015) delineates the synthesis and potency of a multi-faceted com-
posite nanoparticle that not only increases the effective concentration of the active
drug molecule over sustained time duration, but also helps prevent the development
of antibiotic resistance. A copolymer synthesized using polyethylene glycol and
polylactic-co-glycolic acid (abbreviated as mPEG-PLGA), acted as a carrier for the
fluoroquinolone ofloxacin, which was encapsulated within the nanoparticle. This
formulation was demonstrated to increase uptake of the drug, thus exhibiting
increased antimicrobial activity against the bacterial cells, as compared to the free
drug. This enhanced antimicrobial activity was attributed to the binding of polyeth-
ylene glycol to DNA thereby releasing the fluoroquinolone in the direct vicinity of
its target molecules (DNA gyrase and topoisomerase). In contrast to fluoroquino-
lones, polyethylene glycol did not induce mutations and thus prevented evolution of
antibiotic resistance in the bacterium Bacillus subtilis. Further, efficacy of polyeth-
ylene glycol to enhance the antimicrobial resistance could also be attributed to its
efflux pump inhibitory property as resistance to fluoroquinolones in clinical cases of
B. subtilis is mostly mediated by the efflux pump bmr (Ahmed et al. 1995).

6.2.7.2 Enhancing the Efficacy of Existing Metal Nanoparticles

Silver nanoparticles are known to bind with high avidity to negative side groups of
biomolecules that are present in bacterial cells, an act which alters the structure of
the bound molecule, rendering it non-functional. Silver has also been reported to
affect various intracellular molecules or molecular complexes, thereby interfering
with membrane transport, cell wall synthesis, electron transport, protein folding and
function, translation, and nucleic acid synthesis. Bacterial growth is consequently
inhibited or the bacteria are killed (Kalhapure et al. 2015). There however has been
an increasing reportage of adverse responses by these same nanoparticles in vitro as
well as in vivo (Vazquez-Muiioz et al. 2017). The application of silver, therefore,
has been directed towards and found more success in complexes with antimicrobial
drugs encapsulated within lipid nanoparticles. Kalhapure et al. (2015) demonstrated
the efficacy of clotrimazole-silver complexes encapsulated within solid-lipid
nanoparticles against methicillin resistant Staphylococcus aureus. Entrapment
within the lipid compartment allowed release of the drug-silver complex in a con-
trolled manner, in sufficient quantities to inhibit the growth of bacteria. It has also
been postulated that the silver molecules released supplement the antibacterial
activity of the drug-silver complex release from the nanoparticle. The use of carbon
nanoparticles has been extended to incorporate silver ions in complexes with
N-heterocyclic carbene. When encapsulated within L-tyrosine phosphate micelles,
these have been shown to augment the antimicrobial activity of silver in vitro with-
out causing toxicity to human fibroblast cells. The most striking feature of these
nanoparticles, however, is their ability to overcome the inherent resistance of bacte-
ria through sustained dosing over a period of time. Vancomycin resistant
Enterococcus faecium were found to resist single doses of the silver-carbene
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complexes, but was killed by half the concentration of the microbicidal dose of the
nanoparticle upon consecutive dosing for 24 h (Leid et al. 2011).

6.2.7.3 Re-introducing Toxic Antimicrobials into Therapeutic Use

Certain antimicrobial compounds have remained unsuitable for therapeutic use
owing to their toxicity and the deleterious effects on the human host system. These
are of special interest in tackling antimicrobial resistance, given the lack of resis-
tance available against them owing to their insubstantial use in the past. Nanoparticles
have provided a way to reintroduce the compounds into mainstream treatment by
alleviating the ill effects that they cause without diminishing their antimicrobial
potency.

Chloramphenicol inhibits protein chain elongation in the bacterial ribosome, and
has been established as a broad spectrum bacteriostatic drug. The hydrophobic
nature of chloramphenicol prevents penetration and transport by the vascular sys-
tem. Coupled with its propensity to cause bone marrow toxicity, the use of chloram-
phenicol in therapeutic regimens has been stringently controlled. Kalita et al. (2015)
devised a work around wherein they synthesized nanoparticles that are a composite
of poly (e-caprolactone) and pluronic with chloramphenicol encapsulated within.
While the former is frequently used in subcutaneous drug delivery systems, plu-
ronic is a surfactant polyol that solubilizes water insoluble compounds. They
observed the nanoparticles to inculcate 98.3% of the chloramphenicol within them-
selves and release 81% of it in a sustained manner over a time period of 36 days.
The pluronic encapsulated chloramphenicol retain their size and encapsulation effi-
ciency when stored for 6 months at 4° and 25 °C respectively. But more importantly,
a significant enhanced antimicrobial activity was observed against methicillin resis-
tant Staphylococcus aureus strains, with a reduction in hemolytic activity and cyto-
toxicity as compared to the free drug.

There has been increasing reports of botanical extracts and their effect on bacte-
ria, with multiple reports on the effectiveness of various natural products against
mounting challenge of multi drug resistance in bacteria. While this shows promise,
in reality, a large number of natural extracts and botanical compounds that show
antimicrobial activity in vitro suffer from weak solubility in aqueous solvents, poor
stability resulting in rapid degradation and low bioavailability in vivo. One such
example is the molecule ‘curcumin’, the active ingredient of turmeric. Krausz et al.
(2015) created composite nanoparticles using silane, organized to form a porous
lattice structured within which curcumin was accommodated. The formulation was
seen to not only inhibit the growth of methicillin resistant Staphylococcus aureus in
vitro but also reduce the bacterial load in burn wounds infected by methicillin resis-
tant Staphylococcus aureus in a murine model.
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6.3 Potential Limitations of Metallic Nanoparticles

The mechanisms of metallic nanoparticles against its target biological entities are
being gradually explored. However, the major challenge routinely faced in nano-
technology research is to regulate the size and shape of monodispersed nanoparti-
cles without affecting its activity and retaining stability during synthesis.
Furthermore, the critical parameter of any nanoparticles is its size which defines its
permeation ability, for which they are known as a substitute to antibiotics or drug
delivery agents. Since it was noticed that most of these metallic nanoparticles pen-
etrate cell envelope, they are likely to even disseminate by blood vessels to different
regions of the human body including the lymphatic vascular system and nerve cells
(Khan et al. 2017). Therefore, metallic nanoparticles due to their selective aggrega-
tion in different cells and tissues of the body, or other sub-cellular structures possess
potential health threats. It is also pertinent to mention here that the potential risks
attached with metallic nanoparticles vary significantly with the type of nanoparticles.

Consequently, researchers have also investigated the defence mechanism
employed by bacterial pathogens against antibacterial action of metallic and metal
oxide nanoparticles that resulted in the developing resistance towards nanoparticles.
Firstly, the larger metallic nanoparticles, i.e., greater than 10-20 nm in size, can be
limited by production of extracellular flagellin matrix that agglomerate these metal-
lic nanoparticles and thus prevents its antibacterial action. Secondly, certain bacte-
rial species produce pigments like pyocyanin which is capable of inactivating ions
released by the metallic nanoparticles (Martinez et al. 2019). Even it was also
observed that certain microorganisms were able to modulate their electrical surface
charge in order to avoid the nanoparticle action with different charge surface.
Besides, efflux pumps which has recently gained attention in providing resistance to
bacterial cells against metallic nanoparticles, there are other methods like muta-
tions, bio-precipitation, enzyme detoxification, biofilm formation, pigment produc-
tion etc. which could possibly contribute to development of resistance against
antimicrobial nature of nanoparticles (Martinez et al. 2019). It is noteworthy that
excessive use of metallic and metal oxide nanoparticles has also facilitated co-
selection and co-expression of antibiotic resistance genes, which could be a poten-
tial limitation for usage of nanoparticles in medicine.

One of the most significant hurdles to the large scale deployment of organic
nanoparticles, or any nanomaterials per se, in therapeutic regimens against bacteria
is their biological toxicity. Metallic nanoparticles can easily prevent themselves
from the immune defense mechanism of the host body, because of their small size,
and disseminate through epithelial and endothelial cells into the blood, eventually
spread to other parts of the body via lymphatic circulation (Leucuta 2014). The
generation of reactive oxygen species by nanoparticles are primary cause to subse-
quent inflammation and toxicity, triggering apoptosis followed by the activation of
signalling pathways, leading to the progression of several critical health disorders.
For example, in case of pulmonary diseases, experimental evidences have identified
a strong relationship between pulmonary inflammation and detrimental effects of
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ultrafine particles (Hoet et al. 2004). It was also noticed in human as well as animal
studies, that nanomaterials get translocated from extrapulmonary sites (such as the
liver, heart and brain) to the systemic circulation. Therefore, the severity of the toxic
effect of nanoparticles depends, to some extent, on their route of introduction into
the biological system.

Several nanoparticles have reportedly exhibited toxicity in multiple organs,
including hepatotoxicity and nephrotoxicity, which is caused primarily due to oxi-
dative stress generated by the interaction of free radicals of the nanoparticles with
cell components (De Jong and Borm 2008). Reports also indicated that intravenous
injection of nanoparticles leads to its accumulation in the liver, lung, colon, spleen,
bone marrow, and lymphatic system (Hagens et al. 2007). Again, inhalation of
nanoparticles was observed to induce cytotoxicity in different parts of the body like
lungs, liver, even heart and spleen through systemic circulation (Poma and Di
Giorgio 2008; Leucuta 2014).

The biocompatibility of nanoparticles, that is the ability of the nanomaterial to
function inside host body in a certain way so that the host responds in a particular
way, is another crucial parameter usually validated through cell culture based in
vitro assays. As earlier mentioned that depending upon its usage as an antimicrobial
agent, nanoparticles can permeate through inhalation, skin contact, ingestion, and
even oral and intravenous injections. Hence, for better estimating the host response
to nanoparticles, in the context of metabolism, associated toxicity and clearance
from host; in vivo models must be utilized (Beyth et al. 2015). Carbon nanoparticles
particularly face the acute problems of a high production cost, considerable batch-
to-batch variation in the properties of nanomaterials synthesized and poor yield
(Al-Jumaili et al. 2017).

6.4 Future Research Directions

Different methods and studies have been proposed to evaluate the safety and envi-
ronmental impacts of metallic and non-metallic nanoparticles. Various in vivo and
in vitro studies have given us insights on the specific strategy employed by nanopar-
ticles; by which its surface can be modified limiting its adverse effects and making
them safer and less toxic — thus being more appropriate for use (De Matteis 2017).
Future applications of nanoparticles would be greatly dependent on their toxicology
profile, for which, optimization of the in vitro methodologies based on good labora-
tory practiceas well as the generation of reliable and flexible databases is extremely
necessary. Together, these studies will provide valuable information on the accurate
dosage for a particular metallic nanoparticle to be effective to pathogens, while
considered safe and appropriate for medical use. Since, the effect of nanoparticles
on biological systems is less explored, so the deleterious effects and limitations of
nanoparticles should be carefully investigated.

As mentioned previously, nanomaterials possess great potential to be used as an
alternative to antimicrobial therapeutics, though several challenges still remain
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unsettled for its actual implementation in the clinics. One of the major problems
include standardizing the accurate dose and appropriate routes of administration of
the nanoparticles, that will be the decisive factor for interactions of nano antibiotics
with their respective target cells/tissues and organs (Sandhiya et al. 2009). However,
effective administration of nanoparticles in the hospitals will further require to
adapt and practice a set of predesigned approaches to evaluate their mechanism of
action. In addition to the rapid development of nanomedicines, it’s commercializa-
tion and effective biomedical applications needs to be carefully validated.
Appropriate guidelines for eco-friendly synthesis of the nanoparticles, their physi-
cochemical characterization, biocompatibility check and optimization of nanotoxi-
cology assays and protocols for easy comparison of datasets originating from in
vitro and in vivo studies; should be strictly followed to understand their metabolism
in host (Duncan and Gaspar 2011; Beyth et al. 2015; Rai et al. 2016). For this, sev-
eral assessment criteria and reference standards have been designed and some are
still under development (Halamoda-Kenzaoui et al. 2019). However, literatures sug-
gested critical gaps in determining the quality and safety measures of the nanoma-
terials that further necessitates the correct assessment of all of its features along
with drug load and release aspects of the nanomaterial when used as a carrier/vehi-
cle before its actual applications and commercialization.

Ultimately, the larger community still needs to figure out the environmental and
socio-economical impact of translation of such nanomaterials to the health centres.
It would be rightful to state that, there are still plenty of real life issues and chal-
lenges that persist in the field of health sciences, which needs to be quickly managed
before our humankind actually gets benefitted from the advantageous effects of
nanomaterials.

6.5 Conclusion

Taking into consideration the valuable therapeutic potential and wide range of
applications, it is becoming extremely important to gain knowledge regarding
modes of action underlying antimicrobial activity of the metallic nanomaterials on
multi drug resistant pathogens. Simultaneous development of beneficial aspects of
nanoparticles and reducing toxic side effects, would significantly help the medical
researchers to mitigate this escalating antimicrobial resistance problem.
Undoubtedly, metallic nanoparticles could be utilized as a powerful tool against
such multi drug resistant infectious agents in this post antibiotic era, if taken care
with judicious applications.
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Chapter 7 )
Antimicrobial Peptides b
and Peptidomimetics for the Control

of Antimicrobial Resistance

Richard Weeks, Ammar Algburi, and Michael Chikindas

Abstract Bacterial resistance to conventional antibiotics is a growing issue, and
the development of novel antimicrobial compounds has not been able to keep pace
with the emergence of multi drug resistant pathogens. Antimicrobial peptides are
source of inspiration for the development of next generation antimicrobial drugs;
however, there are key limitations to the use of natural antimicrobial peptides, owing
in large part to common pharmacological features that preclude their use outside of
topical applications. The development of novel antimicrobial peptides and peptido-
mimetics via strategic chemical alterations is a means of improving on the function-
ality of natural antimicrobial peptides while tuning their pharmacological properties
and in some instances, imparting novel mechanisms of action and functions outside
of bactericidal activity as well.

Herein we first review natural antimicrobial peptides, their current use as clinical
agents, and the ways in which they are typically classified. An overview of the key
physicochemical properties of antimicrobial peptides and the ways in which they
relate to each other and the impact they have on pharmacological properties is then
presented together with a discussion of key limitations relating to bioavailability,
toxicity, resistance development, and production and synthesis. Lastly, an overview
of several approaches for the improvement and development of novel peptides and
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peptidomimetics via chemical modifications and strategic alterations are given.
Together, these sections should contain a means for the understanding of antimicro-
bial peptides and the ways in which they are able to target resistant pathogens, and
provides a framework for the development of fine-tuned synthetic antimicrobial
peptides and peptidomimetics (see Fig. 7.1).

Keywords Antimicrobial peptides - Cationic amphiphiles - Peptidomimetics -
Structure-activity relationships - Biofilms - Synergy - Physicochemical properties

7.1 Introduction

Antimicrobial resistance is a growing problem worldwide, with at least two million
people in the USA contracting some form of antibiotic resistant infection each year,
resulting in approximately 23,000 deaths (CDC 2013). Globally, infections due to
antimicrobial resistant bacteria are responsible for 700,000 deaths each year, with
more extreme predictions estimating an increase of up to ten million deaths
annually by 2050 (O’Neil 2014). The associated cost of antimicrobial resistance is

Natural AMPs
(pro-and

Activity shown in vitro Antibiotic-
eukaryotic and in vivo resistance

origin)

2InPnas
uonauNn4

Production

Bioavailability

Peptidomimetics

Multiple hurdles Resistance to
Multi-functional designs
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Fig. 7.1 Towards the development of novel antibiotics based on antimicrobial peptides (AMPs),
their key properties, and how they may be strategically modified in the development of next gen-
eration peptidomimetics. Inspiration should be taken from naturally occurring antimicrobials, with
structural changes made to alter peptide function and provide target specificity. Critical challenges
and key limitations that are typically associated with natural AMPs must also be taken into consid-
eration, as the interplay between both the positive and negative aspects of these compounds,
relating primarily to structure, is complex



7 Antimicrobial Peptides and Peptidomimetics for the Control of Antimicrobial... 207

also growing, with an estimated annual cost of $5-20 billion in the United States
alone (Pendleton et al. 2013). A large proportion of US hospital infections are attrib-
uted to a group of multi drug resistant bacteria known as the ESKAPE pathogens
(Enterococcus  faecium, Staphylococcus aureus, Klebsiella pneumoniae,
Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter spp.), in ref-
erence to the particular genera and their ability to ‘escape’ the biocidal action of
most antibiotics and other antimicrobial drugs used by western medicine (Pendleton
et al. 2013). The increasing threat posed by antimicrobial resistance is driven by
several factors, including but not limited to: (1) the over-prescription and misuse of
current generation antibiotics, leading to increased incidence of resistance develop-
ment; (2) a lack of industry interest and research into novel antimicrobial com-
pounds; and (3) insufficient resources and regulation for surveillance and response
measures against antimicrobial resistant pathogens and outbreaks. Resistance to
even the last-resort antibiotics colistin and carbapenems, typically used in the treat-
ment of particularly difficult Gram negative infections, is no longer uncommon. For
example, a mobilized colistin resistance gene (mcr-1) was found in bacteria isolated
from pigs in China in November 2015, and has now been found in Escherichia coli
and K. pneumoniae isolates worldwide. Since its discovery, at least eight additional
mer variants have been described (Dalmolin et al. 2018). Similarly, carbapenem
resistance genes are also spreading, with particularly rapid and alarming rates of
resistance development in Pseudomonas spp. and Acinetobacter spp. (Righi et al.
2017) (Fig. 7.1).

In a 2014 report delivered to the President of the United States of America, three
areas of focus regarding the emergence and prevention of antimicrobial resistance
were outlined: “(1) improving our surveillance of the rise of antibiotic resistant
bacteria to enable effective response, (2) increasing the longevity of current antibi-
otics. (3) increasing the rate at which new antibiotics, as well as other interventions,
are discovered and developed” (PCAST 2014). The first two are not within the
scope of this review, though they are essential to a comprehensive understanding of
the growing threat of antimicrobial resistance, and as such, a thorough review on
surveillance and antimicrobial resistance stewardship efforts involving current anti-
biotics are provided by Marwick et al. (2017), Tacconelli et al. (2018), and
Gregory (2018).

In the search for new antibiotics, great attention is now being focused on antimi-
crobial peptides, a group of compounds that had been somewhat overlooked and
understudied until relatively recently. Antimicrobial peptides are a diverse group of
evolutionarily conserved molecules that have been expressed in nearly all living
organisms for millions of years, yet have maintained their protective role and remain
potent antimicrobials (Wang 2015). This persistence is just one aspect that under-
scores antimicrobial peptides’ potential use as antibiotics, as they have other prom-
ising characteristics as well. Many display a broad spectrum of activity and may be
effective against Gram positive and Gram negative bacteria, fungi, parasites, or even
viruses and cancer cells (for review see Chikindas et al. 2018). There is also limited
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potential for the development of antimicrobial resistance, largely related to their
unique, membrane targeting activity. Some antimicrobial peptides show synergy
with non-peptide antibiotics, allowing for a multi-hurdle approach to treatment that
can greatly reduce the risk of developed resistance (Al-Gburi et al. 2015). While
promising, naturally occurring antimicrobial peptides have critical limitations that
are preventing their widespread use, including: (1) impaired bioavailability, (2) tox-
icity (particularly in antimicrobial peptides of eukaryotic origin), (3) high cost and
difficulty of production, (4) limited and contradictory pharmacological data, and (5)
reduced activity under certain physiological conditions (Semreen et al. 2018).
Alternatives to naturally occurring antimicrobial peptides are currently being devel-
oped to address the above concerns, while maintaining or improving upon their
positive characteristics, and in some instances even imparting entirely novel activi-
ties or functions. One such alternative, peptidomimetics, have essential elements
that are able to mimic natural antimicrobial peptides, thus imparting the same tar-
gets, activities, or mechanisms. At the same time, peptidomimetics’ non-peptide
structures are thought to circumvent certain critical limitations such as stability
against proteolysis and poor bioavailability, though there are in vivo studies indicat-
ing otherwise (van Staden et al. 2012; Campione et al. 2013), while some in vitro
observations do not necessarily translate to an in vivo environment.

The design of novel antimicrobial peptides and peptidomimetics hinges on the
development of structure-activity relationships by which the role of key physico-
chemical properties and specific structural elements may be analyzed and minimal
active sequences and fundamental pharmacophore properties identified. The first
step in this process is the selection or discovery of an initial lead compound and its
thorough characterization, followed by structure-activity relationship guided modi-
fications, resulting in libraries of finely-tuned drug candidates that may then be
tested against pathogens of interest. The number of rounds of modification and
characterization is indefinite, as numerous variables must be taken into account, and
the interplay between different modifications can often lead to unexpected results.
Once promising candidates are identified, they may be produced either biologically
or through entirely synthetic processes, with difficulty of synthesis and cost as
somewhat challenging factors. Additional factors must also be taken into account at
this stage, such as drug formulation and delivery strategies, but these aspects are
more related to clinical application and product design, and as such, are not within
the scope of this chapter.

7.1.1 Antimicrobial Peptides

Antimicrobial peptides have been considered as a potential source of novel antibiot-
ics for the past several decades, with several key eukaryotic antimicrobial peptides
discoveries in the 1980s (cecropins, human a-defensins and histatins, magainins,
etc.) sparking a renewed interest in both innate immunity research and antimicrobial
peptides. Thousands of antimicrobial peptides have since been identified, with 3110
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unique antimicrobial peptides cataloged in the Antimicrobial Peptide Database
(APD) as of August 5, 2019, and 19,899 entries in the Data Repository of
Antimicrobial Peptides (DRAMP). Approximately 25% of those entries are natural
or synthetic antimicrobial peptides, while the rest consist of patent antimicrobial
peptides (DRAMP 2019; Fan et al. 2016). Regardless of origin, antimicrobial pep-
tides are ubiquitous in nature and are produced by nearly all living organisms. They
often target a broad range of organisms, including bacteria, parasites, viruses, fungi,
and animals. Antimicrobial peptides are also referred to as “host defense peptides”,
as they play an essential role as the first line of defense against infectious or com-
petitive agents. In higher-level organisms, antimicrobial peptides may have several
other functions outside of direct antimicrobial activity, including immunomodula-
tory effects and cell-signaling functions, and as such can also be referred to as
“innate immune peptides” (Wang 2017a, b). Antimicrobial peptides, while diverse,
share common features, with structural variations allowing for the observed range
of functions, activities, and targets. Antimicrobial peptides are most often short oli-
gopeptides, with sequences ranging from 2 to 100 amino acids, with the majority of
antimicrobial peptides under 50 amino acids in length. The hydrophobicity of an
antimicrobial peptide, defined as the ratio of hydrophobic amino acids to total
amino acid content, is also important for antimicrobial peptide functionality, with
the majority of antimicrobial peptides having a ratio between 30% and 60% (Wang
2017a, b). Net charge is another defining characteristic, with antimicrobial peptides
classified as either cationic, neutral, or anionic depending on both amino acid con-
tent and additional chemical modifications. The vast majority are positively charged,
with approximately 12% of antimicrobial peptides in the Antimicrobial Peptide
Database being neutral or negatively charged. Hydrophobic content, net charge, and
amphipathicity play a major role in determining how antimicrobial peptides interact
with cellular membranes, influencing both antimicrobial potency and selectivity, as
well as toxicity and hemolytic activity observed in mammalian cells (Bobone and
Stella 2019).

7.1.2 Antimicrobial Peptides as Clinical Agents

To date, antimicrobial peptides have seen limited clinical use, and very few have
made it past the initial stages of discovery and in vitro characterization of antimicro-
bial potential. This is due, in large part, to discrepancies between demonstrated in
vitro efficacy and actual performance in vivo. While antimicrobial peptides may
display broad spectrum antibacterial activity coupled with limited risk of antimicro-
bial resistance development, many suffer from different critical defects, as described
above. Despite these hurdles, several antimicrobial peptides have made their way
through the drug development pipeline, and are U.S. Food and Drug Administration
approved for use in humans. A large portion of those antimicrobial peptides are
produced by Bacillus ssp., and examples include bacitracin, polymyxin, gramicidin,
and tyrothricin (Sumi et al. 2014). Tyrothricin was first discovered by René Dubos
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in the 1930s and is a mixture of tyrocidines and gramicidins produced by the soil
bacteria originally reported as Bacillus brevis (Lang and Staiger 2016; Wenzel et al.
2018). As with many antimicrobial peptides, tyrothricin has hemolytic properties
and as such is only used as a topical agent (DRUGBANK 2017). Tyrocidine A and
gramicidin S are broad spectrum cyclopeptides that belong to the same antibiotic
class as tyrothricin, and are also limited to topical applications (i.e. superficial skin
and throat infections) due to hemolytic activity. Bacitracin (Neosporin™) is another
mixture of cyclic polypeptides that is combined with the aminoglycoside antibiotic
neomycin and another important antimicrobial peptide, polymyxin. Bacitracin is
available as an over-the-counter drug, and is also used to treat eye and skin infec-
tions, but must be used with caution due to high renal toxicity (DRUGBANK 2019a,
b). Polymyxin is one of the few U.S. Food and Drug Administration approved anti-
microbial peptides for systemic use and oral administration, and is used as last
resort against multi drug resistant bacterial infections, primarily against Gram nega-
tive pathogens or when other first line antibiotics are either ineffective or contrain-
dicated (Kaur et al. 2015). Daptomycin is a cyclic antimicrobial lipopeptide used
against systemic infections caused by Gram positive pathogens, with particular use
against multi drug resistant pathogens due to its distinct membrane targeting mech-
anism of action. Vancomycin is a glycopeptide originally isolated from Streptomyces
orientalis that is able to inhibit cell wall assembly in Gram positive bacteria, and is
ineffective against Gram negative bacilli, mycobacteria, and fungi (Shen et al. 1982;
DRUGBANK 2019a, b). Vancomycin can be administered through various meth-
ods, and is used for the treatment of severe infections caused by susceptible strains
of methicillin resistant (f-lactam-resistant) staphylococci. Additionally, an FDA-
approved oral liquid treatment is used for the treatment of Clostridium difficile asso-
ciated diarrhea and enterocolitis caused by Staphylococcus aureus, including
methicillin-resistant strains (U.S. Food and Drug Administration 2018). As with the
other approved antimicrobial peptides, vancomycin can be toxic at higher doses,
especially in the kidneys and inner ear.

There are currently 76 peptide drugs in development catalogued in the Data
Repository of Antimicrobial Peptides (that are in various stages of development,
with the vast majority focused on topical applications and skin infections due to
Gram positive bacteria (DRAMP 2019)). The focus on topical administration is in
large part due to the toxicity issues mentioned above as well as generally high sus-
ceptibilities to proteolytic degradation in vivo. A recent review of antimicrobial pep-
tides and peptidomimetics undergoing clinical tries is provided by Greber and
Dawgul (2017) and Molchanova et al. (2017).

7.1.3 Antimicrobial Peptide Classification

Antimicrobial peptides can be grouped using a variety of category based approaches,
and while engineered synthetic peptides and peptidomimetics may not necessarily
fit into some of these classifications, they are still useful in understanding
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antimicrobial peptides and the ways in which they are related. As such, classification
should be considered when selecting natural antimicrobial peptides and lead
compounds, which through structure-activity studies may serve as the starting point
for the development of novel antimicrobial peptides and peptidomimetics.
Classification by source kingdom or domain is common and was the first means
of organization used by the Antimicrobial Peptide Database (Wang et al. 2009).
Examples exist for each kingdom, but the vast majority of known antimicrobial
peptides (~77%) are from animal origins, as that is where the majority of research
has been focused until more recently. Plants and bacteria are the next most common
sources of antimicrobial peptides in the Antimicrobial Peptide Database, and repre-
sent approximately 12% and 10% of the Antimicrobial Peptide Database, respec-
tively. More detailed classification of antimicrobial peptides based on source
kingdom is complicated, with each having its own methods of organization, most
often based on shared structural features, sequence similarity, or source organism.
The classification of animal antimicrobial peptides is complex, as many examples
have been found in vastly different organism, where they may serve very different
purposes. For example, antimicrobial peptides derived from insect and other ven-
oms are quite toxic and serve a dual purpose in both predation and defense, whereas
human and other vertebrate antimicrobial peptides often serve a primary purpose of
host defense in the exposed tissues in the respiratory and gastrointestinal tracts, but
may also act upon the adaptive immune system (Gao and Zhu 2018). For reviews on
animal antimicrobial peptides of particular interest, please see Shabir et al. (2018)
and Semreen et al. (2018) for fish and marine antimicrobial peptides and Yi et al.
(2014) for a review of insect antimicrobial peptides. For major antimicrobial pep-
tides from amphibians see Conlon (2008) and Amiche et al. (2008), and for mam-
malian and human antimicrobial peptides see Dutta and Das (2016) and Wang
(2014), respectively. Bacterial ribosomally synthesized antimicrobial peptides are
known as bacteriocins, and represent a fast growing source of novel antimicrobial
peptides. Bacteriocins are of particular interest in the search for novel antimicrobial
peptides, as they may be produced in broadly different environmental conditions
(halophiles, extremophiles, etc.), and may have unknown or unexpected activities
that may be exploited in drug design (Coker 2016; Chikindas et al. 2018). Plant
antimicrobial peptides are also well researched and are currently separated into nine
different groups based on sequence similarity and cysteine motifs. A review of plant
antimicrobial peptides can be found in Tam et al. (2015), and Salas et al. (2015).
One of the most important methods of grouping antimicrobial peptides is by
three-dimensional structure, as an understanding of structure-activity relationships
is necessary for the rational design of peptides and peptidomimetics. Structural
determination has mainly been achieved using nuclear magnetic resonance or circu-
lar dichroism spectroscopy and crystallographic analysis, though spectroscopic
methods are far more common due to the small size of most antimicrobial peptides
and the resistance of membrane targeting antimicrobial peptides to crystallization
(Wang 2017a, b; Yang et al. 2017). It is important that the structure of antimicrobial
peptides is determined in a variety of conditions, as many factors can affect peptide
structure in solution. Additionally, membrane active antimicrobial peptides often
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undergo structural changes upon membrane interaction, which are critical to the
antimicrobial activity of these compounds. A variety of model membranes are com-
monly used, such as dodecylphosphocholine or phosphatidylglycol micelles, with
electron microscopy of bacterial antimicrobial peptide interactions often used to
confirm activity and the mechanism of activity. Non-membrane targeting antimicro-
bial peptides often form large complexes with their targets, for example, proline rich
antimicrobial peptides are known to bind ribosomes and inhibit protein synthesis,
but the large size of the proline rich antimicrobial peptide ribosome complex neces-
sitated the use of x-ray crystallography as opposed to nuclear magnetic resonance
spectroscopy (Roy et al. 2015; Seerfeldt et al. 2015).

The first proposed 3D-strucutre based classes included a-helical, B-sheet, and
glycine, proline, tryptophan/arginine or histidine rich peptides (Boman 2003). An
overlapping classification for folded antimicrobial peptides has also been proposed,
separating them into f-sheet, a-helix, extended, and looped structures. A compre-
hensive classification scheme based on 3D structure was recently put forth by Wang
(2017a), where antimicrobial peptides are again grouped into four families:
a-helical, f-sheet, mixed of} structures, and non-of} structures.

The majority of a-helical antimicrobial peptides are membrane targeting cationic
amphiphiles, though some examples do exist with intracellular and non-membrane
based mechanisms. Antimicrobial peptides may have multiple a-helices, such is the
case with caenopore-5 from Caernorhabditis elegans and its five amphipathic heli-
ces (Wang 2017b), though they are often short, containing a single helix that may
associate to form complexes upon membrane contact, as exemplified by alamethicin
and magainin-2 (Li and Salditt 2006). A large portion of a-helical cationic amphi-
philes have a disordered structure in aqueous solutions, only adopting helical struc-
tures upon membrane binding. Some «-helical antimicrobial peptides like
caenopore-5 are able to maintain helical structures in an aqueous environment due
to the presence of disulfide bonds or other covalent modifications, a fact that may be
exploited in the design of more stable peptide drugs (Wang 2017b).

[-sheet peptides must contain a minimum of two B-strands, and are often stabi-
lized by one or more disulfide bonds. S-S bonds are often essential both in maintain-
ing folded structures and in some membrane interactions. One important example of
a linear P-sheet antimicrobial peptide is thanatin, isolated from the spined soldier
bug, which contains a single disulfide bond that drives a specific-interaction with
Gram negative E. coli, but has no impact on non-specific binding to the Gram posi-
tive Micrococcus luteus (Imamura et al. 2008). Interestingly, thanatin is thought to
kill bacteria by cell agglutination and interactions with lipopolysaccharides, but
may have intracellular targets as well that disrupt the bacterial respiratory pathway
(Jackson and Miller-White 2018; Sinha et al. 2017). Other p-sheet antimicrobial
peptides such as 0-defensins are non-linear, existing as a closed loop due to a pep-
tide bond between the N- and C- terminus, with the overall structure stabilized by
an additional three disulfide bonds. The flexible loop regions outside of the B-strands
are often used in the stabilization of bioactive epitopes by peptide grafting, which
will be discussed further on when considering design strategies and specific altera-
tions (Conibear et al. 2016). Other -sheet peptides include lasso peptides, which
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are typified by an N-terminal macrocyclic ring composed of 7-9 amino acids and a
C-terminal tail that may thread through the ring. Lassos may or may not contain
disulfide bonds, and the ring structure provides enhanced stability against chemical,
thermal and proteolytic degradation (Martin-Gmez and Tulla-Puche 2018). This
makes them particularly attractive candidates for drug discovery, and the advan-
tages imparted by macrocyclic rings have been studied in de novo peptides genera-
tion as well (Vinogradov et al. 2019).

As the name implies, afy antimicrobial peptides contain a mixture of both
a-helices and p-sheets, and they are represented across all kingdoms. A major class
of aff antimicrobial peptides are defensins, which are cysteine-rich antimicrobial
peptides found in both plants and animals, that are structurally and functionally
diverse, with different ratios of o/p features, and distinct folding patterns. Defensins
are separated into three families, a-, -, and 8-defensins, based on the arrangement
of their disulfide bridges (Mishra et al. 2018). Many act through membrane perme-
ation followed by the production of reactive oxygen species within the cell (Islam
etal. 2017), with mitochondrial membrane collapse also occurring in some instances
(Souza et al. 2018). Plant and insect defensin are able to target fungal membranes
due to sphingolipid recognition (Parisi et al. 2019). Human defensins are more
effective against bacterial membranes, with human neutrophils peptides-1 to -3,
which integrate into bacterial membranes throughout phagocytosis, disturbing ion
stabilities, leading to lysis and cell death (Oyinloye et al. 2015). Other human defen-
sins have broad spectrum activity and include a-defensins and p-defensins, with
a-defensins being expressed mainly by myeloid cells, and B-defensins expressed in
epithelial cells (Ouellette 2015).

Antimicrobial peptides belonging to the aff family have no discernable o or f
features, and their function and structure are instead characterized by an abundance
of certain amino acids. Two major examples of aff peptide groups are the tryptophan
rich and proline rich. Both kill microorganisms by targeting intracellular pathways,
with some tryptophan rich peptides such as indolicidin acting via membrane lysis
mechanisms (Subbalakshmi and Sitaram 1998). Tryptophan rich peptides are able
to adopt amphipathic structures due to the way in which the indole ring interacts
with both bacterial membranes and amino acids within the peptide, driven by hydro-
gen bonding potential and other properties including dipole and quadrupole
moments, with a combination of hydrophobic and hydrophilic attributes making it
ideal from membrane insertion (Vogel et al. 2002). A minimum length of six amino
acids is required for high antimicrobial activity in Tryptophan rich peptides, with
examples ranging from 5 to 11 residues in length (Strgm et al. 2003; Shagaghi et al.
2016). The positioning of tryptophan residues relative to other amino acids has a
direct effect on antimicrobial activity, while the number of residues is less important
(Mishra et al. 2018). Proline rich antimicrobial peptides are intracellular acting pep-
tides, with both ribosomes and the heat shock protein DnaK currently identified as
major proline rich peptide targets (Kragol et al. 2001). Structural analysis has shown
the binding of the proline rich antimicrobial peptide oncocin to the ribosome, where
it is able to block both the peptidyl transferase center and the peptide-exit tunnel,
thereby inhibiting protein synthesis (Seefeldt et al. 2015; Roy et al. 2015). Other
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proline rich antimicrobial peptides have low sequence homology, but are structur-
ally similar, with a certain degree of proline content (~30%) and proline-arginine-
proline motifs being common features (Li et al. 2014).

Another useful way of grouping antimicrobial peptides is by peptide chain bond-
ing patterns, with various chain connections generating different conserved topolo-
gies that have a large influence on antimicrobial peptide activity and stability (Wang
2015). These categories are linear, sidechain-linked, sidechain-backbone linked,
and backbone-linked circular antimicrobial peptides. Interestingly, each class pos-
sesses overlapping and highly conserved amino acid sequences, a fact that can be
exploited in the prediction based design of peptidomimetics (Wang 2017b).

There are several other means of identifying and grouping antimicrobial pep-
tides, including but not limited to: synthesis (gene-encoded and non-gene-encoded),
chemical modifications, and mechanism of action. Means of biological synthesis is
not necessarily relevant in designing antimicrobial peptides and peptidomimetics,
especially in the case of fully synthetic peptidomimetics with little to no peptide
character, though it is useful when considering biotechnological methods of produc-
tion. Both antimicrobial targets and mechanisms of action are dependent on peptide
structure and key physicochemical properties, as briefly mention above, though
more detailed examination of known mechanisms of action will be described further
on. Structural modifications are of particular relevance to antimicrobial peptides
and peptidomimetics, as they represent a direct way of altering antimicrobial pep-
tides with the goal of reducing toxicity, imparting resistance to proteolysis, or
increasing antimicrobial activity, specificity, and imparting novel functions.

7.2 Mechanisms of Action

Before discussing the various antibacterial mechanisms of action of both antimicro-
bial peptides and peptidomimetics, it is important to note that many have multiple
functions that are often concentration dependent. An additional concern that is dif-
ficult to account for is how antimicrobial peptide function may be influenced or
induced in vivo, resulting in changes to activity that may not be obvious or easily
predicted through in vitro studies. As such, the summary given below may be con-
sidered a general overview of the subject (summarized in Fig. 7.2), with a focus on
the mechanism itself, and does not cover every possible function of each antimicro-
bial peptide that is used as an example. For a review of the multifunctionality of
antimicrobial peptides with a focus on bacteriocins, see Chikindas et al. (2018).
Antimicrobial peptides can be divided into two groups when considering their
potential use against pathogens: antimicrobial peptides that have a direct killing
effect, and those with indirect effects such as antibiofilm, toxin neutralization, or
immunomodulatory activities. Antimicrobial peptides with a direct killing effect
can be further categorized into membrane targeting and non-membrane targeting or
intracellular targeting mechanisms. In both instances, interaction with the cell mem-
brane is a critical step and is necessary for the bactericidal effects of antimicrobial
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Amphipathicity Charge

Fig. 7.2 Overview of the most common mechanisms of action of antimicrobial peptides, divided
into direct effects that result in cell death, and other effects that may indirectly influence the anti-
microbial activity of peptides and peptidomimetics in other ways

peptides. In terms of target selectivity, antimicrobial peptides can be either non-
selective, effecting both mammalian and bacterial cells, or they may display varying
degrees of selectivity, and may be active against Gram positive or Gram negative
bacteria, fungi, viruses, and parasites, or some combination of the above targets,
without damaging eukaryotic cells at similar concentrations (Segev-Zarko et al.
2017). The physicochemical properties of an antimicrobial peptide such as net
charge, charge distribution, and hydrophobicity greatly influence antimicrobial pep-
tide membrane interactions, and often determine the potential targets an antimicro-
bial peptide is able interact with and the strength of that interaction, due to the
inherent differences between the membranes of bacterial, fungal, and mammalian
cells. Examples of non-selective antimicrobial peptides include the bee and wasp
venom derived peptides melittin and mastoparan (Moreno and Giralt 2015), and
mosquito derived cecropin (Kaushal et al. 2016; Zheng et al. 2017; Agrawal et al.
2019). Cell selectivity is achieved either through receptor-mediated mechanisms or
through a combination of biophysical properties that makes interaction with the
targeted cell membrane more favorable than interactions with eukaryotic cells.
Examples of reported receptor-mediated antimicrobial peptides include some bac-
teriocins such as nisin (Shin et al. 2015), class Ila (Kjos et al. 2009), and IId bacte-
riocins (Diep et al. 2007), and antimicrobial peptides of eukaryotic origin such as
magainin (Arnusch et al. 2012). These antimicrobial peptides contain both receptor
binding domains and pore-forming domains, allowing for receptor mediated attach-
ment to the cell surface, followed by pore formation and eventual cell death.
Receptor mediated antimicrobial peptides may not be the best choice in considering
drug development with the goal of combating or preventing the development of
antibiotic resistance, as they suffer from a flaw common to many antibiotics. They
act on or through a singular target that through mutations, may be changed in such
a way that the interactions between the receptor binding domain and its target are no
longer possible. The majority of known membrane targeting antimicrobial peptides
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belong to the second group, and their activity is a direct consequence of their physi-
cochemical properties. The most common membrane lytic antimicrobial peptides
are cationic amphiphiles, containing both hydrophobic and positively charged
regions that are essential for their selective antimicrobial activity against bacterial
cells. It should be mentioned that anionic antimicrobial peptides such as subtilosin
A are presently receiving some deserved attention and are reported as being active
against foodborne pathogens (Van Kuijk et al. 2011), also in synergistic action with
conventional antibiotics (Cavera et al. 2015), and against enveloped viruses such as
herpes simplex virus (Quintana et al. 2014). The degree of hydrophobicity and the
distribution of charged amino acids are key properties that play a critical role in cell
specificity and antimicrobial activity, as well as in the observed toxicity towards
mammalian cells.

7.2.1 Membrane Lytic Antimicrobial Peptides

There are several different models for the killing action of membrane lytic cationic
amphiphiles, and a key stage in each is the attraction of antimicrobial peptides to the
cell surface and binding to the targeted cell. The positive charge of the antimicrobial
peptide allows it to come into initial contact with bacterial membranes, which con-
tain a large fraction of negatively charged lipids, such as lipopolysaccharides in
Gram negative species and lipoteichoic acid in Gram positive species (Sani and
Separovic 2016). Additionally, the outer leaflets of bacterial membranes contain a
high number of anionic phospholipids such as phosphatidylglycerol. As such, the
bacterial membrane maintains a high electrical potential gradient, attracting the
positively charged antimicrobial peptides. While mammalian cell membranes also
contain negatively charged components like sialic acid, their distribution across the
plasma membrane is different than in bacteria. In addition, the cell membrane is
primarily composed of zwitterionic phospholipids, discouraging the binding of the
positively charge cationic amphiphiles (Sani and Separovic 2016). Once initial con-
tact with the bacterial membrane is established, cationic amphiphiles may act
through a variety of possible mechanisms to disrupt the cell membrane, leading to
pore formation, cell lysis, and eventual cell death. Popular models for pore forma-
tion include carpet/detergent-like, membrane thinning, aggregate, toroidal pore, and
barrel stave interactions (Bozelli et al. 2017). The majority of antimicrobial peptides
exhibit a distinct secondary structure upon contacting the membrane, a feature con-
sidered essential for their membrane lytic effects in bacteria (Takahashi et al. 2010).
In the barrel stave model, peptides insert into the lipid bilayer, and are able to form
a stable state perpendicular to the membrane, leading to the recruitment of addi-
tional peptide molecules, resulting in the formation of a barrel like pore (Yamamoto
et al. 2019). The carpet or detergent like model begins with the same initial interac-
tion of peptide monomers and oligomers with the membrane surface. Hydrophobic
portions are attracted to the membrane surface, while hydrophilic regions face out-
wards. Cationic amphiphiles continue to accumulate on the surface until a critical
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threshold concentration is reached, leading to membrane permeation (Chung and
Khanum 2017). Other membrane interaction models, while mechanistically differ-
ent, lead to the same end result, and will not be discussed in depth.

7.2.2 Intracellular Targets

Some antimicrobial peptides have been found to exhibit a killing effect only after
crossing the bacterial outer and inner membranes and interacting with various inter-
cellular targets, leading to inhibition of protein synthesis, transcription and replica-
tion, cell wall synthesis and outer membrane biogenesis, inhibition of cytokinesis,
and various other less documented membrane independent mechanisms (Scocchi
et al. 2017). The exact means by which antimicrobial peptides with intracellular
targets enter the cell remains unclear, with two possible mechanisms currently pro-
posed: bacterial protein mediated and spontaneous translocation. Proline rich anti-
microbial peptides have shown to cross the membrane via protein mediated
transportation. Many act using the inner membrane protein SBmA to penetrate the
membrane, as observed in E. coli and other Gram negative bacteria (Scocchi et al.
2011). Some proline rich antimicrobial peptides seem to need the SbmA uptake
system to function, while others may act through multiple potential bacterial trans-
ports, making resistance development more difficult for those antimicrobial pep-
tides. Examples include oncocin and Bac7(1-35), which may be able to use the
recently identified yjiL-mdtM gene cluster (Krizsan et al. 2014). Spontaneous trans-
location is similar in concept to the pore-forming models used for membrane lytic
cationic amphiphiles, though pore formation is only transient and occurs at lower
concentrations than needed for cell lysis, thereby preserving membrane integrity
during passage (Ulmschneider 2017).

Upon entering the cell, antimicrobial peptides may have single or multiple tar-
gets. Inhibition of protein synthesis and molecular chaperones has been demon-
strated for various non-lytic peptides, both in vivo and in vitro. Well-documented
examples include oncocin, Bac7, and pyrrhocoricin which have all been observed
binding to DnaK and the bacterial ribosome, with apidaecin and pyrrhocoricin bind-
ing to GroEL as well (Scocchiet al. 2017). The exact mechanisms and specificities
for many antimicrobial peptides remain unclear, with targets ranging from DNA as
seen with buforin II leading to inhibition transcription and replication (Uyterhoeven
et al. 2008), or lipid II binding by nisin or copsin, which can lead to the inhibition
of cell wall synthesis and bacterial membrane biogenesis (Essig et al. 2014; ‘t Hart
et al. 2016).
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7.2.3 Non-killing Actions

Some antimicrobial peptides are able to exert indirect pressure on pathogens through
a variety of methods outside of direct bactericidal or bacteriostatic mechanisms.
Examples include antibiofilm effects, either through inhibition of surface attach-
ment or biofilm formation, or through biofilm dispersion and degradation.
Antimicrobial peptide-host interactions are another potential area of interest, with
some antimicrobial peptides having immunomodulatory, wound healing, angio-
genic or anti-inflammatory effects. Antimicrobial peptides may also exert similar
effects through interactions with bacterial secondary metabolites and endotoxins
such as lipopolysaccharides, lipoteichoic acid, anthrax lethal toxin, shiga toxin, etc.
(Kim et al. 2005; Nell et al. 2006; Yamada et al. 2006; Golec 2007).

Biofilms are structured microbial communities that form on surfaces or at inter-
phase and reside in an extracellular matrix composed of extracellular polymeric
substances, primarily polysaccharides and proteins, with other molecules such as
DNA and lipids found in smaller amounts. Biofilm formation is a key factor in many
infectious diseases, providing increased protection against antibiotics and the innate
immune response, thus creating a safe haven for pathogens, resulting in increased
persistence and infection recurrence. In fact, is has been show that biofilms may be
1000 times more tolerant to conventional antibiotics than their planktonic counter-
parts (Olsen 2015). Infection persistence and recurrence are often due to so-called
“persister-cells”, a subpopulation of bacteria within the biofilm matrix that remain
in a dormant and drug tolerant state, further increasing the likelihood of resistance
development (Gerdes and Semsey 2016; Wood 2017). Many antimicrobial peptides
and peptidomimetics have been shown to have biofilm killing, prevention, or disper-
sion effects. A natural human derived cathelicidin antimicrobial peptide LL-37 and
related peptidomimetic NA-CATH:ATRA1-ATRA1 have been shown to inhibit bio-
film production by S. aureus biofilms at sub-antimicrobial concentrations (Dean
etal. 2011). Another series of LL-37 based peptidomimetics was recently developed
by de Brej et al. (2018) with the lead compound from the series, SAAP-148, able to
kill antibiotic resistant pathogens on ex vivo human skin cells and biofilms, without
the development of resistance, even after long term exposure. Other antimicrobial
peptides have shown anti biofilm activity when used on medical devices against
S. aureus and P. aeruginosa, and include lactoferrin, conjugated lactoferrin,
melamine and citropin 1.1. These antimicrobial peptides also showed synergy with
the traditional antibiotics rifampicin and minocycline (Yoshinari et al. 2010). Other
peptidomimetic compounds have also shown anti biofilm activity, a series of
recently designed lipopeptidomimetic cationic amphiphiles has demonstrated activ-
ity against both planktonic and biofilm embedded methicillin resistant S. aureus
(Joshi et al. 2018).
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7.3 Key Physicochemical Properties

As shown above, antimicrobial peptides are structurally and functionally diverse,
and it is often difficult to identify commonalities that exist between all known exam-
ples. There is also tremendous interplay between the various physicochemical prop-
erties of antimicrobial peptides and peptidomimetics, driven by various factors
including amino acid sequence; chemical or post-translational alterations; covalent
modifications, salt bridges, and other means of stabilization (Avan et al. 2014). As
such, it is often difficult to isolate the effect of individual features and to determine
the degree of influence they may have on an individual peptides function, and it is
more difficult still to apply any knowledge gained towards the design of de novo
peptide and peptidomimetic antimicrobials. Nevertheless, research efforts continue
to examine these key properties and how they may be fine tuned for rational design.
It is important to note that the properties discussed below are not necessarily appli-
cable to all engineered antimicrobial peptides and peptidomimetics, but are instead
most commonly associated with membrane lytic cationic amphiphiles, which have
seen the greater part of research and design efforts in the field. Thus, we present the
following information as a general starting point in understanding the interplay
between these features (as shown in Fig. 7.3), which can in turn be used as a set of
“guiding principles” during the step wise engineering of novel peptide and peptido-
mimetic antimicrobials against the ESKAPE pathogens and other emerging multi
drug resistant species.

7.3.1 Length

The length of the peptide chain is an important structural aspect of antimicrobial
peptides, with minimal optimal lengths required for maintaining the activity of the
pharmacophore or other functionally active sequences (e.g. protein binding, lipo-
polysaccharide binding, surface tethering regions, etc.) (Hilpert et al. 2009), which
can vary greatly between different antimicrobial peptides. This makes the impact of
length on the activity of different antimicrobial peptides difficult to compare, as
there likely is no universally optimal peptide length, and length-activity relation-
ships should instead be determined for each antimicrobial peptide of interest, and
only used when designing antimicrobial peptides and peptidomimetics based on the
data gained from studying that example. Length is particularly important in the case
of membrane targeting amphiphiles, as at least 7-8 amino acids are necessary to
form an amphipathic structure with both hydrophilic and hydrophobic regions on
opposite sides of the polypeptide (Bahar and Ren 2013). Additionally, a certain
length is required for an antimicrobial peptide to properly anchor to and transverse
the bacterial lipid membrane, with at least 22 amino acids and eight amino acids
needed for a-helical and p-sheet antimicrobial peptides to properly function under
the barrel-stave model, for example (Westerhoff et al. 1989). One way of examining
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Fig. 7.3 Key physicochemical properties of natural antimicrobial peptides and how they interact
to determine the structure and by consequence, the function of a typical antimicrobial peptide.
Both charge and hydrophobicity are critical in determining the amphipathicity of an antimicrobial
peptide, which is a key characteristic driving the membranolytic action of many peptides. These
features are primarily a consequence of amino acid sequence, length, and various chemical modi-
fications, and the interplay between all these features is what determines the structure and resulting
functionality of a given antimicrobial peptide

length effects is through the generation of novel peptides libraries with the use of
different and often repeating amino-acid sequence-motif based building blocks. For
example, Deslouches et al. (2005) developed a series of 12-residue lytic base unit
peptides composed of arginine and valine, and found an increase in antimicrobial
activity against P. aeruginosa and S. aureus when increasing the length from 12-mer
to 24-mer, with increase in length beyond that having little impact on antimicrobial
activity. A similar length effect was also observed in a series of a-peptide/B-peptoid
chimeras, with an increase in length from 8 to 12 to 16 residues showing increased
activity against E. coli, L. monocytogenes, and S. aureus isolates (Hein-Kristensen
et al. 2011). More recently, Gagnon et al. (2017) generated a series of a-helical
peptides using a repeating KIAGKIA (~ two turns of the helix) sequence, which
were designed so that other features such as the polar sector size, hydrophobic
moment, mean hydrophobicity, and charge density (charge per amino acid) were
nearly unchanged for the series. This allowed length effects to be effectively iso-
lated, and they were able to establish a relationship between membrane thickness
and peptide length, with only helices that are long enough to span the membrane
resulting in leakage. The length of the peptide chain can also have an impact on
cytotoxicity, with a truncated form of melittin exhibiting markedly less toxicity to
rat and human erythrocytes as compared to the natural form (Subbalakshmi et al.
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1999). Other reports have also demonstrated a relationship between toxicity and
length, with longer peptide chains showing increased toxicity towards mammalian
cells (Javadpour et al. 1996). Increased length has also been shown to have an effect
on antibacterial activity as shown in a series of (RW),, repeat peptides, where
increased chain length resulted in both increased toxicity and antimicrobial activity
(Liu et al. 2007). From just these few studies, representing a small fraction of the
literature in which length-activity relationships have been examined, it is easy to see
the importance of peptide length in antimicrobial design, but they also draw atten-
tion to the importance of amino acid sequences and motifs and the consequences
impact they may have on antimicrobial peptide characteristics.

7.3.2 Amino Acid Sequence

As with length, there is tremendous variety in amino acid composition between dif-
ferent antimicrobial peptides. Amino acids may exert their effect individually, or in
concert with other amino acids or as part of a functional sequence motif. In peptido-
mimetic and de novo antimicrobial peptide it is also important to consider the
impact of unnatural and chemically modified amino acids, whose impact and use
will be discussed further on. The different structure-based and bonding-pattern-
based antimicrobial peptide classes have different amino acid ratios and certain resi-
dues are dominant in each (Mishra and Wang 2012). The a-helical antimicrobial
peptides tend to have Leucine as the primary hydrophobic residue, while lysine is
the dominant charged amino acid. In the case of p-stranded antimicrobial peptides,
the polypeptide fold is an important structural feature that relies on cysteine for
disulfide bond stabilization, while arginine is favored over lysine for providing posi-
tive charge. In of structures, a high proportion of cysteine is used as the major
hydrophobic component required for peptide folding, while both arginine and lysine
are used equally. As mentioned above non-aff peptides most often favor the used of
specific amino acids that are necessary for their observed effects, with tryptophan,
proline, and arginine all playing a major role. As mentioned earlier, peptides may be
classified based on chain binding patterns, each with its own distinct sequence sig-
nature: Linear antimicrobial peptides tend to favor leucine, alanine, glycine, and
lysine; sidechain linked favor cysteine, glycine, and lysine; sidechain-backbone
linked favor valine, alanine, and glycine; and backbone linked cyclic antimicrobial
peptides favor cysteine and glycine (Wang et al. 2016).

Amino acid composition also plays a major role in various antimicrobial peptide
functions, with different amino acid compositions common among peptides with
similar targets and antibacterial mechanisms. For example, clear differences exist
between antimicrobial peptides with Gram positive and Gram negative selectivity,
with antimicrobial peptides active against Gram positive bacteria containing rela-
tively similar amounts of leucine and cysteine, while antimicrobial peptides that
only target Gram negative species have higher numbers of leucine and lower cyste-
ine content by comparison (Mishra and Wang 2012).
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Lysine and arginine are both commonly found in peptide sequences due to their
positive charge, which enables electrostatic interactions between antimicrobial pep-
tides and the negatively charged bacterial membrane. While both are widely used,
the differences in their side chain chemistry give them markedly different proper-
ties. The guanidinium group of arginine allows for a greater potential for multiple
interactions to occur, primarily due to the more dispersed charge as compared to
lysine. Arginine also has the ability to interact with the aromatic system in trypto-
phan via cation-w interactions (Aliste et al. 2003). Numerous studies have been
carried out to elucidate the effects of the two amino acids on antimicrobial peptide
activity. These studies often utilize amino acid substitution and the generation of
novel peptides sequences based on arginine or lysine heavy repeating motifs. Most
arginine and lysine often are used in a repeating series with hydrophobic residues to
develop cationic amphiphiles, and they are also sometimes used as a positive chain
at the end of a peptide to encourage antimicrobial peptide membrane interactions
(Duval et al. 2009). Lysine — arginine substitution is often shown to increase the
antimicrobial activity of many natural antimicrobial peptides due to the more favor-
able interactions of guanidinium moiety of arginine with membranes (Li et al. 2013;
Arias et al. 2018). This was demonstrated recently with two mutants of the antimi-
crobial peptide KR-12, one in which lysine residues were replaced with arginine
(R-KR12) and another with arginine residues mutated to lysine (K-KR12) (Rice and
Wereszczynski 2017). It was shown that the lysine — arginine mutants interacted
weakly with a model membrane, and that the arginine — lysine mutants formed
significantly more hydrogen bonds with the bilayer. The use of arginine over lysine
is also commonly associated with enhanced antimicrobial activity. In a study, com-
paring 8-mer to 18-mer WK and WR peptides, the 8-mer and 10-mer arginine con-
taining peptides showed increased activity over the analogous lysine containing
peptides (Deslouches et al. 2016). Length again played a role in antimicrobial activ-
ity and cytotoxity, with optimal activity occurring with the 12-mer peptides, which
also showed negligible hemolytic and cytotoxic effects.

Cysteine plays a major role in the structure of natural antimicrobial peptides,
particularly in p and af structures, where the formation of disulfide bonds via the
oxidation of the thiol group of cysteine are necessary for proper folding and result-
ing antimicrobial activity. The formation of disulfide bonds provides the additional
benefit of increased protection to proteolysis as well (Tanabe et al. 2007). The role
of disulfide bonds in determining antimicrobial activity is complex, and the forma-
tion, location, and reduction of disulfide bonds can have very different impacts
depending on the antimicrobial peptide in question. For example, protegrin-1 con-
tains two internal disulfide bridges that are integral to its structure and antibacterial
activity, as their removal via cysteine replacement can be correlated to a loss of
bactericidal activity (Harwig et al. 1996). In contrast, human p-defensin 1 (HBD-1)
shows minimal antimicrobial activity as compared to other human defensins, how-
ever, disulfide bond reduction has been shown to induce increased antimicrobial
activity (Schroeder et al. 2011). This highlights the potential role of disulfide bond
reduction and free cysteine residues in the antimicrobial action of similar defensins
when expressed in reducing environments, i.e., the gastrointestinal tract. Indeed,
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proteolytic degradation of reduced HBD-1 leads to the development of peptide frag-
ments with antimicrobial activity, with similar active antimicrobial fragments hav-
ing been generated from HD-5 and HD-6 as well (Wendler et al. 2019; Ehmann
et al. 2019). Interestingly, reduction of disulfide bridges in HBD-3 does not appear
to influence its anti-bacterial activities, but does impact chemotactic activity (Kliiver
et al. 2005; Zhang 2017). Taken together, these studies highlight the complex rela-
tionship between cysteine residues, disulfide bridges, and antimicrobial peptide
function.

7.3.3 Charge

The effects of charge on an antimicrobial peptide’s activity is primarily a conse-
quence of amino acid composition and the number and position of charged residues
within the peptide structure. The majority of antimicrobial peptides are net positive,
with charges ranging from +2 to +13, primarily due to large proportions of lysine
and arginine residues, with histidine occurring far less often in natural antimicrobial
peptides (Mishra and Wang 2012). Cationicity is a major determining factor in anti-
microbial peptide membrane interactions, and numerous studies have shown corre-
lations between charge and antimicrobial activity, toxicity, and selectivity. In a
series of a-helical cationic amphiphiles, using a previously designed a-helical cat-
ionic amphiphile L-V13K (Chen et al. 2005), Jiang et al. showed improved antimi-
crobial activity with increased charge up to +8, while a decrease in activity against
P. aeruginosa was observed when the charge was < +4 (Jiang et al. 2008). Similarly,
increasing the charge of magainin 2 from +3 to +5 improves antimicrobial activity
against bacteria, but further increases to charge resulted in increased hemolytic
activity and a loss of antimicrobial activity (Dathe et al. 2001). While a net positive-
charge of antimicrobial peptides is important in determining antimicrobial peptide
membrane interactions, especially in the case of negatively charged bacterial mem-
branes, it is not the sole determining factor in those interactions. In addition to
overall charge, charge distribution also seems to play a major role in peptide mem-
brane interactions (Mihajlovic and Lazaridis 2012). Charge does not necessarily
come from amino acid sequence alone, as different charged moieties may be added
via post-translation modification or thought chemical alterations and the addition of
unnatural moieties in peptidomimetics. While cationic amphiphiles are dominant
among known antimicrobial peptides, there are outliers that are either net neutral or
anionic that nonetheless demonstrates antimicrobial activity, such as dermcidin,
which may act through ion channel formation stabilized by a zinc ion bridge
between negatively charged histidine residues and negatively charged membrane
features (Becucci et al. 2014).
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7.3.4 Hydrophobicity

Hydrophobicity is another feature that plays a major role in determining the degree
of antimicrobial activity and the range of target cells for membrane targeting anti-
microbial peptides (Kustanovich et al. 2002; Zelezetsky et al. 2005). While exam-
ples exist for antimicrobial peptides with a hydrophobicity ranging from 0% to
100%, the majority of antimicrobial peptides fall between 50% and 78% (Wang
2017a). Hydrophobicity has a direct effect on antimicrobial peptide-membrane
interactions, influencing the ability to penetrate a lipid bilayer and the range and
degree of interactions with different membrane compositions (Pasupuleti et al.
2012). In addition, increasing hydrophobicity has a well-documented correlation to
decreased antibacterial specificity and increased toxicity to mammalian cells (Chen
et al. 2007; Yin et al. 2012). Returning to the example of V681, Chen et al. (2007)
found that strong hemolytic activity and decreased antimicrobial activity of the pep-
tide series was linked to increased hydrophobicity. Decreased specificity and hemo-
Iytic activity might be explained by the more hydrophobic peptides ability to
penetrate further into the hydrophobic core an erythrocyte membrane, while
decreased antimicrobial activity could be explained by increased self-association of
the peptides in solution, negatively impacting peptide-membrane interactions. This
is supported by a series of cationic amphiphiles, in which increased hemolytic activ-
ity and decreased antimicrobial activity were also linked to increased self-
aggregation. Indeed, Yin et al. showed a correlation between hydrophobicity and
cell selectivity, with more hydrophobic peptides based on alanine to leucine substi-
tutions showing increased hemolytic activity and destruction of mammalian model
membranes (Yin et al. 2012). Interestingly, all peptides of the series displayed simi-
lar antimicrobial activity against P. aeruginosa strain PAO1, demonstrating once
again that observations in one antimicrobial peptide series may not necessarily
translate to other antimicrobial peptides, and that the relationship between physico-
chemical properties and observed activities is complex.

7.3.5 Amphipathicity

Amphipathicity in antimicrobial peptides refers to the relative abundance and distri-
bution of hydrophobic and hydrophilic domains, and is often considered a defining
and necessary feature for the activity of many antimicrobial peptides. Indeed, as
discussed above, most known examples are positively charged, ranging from +1 to
+7 and have approximately 50% hydrophobic amino acids (Wang 2017a). The inter-
play between charged groups and hydrophobic residues is complex, with the degree
and positioning of positive charge playing a large role in membrane recognition and
attachment, with hydrophobicity being essential for proper membrane insertion,
disruption, or transversal. Amphipathicity is not simply a product of the rations of
hydrophobic and charged residues present in the primary sequence, but is highly
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linked to the 2D or 3D structure of a given antimicrobial peptide. For example,
amphipathicity can occur in a variety of forms, such as facial amphipathicity, as
exemplified by a-helical cationic amphiphiles, in which one side of the helix is
composed primarily of hydrophobic residues, while the opposite side is cationic (Li
etal. 2017). A key descriptor of amphipathicity in a-helical cationic amphiphiles is
the hydrophobic moment (defined as vector sum of individual amino acid hydro-
phobicity that is standardized to an idealized helix model) which is often used
together with helical wheel projections in discussing the influence of facial amphipa-
thicity on membrane interactions (Eisenberg et al. 1982; Vishnepolsky and
Pirtskhalave 2014). Another form of amphipathicity that is often used in the design
of very short cationic amphiphile mimics is bola-like amphipathicity, with two cat-
ionic moieties positioned on either side of a hydrocarbon chain (Moretti et al. 2019).

As with the other features described above, amphipathicity is known to have
impacts on antimicrobial activity and toxicity, though a clear relationship is difficult
to determine, as the degree of amphipathicity has sometimes shown disparate and
contradictory effects when comparing different antimicrobial peptides. For exam-
ple, many studies have shown that disruption of amphipathicity in o helical antimi-
crobial peptides can increase antimicrobial activity and reduce hemolytic activity
(Kumar et al. 2018). However, contradictory results were found in the study of
melittin related peptides, with increased amphipathicity leading to increased hemo-
lysis instead (Zhang et al. 2016). Furthermore, other peptides studies have demon-
strated a correlation between increased amphipathicity and both increased
antimicrobial and hemolytic activity (Chen et al. 2005; Fernandez-Vidall et al. 2007).

7.3.6 Interplay Between the Physicochemical Properties
of Antimicrobial Peptides and Peptidomimetics

The studies on length, amino acid sequence, charge, hydrophobicity, and amphipa-
thicity described above highlight the complex and interconnected relationship
between each of these properties. It is prudent to consider correlations between
physicochemical characteristics and the pharmacological properties of antimicro-
bial peptides as general guiding principles, and to not mechanistically follow them
when approaching antimicrobial peptide design. It is likely essential that any ratio-
nally designed antimicrobial peptide be probed for structure activity relationships
on an individual basis, with each subsequent series of modifications leading to the
selection of the next generation of lead compounds, repeated as needed until a com-
prehensive library of compounds with structure-activity relationship data have been
generated, with finely tuned lead compounds then being selected for more advanced
studies. Changes to any one of these properties will likely impact others, and can
have unexpected and inconsistent effects when not carefully considered, especially
when moving from in vitro to in vivo and clinical studies.
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7.4 Limitations and Challenges

While antimicrobial peptides have displayed great promise as alternatives to tradi-
tional antibiotics, there are still several factors that have so far limited their use as
clinical agents. These factors are in part, a consequence of the features described
above, with the complex interplay between physicochemical properties (i.e. charge,
hydrophobicity, amphipathicity) often resulting in undesirable pharmacological
features that may preclude their use in vivo; relating to the absorption, distribution,
metabolism, elimination, and toxicity (ADMET) of an antimicrobial peptide.
Indeed, the majority of naturally occurring peptides have an oral bioavailability no
greater than 1% (Di 2015). There are other factors to consider that are not directly
related to ADMET, and those include production and synthesis considerations as
well as bacterial resistance to antimicrobial peptides. A brief overview of some of
these issues is presented below, followed by a review of modification and design
strategies for the development of improved antimicrobial proteins and peptidomi-
metics aimed at addressing these key limitations.

7.4.1 Solubility and Proteolytic Degradation

In order for an antimicrobial peptide to exhibit its desired effect, it is necessary for
it to be able to effectively reach and then act upon or pass through the membranes
of bacterial targets. The solubility of antimicrobial peptides under physiological
condition has a large impact on activity, and many naturally occurring antimicrobial
peptides have issues related to auto-aggregation and exhibit poor solubility in an
aqueous environment (Fosgerau and Hoffman 2015). Peptide solubility may be
affected by numerous other factors, such as solvent composition and the presence of
ions, salts, proteins, etc. (Schein 1990; Mohammad et al. 2015). The inherent insol-
ubility of some peptides in vivo may be addressed through several different meth-
ods, including structural alterations, often through modifications to hydrophobic
regions, achieved through amino-acid substitutions or the N-methylation of specific
residues. For example, a chimeric antimicrobial peptide made from cecropin and
melittin was found to naturally associate into dimers, reducing bioavailability in
vivo. It was then found that by changing the amino acid composition of the non-
polar face of the compound via the substitution of a charged lysine residue pre-
vented dimerization, leading to reduced hemolytic activity and improved
incorporation into lipid membranes (Chen et al. 2005). It is important to note that
the aggregation of antimicrobial peptides is not always negative, as exemplified by
self-assembled small cationic amphiphiles and peptidomimetics that form supramo-
lecular nanostructures such as nanovesicles or hydrogels. These structures, which
may be necessary for antimicrobial activity, may lead to improvements in biocom-
patibility, stability, and the solubility of peptide drugs (Liu et al. 2009; Zhang et al.
2017; Eskandari et al. 2017; Moretti et al. 2019). Other factors that may affect
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antimicrobial peptide solubility are charge distribution and the isoelectric point of
the peptide, with changes made in relation to the pH of the desired formulation of
the final product (Rollema et al. 1995; Yin et al. 2012). It is also possible to circum-
vent the inherent insolubility of certain peptide compounds without direct modifica-
tions to peptide structure; examples include the use of drug delivery systems
(Nordstrom and Malmsten 2017) and surface immobilization techniques (Costa
etal. 2011).

Natural antimicrobial peptides, are subject to proteolytic degradation by prote-
ases such as chymotrypsin, greatly limiting their oral availability. Additionally, anti-
microbial peptides may also be digested by proteases expressed by targeted
pathogens, as in the case of LL-37 degradation by S. aureus, P. aeruginosa, P. mira-
bilis, and E. faecalis enzymes (Schmidtchen et al. 2002). This has been one of the
driving factors behind the pharmaceutical industries’ focus on topical applications,
as systemic applications may be hindered by the action of proteases, which greatly
reduce the half-life of a peptide drug in vivo. There are many methods for the stabi-
lization of peptide structures, including covalent modifications such as the addition
of disulfide/diselenide bonds or backbone-based cyclization, and the use of unnatu-
ral amino acids and chemical alterations (Sieprawska-Lupa et al. 2004; Meng and
Kumar 2007; Carmona et al. 2013). In addition to protection against proteolytic
degradation, such alterations have potential to alter antimicrobial peptide function
in other ways, and may result in reduced activity, which can be corrected through
further chemical alterations to restore the original active structure. Overall, the less
peptide character a peptidomimetic antimicrobial contains, the more stable it will be
against proteolytic degradation (Gentilucci et al. 2010).

7.4.2 Toxicity

Toxicity towards eukaryotic cells is a common feature of many naturally occurring
peptides, and is often directly tied to the direct action of antimicrobial peptides,
most often studied in vitro, resulting in membrane level cytotoxity and hemolysis.
Toxicity to the host is often more complicated and toxic effects may occur through
complex pathways leading to systemic toxicity, as exemplified by polymyxin B,
which is demonstrably safe against eukaryotic cells in vitro, but can result in exten-
sive nephrotoxicity and neurotoxicty in vivo (Falagas and Kasiakou 2006; Roberts
et al. 2015). Cytoxicity in eukaryotic vs bacterial cells is largely a consequence of
the differences between eukaryotic and bacterial membranes, and the degree to
which antimicrobial peptides are able to associate with them. A desirable property
in antimicrobial peptide design is cell selectivity, i.e., bactericidal activity at con-
centrations that cause little to no damage to the cells of the host (Bonbone and Stella
2019). As demonstrated above, cytotoxicity and selectivity rely on a complex inter-
play between factors such as charge or charge distribution, hydrophobicity, and
amphipathicity, and alterations to these properties can have sizeable impact. Other
alterations to reduce toxicity can include the substitution or addition of polar
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residues to the hydrophobic side of an a-helical cationic amphiphile, resulting in
imperfect amphipathicity, or through the addition of helix-breaking residues, such
as proline, glycine, D-amino acids, or peptoids (Bonbone and Stella 2019). It has
also been shown that certain amino acids (cysteine, histidine, asparagine, and pro-
line) are more commonly found in toxic peptides, and are preferred in certain posi-
tions, a fact that is exploited in the in silico prediction of toxicity using tools such as
ToxinPred (Gupta et al. 2013). Other strategies to reduce cytotoxicity include pep-
tide grafting (Sahariah et al. 2015), i.e. the use of antimicrobial peptide prodrugs
that are released by proteolysis in the host (Pereira et al. 2015), or formulation and
delivery-based systems (Ragioto et al. 2014).

It should be noted that while cytotoxicity towards eukaryotic cells is generally
undesirable in regards to antimicrobial peptides when they are to be used against
pathogens, there are instances where selective toxicity towards certain eukaryotic
cell types may be desirable. This is exemplified by antimicrobial peptides that have
both antimicrobial and anticancer activities. The principles behind antimicrobial
peptides actions against cancer cells are similar to their antibacterial activity in that
they are also based on differences in the membrane composition of a normal versus
a typical cancer cell. While cancer cells are heterogenous as a whole, they share
some common modifications that make them susceptible to membranolytic antimi-
crobial peptides. These changes include the presence of negatively charged phos-
phatidylserine on the surface of the cell membrane, as well as other changes that
result in an increased transmembrane potential, surface area, and membrane fluidity
(Felicio et al. 2017). For a review on antimicrobial peptides with potential antican-
cer applications, please see Felicio et al. (2017) and Deslouches and Di (2017).

7.4.3 Difficulty of Production and Manufacturing Cost

There are several options when considering the large scale production of antimicro-
bial peptides, such as chemical synthesis, the use of bacterial expression systems,
cell free expression systems, and even transgenic plants. Techniques such as solid
phase synthesis are commonly used when designing novel peptides, but become
prohibitively costly when scaled up for production, with synthesis and production
costs that are approximately 10—100 fold higher than traditional small molecule
drugs (Di 2015). Production costs can be minimized by concentrating on the devel-
opment of short antimicrobial peptides and peptidomimetics, and in the case of
peptidomimetics, focusing on the use of readily available, inexpensive, or generally
recognized as safe (GRAS) building blocks (Moretti et al. 2019). Indeed, ~ 85% of
peptide drugs are synthetically produced, with the rest produced largely using
recombinant technology (Di 2015). Examples of recombinant technologies that
may be used in antimicrobial peptide production include the use of transgenic
plants. This is commonly associated with Nicotinia tabacum or Nicotinia benthami-
ana and the use of Agrobacterium tumefaciens with plasmids that encode viral
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RNAs replicons in a process known as magnifection. Magnifection can reduce the
cost of production, as it is a rapid and efficient system, with potential yields of up to
5 g of peptide per kilogram of fresh tobacco leaves (da Cunha et al. 2017).
Prokaryotic expression systems are also a viable option for antimicrobial peptide
production, with examples including the hybrid peptide cecropin A-LL37 produced
by recombinant E. coli and plectasin from Bacillus subtilis, where the authors were
able to achieve peptide yields of 17.5 mg/L and 35.8 mg/L, respectively (Wei et al.
2018; Chen et al. 2015). A review of current methods for biosynthetic antimicrobial
peptide production is provided by da Cunha et al. (2017), and further information on
solid phase peptide synthesis can be found in Miinzker et al. (2017).

7.4.4 Resistance to Antimicrobial Peptides

Antimicrobial peptides are considered as promising alternatives to current antibiot-
ics due to their low propensity for resistance development, attributed in part to the
non-specific membrane targeting mechanism of many cationic amphiphiles, the
speed at which they are able to kill target cells, and the high energy cost associated
with many forms of resistance (Li et al. 2017). Bacterial resistance to antimicrobial
peptides is not unusual though, and numerous examples exists for both intrinsic and
acquired resistance to antimicrobial peptides. Intrinsic resistance takes the form of
evolutionarily driven changes in bacteria that have developed over time in response
to regular and sustained exposure to antimicrobial peptides in the natural environ-
ment (da Cunha et al. 2017). Intrinsic resistance may be either passive or inducible.
Passive resistance is often driven by reduced interaction between antimicrobial pep-
tides and the bacterial membrane as result of more positively charged lipid A mol-
ecules, a feature common to several species such as Proteus mirabilis, Morganella
morganii, Providencia rettgeri, etc. (Basu et al. 1986; Olaitan et al. 2014; Maria-
Neto et al. 2015). There are also other means by which bacteria may gain a degree
of resistance to the action of antimicrobial peptides that are not directly related to
exposure, such as the protection conferred by bacterial biofilms (Rabin et al. 2015).
Induced resistance is an inherent response mechanism in many species, triggered by
changing environmental conditions, leading to the transient expression of genes
with a wide range of effects. Examples include modifications of membrane compo-
sition and intracellular targets or the activation of proteolytic enzymes and efflux
pumps (Andersson et al. 2016).

Acquired resistance is a primary concern with the use of antibiotics as a whole,
and is the main driver behind the rapid development of resistance to conventional
antibiotics. It has long been thought that bacterial resistance to antimicrobial pep-
tides is both unlikely to develop and difficult to acquire. This is due in part to the
high energy cost associated with changes to membrane composition and other
inducible mechanisms, but detrimental effects can be associated with acquired
resistance and the expression of resistance genes as well (Lofton et al. 2013). An
example is found in the colistin resistance gene mcr-1, the expression of which is
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associated with decreased cellular growth and viability, degradation of membrane
components and intracellular structures, resulting in decreased overall fitness of
species expressing mcr-1 (Yang et al. 2017). Studies on acquired resistance are few,
however several examples have been reported, with examples including resistance
to LL-37, lactoferrin B, and some defensins in S. aureus linked to hemB (Glédser
et al. 2014), and resistance to colistin and polymyxin B in A. baumannii through
IpxA, IpxD or IpxC (Moffat et al. 2010).

As with all drug resistance, the rate at which resistance to antimicrobial peptides
may develop and spread is driven by a combination of many factors, such as muta-
tion supply rate, mutant fitness, selection strength, etc., which are reviewed in detail
by Andersson et al. (2016). An additional concern with acquired antimicrobial pep-
tide resistance is that the resistance to one antimicrobial peptide may provide resis-
tance to other antimicrobial peptides with similar mechanisms, and could even
undermine the effect of naturally occurring human defense peptides, weakening the
immune response. This has been demonstrated with antimicrobial peptide resistant
S. aureus and human defensins and cathelicidins (Kubicek-Sutherland et al. 2017).
Several therapeutic strategies have been proposed for the mitigation of resistance
development, including multiple hurdle approaches, which consider the application
of antimicrobial peptides with multiple mechanism of action, or “cocktail treat-
ments” of multiple antimicrobial peptides and/or other antibiotics, with additive
effects and synergy reducing the concentrations needed for bactericidal action,
greatly decreasing the potential for resistance. In regards to multiple mechanisms or
combination treatments, the use of biofilm preventing/penetrating and anti-infective
and wound healing peptides can reduce the potential for infection recurrence and
decrease overall treatment times, respectively (Nuri et al. 2015).

7.5 Chemical Modifications and Peptidomimetics

While antimicrobial peptides have several promising characteristics, there are sev-
eral hurdles to their clinical implementation, and many have failed to display any
advantages over existing treatment options (Costa et al. 2019). Modified and syn-
thetic antimicrobial peptides and peptidomimetics represent a growing class of
engineered compounds that are effective antimicrobial agents against multi drug
resistant pathogens, with design strategies involving chemical modifications that are
implemented to reduce, eliminate, or circumvent the limitations described above.
Chemical and structural modifications are often inspired by post-translation modifi-
cations in naturally occurring antimicrobial peptides. Some antimicrobial peptides
require post-translation modifications to properly function, often occurring when
they are first produced, but they may also be initiated under specific conditions, with
examples including the increased activity of some human defensins upon disulfide
bond reduction, or the activation of PEGylated antimicrobial peptide prodrugs via
proteolytic cleavage (Bottger et al. 2016; Zhu et al. 2017). Common modifications
that have shown potential for the improvement of therapeutic peptides and
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peptidomimetics include amidation (Bradbury and Smyth 1991; Mura et al. 2016),
disulfide bond addition and other covalent modifications (Robinson et al. 2005; Ma
et al. 2016; Dolle et al. 2019), glycosylation (Moradi et al. 2016; Bednarska et al.
2017), addition of D-amino acids (Genchi 2017), and proteolytic cleavage (Shinnar
et al. 2003).

Peptidomimetics are small protein like molecules that take inspiration from natu-
rally occurring antimicrobial peptides, and are designed to mimic their structure
with the goal of increased activity against targeted pathogens while also improving
upon key pharmacological properties. Major classes of peptidomimetics include
small synthetic antimicrobial peptidomimetics (Ghosh and Haldar 2015), ultrashort
peptidomimetics (Ahn et al. 2017), peptoids, (3* -peptides, o/3* -peptides, peptide/
peptoid hybrids, AApeptides, and oligoacyllysines (Molchanova et al. 2017).

This section will focus on the principles behind the design of peptidomimetics
and antimicrobial peptides in a step-wise manner, starting with the selection of a
natural antimicrobial peptide as a scaffold for antimicrobial peptide development
and the identification of active peptide fragments and sequences, followed by a
short review of common chemical modifications used to improve selectivity, resis-
tance to degradation, etc. A schematic representation of peptidomimetic building
blocks and chemical alteration strategies is given in Fig. 7.4.

7.5.1 Peptide Truncation and Antimicrobial
Fragment Prediction

Most naturally occurring peptides are between 20 and 50 amino acids in length,
which can make their synthesis both costly and difficult. However, not all naturally
occurring peptides need the entirety of their sequence to function, and efforts have
been made to reduce antimicrobial peptides in size and to identify essential ele-
ments and minimally active sequences in naturally occurring peptides and proteins.
Structure—activity relationships have shown the importance of the different physico-
chemical properties of antimicrobial peptides, but comprehensive rules for the pre-
diction of peptide function remain just out of reach. Similarly, it is difficult to predict
the effect truncation may have on a given peptide sequence, as mechanistically rel-
evant sections may be found at any point in the peptide sequence. As such, in silico
prediction packages such as those provided by the Data Repository of Antimicrobial
Peptides or Antimicrobial Peptide Database can be utilized to determine potential
antimicrobial fragments within a larger peptide or protein (Liu et al. 2017; Egan
et al. 2018), while other in silico methods may be used to predict antimicrobial
peptides from relevant genomes (Amaral et al. 2012) driving down the cost of dis-
covery and development by limiting the number and range of potential antimicro-
bial peptides that will undergo further in vitro and in vivo testing. A good example
of a natural peptide that has been developed in this fashion is the human cathelicidin
LL-37, a linear antimicrobial peptide with broad spectrum activity, and one of the
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Fig. 7.4 Taxonomy of key design elements and principles that may be used in the development of
novel synthetic antimicrobial peptides and peptidomimetics. Examples are given for several differ-
ent means of modifying an existing peptide, and several major classes of peptidomimetic “building
blocks” are presented as well

most extensively studied host-defense peptides. Determination of the 3D structure
led to the identification of the key antimicrobial region in the middle of the peptide
sequence, as confirmed by several research groups (Li et al. 2006). The resulting
peptide was termed FK-16, and a new peptide termed GF-17, was obtained by addi-
tion of a glycine to the N-terminus of FK-16. Many derivatives have since been
developed, primarily through library screening with structure based design, with a
range of peptides having been developed showing a wide range of activities against
a variety of targets (Kiattiburut et al. 2018). Other examples of peptide truncation
resulting in small synthetic antimicrobial peptides include histone derived
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antimicrobial fragments (Gao and Elmore 2019), with examples including H2A
derived sphistin and its even shorter analogs, Sphy, 35, Sphyg_ss and Sphjy 35, With
Sphj, 35 having the greatest antimicrobial activity, potentially through membrane
disruption but with the added ability to target genomic DNA as well (Ma et al.
2017). Peptide truncation is also studied in more developed peptidomimetics such
as with Ps, a cecropin A-magainin 2 hybrid analog peptide with antimicrobial activ-
ity against Gram negative and Gram positive bacteria, and the study of several trun-
cated analogs with good potential for use as novel antibiotics (Kwon et al. 2019).
Such studies outline the need for the continuous study and implementation of struc-
ture activity relationships for each successive generation of derived antimicrobial
peptides, driving the development of even more effective antimicrobial peptides
with each series of potential modifications.

7.5.2 Unnatural Amino Acids and Side Chain Modifications

A common strategy to modify and improve upon the properties of antimicrobial
peptides involves the substitution of naturally occurring L-amino with D-amino
acids or other unnatural analogs (Molhoek et al. 2011). In the case of the LL-37
derived peptide GF-17, several such modifications were made in an effort to reduce
the susceptibility of GF-17 to proteolytic degradation by chymotrypsin (Wang et al.
2014). Several different peptides were generated with different numbers and posi-
tions of D-amino acid substitutions, resulting in a new protease resistant template
GF-17d3, that was found to have reduced antimicrobial activity due to its unusual
amphipathic structure containing hydrophobic defects. Altering the aromatic struc-
ture of two AA residues via the replacement of two phenylalanines with biphenyl-
alanine resulted in a new non-afy compound, 17BIPHE2, with activity against the
ESKAPE pathogens and potential biofilm prevention and immunomodulatory activ-
ity as well (Wang et al. 2014). Other studies have shown the utility of D-amino acids
in improving stability, and they are commonly incorporated in a wide range of struc-
tures to reduce proteolytic degradation (Khara et al. 2016). The range of unnatural
amino acids that may be included in antimicrobial peptide design go far beyond
simple D-amino acid substitutions, and the sheer number of possible non-canonical
amino acids that may be incorporated allows for near limitless chemical diversifica-
tion of antimicrobial peptides and peptidomimetics. Examples include a series of
synthetic peptides utilizing tetrahydroisoquinolinecarboxylic acid and octahydroin-
dolecarboxylic acid dipeptide units that have shown promise against the ESKAPE
pathogens (Hicks et al. 2013), and the use of ornithine and norleucine in a series of
Cbf-14 (derived from cathelicidin-BF) analogs, generating antimicrobial peptides
with improved antimicrobial activity and decreased toxicity (Kang et al. 2017).
Another common modification is the addition of lipid moieties, a strategy used
by bacteria to give an advantage over antimicrobial peptides produced by closely
related strains (Mojsoska et al. 2015). Lipopeptides are formed by the conjugation
of a peptide to either a lipid tail or similarly lipophilic compounds (Cochrane and
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Vederas 2016) and the addition of acyl chains of various lengths is a key way in
which the hydrophobicity, and consequentially, the activity of a peptide may be
modified. Indeed, adding aliphatic chains to the N-terminus of an antimicrobial pep-
tide can result in improved antimicrobial properties (Shalev et al. 2006). Natural
lipopeptides typically contain a cyclic peptide head group attached to a single lipid
chain (Hamley 2015), with cyclization enhancing the in vivo stability as compared
to linear analogs. Synthetic lipopeptides and lipopeptidomimetics are structurally
diverse, as the addition of lipid moieties is often combined with numerous other
chemical alterations, generating a plethora of unique and interesting compounds.
LTX-109 is a synthetic antimicrobial peptide that is in clinical trials that has both
lipid and aromatic modifications (Nilsson et al. 2015), and other short lipopeptido-
mimetics have shown promise against planktonic and biofilm associated methicillin
resistant S. aureus (Joshi et al. 2018). Another heavily modified synthetic lipopep-
tide, (dBacK-(cap)) was derived from the cyclic peptide bactenecin, combining a
variety of chemical alterations, including amino acid substitution, incorporation of
d-amino acids, and lipidation (Sim et al. 2019). The resulting dBacK-(cap) com-
pound has potent antibacterial activity against Gram positive and Gram negative
species, with rapid killing kinetics and potent membrane permeabilization as well.

7.5.3 Covalent and Backbone Modifications

Covalent modifications are commonly used to impart stability upon antimicrobial
peptides, and they can impact other key antimicrobial peptide characteristics as
well. Cyclization of peptides may be achieved through disulfide or diselenide bonds
(Li and Brimble 2019) or other backbone based covalent modifications, such as
hydrocarbon stapling or macrocyclization which may be achieved through a variety
of methods (Barrett et al. 2004; Yoo et al. 2010; Ibrahim et al. 2015). The addition
of disulfide bonds or other covalent modifications generally provide increased sta-
bility against proteolysis, but can have unforeseen impacts on antimicrobial activity
and toxicity (Bahar and Ren 2013). The cyclization of peptoids has been demon-
strated to increase antimicrobial activity without significantly impacting hemolytic
activity (Huang et al. 2012). Covalent modifications can also be used for the surface
immobilization of antimicrobial peptides, a strategy that is being applied to medical
devices and implants, where the immobilized antimicrobial peptides impart anti-
infective and wound healing properties (Nie et al. 2016).

Backbone modifications can impart resistance to proteolysis, but may also lead
to changes to the electrostatic properties and structure of a peptidomimetic chain,
and can have varying effects on key pharmacological properties. The inherent flex-
ibility of natural peptides can make it easy for interactions with proteolytic enzymes
to occur, and the reduced flexibility of conformationally restricted peptidomimetics
has the added benefit of potentially increased affinity towards bacterial membranes
and surface proteins (Avan et al. 2014). There are a large number of possible back-
bone modifications that can be made, and a thorough review of common
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modifications and resulting peptidomimetics is given by Avan et al. (2014) and
Mojsoska et al. (2015). Peptoids are one of the major groups of peptidomimetic
compounds, in which the side-chain is shifted to the a-amino group, resulting in an
alkylated peptide bond that imparts resistance towards degradation, which can
increase bioavailability and membrane permeabilization in some instances.
B-peptidomimetics are a result of increased carbon numbers along the peptide chain,
with no changes to side chain chemistry, that have shown great potential in the
development of ultra short peptide mimics against methicillin resistant S. aureus
and methicillin resistant Staphylococcus epidermidis (Hansen et al. 2010). While
backbone modifications is generally a good strategy for increasing stability, the
conformational changes may result in decreased activity, and other modifications
are added to restore or improve upon the original activity, resulting in heavily modi-
fied peptidomimetics.

7.5.4 Chimeric Antimicrobial Peptides and Peptidomimetics

An emerging strategy for the development of antimicrobial peptides with novel
function is the creation of chimeric or hybrid peptides, in which functional elements
from two or more peptides are combined to impart novel or improved function on
the newly created hybrids. The potential diversity of chimeric peptides is quite
large, as such, only a few examples will be presented.

Commonly, chimeras are produced from the combinations of different regions
from naturally occurring antimicrobial peptides. Hybrids constructed from the natu-
ral antimicrobial peptides PG-1, bovine lactoferricin and cecropin A were found to
be active anti-infectious agents (Liu et al. 2013). Other a-helical hybrid peptides
developed from PRW4, fowlicidin-2, protegrin-3 and tritrpticin sequences were
able to effectively neutralize endotoxins and reduce cytotoxicity as well (Ma et al.
2015). Other forms of hybridization combine peptide and peptidomimetic features,
as demonstrated by a-peptide/p-peptoid chimeras, which combine both peptide and
non-peptide characteristics, and are generally stable toward proteolysis, non-
hemolytic, and may possess increased or comparable antibacterial activity to their
natural analogs (Olsen et al. 2007).

An interesting example of peptide hybridization involved the combination of
antimicrobial peptides with different mechanisms of action, with regions from two
membrane translocation peptides, buforin I and DesHDAP1 being combined with
the membrane permeabilizing antimicrobial peptides magainin 2 and parasin (Wade
et al. 2019). They found the permeabilizing mechanism to be dominant, with hybrid
peptide found to be more effective than combinations of the original peptides, and
also found that the ordering of the two peptide sequences had a bearing on activity.
Similarly, conjugation to active regions of membrane translocating peptides have
been considered for either the delivery of antibiotics that have lost the ability to
cross the bacterial membrane due to developed resistance, or for the delivery of
antisense DNA analogs to inhibit transcription (Kauffman et al. 2018).
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Another interesting example of chimeric peptides with a novel mechanism of
action are those that are now being designed for use in photodynamic therapy.
Photodynamic antimicrobial therapy involves the use of visible light and a non-
toxic photosensitizer, which upon exposure to certain wavelengths causes the pro-
duction of reactive oxygen species, effectively killing bacterial cells. Examples
include a recently developed membrane binding chimeric peptide PpIX-[PEG;-
(KLAKLAK),], that successfully combined the photosensitizer protoporphyrin IX
(PpIX) with an antimicrobial peptide (KLAKLAK), (KLA), which was effective
against S. aureus and E. coli (Zhang et al. 2019). Other studies have combined
PpIX, PEG and Cholesterol segments (Chol-PEG-PpIX) to effectively photoinacti-
vate both Gram negative and Gram positive bacteria (Jia et al. 2017).

7.6 Concluding Remarks

Antimicrobial peptides are a promising source of inspiration for the creation of
novel antimicrobial peptide and peptidomimetic antibiotics. While naturally occur-
ring antimicrobial peptides have several promising characteristics that make them
ideal candidates for drug development, they also have some limitations. Both the
negative and positive aspects of antimicrobial peptides are a consequence of the
complex interplay between certain key physicochemical properties and the structure
and resulting activity of a given peptide antimicrobial. The relationship between the
physicochemical properties of an antimicrobial peptide is complex, and different
structural changes may have impacts on certain antimicrobial peptides that cannot
easily be translated to other examples. However, knowledge of the general trends
seen for hydrophobicity, charge, amphipathicity, etc., is useful in making informed
chemical alterations with the goal of determining structure activity relationships
that may then be applied during each stage of development for synthetic peptides
and peptidomimetics. Numerous chemical alterations are commonly used in the
development of peptidomimetics that may alter side chain or backbone chemistry
that may improve the stability and functionality of the compounds as drug candi-
dates, but may also lead to decreased activity and other negative outcomes. As such,
the design of new antimicrobial peptides and peptidomimetics is now at a stage in
which lead compounds are identified, informed chemical modifications are made,
structure activity relationships developed, and new lead compounds identified. This
process can be both costly and lengthy, and several generations of lead compounds
are often necessary before meaningful progress is made. However, as the body of
data on structure function relationships for diverse groups of compounds continues
to grow, we may yet reach a point where universal design strategies might be
employed, with the development of a “unified algorithm”, in which all the associ-
ated variables are present and the weighted value of each has accounted for, such
that an output is given showing the effects any one change may have on relevant
physicochemical and pharmacological properties. Such a systematic development
strategy is not out of reach, and advances in machine learning and database design
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are now driving the rapid identification and creation of potential antimicrobial
sequences, with the ability to estimate potential toxicity as well.
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Chapter 8 )
Exploiting the Achilles’ Heel of Iron b
Dependence in Antibiotic Resistant

Bacteria with New Antimicrobial Iron
Withdrawal Agents

Bruce E. Holbein, M. Trisha C. Ang, David S. Allan, Wangxue Chen,
and Christian Lehmann

It is quite probable that spatial and temporal fluctuations of
iron availability in a single host organism do occur and that
these are sufficient to permit microbial growth in one portion
and microbial death in another part of the same tissue.

E.D. Weinberg (1978)

Abstract Pathogenic microorganisms including bacteria and fungi have irreplace-
able needs for iron as critically needed for the activities of a wide array of essential
enzymes that are vital for energy production, metabolism, nucleic acid synthesis
and cellular defense. Various virulence-associated iron acquisition mechanisms are
deployed by microbes as iron availability in vertebrate hosts is quite limited and
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host innate defense mechanisms seek to further withdraw iron availability during
infection. Antibiotic resistant microbes appear unaltered in their iron requirement,
but iron withdrawal can enhance microbial sensitivity to various antibiotics and sup-
press outgrowth of antibiotic-exposed resistant survivors. Thus, iron dependence of
antibiotic resistant microbes represents an Achilles’ heel that can be exploited as the
basis of alternative therapeutic approaches to address infection. Three major thera-
peutic approaches can potentially exploit this susceptibility of antibiotic resistant
microbes. Gallium, a non-functional iron analogue metal can be used to thwart
microbes as it can substitute and effectively displace functional iron, resulting in
loss of iron dependent enzymes critical for microbial growth. A second approach
utilizes synthetic copies of microbial iron acquisition siderophores chemically
linked to antibiotics resulting in Trojan-horse carriers that are imported into micro-
bial cells utilizing their own siderophore uptake systems to thereby deliver antibiot-
ics to their cytoplasmic targets. Thirdly, new generation iron chelators that have
been purpose-designed as antimicrobials offer advantages over conventional hema-
tologically used chelators for selective iron withdrawal from antibiotic sensitive or
resistant pathogens. Importantly, these chelators also function to bolster innate iron
withdrawal defenses of the infected host. To date, the 3-hydroxypyridin-4-one con-
taining chelators appear to have the most promise. DIBI (developmental name) is an
example of these new agents and it is a low molecular weight, water-soluble copo-
lymer with strong antimicrobial activity yet it exhibits a very low toxicity profile for
animals.

Keywords Iron dependence - Iron acquisition - Iron withdrawal - Virulence -
Antibiotic resistance - Iron chelators

8.1 Introduction

Antibiotic resistance of microbial pathogens has become a massive and growing
global problem. Morbidity and mortality are rapidly increasing as effective antibi-
otic choices dwindle (Friedman et al. 2016; Barrasa-Villar et al. 2017). Health care
burdens are escalating (Naylor et al. 2018) with some antibiotic resistant infections
becoming essentially untreatable (Ventola 2015; Frieria et al. 2017). Relatively few
new antibiotics are being introduced or are on the development horizon given the
dwindling choices of new classes of antibiotics that could attack yet-to-be exploited
targets (Culyba et al. 2015). There are also relative economic disincentives for big
pharma companies to develop new antibiotics, from potentially reduced financial
returns due to freshly acquired microbial resistance to a new agent early after its
expensive development and introduction (Mullard 2014; Culyba et al. 2015).
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In perspective, our antibiotic resistance problem is not all that surprising given
most antibiotics are, or are derived from, natural microbial products (Katz and Baltz
2016; Movassaghi and van der Donk 2018). Antibiotics also tend to target one or
only a few related microbial target(s) (Luepke et al. 2017). The positive selection
pressure from antibiotic use thus readily favours survival-selection and growth of
antibiotic resistant clones (Bengtsson-Palme et al. 2018).

New alternative approaches to conventional antibiotics are urgently needed to
address antibiotic resistance and various possibilities are being considered. However,
the top-tier ranked alternative approaches as recently reviewed (Czaplewski et al.
2016) including the use of bacteriophage and bacterial lysins have yet to yield use-
ful new therapeutics despite over 10 years of active investigation. One new alterna-
tive approach is to target pathogens based on their heightened requirement for a
growth essential trace metal during infection. Palmer and Skaar (Palmer and Skaar
2016) have recently reviewed the potential of requirements for key essential metals
(e.g., Fe, Cu, Mn, and Zn) as alternative targets. The basis for this approach is to
utilize metal sequestering therapeutics which withdraw and withhold the essential
metal supply from microbes during infection but without causing undue effects to
the infected host. Iron requirements of pathogens stand out as the top metal candi-
date as almost all bacterial and fungal pathogens have irreplaceable requirements
for iron (Weinberg 2009; Ganz 2018) for their growth and survival.

The broad strengths of exploiting the iron needs of microbes are based on several
key aspects. The needs for iron by major pathogens are evident during infection
(Weinberg 2009; Palmer and Skaar 2016; Ganz 2018). Also, vertebrate hosts already
possess innate iron withdrawal defense mechanisms that attempt to limit infection
(Ganz and Nemeth 2015, Nairz et al. 2018). There are also multiple, essential iron
dependent targets in microbes (Palmer and Skaar 2016; Ganz 2018), so iron with-
drawal would have broad based effects on a given microbe. Given this breadth of
iron dependent microbial targets, pathogens would also have a greatly reduced
capacity to overcome an iron withdrawal therapeutic or become resistant to
such agents.

Various iron chelators now in clinical use for other medical needs have been
investigated for their antimicrobial potential with mixed results. There is also some
skepticism among toxicologists and clinicians as to potential host toxicity using
iron chelators to suppress iron availability during infection (Czaplewski et al. 2016).
Such concerns appear to stem largely from the known toxicity issues of conven-
tional chelators as currently used to treat chronic iron metabolism disorders, espe-
cially abnormal iron overload hematological disorders such as Thalassemia. These
iron overload disorders already feature iron toxicity as excess tissue iron is itself
toxic (Hershko 2010; Mobarra et al. 2016). It is also important to note that hemato-
logical chelators were not developed for anti-infective activity and can be accessed
for iron by some microbes as will be discussed later in this chapter. For utility as
anti-infectives, new iron chelators need to preferentially target and withdraw micro-
bial accessible iron and not interfere with longer term host iron homeostasis. In this
regard, new generation iron chelators and in particular those utilizing hydroxypyr-
idinone metal binding groups have been purpose-designed as anti-infectives. Of
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these, hydroxypyridinone functionalized polymers have demonstrated particular
promise.

Here, we review the problem of antibiotic resistance of microbial pathogens in
the context of their iron acquisition and host iron withdrawal defenses. Our focus is
primarily on extracellular bacterial pathogens as these predominate medically, i.e.,
both obligate extracellular pathogens and those that set up an initial phase of extra-
cellular infection prior to later lodging intracellularly. Of relevance to antibiotic
resistance is the evidence that microbial iron needs are quite separate from antibi-
otic resistance mechanisms and that effective iron withdrawal from microbes can
enhance antibiotic activity including for antibiotic resistant isolates.

These features provide foundations for the alternate therapeutic approach of
denying microbes iron as a promising strategy for addressing antibiotic resistant
infection. Advantageously, three distinct therapeutic approaches can exploit the iron
dependence of antibiotic resistant microbes. First, gallium, a non-functional iron
analogue metal can be used to thwart microbes as it can substitute for and effec-
tively displace functional iron, resulting in loss of iron dependent enzymes critical
for microbial growth. A second approach utilizes synthetic copies of microbial iron
acquisition siderophores, chemically linked to antibiotics resulting in Trojan-horse
carriers of antibiotics. These are carried into microbes utilizing their own iron
acquisition uptake systems but to then deliver antibiotics inside the microbial cell.
Thirdly, new generation iron chelators that have been purpose-designed as antimi-
crobials offer advantages over conventional hematologically used chelators for
selective iron withdrawal from antibiotic sensitive and resistant pathogens.
Importantly, these chelators also appear to function through bolstering innate iron
withdrawal defenses of the infected host that already operate during infection.
Given this additional benefit new generation antimicrobial iron chelators hold the
highest promise.

8.2 Iron Is Essential for Pathogenic Microorganisms

8.2.1 Microbial Iron Acquisition Virulence mechanisms

Iron is one of the most important micronutrients required for microbes for growth
and survival. Iron is also essential for expression of many key virulence determi-
nants. Under normal physiological conditions, iron availability is extremely limited
within the human body and also with other vertebrate species, iron being seques-
tered in proteins such as haemoglobin, lactoferrin, transferrin and other iron binding
proteins (Caza and Kronstad 2013; Johnstone and Nolan 2015; Sheldon and
Heinrichs 2015; Sheldon et al. 2016; Thompson et al. 2015).

On the other hand, bacterial and fungal pathogens have developed sophisticated
and often redundant mechanisms to counter these host defenses and capture iron
from various sources with high efficiency. In this regard, microbes not only need a
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mechanism to acquire iron from the host, but also need to out-compete other
microbes for the same scarce iron source and supply. These host and microbe inter-
relationships are shown diagrammatically in Fig. 8.1.

Bacteria have evolved various strategies and mechanisms to obtain their needed
iron from the host (Bairwa et al. 2017; Bilitewski et al. 2017; Caza and Kronstad
2013; Foley and Simeonov 2012; Sheldon and Heinrichs 2015; Sheldon et al. 2016;
Thompson et al. 2015). These include: (1) siderophore production and transport, (2)
iron acquisition from heme, (3) iron acquisition from host iron sequestering pro-
teins such as lactoferrin and transferrin and (4) reduction of ferric to ferrous iron
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Fig. 8.1 The interface of microbial iron acquisition and host iron withdrawal during infection
Gram (—) and Gram (+) bacteria and fungi have developed multiple often redundant systems to
acquire growth essential iron from the host environment, including siderophores, hemes, heme
proteins, and transferrin/lactoferrin. These systems predominantly acquire iron in the extracellular
compartments of the infected host for delivery into the microbe for internal needs related to energy
production, replication and defense. At the same time the host deploys various defense mecha-
nisms triggered during infection, to withdraw and reduce availability of iron in the extracellular
compartments. An innate nutritional immune response regulated by hepcidin occurs and it lowers
the concentration of extracellular iron carried systemically on transferrin through promoting intra-
cellular iron storage in ferritin. Siderocalins attempt to neutralize microbial siderophores and
hemopexin binds and removes free heme as released from damaged host cells to be taken up by the
liver and spleen. These various microbial iron acquisition and host iron withdrawal mechanisms
largely determine the course of infection and provide various avenues for medical intervention to
exploit or bolster these
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(Kelson et al. 2013, Sheldon et al. 2016). These various microbial strategies are
depicted in Fig. 8.1 and reviewed below.

8.2.1.1 Iron Acquisition by Siderophore Systems

In the mammalian host, extracellular iron is usually present as Fe (III) and com-
plexed with transport proteins such as transferrin and lactoferrin. Many bacteria and
fungi can access ferric iron, Fe (III) for growth through producing siderophores to
compete, acquire, and transport iron (Foley and Simeonov 2012; Sheldon and
Heinrichs 2015; Sheldon et al. 2016). Siderophores are typically low molecular
weight (<1500 Da) iron chelating molecules with extremely high affinity for iron
i.e., dissociation constants for iron ranging from 107 to 10> M (Foley and
Simeonov 2012). They are secreted into the extracellular milieu to capture Fe (III)
from their environment (soil, water, or the vertebrate body) being capable of strip-
ping Fe (III) from host sequestering proteins (Chitambar 2016; Thompson
et al. 2015).

To date, >500 different siderophores have been identified and characterized
structurally (Kelson et al. 2013). Although structurally diverse, most siderophores
have some common features, including their metal binding donor atoms which are
typically oxygen and nitrogen (Kelson et al. 2013). A bacterial species will often
produce its own unique siderophore(s). Some bacteria produce just one siderophore
while others secrete multiple types, allowing them to effectively sequester iron and
to better colonize varied environments (Kelson et al. 2013; Bairwa et al. 2017;
Sheldon and Heinrichs 2015).

Based on their chemical functionality, siderophores can be divided into three
general chemical classes: hydroxamates, catecholates and hydroxycarbonates (Caza
and Kronstad 2013; Bilitewski et al. 2017; Foley and Simeonov 2012). Table 8.1
summarizes these different chemical classes and provides some key example sid-
erophores as produced by various bacteria and fungi. More detailed reviews on
siderophores can be found elsewhere (Ellermann and Arthur 2017; Holden and
Bachman 2015; Johnstone and Nolan 2015; Wilson et al. 2016). The chemistry of
these siderophores is discussed in more detail later in this chapter. The overall gen-
eralized system of siderophore production, secretion, iron capture and uptake are
depicted in Fig. 8.1.

Siderophores typically chelate Fe (IIT) with high-affinity and therefore often out-
compete the iron sequestering molecules of the host (Ellermann and Arthur 2017;
Wilson et al. 2016). After binding ferric ion, ferri-siderophores are retrieved from
the extracellular environment by their cognate receptors either on the outer mem-
brane of Gram negative bacteria or on cell wall associated receptors of Gram posi-
tive bacteria. These receptors facilitate translocation of the iron complex into the
periplasmic space (Bairwa et al. 2017; Caza and Kronstad 2013; Foley and Simeonov
2012; Holden and Bachman 2015; Johnstone and Nolan 2015; Khan et al. 2018;
Sheldon and Heinrichs 2015; Wilson et al. 2016). The specific Gram negative bacte-
rial surface receptors (such as FepA, IroN, and PfeA from Escherichia coli,
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Table 8.1 Chemical classes of microbial siderophores and examples produced by pathogens

Chemical class Example Microbial pathogen®
Hydroxamate Ferrichrome Ustilago sphaerogena
Deferoxamine, clinically used as Streptomyces pilosus, S. coelicolor
Desferal®
Alcaligin Bordetella sp.
Fusarinine C Fusarium roseum
Ornibactin Burkholderia cepacia
Rhodotorulic acid Rhodotorula pilimanae
Phenolate/ Enterobactin Escherichia coli, other Enteric
Catecholate bacteria
Acinetobactin Acinetobacter baumannii
Salmochelin Salmonella sp.
Bacillibactin Bacillus subtilis, B. anthracis
Vibriobactin Vibrio cholera
Petrobactin B. anthracis
Corynebactin B. subtilis
Cepaciachelin B. cepacia
Carboxylate Staphyloferrin A Staphylococcus
Rhizoferrin R. microspores
Mixed class Azotobactin Azotobacter vinelandii
Pyoverdine Pseudomonas aeruginosa
Yersiniabactin Yersinia pestis
Acinetoferrin Acinetobacter spp.
Rhizobactin Rhizobium meliloti
Aerobactin E. coli, Shigella sp.
Mycobactins Mpycobacterium spp.

“Examples of human, animal and plant microbial pathogens. Based on (Foley and Simeonov 2012;
Kelson et al. 2013) and https://en.wikipedia.org/wiki/Siderophore

Salmonella enterica and Pseudomonas aeruginosa, respectively) are all members
of the well known TonB dependent transporter family and are usually regulated by
the ferric uptake regulator protein, Fur (Caza and Kronstad 2013).

Periplasmic ferri-siderophore binding proteins then shuttle the molecules to spe-
cific cell membrane associated ABC transporters, which hydrolyse ATP to drive
transport of the iron bearing cargo into the bacterial cytosol (Foley and Simeonov
2012). Once the molecule reaches the intracellular space, its iron can be released by
physical degradation of the siderophore or through the chemical reduction of Fe
(IIT) to Fe (IT) using ferri-siderophore reductases or esterases (Caza and Kronstad
2013; Foley and Simeonov 2012; Kelson et al. 2013; Zhou et al. 2012).

Given the importance of iron, microbial pathogens often deploy multiple iron
acquisition systems or siderophores to ensure iron acquisition from the infected host
(Bairwa et al. 2017; Caza and Kronstad 2013; Sheldon and Heinrichs 2015; Sheldon
et al. 2016). While different microbial receptors are often selective for a particular
ferri-siderophore complexes, some bacteria possess broader receptor/uptake
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systems for various siderophores secreted by other bacteria (i.e., xenosiderophores)
to achieve what has been termed iron piracy (Caza and Kronstad 2013). In addition,
some bacteria release siderophores to deprive microbial competitors of iron avail-
ability in the community, for example in the soil.

Some microbes such as Listeria monocytogenes and Candida albicans do not
produce siderophores; instead utilizing heterogeneous xenosiderophores produced
by other microbes (Caza and Kronstad 2013). Yet other microbial pathogens such as
P. aeruginosa although producing its own siderophores, can also use xenosidero-
phores to better compete for iron (Caza and Kronstad 2013).

8.2.1.2 Heme Acquisition and Utilization

Most iron in the mammalian body is bound to biological molecules such as haemo-
globin within a porphyrin ring as ferriprotoporphyrin IX (heme) and this is not
directly accessible by microbes (Kelson et al. 2013). Heme is the main iron compo-
nent and constitutes >70% of the total iron in mammalian hosts. Heme is a general
component of intracellular proteins. It is accessible as an iron source by intracellular
pathogens or by extracellular pathogens that produce cytotoxins (such as cytolysins
or hemolysins) that lyse host cells (e.g., red blood cells) to release hemeproteins.
Implicitly lysin production would require bacterial multiplication and thus iron for
initial infection growth that would likely be dependent on non-heme host iron sup-
plies. In severe sepsis, free heme levels in plasma can also be elevated (Larsen et al.
2010) and therefore under these conditions additional extracellular heme would pre-
sumably become available to extracellular pathogens.

Bacteria have developed strategies to obtain heme iron from the host during
infection by targeting heme, hemoglobin, or complexes containing these molecules
(e.g., haptoglobin-hemoglobin, hemopexin-heme). These strategies are depicted in
Fig. 8.1 and require access to host heme sources. Thus, a number of pathogenic
bacteria and fungi secrete a variety of exotoxins (hemolysins), rhamnolipids, and
surfactants to lyse host cells so they can then capture either the released hemoglobin
or heme (Bilitewski et al. 2017; Bairwa et al. 2017; Sheldon and Heinrichs 2015;
Foley and Simeonov 2012). In this regard, hemolysins are well characterized in
Gram negative bacteria, such as pathogenic E. coli (Caza and Kronstad 2013;
Sheldon and Heinrichs 2015).

Bacteria can utilize two main strategies to scavenge and transport iron from
heme and heme containing proteins: (1) direct contact between the bacterium and
the exogenous heme sources, and/or (2) production of extracellular hemophores
(heme chelating proteins, analogous to siderophores), which bind heme with high
affinity and return it to specific bacterial receptors (Chitambar 2016; Kelson et al.
2013). The direct heme uptake system (for example, Phu system in P. aeruginosa
and Isd system in S. aureus) generally extracts heme from hemoglobin or
hemoglobin-haptoglobin complexes directly and transfers it to an ATPase trans-
porter complex (Bilitewski et al. 2017). This is achieved by recognition and binding
to a specific receptor. These surface receptors can directly bind heme and process its
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transport, but they are also usually able to bind heme-containing proteins like hemo-
globin, haptoglobin-hemoglobin, hemopexin-heme, and myoglobin (Wandersman
and Delepelaire 2004). For these, heme is extracted from the complexes and trans-
ported into the periplasm in a TonB dependent manner (Caza and Kronstad 2013;
Sheldon and Heinrichs 2015; Sheldon et al. 2016). Once in the periplasm, heme is
bound to a heme transport protein and delivered to an ABC transporter on the inner
membrane. Heme is then transported into the cytoplasm in an ATP dependent fash-
ion with subsequent degradation and iron release by bacterial heme oxygenases
(Anzaldi and Skaar 2010; Caza and Kronstad 2013). Multiple heme acquisition
systems (i.e., different surface receptors and ABC transporters) are generally pres-
ent in the Gram positive bacteria as reviewed in detail elsewhere (Sheldon and
Heinrichs 2015).

Hemophores are surface exposed or secreted bacterial proteins such as HasA
from Serratia marcescens with the ability to bind free heme and/or extract heme
from heme containing proteins in the extracellular environment (Sheldon and
Heinrichs 2015; Caza and Kronstad 2013, Sheldon et al. 2016). HasA interacts with
and transfers heme to the specific outer membrane hemophore receptor HasR
(Anzaldi and Skaar 2010, Bilitewski et al. 2017). HasR can uptake heme from
hemoglobin alone, but the process is 100 times more efficient with the participation
of HasA (Caza and Kronstad 2013). The HasA system is negatively regulated by
iron and Fur and positively regulated by a sigma and anti-sigma (HasI and HasS)
signaling cascade triggered by heme loaded hemophore-HasR complexes (Caza and
Kronstad 2013, Sheldon and Heinrichs 2015, Sheldon et al. 2016).

After binding, heme is extracted from hemoproteins and transferred to the peri-
plasm in a TonB dependent mechanism and shuttled to ABC transporters that pump
heme into the cytosol (Caza and Kronstad 2013, Sheldon and Heinrichs 2015).
Once internalized, heme is either degraded to release free iron or used intact as a
cofactor in catalases, cytochromes and other bacterial hemoproteins (Foley and
Simeonov 2012). It has been suggested that S. aureus and some strains of A. bau-
mannii may have more active iron acquisition systems using heme-based than
siderophore-based iron sources (Kelson et al. 2013, de Leseleuc et al. 2014).

8.2.1.3 Transferrin, Lactoferrin and Ferritin

Various bacterial pathogens can utilize non-heme, iron-containing proteins such as
transferrin, lactoferrin, and ferritins as sources of iron (Caza and Kronstad 2013;
Chitamber 2010). Acquisition from transferrin and lactoferrin is typically through
receptors for these proteins (Chitambar 2016) as depicted in Fig. 8.1. The uptake of
ferric iron from transferrin and lactoferrin is facilitated by TbpAB and LbpAB sys-
tem, respectively (Caza and Kronstad 2013). The TbpAB system consists of two
transferrin binding proteins expressed from a biscistronic operon that is regulated
by Fur. The TbpAB system consists of the TonB dependent protein TbpA and the
lipoprotein TbpB that acts as a co-receptor. TbpA binds apo and holo-transferrin
with similar affinities, whereas TbpB binds preferentially to iron containing
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transferrin. TbpA is a TonB dependent protein and catalyzes a conformational
change that leads to iron release and dissociation of apo-transferrin with the help of
the TonB complex. The released iron is then transported into the cytosol through the
periplasmic ferric binding protein FbpA (Caza and Kronstad 2013; Noinaj et al.
2012a, b). The lactoferrin uptake system LbpAB is overall, very similar to TbpAB
in that LbpA is a TonB dependent outer membrane protein and LbpB is a lipoprotein
that serves as a co-receptor for LbpA (Caza and Kronstad 2013).

In addition, bacteria elaborate cell surface ferric reductases to reduce free ferric
iron to ferrous iron which can then be taken up and utilized by the bacterial cell.
Ferrous iron ions are believed to diffuse freely through the outer membrane of Gram
negative bacteria, with subsequent transport through the inner membrane by the
ABC transporter FeoABC (Caza and Kronstad 2013), which is under control of fnr
(for anaerobes) and fur regulatory elements (Caza and Kronstad 2013).

8.2.1.4 Fungal Iron Acquisition

Most of our current knowledge and understanding of iron acquisition in fungi is
derived from the studies of Saccharomyces cerevisiae and from the three pathogenic
species: Aspergillus fumigatus, Candida albicans and Cryptococcus neoformans
(Caza and Kronstad 2013; Bairwa et al. 2017). These have been reviewed in detail
recently (Bairwa et al. 2017; Caza and Kronstad 2013).

In common with bacterial pathogens, pathogenic fungi have also evolved a num-
ber of mechanisms to acquire iron from different sources in the mammalian host
with many of these mechanisms sharing functional similarities with bacterial patho-
gens. Caza and Kronstad (2013) have comprehensively compared the shared and
different iron acquisition mechanisms between pathogenic bacteria and fungi. The
similarities include: (1) both pathogenic bacteria and fungi possess multiple mecha-
nisms for exploiting the potential iron sources in vertebrate hosts; (2) the mecha-
nisms that mediate iron acquisition from heme and heme containing proteins are far
less known in fungi in that the key components such as the hemophore system that
perform analogous functions in fungal pathogens are just now being identified and
characterized; (3) siderophore mediated iron acquisition, in particular the biosyn-
thesis of siderophores, is well studied in fungi although more studies on siderophore
transport in fungal pathogens are needed; (4) reductive iron uptake systems are
additional similarities between bacteria and fungi for the uptake of ferrous iron.
There are, however, clear differences with accessing iron containing host proteins,
such as transferrin, lactoferrin and ferritin, between bacterial and fungal pathogens
(Bairwa et al. 2017; Caza and Kronstad 2013).
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8.2.2 Irreplaceable Iron Need Is an Achilles’ Heel of Microbes

The evidence reviewed above demonstrates that the need for iron is widely shared
among pathogenic microbes. Thus, with iron being irreplaceable this critical
requirement represents a key Achilles’ heel. Iron withdrawal strategies to restrict
supply of essential iron to microbes would have broad microbial physiological
effects, ranging from impairment in energy production to DNA synthesis to cellular
defense. Later in this chapter, we will show that antibiotic resistant microbes retain
their iron dependence. This therefore opens a new avenue to address these patho-
gens by iron withdrawal. Importantly, as reviewed below, iron withdrawal is already
attempted by the host as part of innate immunity (termed nutritional immunity) and
thus bolstering this natural defense mechanism has appeal.

8.3 Role of Iron in Host Defenses to Microbial Infection

Iron plays Janus-faced roles in the host defense and immune response to infection:
on one side iron deprivation is a useful defense system to limit microbial growth. On
the other side, the host’s ability to kill microbial invaders depends at least partly on
the generation of enough Reactive Oxygen Species (ROS) through the Haber-Weiss
and Fenton reactions and thus, key reactive iron pools also play a role in this defense
mechanism.

Under normal conditions (physiological iron levels) efficient host defense will
result in transiently decreased systemic iron levels. However, in chronic infection
this can lead to iron deficiency anemia (Cartwright et al. 1946). On the contrary,
under conditions with pre-existing excess iron overload (e.g. hemochromatosis) an
increased incidence of infections is observed (Schaible and Kaufmann 2004).

Later in this chapter, we will further differentiate the relative needs for key host
iron pools and illustrate why new antimicrobial iron chelators, to be effective,
should not inappropriately affect host intracellular iron pools or disrupt host iron
homeostasis, i.e., over a prolonged period. Such novel chelators should, however,
help restrict extracellular iron pools to withdraw sufficient amounts of microbe
sought iron, i.e., as in play for most pathogenic microbes in the early stages of infec-
tion. The rationale for this is that most microbial pathogens are either exclusively
extracellular or likely require an initial phase of extracellular growth before entering
host cells to take up intracellular residence. The key aspects of iron related host
defenses as related to iron withdrawal from invading microbes are also shown in
Fig. 8.1 and further discussed below.
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8.3.1 Innate Iron Sequestration Immunity

Invasion by microbes triggers an inflammatory host response via different path-
ways. For example, lipopolysaccharide (LPS; synonym: endotoxin) from Gram
negative bacteria binds to Toll-like receptor 4 (TLR4). TLR4 activation causes
translocation of nuclear factor-kB (NF-kB) into the nucleus of innate immune cells
and transcription, translation and cellular release of inflammatory mediators such as
tumor necrosis factor-alpha (TNF-a) and interleukin 6 (IL-6). IL-6 is known to
increase synthesis of hepcidin in the liver (Johnson and Wessling-Resnick 2012).
Hepcidin is the main regulator of host iron homeostasis: increased hepcidin levels
cause cellular internalization and lysosomal degradation of ferroportin, a transporter
protein responsible for iron release to extracellular compartments. The overall
response from these pathways decreases extracellular iron availability, initially for
microbes and then ultimately the host (Barton and Acton 2019). It is important to
appreciate that most microbes do not store excess iron for future needs and gener-
ally come from iron limited environments. Thus, when microbes find the opportu-
nity to initiate an infection on/in a vertebrate host they predictably require immediate
access to iron, i.e., to grow and evade host defense clearance mechanisms.

8.3.2 Hypoferremic Response to Infection

Hepcidin release during the innate immune response to microbes reduces systemic
iron levels by internalization or “hiding” of iron in various cells (e.g., intestinal
epithelial cells, immune cells). The resulting extracellular iron levels in the blood
stream are therefore lowered, which is described as the “hypoferremic response”.
Other factors involved in modulation of extracellular iron availability are for exam-
ple lactoferrin and lipocalin (siderocalin). Constitutively high levels of lactoferrin
are found in most mucosal surface secretions, including tears, saliva, bile, and breast
milk (Ward et al. 2002). Pro-inflammatory cytokines such as TNF-« also induce the
release of lactoferrin from neutrophilic granules at the site of infection (Afeltra
et al. 1997). Accordingly, the addition of exogenous lactoferrin has been shown to
reduce pulmonary M. tuberculosis burden in a mouse model of iron overload
(Schaible et al. 2002) and growth of S. aureus in the mammary system of cows with
mastitis (Lacasse et al. 2008). The capacity of lactoferrin to sequester iron also has
been implicated in the ability of patients with cystic fibrosis to control opportunistic
P. aeruginosa infection and biofilm formation in the respiratory tract (Britigan
et al. 1993).
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8.3.3 Iron Dysregulation in Sepsis

Sepsis is defined as life-threatening organ dysfunction caused by a dysregulated
host response to infection (Singer et al. 2016). It is considered as “worst case” of an
infection, where the body’s overwhelming immune response leads to tissue damage,
organ failure, and death. Sepsis has been named as the most expensive in-patient
cost in American hospitals with an average of over $18,000 per hospital stay. With
over 1.5 million sepsis hospital stays per year, sepsis costs total $27 billion each
year in the USA alone (Paoli et al. 2018). At present, there is no FDA approved
therapeutic for sepsis available. Therefore, it might be useful to study the role of
iron in sepsis as a potential treatment target.

Clinical findings have confirmed that the known physiological mechanisms of
iron restriction in infection also have implications for sepsis as critically ill sepsis
patients have low systemic iron levels as a consequence of the host defense to infec-
tion (Tacke et al. 2016). Animal experiments showed beneficial effects of iron che-
lation in sepsis with reduced hyper-inflammation and improved survival (Lehmann
et al. 2014). The beneficial effects of iron chelation in experimental sepsis studies
are most likely due to the Janus-faced roles of iron in infection: iron deprivation
reduces bacterial growth including for antibiotic resistant bacteria (Parquet et al.
2019) and reduced iron availability also attenuates the overproduction of ROS
known to occur in sepsis as the main cause of organ dysfunction and organ failure
in sepsis (Lehmann et al. 2014). Clinical trials with iron chelators to treat sepsis
have not yet been carried out but these may prove worthwhile.

8.3.4 Reactive Oxygen Species (ROS) Related
Defense Mechanisms

ROS also display Janus-faced roles in the host defense to microbes. As described
above, ROS are important for bacterial killing but under some circumstances such
as in sepsis, overproduction of ROS can be harmful to host tissue. The pathophysi-
ological response to infection suggests that the body prioritizes iron restriction in
order to reduce bacterial growth over providing ample iron for ROS generation.
Some antibiotics, such as metronidazole, are known to have antioxidant properties,
in line with its inferiority of ROS-induced bacterial killing over primary reduction
of bacterial proliferation (Pélissier et al. 2007). Studies by our group and others
have demonstrated the impact of iron chelation on ROS production in experimental
infection (Heli et al. 2011). Furthermore, we have also shown that iron deprivation
(and thus potentially reduced ROS production) did not have a detrimental impact on
suppression of bacterial growth and animal survival in in vivo infection experiments
(Aali et al. 2019; Thorburn et al. 2017; Islam et al. 2016).

It should also be noted that antimicrobial ROS activity is primarily intracellular
such as in phagocytes. Thus, appropriate iron withdrawal of extracellular iron pools
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by therapeutics that do not readily permeate host cells and immediately affect host
intracellular iron pools, should not affect host defensive ROS activity. Longer term
iron withdrawal might conceivably modulate excess inappropriate ROS production.

8.4 Exploiting Microbial Iron Needs

As discussed above, bacteria and fungi possess several, often redundant, iron acqui-
sition systems which allow them to adapt to different iron sources available in their
environment. Since pathogenic microbes are highly dependent on iron acquisition
for their virulence and colonization during infection, these systems are attractive
targets for the rational development of antimicrobial therapeutics or vaccination
strategies.

The biosynthesis of siderophores and their uptake systems are most frequently
targeted. There are several approaches to this targeting strategy, including sidero-
phore inhibitors or siderophore-antibiotic conjugates (Trojan horses) (Budzikiewicz
2001; Ellermann and Arthur 2017; Foley and Simeonov 2012; Ghosh et al. 2017,
Johnstone and Nolan 2015; Mollmann et al. 2009; Wandersman and Delepelaire
2004; Wilson et al. 2016). However, some pathogens, such as S. aureus and certain
A. baumannii clinical strains, can rely on heme utilization and inhibition of the
access to heme proteins could also be a valuable therapeutic target (Anzaldi and
Skaar 2010; Bilitewski et al. 2017, Kelson et al. 2013; Zhou et al. 2012; de Leseleuc
et al. 2014). Over the last several decades, a number of approaches and platforms
have been developed and evaluated for their potential to exploit the essential nature
of these pathways of bacterial virulence to provide compounds that may prove suit-
able for development into new antibacterial agents (Foley and Simeonov 2012). The
main approaches taken are described below.

8.4.1 Gallium a Non-functional Iron Mimic

Iron (IIT) can be displaced by gallium (III) (Ga) in most iron complexes but gallium
does not have the essential redox properties of iron (III) and thus Ga-substituted
complexes are non-functional. Gallium (III) salts, such as gallium nitrate, gallium
maltolate, or gallium citrate, or gallium organo-complexes have been investigated
as anti-infectives (Banin et al. 2008; Chitambar 2016, 2017; Kelson et al. 2013;
Rangel-Vega et al. 2015; Stojiljkovic et al. 1999). Gallium and its complexes may
block bacterial iron acquisition through several mechanisms: a) displacing iron
from siderophores, b) uptake by microorganisms as a Ga siderophore, such as
Ga-pyochelin in P. aeruginosa infection, c) disturbing the regulation of iron acquisi-
tion systems by repressing bacterial siderophore transcriptional regulators (such as
pvdS of P. aeruginosa) and d) interfering with the biofilm formation (Chitambar
2016; Kelson et al. 2013; Lessa et al. 2012, Thompson et al. 2015).
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Gallium has several unique properties and advantages as a potential antimicro-
bial agent. It has been used in diagnostic imaging and in cancer chemotherapy for
decades. Gallium compounds such as gallium nitrate have well characterized phar-
mokinetics in human patients and are anticipated to have an excellent bio-distribution
profile in the host (Kelson et al. 2013). Although gallium maltolate is the most com-
mon compound used in preclinical evaluation for its antimicrobial potential, many
other forms of gallium salts and gallium complexes have been developed over the
years with several licensed and others in clinical trials (Banin et al. 2008; Chitambar
2016, 2017; Kelson et al. 2013; Rangel-Vega et al. 2015; Stojiljkovic et al. 1999;
Thompson et al. 2015). In addition, the indication that some gallium compounds are
orally bioavailable (Kelson et al. 2013) provides another advantage for gallium as
an alternative to antibiotics.

Gallium has been investigated as an antimicrobial agent with a large panel of
pathogenic bacteria, fungi and parasites and has demonstrated encouraging results
for many of those pathogens as evident by its effect on reducing tissue and blood
bacterial burdens, disruption of biofilm formation, and improvement of infection
associated inflammation and tissue healing (Chitambar 2017; Kelson et al. 2013;
Lessa et al. 2012; Rangel-Vega et al. 2015; Thompson et al. 2015; Goss et al. 2018).
Gallium citrate, for example, shows activity against a range of Gram negative bac-
teria with a minimum inhibitory concentration ranging from 1 to 5 pg/mL (Bilitewski
et al. 2017). Phase 1/2a clinical trials with an intravenous gallium nitrate-citrate
formulation and gallium citrate (Panaecin), respectively, have shown promising
results for P. aeruginosa lung infections in patients with cystic fibrosis (Bilitewski
et al. 2017). Other gallium complexes based on siderophore and heme structures
have also exhibited clinically relevant levels of potency (0.008—4 mg/mL range) and
the selectivity for microbial targets (Kelson et al. 2013; Banin et al. 2008; Chitambar
2016,2017; Rangel-Vega et al. 2015; Stojiljkovic et al. 1999; Thompson et al. 2015).

In addition to gallium salts, several gallium organic complexes have been inves-
tigated for their anti-microbial potential. Such complexes could also improve the
therapeutic efficacies and reduce the toxicity associated with gallium salts. For
example, pharmaceutically active organic ligands have been assessed as useful car-
riers of gallium for their uptake by bacteria and their additive or synergistic antimi-
crobial effects (Lessaetal. 2012). It has been shown that non-iron metalloporphyrins,
such as gallium-protophorphyrin-IX, have potent antibacterial activity against both
Gram negative and Gram positive bacteria by exploiting the bacterial heme uptake
systems (Stojiljkovic et al. 1999; de Leseleuc et al. 2014). Alternatively, conjugat-
ing gallium to siderophores, such as deferoxamine mesylate has been shown to
improve the efficacies of gentamicin in a rabbit model of P. aeruginosa corneal
infection (Banin et al. 2008). Synergism of Ga (III) and antibiotics holds promise as
a last resort therapy for infections sustained by pandrug-resistant bacteria (Minandri
et al. 2014).

Despite these promising results, there are several challenges to the use of gallium
as an alternative to antibiotics. First, not all bacterial strains are susceptible to gal-
lium. For example, some A. baumannii strains can circumvent gallium nitrate activ-
ity with a heme receptor (de Leseleuc et al. 2014). In addition, there is the toxicity
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concern when high or prolonged doses of gallium are used since the toxicity of
gallium and its compounds have yet to be fully studied (Chitambar 2016, 2017).
Gallium would presumably also displace host iron and since there are no excretion
mechanisms available for iron, gallium administered parenterally could accumulate
in the body. Clearly, further elucidation of the uptake and metabolism mechanisms
of iron and gallium in bacteria will help define and optimize the use of gallium
complexes in vivo. Moreover, further evaluation of gallium based drugs particularly
as related to potential host toxicity issues and their effects on innate host iron with-
drawal defense mechanisms is needed to establish whether these have a significant
place in the treatment of infections in humans.

8.4.2 Trojan Horse Antibiotic-Siderophore Conjugates

Antibiotic-siderophore conjugates utilize a siderophore structure as a bait to deliver
an antibiotic cargo into the periplasm or cytosol of microbial cells through the cell
surface siderophore specific receptors; akin to a “Trojan horse”. This can be achieved
by conjugating a specific siderophore to an antibiotic molecule via linkage chemis-
try. These conjugates depend on siderophore transporters within the target bacterial
cells for active transport of the conjugate into the cytosol where subsequent chemi-
cal cleavage can release the free active antibiotic to then kill the pathogen
(Budzikiewicz 2001; Mollmann et al. 2009). A range of natural and synthetic Trojan
horse antibiotic conjugates have been identified, synthesized and evaluated for their
safety and efficacies in vitro and in animal models over the past 50 years with gener-
ally mixed results. None of these has reached late stage clinical trials (Budzikiewicz
2001; Mollmann et al. 2009; Ghosh et al. 2017; Ji et al. 2012).

Two major classes of siderophore-conjugated antibiotics are documented in the
literature, as categorized by the producing bacterium and particular siderophore
moiety and as previously reviewed (Johnstone and Nolan 2015). The sideromycins
(including the salimycins, albomycins, and ferrimycins) are naturally produced by
Gram positive soil actinomycetes (Bilitewski et al. 2017; Budzikiewicz 2001; Foley
and Simeonov 2012). Because of their potential attractiveness, rationally designed
synthetic antibiotic-siderophore conjugates comprising different classes of antibiot-
ics and relevant or specific siderophores of the desired target pathogen have been
constructed with some being evaluated for efficacy in vivo (Budzikiewicz 2001;
Ghosh et al. 2018; Ji et al. 2012; Mohammadi et al. 2011; Zheng and Nolan 2014)
and with the siderophore-lactam conjugates being the most commonly investigated.

Despite the availability of substantial chemical synthesis and characterization
data, there are relatively few studies on in vivo efficacy and very little safety data on
antibiotic siderophore conjugates. It has been shown that the tetra-acetylated form
of a synthetic bis-catechol conjugate (HKI-9924154) was recognized by outer
membrane siderophore receptors of targeted Gram negative bacteria and it was
effective against P. aeruginosa, E. coli, S. maltophilia, and Klebsiella pneumoniae
(Mollmann et al. 2009). In addition, the promising activities of
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tricatechol—ampicillin conjugates against select strains of P. aeruginosa (Ji et al.
2012) and enterobactin (tricatechol)-f-lactam conjugates against pathogenic strains
of E. coli (Zheng and Nolan 2014) have been recently reported. More recently, a
conjugate of daptomycin and a fimsbactin mimic showed outstanding in vitro and in
vivo activities against A. baumannii (Ghosh et al. 2017). Furthermore, covalent
attachment of daptomycin, an antibiotic typically active for only Gram positive bac-
teria, with siderophore mimetics that are recognized by Gram negative bacteria,
provided conjugates that were active against virulent strains of antibiotic resistant
A. baumannii, including carbapenemase and cephalosporinase producers (Ghosh
et al. 2018). These two resistance associated enzymes inactivate carbapenem and
cephalosporin class antibiotics, respectively and this type of resistance mechanism
is discussed later in this chapter.

The factors contributing to the antimicrobial efficacies of antibiotic siderophore
conjugates have also been studied. For example, the enterobactin-ciprofloxacin con-
jugate (Ent-Cipro) can be activated through an esterase catalysed hydrolysis of the
conjugate (Neumann et al. 2018). Ent-Cipro provides antibacterial activity compa-
rable to unmodified ciprofloxacin against the uropathogenic E. coli UTI89 and
CFTO073, highlighting the potential for targeting endogenous pathogen associated
microbial enzymes for narrow spectrum antibacterial delivery. Furthermore, those
authors also synthesized and evaluated Ent-Cipro that contains a self immolative
disulfide linkage (Ent-SS-Cipro) (Neumann and Nolan 2018). This linkage was
designed to be cleaved after uptake in the reducing environment of the bacterial
cytoplasm for the release of the active antibiotic. However, in vitro antimicrobial
assays showed that Ent-SS-Cipro exhibits activity against only some but not all
E. coliisolates, suggesting that a disulfide linker may not be generally applicable for
this strategy (Neumann and Nolan 2018).

The antibiotic siderophore conjugate strategy has potential advantages in the
case of Gram negative pathogens, where the permeability of the outer membrane is
a significant barrier for many antibiotics and other anti-infectives (Foley and
Simeonov 2012). In addition to potentially increasing the efficacies of antibiotics,
this approach has the potential to convert effective Gram positive exclusive antibiot-
ics to also work against Gram negative bacteria. In addition, the large substituents
of the conjugate seem to reduce p-lactamase activity (a microbial resistance enzyme
that inactivates p-lactam class antibiotics, a resistance mechanism discussed later in
this chapter). The use of a bacterial species specific siderophore such as pyoverdin
for P. aeruginosa (Budzikiewicz 2001) as a transport vehicle has the additional
advantage of possibly avoiding collateral damage to other normal host microbiota
(Budzikiewicz 2001; Foley and Simeonov 2012).

Despite the above advantages and some promising in vitro and in vivo activity,
selection of the appropriate siderophore will remain challenging due to: (1) the
rapid emergence of potential resistance due to the presence of multiple siderophore
receptors by many bacteria; (2) the existence of bacterial “cheaters” which take
siderophores from other bacteria rather than their own, a common feature in poly-
microbial infections and (3) the potential down-regulation of the siderophore
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receptors on the cell surface of bacterial targets (Budzikiewicz 2001; Foley and
Simeonov 2012). In addition, a recent report of an in vivo failure of sideromycin
treatment implies efflux pumping as a potential resistance mechanism to siderophore-
antibiotic conjugates; possibly this resistance might be overcome by the use of
efflux inhibitors (Johnstone and Nolan 2015; Thompson et al. 2015; Tomaras et al.
2013; Tomaras et al. 2015; Budzikiewicz 2001). Efflux pumping as an antibiotic
resistance mechanism is discussed later in this chapter.

8.4.3 Synthetic Chelators to Intercept and Deny Iron

Iron sequestration or competition for iron has been explored for many years as a
potential alternative to antibiotics. To counter iron dependent bacterial processes,
natural or synthetic iron chelators with high iron binding affinity have been investi-
gated with the objective of outcompeting native bacterial siderophores and other
bacterial iron acquisition mechanisms (Bairwa et al. 2017; Bilitewski et al. 2017,
Johnstone and Nolan 2015; Khan et al. 2018; Roosenberg et al. 2000; Thompson
etal. 2012; Zhou et al. 2012; Ang et al. 2018).

For iron chelators to compete effectively with bacterial siderophores they should
bind iron more tightly and possess a sufficiently different structure to those of bacte-
rial siderophores, thereby minimising interaction with the outer membrane iron sid-
erophore receptors (Bairwa et al. 2017; Khan et al. 2018; Roosenberg et al. 2000;
Thompson et al. 2012; Ang et al. 2018). It has been suggested that hexadentate iron
binding molecules will have greater potential in this role than corresponding biden-
tate and tridentate ligands, while hydroxypyridinone containing ligands are less
likely to be recognised as siderophores by bacterial receptors (Roosenberg et al.
2000; Thompson et al. 2012; Zhou et al. 2012; Ang et al. 2018).

New synthetic chelators providing competition with siderophores represent a
promising alternative to antibiotics for combating antimicrobial resistance. Natural
siderophores such as deferoxamine, a siderophore from Streptomyces pilosus and
synthetic molecules such as deferiprone and deferasirox have been approved and
used clinically for treatment of iron overload in Thalassemia patients (Foley and
Simeonov 2012). These chelators are reasonably well tolerated in iron overloaded
patients but there have been some issues as to toxicity. These clinical chelators have
been tested for their antimicrobial activity against several genera of human patho-
gens including Pseudomonas, Acinetobacter and Staphylococcus (Foley and
Simeonov 2012; Parquet et al. 2018; Ang et al. 2018) but with mixed to poor results
(see below). Investigations on the potential antimicrobial activity of other iron che-
lators such as 8-hydroxyquinoline and related compounds, the hexadentate chelator
N,N’-ethylenebis[2-(2-hydroxyphenyl)-glycine, EDTA and DTPA have also yielded
mixed results (Zhou et al. 2012). Yet other synthetic iron chelator ligands, such as
polyaminocarboxylates and organophosphonates are also known for their bacterio-
static properties (Bilitewski et al. 2017). The chemical and microbiological bases
for the variable results obtained with these various chelators are further
addressed below.



8 Exploiting the Achilles” Heel of Iron Dependence in Antibiotic Resistant Bacteria... 269

8.4.4 Hematologically Useful Iron Chelators Are Often
Utilizable by Microbes

Iron (IIT) is the most stable oxidation state of iron in aerobic aqueous media and
behaves as a hard Lewis acid. As a hard Lewis acid, iron (IIT) will bind strongly to
hard donor atoms, such as negatively charged oxygen and amine nitrogen atoms.
Microbes have taken advantage of this characteristic and produce siderophores that
have catechol, hydroxamic acid, and a-hydroxycarboxylic acid functional groups
(Fig. 8.2, left), all rich in these useful donor moieties. Siderophores must selectively
bind iron tightly in order to solubilize the metal ion and prevent its hydrolysis, as
well as effectively compete with other chelators in the host system. The functional
groups form five membered chelate rings upon binding that is effective for iron
complexes due to the size of the metal and the bite angles formed in chelation
(Fig. 8.2, right). As such, microbes have evolved to produce siderophores that are
selective for iron, even among other metal ions that are generally present at higher
concentrations.

Clinically relevant hematological chelators, deferoxamine (DFO), deferiprone
(DFP) and deferasirox (DEF) have chemical structures that also contain oxygen and
nitrogen donor atoms, i.e., characteristic to those of siderophores (Fig. 8.3). As a
measure of coordinative strength and a useful parameter under biologically relevant
conditions and to compare iron affinity among chelators over the conventional sta-
bility constant, is the pFe** value (Raymond et al. 1984). The pFe** is defined as the
negative logarithm of the concentration of the free iron (III) in solution when in the
presence of a chelator. For clinically relevant conditions, pFe* values are typically
calculated for total [ligand] = 1 pM and total [iron] = 10 uM at pH 7.4. Unlike the
stability constant, log K or log Bs, the pFe** value considers ligand protonation,
denticities, and difference in metal ligand stoichiometries. Among the hematologi-
cal chelators, deferoxamine has the strongest binding affinity (pFe* = 26), followed
by deferasirox (pFe** =22.5) and then deferiprone (pFe** = 19.4) (Heinz et al. 1999).

The iron binding affinity hierarchy of these chelators has precedence by the
“iron-shuttle” hypothesis with the dual treatment using both deferoxamine and
deferiprone for p-thalassemia (Link et al. 2001; Giardina and Grady 2001). It has
been described that iron is bound to a “shuttle”- oral agent, such as deferiprone, that
mobilizes tissue iron which is then exchanged in the bloodstream with a “sink” such
as deferoxamine, that is then excreted with iron through the kidneys allowing the
deferiprone iron shuttle to be reused again (Giardina and Grady 2001). As a
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Fig. 8.2 Common siderophore functional groups that can form 5-membered chelate rings
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Fig.8.3 Hematological chelators Deferoxamine (DFO), Deferiprone (DFP) and Deferasirox (DEF)

testament to its higher binding affinity, deferoxamine can remove the chelated iron
from the 3:1 deferiprone: iron complex (Liu and Hider 2002).

The above three clinically used chelators are effective for the treatment of iron
overload diseases and while they exhibit some antimicrobial activity alone, it does
not preclude them from being sources of iron for a number of microorganisms.
Kontoghiorghes et al. examined how the chelators can affect iron uptake by micro-
bial pathogens in patients that are treated for iron overload diseases (Kontoghiorghes
et al. 2010). The addition of chelators can inhibit or promote microbial growth and
proliferation, especially in an iron deprived condition. Specific to this case, the iron
load of the patient, the length of the treatment and the minimum therapeutic dose
that can be safely used has to be considered.

The antimicrobial activity of deferoxamine is compromised by the molecule
itself being a microbial siderophore and influences the growth of various microbes.
Its xenosiderophore activity has been demonstrated for many pathogenic bacteria
(Chan et al. 2009; Thompson et al. 2012; Lesic et al. 2002; Banin et al. 2005;
Holbein and Mira de Ordufia 2010; Ang et al. 2018). Microbes that are challenged
with deferoxamine likely harbor a receptor capable of capturing the molecule when
complexed to iron. Consistent with this is that prolonged administration of deferox-
amine to humans with p-thalassemia increases their susceptibility to infection
(Kontoghiorghes et al. 2010).

Deferoxamine, deferiprone and deferasirox have differing antimicrobial activi-
ties. Lesic et al. compared the antimicrobial activity of deferiprone to deferoxamine
and evaluated the potential of deferiprone to promote the growth of pathogenic
Yersinia enterocolitica (Lesic et al. 2002). It was found that while deferoxamine
promoted the growth of Y. enterocolitica, deferiprone at the same concentration did
not. There are several reported and unreported cases that deferoxamine facilitates
the growth of Yersinia enterocolitca infections in thalassemia patients and in some
cases with a fatal outcome (Robins-Browne and Prpic 1983; Robins-Browne and
Prpic 1985). In contrast to deferoxamine, deferiprone does not promote Y. enteroco-
litica septicemia in the mouse experimental model. The growth of other bacterial
organisms isolated from infected Thalassemic patients was studied in the presence
of iron chelators. Chan et al. evaluated the growth in vitro of two pathogenic organ-
isms Klebsiella pneumoniae and Aeromonas hydrophila derived from Thalassemic
patients using the three iron chelators (Chi-Fung Chan et al. 2009). Deferoxamine
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induced proliferation of K. pneumoniae, while deferiprone and deferasirox did not.
However, all three chelators studied did not affect the growth of A. hydrophila. The
authors attributed this null effect to the highly specific ligand exchange process of
A. hydrophila (Stintzi et al. 2000). Stintzi et al. studied the iron uptake mechanism
of A. hydrophila where the exchange of iron at the membrane surface from an iron
bound siderophore to an iron free siderophore bound to a receptor, while hypothe-
sizing that this acquisition process would likely be widespread in Gram negative
bacteria (Stintzi et al. 2000).

Pseudomonas aeruginosa is an example pathogen that has a broad iron uptake
capability and it produces two known siderophores, pyoverdine and pyochelin,
while also using a range of heterologous siderophore molecules including deferox-
amine. Thompson et al (Thompson et al. 2012) evaluated the in vitro antimicrobial
activities of several FDA-approved iron chelators (deferasirox, deferoxamine and
deferiprone (also called ApoL1) as well as novel chelators (Apo6619 and VK28
dihydrochloride) against a panel of healthcare associated bacterial pathogens
(A. baumannii, S. aureus, P. aeruginosa, K. pneumoniae, and E. coli). When tested
in cation-adjusted Mueller-Hinton broth, deferoxamine showed no effect on bacte-
rial growth (Minimum Inhibitory Concentration (MIC)>512 pg/ml for all bacteria
tested). In contrast, VK28 inhibited the growth of all strains of A. baumannii, E. coli,
and S. aureus tested. Deferiprone (ApoL1) inhibited the growth of all strains of
E. coli and A. baumannii, some strains of P. aeruginosa and K. pneumoniae, but had
no effect on S. aureus. When RPMI medium was used for the assay, the MICs were
reduced by 4- to 64-fold for VK28 and by 2- to 4-fold for deferiprone and Apo6619
(Thompson et al. 2012). Further studies in a time-kill assay showed that VK28,
ApoL1 and Apo6619 inhibited the growth of S. aureus at 1x and 2x the Minimum
Inhibitory Concentration (MIC) and demonstrated a bacteriostatic effect on E. coli
at 2X the MIC, suggesting the promise of those new iron chelators as alternatives to
antibiotics. Unfortunately, the effect of those iron chelators on recent clinical iso-
lates or in animal models were not evaluated (Thompson et al. 2012). In addition to
the chelating iron, some iron chelators have also demonstrated additive or synergis-
tic effects to enhance the activity of known antibiotics up to 50-fold (Foley and
Simeonov 2012; Luo et al. 2014). Ang et al. (2018) has demonstrated that the effec-
tive concentrations required for antimicrobial activity of deferiprone and deferox-
amine are not useful in comparison to a novel chelator, DIBI which was >1000X
more inhibitory.

Deferoxamine also promotes the growth of fungi. The antimicrobial activity of
deferoxamine, deferiprone and ciclopirox ranged from none for deferoxamine to
modest for the others against A. fumigatus in vitro (Zarember et al. 2009). The same
observation of iron uptake from deferoxamine was found for Rhizopus microspores
(de Locht et al. 1994) and C. albicans (Holbein and Mira de Orduiia 2010).
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8.4.5 Problem of Weak Antimicrobial Activity of Low
Molecular Weight Chelators

The use of low molecular weight iron chelators as anti-infective alternatives to anti-
biotics, including those now used clinically for hematological disorders has so far
generated only mixed success (Thompson et al. 2012; Bilitewski et al. 2017,
Johnstone and Nolan 2015; Khan et al. 2018; Zhou et al. 2012; Ang et al. 2018). We
have proposed that these limitations in antimicrobial activities of these various che-
lators are related to their small molecule nature (i.e., Mw<1500 Da). For antimicro-
bial activity of a synthetic iron chelator, it is essential to ensure that the iron complex
formed by the chelators cannot be taken up, accessed or otherwise utilized by a
pathogen, as this would lead to access to the chelated iron and thus microbial growth.

Siderophores are essential for microorganisms to survive in their natural iron
limited environment. In the infected host, they represent virulence factors of patho-
genic bacteria and fungi. A variety of artificial siderophores have been synthesized
and studied to learn more about their specific interactions with microbial iron trans-
port systems and their potential as alternatives to antibiotics to outcompete with the
native siderophores (Roosenberg et al. 2000; Roosenberg and Miller 2000). For
example, Mohammodi et al. synthesized and characterized a highly effective iron
chelator that mimics the enterobactin structure (Mohammadi et al. 2011) which
dramatically improved the iron binding affinity and iron selectivity of the final sid-
erophore mimetic hydrogel. Since the chemical coordinating groups commonly
found in natural siderophores are likely to be recognised by microbial transporters,
these chemical groups might be avoided in the design of new synthetic antimicro-
bial iron chelators (Foley and Simeonov 2012).

8.4.6 Requirements of New Microbial Specific Iron
Withdrawal Agents

Based on our understanding of microbial iron acquisition mechanisms, microbial
utilization of host iron pools and the mixed results obtained to date when hemato-
logically useful chelators have been trialed as antimicrobials, some key require-
ments for new iron withdrawal therapeutics emerge. Key requirements for new
purpose directed antimicrobial iron chelators in contrast to current hematologically
useful chelators (deferoxamine, deferiprone, deferasirox) are summarized in
Table 8.2. We believe that the key aspects for useful antimicrobial activity are
molecular size being >1500 Da (i.e., above the lowest size freely accessible for
bacterial uptake) and chemical composition, i.e., not similar to bacterial sidero-
phores in terms of iron chelating component groups. An overarching requirement is
that a new antimicrobial chelator should have low toxicity to the infected host, i.e.
high microbial toxicity but low host toxicity. These various attributes are further
discussed below in relation to recently advanced novel chelators.
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Table 8.2 Desired properties for novel antimicrobial iron chelators as compared to conventional
hematological chelators

Chelator
property Hematological chelator | Antimicrobial chelator | Significance
Molecular <1500 Da >1500 Da Hematologicals access
weight intracellular host iron
Antimicrobials should
primarily access
extracellular iron pools
Antimicrobial | Narrow Broad Hematologicals not
activity broadly effective and
spectrum support growth for some
microbes
Antimicrobial Poor with high to very | High with very low Hematologicals are
activity high Minimum MICs, ideally similar weak anti-infectives
Inhibitory effective concentration | with high MICs

Concentrations (MICs)

range as for antibiotics

Host toxicity

Varied cytotoxicity
issues related to reactive
iron depending on
chelator loading

Low with iron fully
coordinated and less
reactive

Fully coordinated iron is
less-reactive as to
cytotoxicity

Water solubility

Soluble to limited
solubility

High solubility

Water solubility
improves utility for

topical and systemic
administration

8.5 Novel Purpose Designed Antimicrobial Iron
Sequestering Agents

8.5.1 Hydroxypyridinone, a Preferred Iron Ligand

Among the hematological chelators that contain various iron binding groups and
have potential as antimicrobial agents, the hydroxypyridinone group is driven for-
ward. Hydroxypyridinones combine the characteristics of both hydroxamate and
catecholate groups. While catecholate ligands, such as enterobactin and analogues,
have higher stability constants for iron (III) than hydroxypyridinones, under acidic
conditions they are limited by their weak acid nature and require the loss of six
protons to bind iron (IIT). Hydroxypyridinones are monoprotic acids and require the
loss of three protons to form a neutral tris-coordinated iron (III) complex. The struc-
ture of the chelate thus differs significantly from siderophores and may not be read-
ily recognized by bacteria.

There are three classes of hydroxypyridinones; 1-hydroxypyridin-2-ones;
3-hydroxypyridin-2-ones and 3-hydroxypyridin-4-ones (Fig. 8.4). Of the three
classes of hydroxypyridinone ligands, 3-hydroxypyridin-4-one class possesses the
highest affinity for iron (IIT) with an association constant of 10%”. This is due to the
higher pK, value that is attributed to the 4-oxo group when compared to the 2-oxo
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Fig.8.4 Three classes of hydroxypyridinones: 1-hydroxypyridin-2-one (left), 3-hydroxypyridin-2-
one (middle), 3-hydroxypyridin-4-one (right)

congeners. While catechol derivatives possess higher formation constant values
than that of 3-hydroxypyridin-4-one for iron (IIT), their corresponding pFe** values
are lower, due to the higher affinity for protons by the catechol derivatives. The
oxygen atoms of the hydroxypyridinone binds to iron in a 3:1 fashion and it forms
five membered chelate rings upon coordination and the chelate is stable over a wide
physiological pH range. Deprotonation of the hydroxypyridinone produces a zwit-
terionic aromatic resonance form. The electron pair of the nitrogen atom delocalizes
on the carbonyl oxygen and the electron pair is shared between the two vicinal
oxygen atoms.

Because of their high affinity for iron (III), 3-hydroxypyridin-4-ones have been
considered for several therapeutic applications (Liu and Hider 2002). Deferiprone,
also known as ferriprox or L1, is a clinically used iron chelator that contains a
3-hydroxypyridin-4-one group and is widely used for the treatment of iron overload
associated with p-thalassemia (Balfour and Foster 1999). The compound is charac-
terized by two protonation constants (logK; = 9.64 and logK, = 3.56), the first is
related to the hydroxy group and the second is related to the keto group (Nurchi
et al. 2008). At pH 7.4, deferiprone is found in its neutral form and the iron (III)
complex carries no net charge and can thus penetrate membranes easily to remove
potentially toxic iron from tissues (Liu and Hider 2002). The low molecular weight
of deferiprone allows its efficient absorption into the intestinal tract and penetration
into cells. In addition, it can remove iron (III) from ferritin and transferrin (Dobbin
et al. 1993).

The low molecular weight of deferiprone increases its oral bioavailability in
comparison to hexadentate chelators, such as deferoxamine, however it has limited
clinical efficacy. The two main disadvantages of deferiprone are its rapid metabo-
lism (Singh et al. 1992) and reversible agranulocytosis, as induced in approximately
1% of patients receiving the drug (Ceci et al. 2002). The metabolism of deferiprone
is from its susceptibility to glucuronidation of the 3-hydroxyl group that inactivates
its iron chelating capability. As such, the deferiprone dose necessary to maintain an
iron negative balance is 75-100 mg/kg/day (Balfour and Foster 1999) and adverse
side effects have been observed (Olivieri et al. 2019). Further support of this are
indicated by recovery studies that reported >85% of the administered dose in man is
recovered in the urine as the non-chelating 3-O-glucuronide conjugate (Singh
etal. 1992).
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Chemically modifying hydroxypyridinone groups changes their hydrophilic/
lipophilic characteristics without changing the iron binding affinity (Dobbin et al.
1993). To illustrate this, increasing the length of the alkyl substituent at the 1-position
of the pyridinone ring increases the lipophilicity of the molecule and minimizes the
inhibition of non-heme iron containing enzymes such as lipoxygenase, that are
affected by hydrophobic chelators. Brain barrier penetration of 3-hydroxypyridin-4-
ones is strongly dependent on lipophilicity (Habgood et al. 1999), where branched
alkyl substituents at the 1-position penetrate more slowly than simple I-alkyl
substituents.

Hexadentate chelators that contain three 3-hydroxypyridin-4-one groups on a
molecular scaffold can act as siderophore analogues as shown in Fig. 8.5 (Qiu et al.
2011; Xu et al. 2011; Zhou et al. 2015b; Streater et al. 1990). Incorporating the
hydroxypyridinone group increases the potential of not being recognized by bacte-
ria as a source of iron. By affixing three 3-hydroxypyridin-4-one moieties increases
the iron (III) binding affinity while still maintaining a stronger acid nature than
catechols, such as enterobactin, where three protons are released instead of six.
Having a higher iron (III) binding affinity reduces the likelihood of “loosely” bound
iron that could have the opportunity to redox cycle between the two most stable
oxidation states of iron (II) and iron (IIT) thus generating toxic oxygen derived free
radicals such as hydroxyl, that would cause oxidative tissue damage.

The denticity nature of the iron coordination complex influences the dissociation
constant. The dissociation of iron for a tris-bidentate octahedral metal complex is
dependent on [ligand]®, where with a hexadentate ligand—metal complex dissocia-
tion of iron is dependent on [ligand]. Hence, the sensitivity of concentration dilution
for iron-complex dissociation follows the order hexadentate < tridentate < bidentate
ligands. As a result, the majority of natural siderophores are hexadentate compounds
that can scavenge iron (III) efficiently at low metal concentrations (Hider and
Konga 2010).

While there have been several hexadentate chelators designed and synthesized
for potential antimicrobial agents, their activity appears limited by their poor water
solubility and molecular weight. Two early examples of hexadentate chelators
reported by Qui et al. (Q1 and Q2, Fig. 8.5) were evaluated against Gram positive
and Gram negative bacteria in comparison to the antimicrobial activity of diethylene-
triamine pentaacetic acid (DTPA) (Qiu et al. 2011). It was found among these three
chelators that Q1 gave the highest antimicrobial activity followed by DTPA and Q2.
The authors ascribed Q1 to having the highest activity due to its higher affinity for
iron (IIT) (logK = 30.7, pFe* = 30.5) than DTPA (logK = 28.6) (Sohnle et al. 2001).
The low inhibitory effect of Q2 was explained by its poor water solubility and
because of its molecular weight was above the 500-600 molecular weight cut-off
point (Hancock and Nikaido 1978).

Molecular weight was also considered a factor in influencing the antimicrobial
activity of compounds X1 and X2 (Fig. 8.5) (Xie et al. 2013). In most cases, X1 and
X2 outcompeted DTPA against the Gram positive and Gram negative bacteria stud-
ied where this was attributed to the hexadentate chelators having a higher affinity
for iron (III) and would not have the ability to cross bilayer membranes by
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Fig. 8.5 Representative hexadentate 3-hydroxypyridin-4-one chelators that exhibit antimicrobial

activity

non-facilitated diffusion. The authors hypothesized that X1 and X2 would likely
gain access to the periplasmic space of the Gram negative bacteria and restrict iron
from them. As an extension to these structures, derivatives were synthesized that are
highly hydrophilic and their antimicrobial activity was evaluated in comparison to
DTPA (Xie et al. 2013). The antimicrobial activities of hydrophilic derivatives that
contained various substituents at the nitrogen center were strongest against the
Gram negative bacteria than the Gram positive bacteria studied. Like X1 and X2
their activity was regarded as having ready access to the periplasmic space of Gram
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negative bacteria and removal of iron(IIl) from the immediate area surrounding
Gram positive bacteria while having a higher affinity for iron (IIT) than DTPA (Xie
et al. 2013).

Hexadentate chelators have been developed that exhibit moderate antimicrobial
activity against methicillin resistant Staphylococcus aureus (MRSA) and Gram
negative bacteria P. aeruginosa (Zhou et al. 2015b). Overall, it was found that the
Pseudomonas strains were more sensitive to all the test chelators studied than were
the MRSA strains. Compounds Z1 and Z2 that have a hexyl group substituted at the
1-position of the pyridinone ring, were the most hydrophobic and possessed the
strongest inhibitory activity against MRSA and P. aeruginosa compared to the other
compounds tested.

The design of a rhodamine-labelled hexadentate chelators that contain
3-hydroxypyridin-4-one moieties balances the hydrophilic/lipophilic character to
combat growth of Mycobacterium avium (Moniz et al. 2013). The hexadentate che-
lator that contains rhodamine B isothiocyanate (Fig. 8.6) exhibited the strongest
inhibitory activity at concentrations as low as 1 pM. The authors described that the
rhodamine B labelled chelator strongly interacts with lipid phases and previous con-
focal microscopic studies showed that the rhodamine counterpart remains largely
membrane bound (Nunes et al. 2010). They speculated that the fluorescent chelators
are targeting the phagosomal compartment of macrophages where this bacterium
grows, and that the fluorophore can anchor into the phagosomal membrane to tether
the chelator and compete against mycobacterial siderophores.

Fig. 8.6 Representative
Rhodamine B labelled
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There is limited literature that investigates 1-hydroxypyridin-2-ones for antimi-
crobial activity, as these chelators have a lower iron affinity than their
3-hydroxypyridin-4-one isomers. Workman et al. used these pyridinones in their
hexadentate chelators with a triaza macrocycle backbone (Workman et al. 2016).
The lower pK, values of these hydroxypyridinones make them charged molecules at
physiological pH making them less likely to penetrate the host. This could poten-
tially lead to safety benefits to treat systemic infections. The authors demonstrated
the utility of these hexadentate chelators as bacteriostatic however with limited
activity. Minimum inhibitory concentration values obtained for the four tested Gram
negative bacteria were higher than the tested Gram positive bacteria. The most resis-
tant strains were P. aeruginosa, K. pneumoniae, and E. coli.

The hexadentate hydroxypyridinone chelators exhibit moderate antimicrobial
activity and have a high affinity for iron (III). Their molecular size lowers the prob-
ability of cell permeation and toxicity than their bidentate conjugates; however,
their iron capacity is the same as their bidentate counterparts.

8.5.2 Polymeric Iron Chelators

As illustrated in the previous section, molecular weight is a critical factor for the
rate of drug absorption, uptake by microbes and can influence drug toxicity. There
is no clear “cut-off” value for the transcellular route but the reported polyethylene
glycol (PEG) permeability, penetration falls off rapidly with molecular weights
greater than 500 Da (Maxton et al. 1986). A low molecular weight chelator com-
bined with an overall neutral charge upon the complexation of iron (III) enables
permeation through cells. Using deferiprone as an example, the iron (III) complex
has a zero charge at neutral pH that allows excretion of this complex. However, this
iron complexation is highly concentration dependent and at relatively low concen-
trations (<5 pM) the iron-deferiprone complex will redistribute iron to competing
ligands (Yokel et al. 1995). This leads to a high drug dose requirement with associ-
ated toxicity and hence its useful partnering with the kinetically more stable defer-
oxamine for treatment of iron overload conditions. The hexadentate chelators offer
a stronger iron (III) binding affinity, although due to their similar iron capacity to a
bidentate chelator, this translates to a similar concentration dependency for
effectiveness.

The antimicrobial activity of dendritic chelators containing hexadentate
3-hydroxypyridin-4-one head-groups were evaluated and compared to that of defer-
iprone (Zhou et al. 2014; Zhou et al. 2018). The Zhl dendrimer investigated
(Fig. 8.7) showed the strongest inhibitory effects on two strains of P. aeruginosa and
was more efficient than that of deferiprone. However, none of the dendrimer chela-
tors were able to completely inhibit the growth of E. coli at up to 500 pg/mL. The
chelators were more effective against the P. aeruginosa strains with Zh1 completely
inhibiting growth. With respect to the Gram positive bacteria, S. aureus and Bacillus
subtilis, the chelators were found to be less effective than deferiprone. Upon testing
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Fig.8.7 Representative dendrimers (Zh1 and Zh2) that contains a hexadentate 3-hydroxypyridin-4-
one head-group

norfloxacin in combination with Zh1 there was a dramatic enhancement in the inhi-
bition of E. coli and S. aureus than with either agent alone. Norfloxacin is a fluoro-
quinoline antimicrobial agent that can bind metal ions at the carbonyl and carboxyl
groups of its pyridinone ring, a region that also interacts with DNA gyrase, essential
for DNA replication. The authors described that iron (III) complexation of Zh1l
would indirectly increase the interaction of DNA gyrase with norfloxacin. A more
recent example, (Zh2, Fig. 8.7) showed enhanced antimicrobial activity against
E. coli than the previous dendrimer and among the suite of dendrimers reported
(Zhou et al. 2018) with a bactericidal rate reaching 99.7% at a markedly lower con-
centration of 100 pg/mL than the early example dendrimer. At the same concentra-
tion, Zh2 exhibited superior activity against the Gram positive bacteria S. aureus
and B. subtilis in comparison to deferiprone, something that was not achieved with
the early dendrimer, Zhl. The authors predicted the activity to scavenging iron
around the bacteria and differences in activity could be attributed to their differ-
ences in water solubility.

Cross-linked polymers have been developed and tested as antibiotics and adju-
vants for potential use in wound dressing materials (El-Gendy et al. 2015).
Polyallylamine was simultaneously cross-linked by N,N’-methylenebis (acryl-
amide) and conjugated with 2,3-dihydroxybenzoic acid (DHBA) molecules that
serve as iron-chelation sites. The “iron affinity index” was used as a measure for the
iron affinity of the cross-linked particles, due to the heterogeneous nature of the
polymeric material, in comparison to a reference iron chelator, in this case,
EDTA. For all the samples tested, they were at least 10? times stronger than EDTA. Tt
is noted that upon increasing the content of DHBA from 5% to 30% the affinity
indexes of the polymers decreased. This decrease was attributed to the increase of
hydrophobicity of the material that may have hindered the iron (III) access or
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coordination and reducing the apparent iron affinity indexes. Following the incuba-
tion of the polymer samples with iron (III) solution for one week, the highest iron
capacity plateaued at around 20 mg of iron (III) per gram of polymer. The antimi-
crobial activity of a chosen cross-linked derivative was examined against P. aerugi-
nosa and in combination with the antibiotics ciprofloxacin or gentamicin. Treating
the growth media with the cross-linked polymer reduced the iron to undetectable
levels and led to stopping growth and eventual death of the bacteria.

To afford larger scaffolds and more flexibility in the structure, a hexadentate
3-hydroxypyridin-4-one monomer was co-polymerized with 2-hydroethyl acrylate
(HEA) using azobisisobutyronitrile (AIBN) as the initiator (Zhou et al. 2015a). The
hexadentate chelator possessed a high affinity for iron (III) (logK; = 33.6 and
pFe** = 30.4). The bulky monomer rendered the polymerization difficult where the
weight recovery of the co-polymers decreased with increasing percentage of hexa-
dentate chelator. This in turn affected the iron binding capacity and the highest
achieved was a co-polymer synthesized with an initial monomer mole ratio of 9%
and iron capacity of 370 pmol of iron per gram of polymer. In addition, the calcu-
lated pFe** values of the hexadentate monomer and co-polymer were similar, 29.7
and 29.8 respectively, indicating either species had similar affinity for iron (III).
Similarly, it was observed that the hexadentate hydroxypyridinone head-group and
the formed dendrimer shared a similar affinity for iron (III) (Zhou et al. 2006). The
co-polymer chosen for further investigation contained a mole ratio of monomer at
5% (200 pmol of iron per gram of polymer capacity) and an average molecular
weight of about 180 kDa (measured by GPC). The iron affinity of monomer and
chosen co-polymer were similar and had similar antimicrobial potency against five
bacterial strains. The authors described the polymer as a potential material to be
incorporated into wound dressing materials and less likely to access systemic
circulation.

Poly (glycidyl methacrylate) (PGMA) polymers were synthesized via Reversible
Addition-Fragmentation Chain Transfer (RAFT) polymerization and conjugated
with amine-containing 3-hydroxypyridin-4-ones to create polymeric iron chelators
with controlled molecular weights (Li et al. 2016). Glycerol monomethacrylate was
polymerized in anhydrous toluene at 62 °C using AIBN as an azo initiator and a
dithiobenzoate-based RAFT agent to produce well defined RAFT PGMA epoxy
functional groups. Bidentate hydroxypyridinone ligands were then used as nucleo-
philes to ring-open the epoxide groups for post polymerization modification. Among
the five hydroxypyridinone conjugative groups, only two of those containing a
pegylated chain, produced two water soluble polymers (Fig. 8.8). The other
hydroxypyridinone conjugative groups produced water insoluble polymers or
those soluble in aqueous DMSO solutions. The authors described the insolubility to
the removal of the hydrogen bonding capability when transforming a primary amine
to a secondary amine that dramatically decreased the solubility of the macromo-
lecular chelators. It was determined for one series of polymers that the highest num-
ber of chelating units per polymer chain was 106 and M, = 15 200. The highest
metal capacity achieved for one of the water soluble polymers (M, = 50 100), was
calculated to be 843 pmol/g. The same polymer exhibited the highest potency
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Fig. 8.8 Representative RAFT-PGMA water soluble polymer with pegylated 3-hydroxypyridin-4-
one conjugative group R

against MRSA among the polymers tested with a 12 pM concentration achieving a
bactericidal rate of 100%. The lower M, counterpart (M, = 13 400) of the represen-
tative water soluble polymer showed reduced bactericidal activity and inhibition
was observed at a 48 pM concentration. This suggested that the density of the iron
chelating units on the macromolecular scaffold determines the antimicrobial
potency.

The polymeric chelators described thus far have molecular weights that disallow
them to be taken up through the gastrointestinal tract, potentially prolonging their
drug half life and their limited antimicrobial utility was likely due to their lack of
water solubility. An aqueous environment exists for a microbial cell and the gastro-
intestinal lumen. The previous polymeric chelators are multi-component and sensi-
tive to the choice in scaffold, linker, and binding moiety that manifest their water
solubility (Fig. 8.9). The development of highly water soluble chelating polymers
would potentially lead to a new horizon of therapeutic applications, in addition to
topological applications. Conducting the polymerization in aqueous media would
also increase the safety profile of the polymer and render it more economically
viable. RAFT polymerization is an attractive method as it can occur in a wide range
of solvents (including water), with high functional group tolerance and in the
absence of metals. In addition, RAFT synthesis affords control of the polymer
molecular weight with low polydispersity.

RAFT synthesized 3-hydroxypyridin-4-one polyvinylpyrrolidone co-polymers
that have been developed are essentially two-component and are highly water-
soluble and exhibit strong antimicrobial activity for a wider range of pathogens
(Ang et al. 2018). The lead compound, DIBI, has exhibited activity against various
groups of microorganisms and cancer cells (Holbein and Mira de Orduifia 2010;
Islam et al. 2016; Thorburn et al. 2017; Parquet et al. 2018; Holbein et al. 2011) and
exhibits a lack of toxicity in murine models (Arora et al. 2018; Savage et al. 2018).
The 3-hydroxypyridin-4-one chelator (MAHMP, Fig. 8.10) was designed for direct
co-polymerization with water soluble monomers, such as N-vinylpyrrolidone
(NVP) used for the main backbone of DIBI and this provides the inherent water
solubility.
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Fig. 8.10 Synthesis of DIBI (Mn: 7.5 kDa, Mw: 9 kDa, PDI: 1.2); TBHP = tert-butyl hydroperox-
ide, TMEDA = N,N,N’,N’-tetramethylethylenediamine, and RAFT agent = 2-[(ethoxymethaneth-
ioyl)sulfanyl]-2-methylpropanoic acid. (Adapted from Ang et al. 2018)

Polyvinylpyrrolidone (PVP) is ubiquitous in the medical field and being the main
backbone of DIBI, it can attribute for the high water solubility and low toxicity
profile of the metal chelating polymer. The earliest use of PVP was as a plasma
volume expander for trauma victims post the 1950s and later in a wide variety of
medical applications (Biihler 2005), such as a binder for pharmaceutical tablets,
excipient for contact lens solutions and for the synthesis of dialysis membranes. The
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RAFT polymerizations of MAHMP-co-PVP polymers were carried out using com-
mercially available N-vinylpyrrolidone in mild aqueous conditions that gave moder-
ate to high recover of the co-polymers (55-88% yield). The lowest polymer recovery
was related to the highest incorporation of MAHMP into the co-polymer. DIBI has
an average content of MAHMP of 13 mol% or 24 mass%, with a good polymer
recovery of 85%. DIBI also exhibits high water solubility and the highest mass frac-
tion in water tested was 70% w/w without the use of organic solvents (Ang et al.
2018), unlike the RAFT synthesized PGMA polymers that required DMSO for the
dissolution of their polymers (Li et al. 2016).

DIBI inhibited all three classes of microbes exhibiting very low Minimum
Inhibitory Concentrations (MICs). The molecular weight of DIBI as measured by
Gel Permeation Chromatography (GPC) was 9 kDa with a polydispersity index of
1.2 and it has a total iron capacity of 338 pmol of iron per gram of co-polymer. With
the other MAHMP-PVP co-polymers, MICs were lowered upon increasing the
incorporation of MAHMP. The MIC of DIBI was lower by 2-3 orders of magnitude
in comparison to its MAHMP monomer and to deferiprone against ATCC reference
strains of S. aureus, A. baumannii, and C. albicans. PVP (10 kDa) was used as a
control as it does not contain iron chelating moieties and did not exhibit any antimi-
crobial effect.

The antimicrobial efficacy of this 3-hydroxypyridin-4-one containing polymeric
chelator is not fully explained by its iron binding capacity, size, and water solubility
alone. DIBI had a lower iron binding capacity and molecular weight than previously
reported water soluble RAFT PGMA polymers. As an example, the most potent
water soluble RAFT PGMA polymer had a molecular weight of 50 kDa and an iron
binding capacity of 843 pmol of iron per gram of polymer. The lower molecular
weight and binding capacity of DIBI (10 kDa and 338 pmol) did not compromise its
efficacy against MRSA having a MIC of 4 pM in comparison to 12 uM of the most
potent water soluble RAFT PGMA polymer. With the 3-hydroxypyridin-4-one den-
drimers (Zhou et al. 2014) the iron chelating capacity was higher than that of deferi-
prone, however alone they did not outperform deferiprone in antimicrobial activity.
In combination with norfloxacin (at 0.5 pg/mL), the concentration of dendrimer
used was high (500 pg/mL) in comparison to that needed for the RAFT synthesized
polymers, to completely inhibit the growth of S. aureus (Zhou et al. 2014). The
polymers described above were all water soluble; however, they varied in polymeric
structure.

The choice of scaffold and metal binding group influence the water solubility of
polymeric chelators. The hydrogen bonding groups of the polymers containing
hexadentate 3-hydroxypyridin-4-one chelators and respective scaffolds render the
polymers water soluble. The same is the case for DIBI that has amide groups that
are a part of the MAHMP linkage and the PVP backbone that enable a highly water
soluble polymer. Within the suite of RAFT PGMA polymers (Li et al. 2016) the
only two water soluble polymers produced incorporated 3-hydroxypyridin-4-one
conjugated group that had a pegylated amine group.

In addition to the characteristics above, the structure of a polymeric chelator fol-
lowing the binding of iron is likely congruent to their antimicrobial activity. The
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Fig. 8.11 Hypothetical folding scenarios of 3-hydroxypyridin-4-one polymeric chelators follow-
ing iron binding

antimicrobial polymeric materials reported so far have their metal chelating moi-
eties anchored in different ways. The dendrimers have the metal chelating moieties
stemming from a central scaffold (Zhou et al. 2014) whereas in the linear polymers,
they are appended along a backbone (Zhou et al. 2015a; Li et al. 2016; Ang et al.
2018). The hexadentate 3-hydroxypyridin-4-one chelators contain hydrogen bond-
ing groups that would facilitate the complexed iron to point towards the surrounding
aqueous environment. With the dendrimers, this would be more apparent as the
chelators are fixed in position. The iron binding moieties of the RAFT PGMA poly-
mers with pegylated side chains would be susceptible to point into the surrounding
aqueous environment, in addition to the backbone having limited water solubility.
With DIBI, the reverse is exhibited, its backbone is more highly water soluble than
the chelating groups and upon iron binding, the complex could be masked by the
PVP backbone and thus the iron is physically hidden from microbes. From this, dif-
ferent folding architectures can be speculated that discern the interplay of the com-
plexed iron relating to the polymeric structure and surrounding aqueous environment
(Fig. 8.11). It can be hypothesized that in addition to the polymeric chelators being
unrecognizable by microbes, the inaccessibility of the complexed iron can be instru-
mental to the antimicrobial efficacy. This feature of DIBI appears to account for its
very high antimicrobial activity, i.e., >1000X higher than deferiprone or its compo-
nent MAHMP monomer.

8.5.3 Low Host Toxicity

New higher molecular weight (>1500 Da) chelators should have less host toxicity
issues than those known low molecular weight (<1500 Da) hematological chelators
(deferoxamine, deferiprone, deferasirox) on the basis that these larger molecules do
not readily enter into host cells to directly affect host intracellular iron pools but
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rather primarily affect extracellular iron pools being accessed by microbial invad-
ers. To date, relatively few of the new microbial specific iron chelator candidates
reviewed above, have been tested for their host toxicity, except in the case of poly-
meric DIBI (Parquet et al. 2019). Testing using the Organization for Economic
Co-operation and Development (OECD)-prescribed oral and systemic toxicity test-
ing protocols in male and female rats has exhibited no observable adverse effects
(NOAEL) from DIBI with 14 day repeated oral or systemic dosing at the highest
doses tested (1000 mg/kg/day oral and 200 mg/kg/day intravenous) (Parquet
et al. 2019).

It is also important to note that unlike the use of hematological chelators used to
treat iron overload disorders that require long term use, iron sequestration anti-
infective therapeutics would likely be used only on a relatively short term basis, i.e.,
to treat active infection. This therapy approach for iron sequestrants therefore would
be somewhat analogous to the therapeutic regimens now used for conventional anti-
biotics. This treatment approach would lessen the prospect for disruption of normal
host iron homeostasis that might occur with prolonged use of an iron sequestrant.

8.6 Antibiotic Resistance and Microbial Iron Needs

8.6.1 Resistance Mechanisms

Antibiotic resistance results from several discrete mechanisms that can arise within
a microbe or be acquired from other microbes by transfer of genetic material (for a
recent review (Schroeder et al. 2017)). The main antibiotic resistance mechanisms
are summarized in Table 8.3. From these various possibilities, it can be appreciated
that antibiotic resistance can be due to antibiotic degradation by the microbe, sys-
tems to thwart antibiotic uptake into microbes or mutational changes leading to
altered target structures to which antibiotics are no longer effective. Of importance
is that these various mechanisms all require some degree of microbial growth and/
or microbial metabolic or synthetic activities for their expression. Therefore, these
mechanisms would each have varying degrees of dependence on the activity of iron
dependent enzymes. Thus, iron withdrawal that would restrict adequate production
and supply of these iron dependent microbial enzymes could also affect expression
of these resistance mechanisms. Examples of key iron dependent enzymes are ribo-
nucleotide reductase needed for DNA repair/synthesis; cytochrome oxidase needed
for ATP energy production or citrate aconitase needed in the TCA cycle. Deficiencies
in these critical enzymes could be expected to generally suppress the expression of
the various antibiotic resistance mechanisms.
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Table 8.3 Main mechanisms of antibiotic resistance and known and possible effects of iron

withdrawal
Resistance Nature of Likely affected by iron
mechanism resistance (Reference) withdrawal?
Antibiotic Enzymes produced | f-lactam degradation and Presumably yes as
neutralization by microbes aminoglycoside modifications | enzyme induction

modify/degrade (Wright 2005); metallo-f- requires RNA and
antibiotic lactamase, and aminoglycoside | protein synthesis
rendering it acetyltransferase in A. utilizing iron dependent
inactive baumannii enzymes

Antibiotic target | Mutations Mupirocin resistance in S. Presumably yes as low

modification

providing altered
non-sensitive
microbial target

aureus from altered insensitive
isoleucine-tRNA synthetase
target (Liu et al. 2017)

iron can suppress
Fe-dependent
ribonucleotide reductase
levels as needed for
DNA synthesis and
repair

Antibiotic efflux
pumps

Reduced
intracellular
antibiotic
concentration,
exclusion from
cell

Ciprofloxacin and other
fluoroquinolone efflux in P.
aeruginosa (Lubelski et al.
2007; Amaral et al. 2013)

Yes, iron withdrawal
can affect energy
production by iron-
dependent enzymes and
iron insufficiency causes
membrane instability
(Prasad et al. 2000)

Physical Biofilm growth P. aeruginosa biofilm displays | Yes, iron withdrawal
resistance to physically resistance (Gupta et al. 2016) | can suppress biofilm
antibiotic protecting formation and also
delivery into microbes within disrupt established
microbes biofilm biofilm growth (Post
etal. 2019)
Metabolic Slower growth and | S. aureus small colony Yes, deferiprone-
mutation; reduced electron variants — hemin/menadione Gallium active against

persister cells

transport reduces
antibiotic
sensitivity

and thymidine auxotrophs
display multiple resistance
(Proctor et al. 1998, 2014)

S. aureus SCVs,
particularly hemin
auxotrophs (Richter
et al. 2017)

8.6.2 Antibiotic Resistance Is Separate to Microbial
Iron Needs

Important for potential iron withdrawal therapies for antibiotic resistant infections
are that the various mechanisms leading to antibiotic resistance do not also lead to
changes (in particular reduction) in microbial iron requirements, i.e. over those of
their antibiotic sensitive counterparts, i.e., antibiotic resistance does not alter iron
needs or sensitivity to iron withdrawal by a chelator. This appears to be the case and
the results summarized in Table 8.4 demonstrate this point broadly. Here, iron needs
as reflected by sensitivity to iron withdrawal using hydroxypyridinone chelators are
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Table 8.4 Antibiotic resistant and sensitive microbial pathogens share similar susceptibilities to
iron withdrawal by different hydroxypyridinone (HPO) chelators

Clinical Antibiotic sensitivity | Antibiotic type: | HPO chelator
Microbial pathogen | isolate or resistance MIC pM type: MIC pM
Acinetobacter LAC-4 Multiple Resistance | CIP: 193¢ DIBI: 0.2¢
baumannii GEN: 1342
ATCC19606 | Sensitive CIP: 3 DIBI: 0.2°
GEN: 16.7° DFP: 575°
DFP: 920¢
LAC-15 Multiple Resistance | GEN: 4.2¢ DIBI: 0.2¢
CIP: >772*
CST: >443 ¢
ATCC17978 | Sensitive CIP: 3¢ DFP: 460¢
GEN: 2.1* DIBI: 0.2°
CST: 1.7+
Staphylococcus ATCC43300 | MRSA AMP: 92¢ DFP: 287¢
aureus Multiple Resistance DIBI: 0.2¢
ATCC25923 | Sensitive AMP: 2.0 DFP: 287¢
MUP: 0.5¢ DIBI: 0.2¢
CDC0563 MUP Resistant MUP: 1023h DIBI 0.2"
CDC0563- MUP Sensitive MUP: 6" DIBI 0.2"
MupA plasmid-less clone
Candida albicans | LP1158-07 FLU Resistant FLU: >209! DIBI 0.2
96113 FLU Sensitive FLU: 1.6 DIBI 0.2
SC5314 FLU Sensitive FLU: 1.6 DFP: 1149
DIBI: 0.2

MIC (minimum inhibitory concentration), CIP (ciprofloxacin), GEN (gentamicin), CST (colistin),
AMP (ampicillin), MUP (mupirocin), FLU (fluconazole), DFP (deferiprone), DIBI (HPO
copolymer)

“Parquet et al. (2019)

"Ang et al. (2018)

‘Thompson et al. (2012)

dChhibber et al. (2014)

*Parquet et al. (2018)

Kang et al. (2011)

gSutherland et al. (1985)

hAllan et al. (2020)

iSavage et al. (2018)

shown for various microbial pathogens (both bacteria and fungi). These results
show the sensitivity to an iron chelator of a clinical microbial isolate with a known
(reported) antibiotic resistance (i.e., a high Minimum Inhibitory Concentration
(MIC) for the particular antibiotic) in comparison to the chelator sensitivity of a
related isolate with a known sensitivity to the same antibiotic (i.e., low MIC for the
particular antibiotic). These results underscore several important aspects of using
iron withdrawal as a therapy for antibiotic resistant microbial pathogens. In the case
of isogenic S. aureus isolates, either a gain or a loss of mupirocin resistance resulted
in no change in DIBI sensitivity and thus the iron requirement of the isolates.
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Importantly, the presence or absence of resistance to broadly different antibiotics
(i.e., different chemical classes of antibiotics) for broadly different microbes (both
Gram positive and Gram negative) did not reflect changes in iron needs based on
sensitivity to the hydroxypyridinone chelators tested.

The requirement of iron for growth has been tested and shown to be similar for
both antibiotic sensitive and antibiotic resistant microbes including for example,
isolates of C. albicans (Savage et al. 2018), S. aureus (Parquet et al. 2018) and
A. baumannii (Parquet et al. 2019). These studies have shown microbial growth
rates and response to iron are similar for antibiotic resistant isolates as compared to
their antibiotic sensitive sister isolates.

Based on these various results, iron dependence of pathogenic microbes includ-
ing antibiotic resistant isolates represent an Achilles’ heel for microbes. Exploiting
this susceptibility with new iron withdrawal agents that can complement innate host
iron withdrawal defenses has substantial potential to address our antibiotic resis-
tance infection problem.

8.6.3 Antibiotic Resistance, Persisters, Bacterial Stress
Response and Implications for Iron Withdrawal

Bacterial responses to antibiotic exposure have important implications for antibiotic
resistance development. Exposure of bacteria to antibiotics is known to trigger
emergence of antibiotic resistant persister cells which may represent a minor sub-
population of an originally present, resistant phenotype that becomes positively
enriched in the presence of the antibiotic (Michiels et al. 2016). Alternatively, anti-
biotic resistant persister Small Colony Variants (SCVs) can arise from accelerated
mutations triggered by DNA damage resulting from exposure to an antibiotic. This
response has been regarded as part of the generalized SOS stress response as
observed from stress caused by various agents (Torres-Barcelo et al. 2015;
Maslowska et al. 2019). Interestingly, intracellular free iron plays a role in the gen-
eration of Reactive Oxygen Species (ROS) but bacterial defense against ROS also
requires catalase and superoxide dismutase both of which are iron dependent
enzymes. Additionally, repair of DNA damage involves ribonucleotide reductase
which is another enzyme that is iron dependent for activity.

SCV isolates obtained from clinical specimens following treatment of infected
human patients with B-lactams and aminoglycosides often have menadione or
hemin auxotrophy, whereas thymidine auxotrophy is typically seen in SCVs from
patients treated with anti-folates (Proctor et al. 2014). Importantly, regardless of the
initial drug treatment which induced the SCV phenotype, these variants often have
cross resistance to other unrelated antibiotics due to their altered metabolism and
electron gradient deficiency (Proctor et al. 1998; Garcia et al. 2013; Richter
et al. 2017).
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Bactericidal antibiotics such as ciprofloxacin induce oxidative stress that can
damage iron sulfur clusters (Kohanski et al. 2007; Jensen et al. 2014). Substantial
evidence that ciprofloxacin induces mutations leading to resistance via ROS- and
iron dependent mechanisms has been obtained in E. coli, where Afur and AsodAB
knockout mutants, with loss of iron homeostasis control leading to accumulation of
intracellular iron, or loss of superoxide dismutase activity, respectively, both had
significantly higher rates of ciprofloxacin resistant mutations following ciprofloxa-
cin exposure compared to wild type (Méhi et al. 2014). Ciprofloxacin and related
fluoroquinoline antibiotic structures are known to bind iron (Kara et al. 1991; Heeb
etal. 2010) and could hypothetically bring ROS-reactive iron into the bacterial cyto-
plasm following uptake.

Ciprofloxacin has been shown to be mutagenic in S. aureus, increasing both
mutation rates and DNA recombination, via activation of RecA, which functions
directly in DNA repair, as well as auto cleavage of repressor molecule LexA, allow-
ing the induction of the SOS response, including the error prone UmuC type poly-
merase (Cirz et al. 2007; Schroder et al. 2013). Topoisomerase IV (GrlA) is the
primary target of ciprofloxacin in Gram positive bacteria, and this enzyme functions
in assisting DNA replication (along with DNA gyrase, the secondary CIP target).
Thus, interference with GrlA leads to DNA damage that requires repair (Heeb et al.
2010). RecA repairs DNA by binding damaged DNA, and forming a stabilized
nucleoprotein filament, which then acts as a template for repair, a process which is
made possible in Gram positive bacteria by AddAB (RecBCD in Gram negatives),
a nuclease which acts via an essential iron-sulfur cluster to bind DNA fragments
and yields the RecA substrate (Yeeles et al. 2009).

Implicitly the above mechanisms leading to antibiotic resistance would require
growth as well as metabolic and macromolecular synthesis activity and thus, would
require adequate supply of key iron dependent enzymes. Therefore, iron sequestra-
tion sufficient to limit the adequate supply of some or all of these key enzymes
might be expected to suppress these resistance mechanisms. However, there have
been conflicting reports in the literature as to the influence of iron supply and the
effects of iron chelators on both antibiotic activity and the formation of antibiotic
resistant persister cells (reviewed by Ezraty and Barras 2016). These authors have
pointed out the likely issues for these conflicting results stem from the different test-
ing methods utilized.

Previous studies have often used chelator addition testing where small molecule
iron chelators are added to ostensibly sequester iron in sifu to then test for the effects
on persister cell formation or +/— effects on antibiotic activity. We believe that this
approach of addition of small molecule chelators to cultures to sequester iron in situ
is problematic for a number of reasons. Small molecules including 2,2-dipyridyl,
bathophenanthroline-sulfonate, deferoxamine and deferiprone do chelate iron but
these are either relatively poor at inhibiting microbial growth, i.e., requiring rather
high concentrations or, are totally ineffective at sequestering bio-available iron as
measured by their effects on microbial growth restriction (see above Sect. 8.4.5).
This problem has been demonstrated for Candida albicans (Holbein and Mira de
Ordufia 2010; Savage et al. 2018) and for various bacteria (Ang et al. 2018;
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Thompson et al. 2012). Our view is that in situ chelation of iron with small molecule
chelators that can readily enter microbial cells, i.e., those mentioned above, may not
appropriately restrict iron availability to microbes and the results from their use
should be interpreted with caution.

An alternate approach has been referred to as the medium approach (Ezraty and
Barras 2016) and this has provided quite different results from the chelator addition
approach. However, this too has recognized issues because Chelex-100 resin as has
often been used to extract and physically remove iron from culture medium is not
iron specific and is known to also affect various other trace essential metals.

We have overcome the above issues using two alternative approaches both of
which employ novel chemically related iron selective 3-hydroxypyridin-4-one-
functionalized chelating polymers. 3-Hydroxypyridin-4-one chelators are more
specific for iron than imidodiacetate chelators such as EDTA and its chemical
cousin resins, e.g., Chelex-100. For our first approach, a medium extraction based
approach, FEC-1, a hydrophilic but water insoluble macroreticular resin, is used to
selectively remove iron from the culture medium. The utility of this ex sifu approach
has been demonstrated by growth restoration upon re-addition of only iron to FEC-1
extracted media that would not otherwise support growth for C. albicans (Holbein
and Mira de Ordufa 2010), S. aureus (Parquet et al. 2018) and A. baumannii
(Parquet et al. 2019). Our second approach employs use of FEC-1’s close chemical
cousin, DIBI which in contrast, is water soluble but being 9 kDa M,, cannot readily
enter microbial cells. Thus, DIBI addition provides in situ iron sequestration as a
soluble extracellular iron sink. DIBI has been shown to be >1000X more growth
inhibitory than deferiprone, for example, only 0.2 uM DIBI was growth inhibitory
for A. baumannii in contrast to deferiprone which required 575 pM for growth inhi-
bition (Ang et al. 2018). DIBI at low concentrations has been shown not to interfere
with antibiotic activity but rather it synergistically enhances activity of various anti-
biotics. Also, of significance is DIBI suppresses regrowth of antibiotic exposed
bacteria.

8.7 Iron Withdrawal Is Effective for Antibiotic
Resistant Microbes

8.7.1 Iron Chelators Inhibit Both Antibiotic Sensitive
and Resistant Microbial Pathogens

A key requirement for the use of iron chelators against antibiotic resistant microbial
pathogens is the need for adequate activity against these pathogens. Various iron
chelators have been tested for their anti-microbial activities as reviewed in Sect. 8.4.
However, in many of the studies reported the antibiotic resistance profiles of the test
microorganisms were not reported and importantly, useful comparative results for a
comparable antibiotic sensitive isolate were often not available. Synthetic
hydroxypyridinone chelators have shown the most promise as new antimicrobials as
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was discussed in Sect. 8.5.1. Table 8.4 summarizes the reported sensitivities of vari-
ous microbes to this class of chelators along with known (tested) antibiotic resis-
tance attributes of the isolate tested. Both Minimum Inhibitory Concentration (MIC)
data for key antibiotics and for the chelators are summarized. Multiple Drug
Resistant (MDR) A. baumannii isolates had in vitro sensitivities to low M,, deferi-
prone (DFP) or to polymeric DIBI that were quite similar to those found for compa-
rable antibiotic sensitive strains, tested under similar conditions. Important in this
regard, is that resistance or sensitivity to members of widely different chemical
classes of antibiotics, including fluoroquinolines (ciprofloxacin, CIP), aminoglyco-
sides (gentamicin, GEN), polymyxins (colistin, CST), f-lactams (ampicillin, AMP),
carboxylic acids (mupirocin, MUP) and azoles (fluconazole, FLU) for important
Gram negative, Gram positive and fungal pathogens did not reflect significant dif-
ferences in sensitivity to iron withdrawal by these hydroxypyridinone chelators.
Thus, it appears that resistance to particular or to multiple antibiotics does not indi-
cate altered microbial iron requirements or loss of sensitivity to iron withdrawal,
i.e., through possible cross resistance to the chelators. Studies with other hydroxypyr-
idinone class chelators including small molecule hexadentate monomers and their
corresponding polymers indicate this aspect will likely hold true for additional bac-
terial pathogens including the Enterobacteriaceae (Zhou et al. 2015a, b).
Unfortunately, the possible resistance characteristics of the additional bacterial spe-
cies as tested by these authors were not reported and the needed comparison data to
their antibiotic sensitive cohorts were not reported.

Based on the available evidence it appears reasonable to conclude that antibiotic
resistant microbes have similar iron needs and thus, they will have similar sensitiv-
ity to iron withdrawal agents as their antibiotic sensitive counterparts.

8.7.2 Iron Chelators Suppress Infection from Antibiotic
Resistant Microbes

Another key requirement for iron withdrawal agents regarding their potential use as
anti-infective alternatives to antibiotics is their ability to suppress infection as
caused by antibiotic resistant microbes, i.e. in addition to any demonstrated in vitro
activity. This key aspect has seen only limited study to date, but a number of recent
studies have demonstrated that novel chelators do possess useful in vivo anti-
infective activities against antibiotic resistant pathogens. Fig. 8.12 summarizes find-
ings from several such studies. The hydroxypyridinone DIBI has been shown to
suppress both wound and nares topical infection with antibiotic resistant S. aureus
in mice with 2 days of topical treatment (i.e., DIBI application to the wound or
intranasally respectively) at approximately 10 pmol/kg per day. The wound infec-
tion model utilized for this study was first established to validate fusidic acid effi-
cacy (Kugelberg et al. 2005) and the results with DIBI showed comparable bacterial
burden reductions to that reported by these authors for fusidic acid. The nares
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Fig. 8.12 Iron chelators suppress infection from both Gram positive and Gram negative antibiotic
resistant bacteria

Mice infected topically with antibiotic resistant MRSA S. aureus ATCC 43300 on either skin
wounds or on their anterior nares were treated with the chelator DIBI as described previously
(Parquet et al. 2018) and bacterial burdens after 5 days were compared to sham treated (vehicle
treated only) groups. The stars show significant reductions in bacterial burdens compared to the
sham treatment. Mice infected intranasally with A. baumannii antibiotic resistant isolate LAC4 to
initiate pneumonia followed by septicemia as reported by Parquet et al. (2019) were treated intra-
nasally once with DIBI or sham treated with only vehicle and bacterial burdens after 24 h infection
were determined for both lungs and spleens. The stars show significant reductions in bacterial
burdens compared to the sham treatment. In other testing reported by Luo et al. (2014) mice were
injected intravenously with S. aureus MRSA antibiotic resistant isolate LAC300 to initiate a sys-
temic infection and bacterial burdens in kidneys and spleens were compared in groups treated with
either Deferasirox (DEF) or placebo (sham treated). In those studies, DEF tended to reduce bacte-
rial burdens but the results were not found to be statistically significant (the results as graphed are
based only on estimates of bacterial burdens taken from the Luo publication). All these various
infection studies show that iron chelators on their own can suppress infection for various antibiotic
resistant bacterial infections

carriage model utilized was described by Chhibber et al. (2014) and DIBI was found
to reduce nares burdens comparably or better than that reported for mupirocin, not-
ing mupirocin is currently clinically used in man for decolonization of MRSA
(Humphreys et al. 2016). Reductions of MRSA bacterial burdens with these discrete
infections, i.e., in different body compartments of BALB/C mice, were significant
as compared to sham treated controls. Separately, deferasirox (DEF) has been
shown to suppress experimental systemic infection in mice caused by antibiotic
resistant S. aureus MRSA including a vancomycin (VAN) resistant clinical isolate
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(Luo et al. 2014). A 2-day intravenous treatment course with approximately
10 pmol/kg/day deferasirox resulted in a reduced (although not statistically signifi-
cant) bacterial burden in both kidneys and spleens of infected mice (Fig. 8.12).
Consistent with these various studies, S. aureus has been shown to upregulate its
iron acquisition mechanisms during growth in the nares (Chaves-Moreno et al.
2016) and during systemic infection (Bacconi et al. 2017).

In a separate study of experimental pneumonia/septicemia in BALB/C mice
caused by intranasal introduction of a hypervirulent antibiotic resistant isolate of
A. baumannii DIBI reductions of A. baumannii bacterial burdens in both the lung
and spleen (see Fig. 8.12) were comparable to those obtained with tigecycline
(TGC) an antibiotic to which this isolate is highly susceptible (Parquet et al. 2019).
Importantly, A. baumannii has also been shown to upregulate its iron acquisition
systems during infection (Gaddy et al. 2012) indicating iron supply is important to
this infection.

These various infection studies with antibiotic resistant bacteria demonstrate that
growth of these bacteria during infection is at least partially iron restricted by host
iron withdrawal defenses causing these pathogens to upregulate their iron acquisi-
tion mechanisms and in turn ensuring their sensitivity to iron sequestering chelator
addition. Given the findings that iron chelators such as deferasirox or hydroxypyr-
idinones suppress infection, it seems reasonable that these chelators might play a
role in bolstering natural innate iron withdrawal defense mechanisms to various
other infections.

8.7.3 Antimicrobial Iron Chelators Do Not Impede But Can
Enhance Antibiotic Activities

Yet another important aspect in considering the use of iron withdrawal chelators as
alternatives to antibiotics is that these, if co-administered with conventional antibi-
otics, should not interfere with the activities of antibiotics. A clear additional benefit
would be that chelators through withdrawing microbial iron supplies would improve
the activities of conventional antibiotics including towards antibiotic resistant iso-
lates. These desired attributes have now been demonstrated in various studies.

Some of the first convincing evidence that iron withdrawal agents would not
interfere but rather could positively affect antibiotic action for antibiotic resistant
isolates was in relation to lactoferrin, the host iron binding defense protein for
S. aureus isolates from bovine mastitis. Diarra et al. (2002) demonstrated that lacto-
ferrin as naturally found in mammary and other body mucosal secretions, synergis-
tically improved the activity of penicillin including against penicillin resistant
isolates. This suggested a potential therapeutic use of lactoferrin along with antibi-
otics to treat bovine mastitis and this showed clinical promise (Lacasse et al. 2008).
However, clinical use of lactoferrin (or other transferrin class proteins) has yet to
prove practical, possibly due to issues related to larger scale collection and purifica-
tion for use in man or other animals.



294 B. E. Holbein et al.

Synthetic chelators do offer better potential for large scale and more cost-
effective production as well as for more robust safety and quality assurance. In this
regard, studies by Moreau—Marquis et al. (2009) demonstrated that either of the
clinically approved iron chelators deferoxamine (DFO) or deferasirox (DEF) in
combination with tobramycin resulted in a 90% reduction in biofilm growth of anti-
biotic resistant P. aeruginosa while none of these agents were fully effective on their
own. In addition, using checkerboard plate cross titration assays, Zarember et al.
(2009) showed deferiprone (DFP) synergized in growth inhibition activity with
ketoconazole against Aspergillus fumigatus. Novel hydroxypyridinone iron chela-
tors such as MRH7 have also been shown to enhance antibacterial activity of etham-
butol for Mycobacterium avium growing in macrophages, suggesting a potential for
iron chelators to also address intracellular bacterial infections (Moniz et al. 2015).

To conclude as to a useful synergy between an iron chelator (or any other adjunct)
with an antibiotic(s) the gold standard test is the time/kill kinetic assay as typically
applied to test bactericidal antibiotics. In these tests, a somewhat reduced concen-
tration of antibiotic or test chelator are typically used separately, i.e., so that each
agent on its own does not provide complete killing when added to a relatively high
number of rapidly growing log phase bacterial cells. This testing approach then
allows a better assessment of the combined agent affects. It is important to note that
while many antibiotics are bactericidal in action, chelators are fundamentally differ-
ent in action. Chelators are not primarily bactericidal but deny access to growth
essential iron and therefore killing by these agents would be delayed compared to
bactericidal antibiotics and later, due to iron insufficiency, bacterial death would
likely result from physiological apoptosis.

Both clinically approved DEF and hydroxypyridinone DIBI have been shown
not to interfere with but to synergistically enhance antibiotic killing activity against
various antibiotic resistant bacteria as discussed below. To allow a better apprecia-
tion of these kinetic kill studies, an example using gentamicin (GEN) with A. bau-
mannii is shown in Fig. 8.13 (results as adapted from Parquet et al. 2019). Note for
this testing, GEN was added at 1 XMIC (i.e., at GEN minimum inhibitory concen-
tration) and on its own this provided only partial initial killing followed by strong
recovery growth to near control bacterial colony forming units (CFU)/mL by 24 h.

Importantly, this recovery growth phenomenon following antibiotic exposure has
clinical relevance in relation to the development of antibiotic resistance. Antibiotics
are usually administered at a relatively high dose, i.e., multiple of MIC but later
during a treatment course, due to antibiotic clearance etc., concentrations can wane.
Thus, if bacterial survivors are present under these conditions, they can more likely
regrow. Additionally, this condition of suboptimal antibiotic concentration would
favour selection and outgrowth of antibiotic resistant survivors.

Thus, while synergistic activity providing additional initial killing is important, the
possible prevention of survivor regrowth following antibiotic exposure is also very
important. In the example shown in Fig. 8.13 the chelator DIBI was also tested at a
low concentration that was insufficient on its own to fully arrest growth of the rapidly
dividing log phase cells, noting that the initial high number of bacterial cells would
have been iron-replete and therefore iron withdrawal would be expected to ensue only
after some continued growth/replication. However, the addition of both GEN and
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Fig. 8.13 Example of a time kill kinetic assay showing chelator enhancement of antibiotic killing
and prevention of survivor re-growth

A. baumannii ATCC17978 which is sensitive to the aminoglycoside Gentamicin (GEN) (Minimum
Inhibitory Concentration (MIC) = 1 pg/mL) was exposed to 0.5 pg/mL GEN (i.e., ¥2 MIC) and this
caused only partial killing of the population followed by rapid recovery growth that reached near
untreated control Colony Forming Units (CFU) levels by 24 h of exposure. The DIBI concentration
used in this experiment was 20 pg/mL and this on its own did not affect total CFU by 24 h. It
should be noted that a large rapidly growing iron replete bacterial population had been introduced
at 0 h and gross effects of DIBI on bacterial numbers would not be expected under these test condi-
tions. However, this DIBI treatment exhibited effects of iron withdrawal as evident when DIBI was
applied in combination with GEN. The GEN/DIBI combination resulted in extensive and contin-
ued bacterial killing with no detectable CFU remaining at 24 h exposure. (Results adapted from
Parquet et al. 2019)

DIBI showed a strong synergistic activity of the two agents with the combination
providing continued killing which was complete by 24 h (no detectable CFU at 24 h).
The 24 h measurement point in a time/kill assay also has significance as it is
generally accepted (i.e., defined by the American Society for Microbiology) that
synergy of two anti-infectives is confirmed if there is > 2 log CFU reduction pro-
vided by the combination by 24 h incubation, i.e., as compared to untreated control
or to individual agent related CFU reductions at 24 h. In the example in Fig. 8.13,
the combination of GEN+DIBI resulted in a >8 log reduction in bacterial CFU by
24 h. Note, had the combination proved to be antagonistic, then survivor/growth for
the combination would have been higher than those for either GEN or DIBI alone.
Similar patterns of time/kill responses have been reported for MRSA using VAN
and DEF (Luo et al. 2014), for Vibrio vulnificus using ciprofloxacin (CIP) and DEF
(Neupane and Kim 2010), for A. baumannii using DIBI with various other antibiot-
ics (Parquet et al. 2019) and for S. aureus using DIBI with various antibiotics
(Parquet et al. 2018). The ability of different iron chelators to synergize with various
antibiotics, i.e., as representative of various chemically distinct classes and for dif-
ferent genera of bacteria is of broad significance. We have summarized various find-
ings demonstrating this in Table 8.5. Importantly, in all the cases tested, DEF or DIBI
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did not impede antibiotic killing but typically improved or extended the antibiotic
killing phase. When either DEF or DIBI was present with these various antibiotics,
recovery growth was also greatly suppressed, noting that recovery growth was typi-
cally observed with only antibiotic exposure. Among the results above, killing with
the chelator/antibiotic combinations was not always complete by 24 h but the com-
bination treatment typically strongly restricted recovery. For some isolates (includ-
ing antibiotic sensitive ones), the antibiotic/chelator pairs exhibited a less pronounced
synergy (log;(CFU reduction >1 but <2) but antagonism was not found for any. The
reader is encouraged to review the various time/kill results provided in these various
studies given the importance of the synergistic interactions of iron chelators with
conventionally used antibiotics.

On the basis of the various results summarized in Table 8.5 and results from
other investigations mentioned above, new therapeutics that function to withdraw
microbial iron have high potential to work in conjunction with conventional antibi-
otics for improving antibiotic responses, including against antibiotic resistant bac-
teria. There is also an important potential benefit for these chelator/antibiotic
combinations as to reducing the very conditions that promote the opportunity for
developing antibiotic resistance during infection. This important latter aspect is fur-
ther discussed in future prospects below.

8.8 Prospects and Future Directions

New generation iron chelators especially those with 3-hydroxypyridin-4-one func-
tionality have excellent potential to become stand-alone anti-infectives. Many of
those proposed to date have yet to be adequately tested in vitro let alone for their in
vivo antimicrobial efficacy or for their host toxicity and hopefully, such studies will
now be forthcoming. Among the various candidates, the novel hydroxypyridinone
copolymer, DIBI, has seen substantial development and has demonstrated a low
toxicity profile for animals. It like other synthetic chelators such as deferasirox also
appears to complement and boost the host’s natural iron withdrawal defense mecha-
nisms during various microbial infections. The prospect for microbes developing
resistance to iron sequestering agents seems highly unlikely. Iron is not substitut-
able in an array of discrete iron dependent enzymes, these being irreplaceably
needed by microbes. Genes for microbial siderophore production are generally
chromosomal and not plasmid carried and there are many discrete genes needed to
elaborate the complex siderophore chemical structures shown in this chapter.
Interestingly, in this regard testing with DIBI has shown no evidence for resistance
development to DIBI after multiple growth passages in the presence of a partially
inhibitory concentration of DIBI that restricted but yet still permitted slowed growth
of S. aureus (Allan et al. 2020). The various attributes of these novel chelators open
the prospects for using new agents such as DIBI in several different therapeutic
contexts and for various infections.
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8.8.1 Prophylactics for Human Infection

Prophylactic decolonization of MRSA with mupirocin (MUP) for hospitalized
patients is already employed and it has demonstrated a reduced incidence of post-
operative infection (Humphreys et al. 2016). However, wider use of MUP has led to
increased incidence of MUP resistance (Antonov et al. 2015) and therefore, it would
be desirable to obtain clearance of staphylococci with alternative agents avoiding
MUP. Recent studies (Allan et al. 2020) have shown that DIBI performs as well as
mupirocin for experimental nares clearance of S. aureus in mice, providing proof of
concept of it as an alternate to mupirocin for prophylactic decolonization of
the nares.

8.8.2 Adjuncts with Antibiotics

Iron chelators have been shown to enhance antibiotic activity, with both deferasirox
(DEF) and DIBI showing ability to synergistically enhance antibiotic activity in
vitro and in vivo. Thus, DEF, DIBI and possibly other new antimicrobial chelators
now in development have potential to serve as adjuncts to various conventional
antibiotics. Such new adjunct formulations of existing antibiotics might serve to
extend the usage life of conventional antibiotics and help address treatment needs
for antibiotic resistant infections.

8.8.3 Suppression of Antibiotic Resistance Formation
and Transfer

As was discussed above in Sect. 8.6.3, antibiotic resistant survivors and persister
cells pose a significant problem with antibiotic therapy. For example, staphylococ-
cal Small Colony Variants (SCVs) have been identified in various recurrent nosoco-
mial infections (Onyango and Alreshidi 2018). SCVs can occur naturally as a slow
growing bacterial subpopulation that displays antibiotic resistance and these can
persist and grow in the presence of antibiotic therapy. SCVs also arise in response
to oxidative stress or from antibiotics that induce DNA damage such as ciprofloxa-
cin (Painter et al. 2015; Acker and Coenye 2017). Because iron chelators suppress
microbial recovery growth following antibiotic exposure, they can be expected to
impact outgrowth of antibiotic resistant clones including antibiotic resistant per-
sister cells and SCV survivors.

Given the suppression of recovery growth observed when iron chelators such as
DIBI are present with antibiotics; we have carried out preliminary studies (unpub-
lished results) as to the effects of DIBI on antibiotic resistant SCV formation.
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S. aureus ATCC25923 treated with ciprofloxacin (CIP) at 2XMIC (Minimum
Inhibitory Concentration) to provide a substantial initial killing was then incubated
for up to 96 h for periodic sampling of survivor growth. The survivor population
became progressively enriched in SCVs as identified by their pin-point colony mor-
phology on blood agar. These SCV clones were phenotypically stable following
re-growth on blood agar containing no antibiotic, taking 48 h to produce visible
isolated colonies (24 h longer than normal), suggesting that a genetic mutation had
occurred. When DIBI was present alone or with CIP, few if any SCVs were recov-
ered. Six clones from each test condition were then tested for their MICs to CIP,
DIBI, and to other antibiotics, The CIP induced SCVs were found to have CIP MICs
in the range of 1-2 pg/mL, i.e., representing a 4- to 16-fold increase in the MIC of
the untreated control clones and therefore possessing CIP resistance. Interesting, the
survivor population from the DIBI/CIP treatment was not enriched in SCVs and
these survivor clones had normal CIP sensitivity. In addition, DIBI on its own did
not result in any SCVs with survivors at 96 h showing normal colony morphology
and normal CIP sensitivity. Interestingly, all the clones tested at 96 h regardless of
the treatment applied, showed unaltered DIBI sensitivity, demonstrating no appar-
ent formation of DIBI resistance when tested on its own or when with CIP. These
encouraging studies are being pursued given their potential importance.

Interestingly, there appears to be a possible iron related basis for these findings.
The polyphenolic flavonoid baicalein has been shown to significantly lower cipro-
floxacin induced mutations, and to reduce RecA/LexA/UmuC expression, ROS
generation, and ATP production (Peng et al. 2011). Baicalein acts a direct scavenger
of radicals, and has antimicrobial effect attributed to inhibition of ATP synthase
(Peng et al. 2011) but has also been characterized as an iron chelator that can form
stable, inert complexes (Perez et al. 2009). Thus, a more effective iron chelator such
as DIBI may have similar or stronger suppressing effects on ciprofloxacin induced
mutations. Significantly, interference or inhibition of RecA has been proposed as an
important strategic target for drug discovery to prevent repair of DNA damage
induced by antibiotic treatment (Kohanski et al. 2007), so this potential mechanism
of iron chelators warrants further confirmation and molecular characterization. It
would be interesting to see if other iron withdrawing chelators also supress SCV
formation given the potential benefit of preventing SCV or persister antibiotic resis-
tance formation.

Horizontal transfer of antibiotic resistance genetic material by extrachromo-
somal DNA elements is a major mechanism for bacterial antibiotic resistance acqui-
sition and spread in bacteria. For example, S. aureus antibiotic resistance genes are
typically located on mobile genetic elements, particularly plasmids (Juhas 2015).
Remarkably, plasmids examined from many strains isolated decades apart and on
different continents appear to fall into three main families with high (98%) core
homology, suggesting selective pressure has optimized plasmid content (Shearer
et al. 2011). However, carrying plasmids is also known to present a fitness cost to a
pathogen, i.e., in the absence of antibiotic exposure there is a tendency to shed plas-
mids to regain a fitness competitive growth edge (Peacock and Paterson 2014).
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We hypothesized that appropriate iron withdrawal by novel chelators might
increase (exacerbate) fitness costs for plasmid carrying antibiotic resistant bacte-
ria and thus, might encourage plasmid loss. We have carried out simple prelimi-
nary testing to assess if DIBI exposure during bacterial growth might promote
plasmid loss. Our testing with high level mupirocin resistant (MUP-A plasmid
borne) MRSA isolates has shown that growth in a sub-inhibitory concentration of
DIBI provides a slowed iron restricted growth and it does induce loss of the
MUP-A plasmid at an elevated rate (unpublished results). These promising results
warrant further investigation with other novel chelators, additional plasmid carry-
ing antibiotic resistant isolates and with other bacteria, for example, A. baumannii
carrying carbapenem resistance genes on plasmids. Should an iron chelator
encourage plasmid antibiotic resistance loss or interfere with plasmid transfer it
would open an important additional avenue to tackle antibiotic resistance in
microbial pathogens.

8.8.4 Sepsis Therapy

Clinical treatment of sepsis is challenging for two reasons. First, antibiotic
resistance of bacteria is increasing and along with this, incidence of sepsis is
mounting as well. More concerning is until now there is no approved therapy
available to treat the dysregulated immune response in sepsis. The only ever
approved drug for sepsis therapy (drotrecogin alpha (activated) — Xigris®) was
withdrawn from the market in 2011 (Marti-Carvajal et al. 2011). Therefore,
there is a large unmet need to improve the outcome of this deadly disease.
Preclinical data suggest promise for including iron sequestration agents in the
therapy of sepsis in order to reduce bacterial growth, overcome antibiotic resis-
tance, and dampen hyper-inflammatory Reactive Oxygen Species (ROS) pro-
duction and tissue damage (Thorburn et al. 2017). However, the concept of
reducing iron levels by iron sequestration agents often raises concerns by physi-
cians and their patients, since physiologic iron levels are generally considered
to be requires and optimal for health. However, we believe this may not apply
for life-threatening conditions such as sepsis. Based on the available preclinical
data, the combination of antibiotics and iron chelators has synergistic effects to
fight infection and improve the immune response in sepsis (Islam et al. 2016).
In addition, there is no doubt that under iron overload conditions, iron chelation
is beneficial to reduce the risk of infections in humans (Schaible and Kaufmann
2004). Furthermore, because of the increased infection risk in the surgical
patient, we encourage further investigation and development of iron sequestra-
tion agents in the perioperative prophylaxis regimen for infections.
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8.9 Conclusions

The iron requirements and iron acquisition mechanisms of microbial pathogens are
relatively distinct from antibiotic activity and antibiotic resistance mechanisms.
These features provide the foundations for using iron withdrawal by iron sequester-
ing chelators as a therapeutic means to suppress pathogen growth and address anti-
biotic resistant infection. Conventional clinically used iron chelators that were
developed to treat hematological disorders in humans are not well suited for use as
anti-infectives due to their limited antimicrobial activity and potential host toxicity
issues. However, novel purpose designed antimicrobial higher molecular weight
chelators based on 3-hydroxypyridin-4-one functionality can overcome these issues
by primarily addressing iron pools that are accessed by microbes during infection
and also by bolstering the innate host iron withdrawal mechanisms as already trig-
gered to fight infection and without undue upset to overall host iron homeostasis.
Furthermore, iron withdrawal antimicrobial chelators can enhance activities of con-
ventional antibiotics extending their utility including for treatment of antibiotic
resistant infections.

8.10 Dedication

This chapter is dedicated to the memory of Eugene D. Weinberg, Ph.D. (1922-2019).
Gene was the father of iron and infection studies. His foundational review “Iron in
Infection” (Weinberg 1978) spurred interest for research into pathogenesis and iron
in many laboratories around the world and he was a mentor and friend to many.
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Phage Biotechnology to Mitigate
Antimicrobial Resistance in Agriculture

Aruni Premaratne, Hui Zhang, Ran Wang, Nalini Chinivasagam,
and Craig Billington

Abstract The prevalence of key antibiotic resistant bacteria was reported by the
World Health Organization in 2014 and they found very high rates of resistance in
all regions of the globe. The United States Centres for Disease Control has also
estimated that 20% of the two million antibiotic resistant infections in the US are
linked to agricultural use. Antibiotics provide a vital function in reducing mortality
in humans and animals, so their efficacy must be protected by coordinated action
across multiple sectors, including agriculture. Alongside better antibiotic steward-
ship, a key to achieving this goal must be the development of new antimicrobial
agents. For agriculture, a renewed focus on intensification, food security and
reduced food loss also provide additional pressures on controlling bacterial infec-
tions and spoilage. Here, we discuss the potential of a new class of antimicrobial
agents, phages, as a replacement or supplement, to some of the conventional antibi-
otics currently used in agriculture. We show that phages have many of the desirable
properties needed to control bacterial diseases in agriculture including efficacy, low
levels of resistance, lack of cross-resistance to antibiotics, biodegradability and nar-
row target range.

In poultry, studies of Campylobacter and Salmonella biocontrol have demon-
strated that optimal timing for phage application is likely 24—48 h prior to slaughter,
up to 5 log reductions in caecal counts may be achieved, and that phage resistance
is low and transient. Use of phages in market swine has shown that they are able to
reduce Salmonella carriage in tonsils and caeca by up to 3 logs and reduce overall
carriage by 50%. Reductions in the shedding of Clostridium and E. coli in piglets
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have also been observed following phage application. Phages have shown efficacy
in reducing Staphylococcus aureus infections in mouse models of mastitis and
have reduced disease progression by up to 81% in cows’ udders. Calves were
protected from diarrhoea onset and death due to E. coli and Salmonella infection
where phages were administered. Complete suppression of wilting was observed
when phages were applied to tomato and a 50% reduction when applied in rice wilt.
For soft rot disease associated with potatoes, a 94% reduction in rotten tissue
was seen in plants treated with phages. Up to 90% reductions in Erwinia were
achieved with phage treatment of flowers for fireblight. Additionally, the use of
phages may provide new opportunities to agricultural industries to control
pathogens not currently effectively controlled by antibiotics or other treatments.
However, it is evident that application of phages to each system needs to be tailored
and optimised, and that some systems are more challenging for phage use than
others (e.g. poultry appear more suited than beef cattle). Whilst there are few phage
products available currently, it is likely we will see a rapid rise in their use in the
coming years.

Keywords Phage - Biocontrol - Agriculture - Biotechnology - Antimicrobial
resistance - Poultry - Pigs - Cattle - Plant disease - One health

9.1 Introduction

The World Health Organization (WHO) reported the prevalence of key antibiotic
resistant bacteria of international concern in 2014 and found very high rates of resis-
tance (up to 84% of isolates for methicillin, 49% for fluoroquinolones, 81% for third
generation cephalosporins, and 60% for penicillin) in all regions of the globe (World
Health Organisation 2014). The US Centres for Disease Control (CDC) has also
estimated that 20% of the two million antibiotic resistant infections in the US are
linked to agricultural use (ASM 2019). The global impact of antibiotic resistance
has been estimated to cause up to ten million deaths and cost US$100 trillion by
2050, if left unchecked (MacLean and San Millan 2019).

In late 2016, in response to this extraordinary crisis, the United Nations General
Assembly called upon the WHO, the Food and Agriculture Organization of the
United Nations (FAO), and the World Organisation for Animal Health to develop a
global stewardship and development framework (World Health Organisation 2017).
This call recognized the need to co-ordinate action against antimicrobial resistance
in agriculture, animals, humans and the environment in a “One Health” approach
(Mwangi et al. 2016).

However, the use of antimicrobials such as antibiotics cannot simply be stopped
as they provide a vital function in reducing mortality in humans and animals. One
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of the crucial recommendations in the WHO draft framework, therefore, was to
develop new antimicrobial agents for use in agriculture and other sectors. Here, we
discuss the potential of a new class of antimicrobial agents, bacteriophages (phages),
as a replacement or supplement, to some of the conventional antibiotics currently
used in agriculture. Moreover, the use of phages may provide new opportunities to
agricultural industries to control pathogens not currently effectively controlled by
antibiotics or other treatments.

Phages are viruses that specifically infect and multiply in bacteria and are prob-
ably the most numerous organisms on the planet. Most of them belong to the order
Caudovirales and possess an icosahedral head, a tail and double stranded
DNA. Depending on their lifestyle, phages can be classified as either virulent and
temperate. Virulent phages obligately follow a lytic cycle that involves multiplica-
tion within the bacterial cell and then lysis of the cell wall to release progeny phage.
Temperate phages can insert their DNA into the bacterial host genome, or plasmids,
and replicate until induction of the lytic cycle, which is usually caused by cellular
stress (Garcia et al. 2010; Rivas et al. 2010; Love et al. 2018).

Infection of the bacterial cell is mediated by phage tail anti receptors that recog-
nize specific bacterial cell wall receptors. After adsorption to the cell, phages eject
their DNA into the cell where is transcribed and translated by host cell enzymes.
Phage enzymes then harness cell resources to produce daughter phages. Near the
end of the replicative cycle phage enzymes (endolysins) are produced which lyse
the cell wall from within to release the newly formed particles. It is this cell lysis
which gives phages an ability to kill bacteria and act as antimicrobials. Unlike con-
ventional antimicrobials, one phage can produce up to several hundred daughter
phages per cell so there is an amplification of the antimicrobial activity (Garcia
et al. 2010; Rivas et al. 2010; Love et al. 2018). An illustration of the phage lytic
cycle is shown in Fig. 9.1.

Since their discovery at the turn of the twentieth century, phages were used to
treat bacterial infections. Firstly, this was human patients suffering dysentery and
later to treat wounds both in the battlefield and in civilian life. The political compli-
cations following the Second World War left Eastern countries with limited supplies
of antibiotics, which further spurred phage research, particularly in what is now The
Republic of Georgia. The success of antibiotics during the post-war years meant
phage research was limited in Western countries (Briissow 2005). More recently,
phages have been used to treat agricultural animal diseases (Smith and Huggins
1983) and this growing interest in the use of phages has now been spurred on again
by the emergence of antibiotic resistance.

The scope of potential uses of phages as alternatives to antibiotics for the control
of bacteria in agriculture and food production is vast. So, to limit the size of this
article we have chosen to not discuss the use of phages in aquaculture and posthar-
vest food safety and to exclude discussion of phage endolysins. If the reader is
interested in these topics, then other recent reviews are available (Garcia et al. 2010;
Defoirdt et al. 2011; Love et al. 2018).
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Fig. 9.1 The virulent phage lytic lifecycle. Lytic life cycle of a virulent tailed phage (not to
scale). (1) phage nears the bacterial cell; (2) phage contacts and binds to cell receptors; (3) phage
binds irreversibly and ejects nucleic acid into the cell, where it is transcribed and translated; (4)
numerous progeny phages are assembled; (5) endolysins degrade the bacterial cell wall releasing
progeny phages

9.2 Application of phages in Agriculture

9.2.1 Poultry

Campylobacter jejuni and selected Salmonella serovars play a major role in human
disease but colonise chickens with no deleterious effects on the bird (Shaughnessy
et al. 2009). Campylobacter is a commensal in poultry though the organism’s colo-
nisation pattern in commercial broilers is not well understood (Conlan et al. 2007),
thus controlling the organism in broiler flocks is a challenge. The organism’s preva-
lence in slaughter aged broiler flocks can reach 100% on selected farms (Sahin et al.
2015). Studies have estimated that a 3 log reduction in Campylobacter numbers in
the intestines of infected birds at slaughter, can contribute to a 90% reduction in
public health risks (Crotta et al. 2017). Thus, there is a need to address on-farm
Campylobacter control in an acceptable manner.

The leading Salmonella serovars of concern in the US are S. Enteritidis (45.7%)
and S. Typhimurium (15.8%) (European Food Safety Authority 2016). Some of
these serovars such as S. Enteritidis, S. Heidelberg (Foley et al. 2013) and
S. Typhimurium (Crabb et al. 2018) can be present in poultry. Routes for on-farm
transmission can be the hatchery (Stern 2008) or sources such as feed (Veldman
et al. 1995). A meta-analysis of European surveys for pathogen prevalence in poul-
try meat across 21 countries attributes 33% to Campylobacter and 7% to Salmonella
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(Goncalves-Tenorio et al. 2018). More specifically, the European Union States have
reported the highest number of Salmonella non-compliant samples to be of poultry
meat origin (5.1-6.8%) in comparison to table eggs (0.6%) (European Food Safety
Authority 2016).

Campylobacter is responsible for around 1.3 million infections in the USA, with
resistance to the common drug of choice for treatment — ciprofloxacin increasing
from 13% in 1997 to 25% in 2011 (Centers for Disease Control 2013). Non-
typhoidal Salmonella is responsible for 1.2 million illnesses in the USA, with resis-
tance to the antibiotics of choice ceftriaxone (3%), ciprofloxacin (3%) or multiple
classes of other drugs of relevance (5%) (Centers for Disease Control 2013).

Antibiotics are used on chicken farms (Mehdi et al. 2018). In the 1970s and
1980s, concerns about an increase in the antibiotic resistant Salmonella and
Campylobacter and multi drug resistant (MDR) forms of Salmonella and E. coli led
some countries to withdraw the use of antibiotics as growth promotants (Blackall
2019). Amongst other strategies, such as addressing public health, infection man-
agement and antibiotic stewardship, protecting the food supply at the farm or plant
level is a vital step (Centers for Disease Control 2013). Reducing pathogen entry to
the human food chain from intensively farmed poultry can play a contributory role
in addressing human disease risks from MDR pathogens.

The use of phages as a biocontrol agent on farmed poultry is an option to meet
this challenge. Phages are host specific, can replicate in the host and are a safe
option for controlling Campylobacter and Salmonella (Hudson et al. 2005). An
understanding of host concentrations and inactivation patterns for Salmonella and
Campylobacter in foods has been addressed (Bigwood et al. 2009b). Phages have
been shown to be commonly present in chicken and other foods indicating on-going
consumer exposure (Tsuei et al. 2007) and thus would likely be a safe and accept-
able option to be used with poultry. Connerton et al. (2011) in a review have high-
lighted the potential of using Campylobacter phages for broilers either on-farm or
on food, via bio-sanitisation, to reduce Campylobacter numbers. Overseas models
have suggested that phages have the greatest potential to reduce Campylobacter
levels in the live chicken (Havelaar et al. 2007). But, to date, there are no commer-
cial phage preparations against Campylobacter.

Research is on-going to achieve reductions in pathogen levels on farms for
Salmonella (Sukumaran et al. 2016; Grant et al. 2017) and Campylobacter
(Atterbury et al. 2003; Carrillo et al. 2005; El-Shibiny et al. 2009; Firlieyanti et al.
2016). Addressing pathogen levels on poultry farms can target the reduction of
pathogen numbers entering the food chain. Figure 9.2 illustrates potential pathways
for pathogen movement and points at which phage based interventions have been
adopted to enable the reduction of pathogen loads along the human food chain.
These include the use of phages at the hatchery (Salmonella), on-farm to reduce
colonisation (Campylobacter, Salmonella) also as a feed additive (Salmonella) or at
the plant as a carcass rise (Salmonella, Campylobacter) and finally in composted
dairy waste (Salmonella). These approaches collectively contribute to reducing
pathogen levels in a safe and sustainable manner.
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Fig. 9.2 Phage biocontrol at points of Campylobacter and Salmonella transmission in poultry
farm to humans. Reduce horizontal transfer of Salmonella from the incubator to hatchers (1)
using phage spray to fertile eggs (Henriques et al. 2013). Reduce bird colonisation (2) by phage
oral administration (Colom et al. 2015; Carvalho et al. 2010). Use phage as an alternative feed
additive (3) in their diet to improve growth (Kim et al. 2013). Reduce carcass contamination (4)

using phage spray/wash (Goode et al. 2003; Duc et al. 2018). Use phage to manage waste/compost
(5) to prevent reinfection (Heringa et al. 2010).

Campylobacter phages belong to the Myoviridae family with lytic phages from
two groupings, from a total of four, having proven application in poultry (Connerton
et al. 2011). The phages against Salmonella are lytic phages belonging to the
Myoviridae, Siphoviridae and Podoviridae families (Zhang et al. 2010; Hakdong
et al. 2012). The phage bacteria relationship is a natural association in the chicken
gut. Lower levels of Campylobacter have been shown to be naturally present in the
caeca of chickens (5.1 log CFU/g) in the presence of autochthonous Campylobacter
phages compared to those chickens lacking phages in the caeca (6.9 log CFU/g)
(Atterbury et al. 2005). Commercial broiler flock environments (Connerton et al.
2004) and free range poultry environments (Carrillo et al. 2007) are a source of
phages against either C. jejuni and/or C. coli. Environmentally exposed mature
organic birds (73 days) can also be a source of diverse phages (El-Shibiny et al.
2005). A diverse range of Campylobacter phages has been isolated from broilers
and their farming environments adopting conventional, free range and litter re-use
practices (Estella et al. 2015). Thus, Campylobacter phages are already a part of
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commercial farming and can likely form the basis for phage biocontrol in a safe and
acceptable manner.

In contrast to Campylobacter, where there are only two species of concern,
Salmonella has over 2600 serovars, a factor that needs consideration when consider-
ing phages suitable for biocontrol of the multiple Salmonella serovars which can be
present in poultry at one time (Rivera et al. 2018). To address this diversity, Rivera
et al. (2018) screened backyard poultry systems that had a history of Salmonella
infections and isolated phages with a wide host range. Lytic phages were isolated
from several sites, with S. Enteritidis proving to be a good host for phage isolation.
Free range poultry environments can be a source of Salmonella phages (Fiorentin
et al. 2004). Broad spectrum Salmonella phages have been isolated from sources
such as sewage which has a wider source input (Akhtar et al. 2014) and dairy farms
(Moreno Switt et al. 2013). Thus, as with Campylobacter, Salmonella phages can be
sourced from the farming environment to adopt more “natural” biocontrol options.

Two tables follow which summarise other relevant recent literature on phage
biocontrol on Campylobacter (Table 9.1) and Salmonella in poultry (Table 9.2),
each highlighting outcomes and potential areas or further work. Generally, this
work represents studies undertaken under controlled laboratory experimental condi-
tions. Some experiments under commercial farming conditions, which are the
minority, are also described.

The studies reviewed for poultry have provided an insight into the use of phages
as a biocontrol option to reduce the levels of both Salmonella and Campylobacter.
Unlike antibiotics, phage biocontrol has very specific targets and can achieve sig-
nificant reductions in pathogens, though repeatability and deployment can be chal-
lenging and so there is a need for ongoing research to exploit its full potential. For
poultry, future work should include a better understanding of phage resistance in the
bird gut and aspects of virulence genes (Kittler et al. 2013). Selection of phage
combinations that target a broad host range is another area that may require further
work (Fischer et al. 2013). The potential for phages to eradicate antibiotic resistant
strains is another area of interest (Janez et al. 2014). Scale-up of phage production
to commercial scale and the use of suitable strains capable of producing high phage
titres in a safe manner is another area that would require further work (Janez and
Loc-Carrillo 2013). Whilst studies suggest the administration of phages 2 days
before slaughter being the most effective, which also allows time for phage replica-
tion and minimises host resistance (El-Shibiny et al. 2009), there is a need for spe-
cific details of these options. The selection, timing and method of delivery are also
key factors for attaining successful phage therapy in chickens (Atterbury et al. 2007)
that need to be addressed for large commercial applications. Finally, before wide-
spread commercial use, there is a need for more trials in commercial farming envi-
ronments with naturally colonised birds (Janez et al. 2014).
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Table 9.1 Experimental and farm studies on Campylobacter biocontrol in chickens
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Experimental studies — Campylobacter

Model Bacteria Phage Outcome References
20 day C. jejuni (8 | 5,7 and 9 log | Highest reductions 24 h and 48 h after | Loc Carrillo
old log CFU) | PFU of 2 treatment. 0.5-5 log CFU/g reduction et al. (2005)
broilers phage cocktail | over 5 days. Low phage resistance
(day 25) (<4%) and resistant mutants are unfit
10 day C. jejuni (5 | 9-10 log PFU | Delayed colonisation Wagenaar
old log CFU) | of single et al. (2005)
chickens phage type
(days 7-10)
32 day C. jejuni (5 | 10-11 log Initial 3 log reduction. After 5 days, 1 Wagenaar
old log CFU) | PFU of 2 log less than control et al. (2005)
chickens phage cocktail
(for 6 days)
21 day C. jejuni (8 | Single phage | Phage resistance via genomic Scott et al.
old log CFU) | type, PFU not | rearrangements is transient and a fitness | (2007)
broilers stated (day 25) | cost to the organism
20 day C. jejuni or | 9 or 7log PFU | 2 log reduction in C. jejuni in 48 h with | El-Shibiny
old C. coli (8 | of single 7 log PFU phage dose. Higher dose (9 | et al. (2009)
broilers | log CFU) | phage type log PFU) needed for similar reduction of
C. coli. Isolates acquired low resistance
(2%). Group 2 phages have broad-
spectrum infective potential
Six day C. jejuni (4 | 71log PFU/ml | Phage cocktail and single phage Fischer
old chicks | log CFU/ | of 4 phage significantly reduced C. jejuni in weeks | et al. (2013)
ml) cocktail. 1-4. Maximum reduction2.8 log CFU/g.
Second group | observed resistance (43% single phage;
received a 249% cocktail) did not impact on C.
single phage | jejuni reductions. Phage persisted in
only birds up to 42 days
24 day C. jejuni (7 | 71log PFU of | 2.4 log CFU/g reduction in C. jejuni. Richards
old log CFU) | 2-phage Most effective 2 days post-treatment. et al. (2019)
chickens cocktail Selectively targeted Campylobacter and
no impact on other microbiota
Commercial on-farm study — Campylobacter
36-, Naturally | 5.8-7.5 Either reduction or no-effect on C. jejuni | Kittler et al.
32- & colonised |logPFU/bird | counts across 3 trials (days 1-4). (2013)
31 day by C. of 4 phage Significant reductions (>3.2 log in the
broilers | jejuni cocktail. caeca) in trial 1 at slaughter. Significant
reductions in trial 3, but group
contaminated by naturally occurring
phages. Recommended phage
application at 1-4 days prior to
slaughter
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Table 9.2 Experimental and farm studies of Salmonella biocontrol in chickens
Experimental studies — Salmonella
Host Bacteria Phage Outcome References
Day old S. Enteritidis 11 log PFU/bird of 3 3.5 fold reduction in S. Fiorentin
chicks via contact phage cocktail (day 7) | Enteritidis compared to et al.
birds (9-10 log control (day 5). Reductions | (2005)
CFU/g caeca continued at 10, 15, 20 and
by day 7) 25 days
Day old S. Enteritidis 8 log PFU/chick of Reductions in Salmonella | Andreatti
chicks (3.95log CFU/ | single phage type or 2 | at 24 h, but not 48 h. et al.
chick) phage cocktail (1 h Persistent reductions not (2007)
post-challenge) observed
Mature S. Enteritidis, |9 or 11 log PFU/bird of | S. Enteritidis reduced by Atterbury
birds S. Hadar, or S. | single phage type/bird. | >4.2 log CFU by 24 h et al.
(36 days) | Typhimurium S. Typhimurium reduced (2007)
(8 log CFU) by 2.19 log CFU by 24 h.
No effect of phage
treatment against S. Hadar.
Observed resistance
dependent on phage titre
i.e. higher dose higher
resistance
1 day old | S. Enteritidis (7 | 5,7 or 9 log PFU/g All treatments reduced S. | Lim et al.
layer log CFU/g) feed of single phage Enteritidis in the intestines. | (2012)
chicks administered or | type (21 days) 9 log PFU/g treatment
via contact resulted in 70% of contact
birds birds with no detectable
intestinal Salmonella
3 weeks after treatment.
Both 7 log and 9 log PFU/g
treatments reduced
environmental
contamination by 33-50%.
Phages may protect against
horizontal spread of
Salmonella in the
production environment
Pathogen | S. Enteritidis or | 12 log PFU/chick for | Between days 7 and 15 all | Nabil et al.
free chicks | S. S. Enteritidis and ~ 11 | chicks were cleared of both | (2018)
Typhimurium | log PFU/chick for S. Salmonella serovars
(5 log CFU/ Typhimurium (days 1,
chick on day 2) | 2, 3, 6, 8, 10, 13 & 15)
Undefined phage
cocktail used
Commercial on-farm study — Salmonella
Two Salmonella ~8 log PFU/ Salmonella levels reduced | Clavijo
control and | infection mLSalmoFREE®6- at pre-harvest stage. etal.
two test detected in phage cocktail (days Reductions of Salmonella | (2019)
broiler house 18, 26/27, 34/35) in second trial difficult to
houses assess due to cross
(~34,000 contamination of phages.
chickens) Phage resistance not

common
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9.2.2 Pigs

Antibiotics are commonly added to pig feed for growth and/or disease prevention in
many countries. In 2011, more than 80% of pig farms in China were reported to add
antibiotics in feed, drinking water or premixed feeds (Jing and Hu 2011). However,
globally the use of oxytetracycline, sulfadiazine and other antibiotics in pig rearing
has increased pathogen drug resistance and so now these drugs fail to effectively
prevent diseases in swine. Furthermore, excessive intake of antibiotics can lead to
direct damage in liver, kidney and blood in farmed animals. For these reasons, anti-
biotic use is now strictly regulated for disease prevention and therapy in animal
husbandry in most countries.

It has been estimated that a ban on the use of antibiotics in the pig industry would
lead to an increased farming cost of US$6 or more per pig (Jing and Hu 2011). So,
finding alternatives to antibiotics is of great concern to the animal husbandry indus-
try. Application of antibiotics leads to increases in animal growth and feed utiliza-
tion rate by reducing subclinical infections, inhibition of competing bacteria for
nutrition, enhancing host immunity and increasing beneficial microbial flora.
Therefore, the search for antibiotic substitutes has concentrated on these aspects. At
present, the most promising research fields include the application of phages, probi-
otic bacteria and bacteriocins. In this section, we review the application of phages
as substitutes for antibiotics in pig breeding and pork processing.

Multi drug resistant (MDR) bacteria can enter the food chain when antibiotics
are used in farm animals, therefore in the European Union (EU), the use of antibiot-
ics as growth promoters is banned and is limited to therapeutic applications only
(Vigre et al. 2008). In China, antibiotic feed additives for animals will be withdrawn
in 2020 (China Ministry of Agriculture and Rural Areas 2019). However, even in the
absence of antibiotic selective pressure, swine reared in antibiotic free production
systems are continually exposed to persistent MDR bacteria such as MDR isolates
of Salmonella Typhimurium (Boyen et al. 2008).

Phages have the potential to be sustainable alternatives to antibiotics used against
such pathogens since they are compatible with food use, with the flexibility that
they can be applied therapeutically or for sanitization purposes (Skurnik and Strauch
2006; Hanlon 2007). Generally recognized as safe (GRAS) status has been granted
in the US for the use of a number of phage products as sanitization agents on ready-
to-eat foods (Monk et al. 2010). Phages are being evaluated for use as ‘processing
aids’ under EU legislation (Directive 89/107/EEC) and would be applied during
manufacturing as long as any residues did not have an ongoing technological effect
on the finished product. The responsibility for safety, in this case, would lie with the
manufacturer, as Regulation (EC) No. 178/2002 states it is the manufacturers’
responsibility to ensure the final product is safe for human consumption (von Jagow
and Teufer 2007).

Phage intervention strategies have been used to control various Salmonella
serovars including Enteritidis and Typhimurium, with experiments highlighting
their potential use for biosanitization (Goode et al. 2003; Carey-Smith et al. 2006;
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Bigwood et al. 2009a; Sillankorva et al. 2009) and for phage therapy of infected
animals (Fiorentin et al. 2005; Atterbury et al. 2007; Wall et al. 2010). Early work
by Lee and Harris (2001, 2002) demonstrated the potential for application of
FelixO1 phage to reduce concentrations of S. Typhimurium in tonsils and caeca of
young (4 week old) pigs. Reductions in S. Typhimurium of ~2-3 log CFU were also
achieved in market weight swine following application of a phage cocktail (Wall
et al. 2010).

More recently, Albino et al. (2014) isolated phages from a pig farm active against
Salmonella Typhimurium serotypes Abony, Enteritidis, Typhi, and Typhimurium. A
pool of six phages was given to 30 pigs (weight 90-100 kg) at various concentra-
tions (10°-10° PFU/ml) which had been orally inoculated (10° CFU/ml) with
S. Typhimurium 2 days prior. Salmonella was detected in 28/30 of the faecal sam-
ples from the control pigs and 17/30 pigs given phages. These results indicate that
the phages were responsible for reducing the colonization of Salmonella in pigs
from 93% to 56%.

Experiments by Callaway et al. (2011) also demonstrated reduced carriage of
S. Typhimurium in smaller weaned (~10 kg) pigs following phage application. A
cocktail of two phages was given by oral dose (3 x 10° PFU) to half (24/48) of a
group of pigs inoculated (2 x 10'° CFU) with S. Typhimurium 24 h prior. Following
enrichment for Salmonella, 23/24 control pigs were positive, but only 13/24 phage
treated were positive. Significant reductions in Salmonella concentrations were
noted in the caecum and rectum of phage treated pigs. The concentration of bacteria
shed was also reduced in the phage treated group, but this was not significantly
different.

Application of a phage cocktail was able to reduce S. Typhimurium levels on
artificially contaminated pig skin (Hooton et al. 2011). The phage cocktail (PCI)
comprised four distinct anti Salmonella phages; SH17, SH18, SH19 and Felix 01.
S. Typhimurium U288 counts were reduced to undetectable levels (>99% reduction)
following the application of PC1 to pigskin. The trial provides proof of concept that
the application of phage cocktails to pig skin can reduce levels of the most prevalent
S. Typhimurium serovar in pigs and suggests phage cocktails could be used post
slaughter to reduce Salmonella contamination of pig carcasses.

Stability of phages is a factor that needs to be ensured so that the phages can be
stored, transported and delivered via the oral route to pigs. To address this chal-
lenge, a microencapsulated phage cocktail was administered to pig feed (Saez et al.
2011). Pigs were fed a microencapsulated phage cocktail daily for 5 days and com-
pared to pigs receiving phages by oral gavage or no treatment (total = 21 pigs). Pigs
in the phage treated group were less likely to shed S. Typhimurium at 2 h and 4 h
post challenge than pigs given gavage and or no treatment (p < 0.05). Concentrations
of S. Typhimurium in the ileum and cecum were also lower than control pigs. It was
concluded that the feeding of microencapsulated phages is a practical and effective
means of reducing Salmonella colonization and shedding in pigs.

Escherichia coli has developed resistance against many antibiotics that are used
in human and veterinary medicine, including pigs (Stedt et al. 2014). The early
experiments of Smith and Huggins (1983) first demonstrated the potential of phages
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to treat E. coli diarrhoea in piglets (< 1-day-old). Whereby either a mixture of two
phages, or a single phage, were tested for control of an experimentally induced
E. coli 020 infection. Phage treated piglets had much reduced concentrations of
E. coli at 3 h post treatment (7 log CFU/g faeces vs 9 log CFU/g) and 7 h post treat-
ment (5 log CFU/g vs 9 log CFU/g) compared to controls. All phage treated piglets
survived, whereas the majority of control piglets did not.

More recently, weaned pigs with an experimentally induced enterotoxigenic
E. coli O149:H10 diarrhoea were treated with phages, both individually and as a
seven phage cocktail (Jamalludeen et al. 2009). Administration of phages was either
shortly after challenge (10" CFU) or 24 h later, following the onset of diarrhoea. Six
phages (10'° PFU), each individually administered shortly after challenge, produced
a significant difference in weight change, duration and severity of diarrhoea, and
extent of shedding over 6 days. A cocktail of three phages was tested shortly after
E. coli challenge, with co-treatment of florfenicol to reduce competing flora and
oral administration of sodium bicarbonate to neutralise stomach pH, and was found
to significantly reduce the severity of diarrhoea and the diarrhoea score. Phage ther-
apy of pigs after disease onset was trialled using a mixture of two phages and again
improvements in weight change, duration and severity of diarrhoea, and the extent
of shedding were observed compared to controls. This work suggests that phage
treatment for E. coli diarrhoea in pigs may be a promising approach.

Another cause of diarrhoeal disease in piglets and young pigs are Clostridium
spp. Lee et al. (2016) have examined the potential for phages to control Clostridium
and other coliforms in suckling pigs and crossbred sows. The authors used a com-
mercial phage preparation (CTCBIO Inc., Seoul, Republic of Korea; 10° PFU/g)
containing three E. coli specific phages and two C. perfringens specific phages.
Addition of the phages in suckling piglet’s diets led to an increase in the number of
weaned piglets, increased body weight at weaning and increased average daily
weight gain. Supplementation of sow’s diets with phages decreased faecal
Clostridium shedding at day 14 and coliform shedding was significantly lower at the
end of the experiment (day 21). For suckling piglets, Clostridium and coliform
shedding was reduced at both day 14 and day 21. This work highlights the potential
for phages to replace antibiotics as growth promotants in pigs.

Salem et al. (2015) have also demonstrated an association between the preva-
lence of phages and Yersinia enterocolitica and Y. pseudotuberculosis in pigs in
Finland. While these species are not considered to cause disease in pigs, they are
significant to the pork industry as consumption of undercooked pig meat can cause
human foodborne illness. Further work has been undertaken to characterise the
phages from the earlier study (Salem and Skurnik 2018), which could be used in
future for biocontrol experiments to reduce the concentrations of these foodborne
pathogens on pigs prior to slaughter.

Phages are promising alternatives for the replacement of antibiotics in pig pro-
duction. Applications include biocontrol pig diseases, promotion of weight gain,
and reduction, or elimination, of transmission of foodborne pathogens to humans
via pig meat. In particular, it has proven to be very challenging to replace antibiotic
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use during weaning of piglets and so phages could be a very valuable addition to
animal husbandry and veterinary practice in this common agricultural practice.

9.2.3 Dairy Cows and Beef Cattle

Common bacterial diseases in dairy cows are clinical and subclinical mastitis,
metritis, retained placenta, diarrhoea, lameness and respiratory diseases (Gutierrez
et al. 2019). Mastitis is a common disease in dairy cows and is caused predomi-
nantly by Staphylococcus spp. Enterotoxigenic E. coli (ETEC) causes calf diar-
rhoea, which has a severe economic impact on beef and dairy farmers due to its high
mortality and morbidity rates (Gutierrez et al. 2019). It is challenging to treat these
pathogens in bovines as there is global pressure to reduce antibiotic use on farms
and many strains have developed antibiotic resistance.

9.2.3.1 Mastitis

Bovine mastitis is an inflammation of the mammary gland and udder tissues of
cows. It affects the quality and quantity of milk production and causes severe eco-
nomic loss to dairy farmers worldwide. Mastitis is caused by contagious pathogens
such as Staphylococcus spp., Streptococcus spp. or by environmental pathogens
such as E. coli. In addition to pathogens, it can also be caused or promoted by injury,
allergies and neoplasia’s (Barrera-Rivas et al. 2017). Staphylococcus aureus is
responsible for about one third of cases of clinical and subclinical mastitis (Saglam
et al. 2017). Mastitis can be treated with antibiotics but the ability to acquire resis-
tance to multiple antibiotics makes S. aureus challenging to treat (Barrera-Rivas
et al. 2017). A survey in Mexico of 36 S. aureus strains from cow milk with sub-
clinical mastitis identified that more than 90% of isolates were resistant to six or
more antibiotics, 77% to cefuroxime, 81% to tetracycline, and 100% were resistant
to penicillin, dicloxacillin, cefotaxime, ampicillin and cephalothin. However, 100%
of these isolates were susceptible to phages demonstrating the potential of phages to
combat antibiotic resistant mastitis causing pathogens (Varela-Ortiz et al. 2018).
Similarly, Son et al. (2010) found that multiple drug resistant S. aureus isolates from
milk in Korea were sensitive to phages.

Both in vitro and in vivo studies have indicated that either individual phage or
phage cocktails could be effective in treating S. aureus and methicillin resistant
S. aureus (MRSA) (Ganaie et al. 2018; Iwano et al. 2018, and Table 9.3). Due to the
difficulties working with large animals, much in vivo work on mastitis phage bio-
control has been undertaken using mice as a model organism for cows. The efficacy
of two phages (vBSM-A1 and vBSP-A2) was tested by Geng et al. (2019) in a
mouse lactation model. Lactating mice (10-14 days post-partum) were inoculated
with S. aureus and 4 h later treated with the phages individually or as a cocktail. A
reduction in S. aureus numbers was observed in phage treated mice, along with
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Table 9.3 Phage biocontrol of bovine mastitis

A. Premaratne et al.

Model Bacteria Treatment Observation References
Lactating S. aureus 2 phage Reduced bacterial Breyne et al. (2017)
mouse cocktail count (>4log CFU).
Reduced scores for
gland pathology and
histology
Lactating S. aureus 2 phages Improved mammary | Geng et al. (2019)
mouse individually pathology and
and as a reduced bacterial
cocktail counts
Lactating S. aureus 1 phage Significant reductions | Iwano et al. (2018)
mouse ($SA012) in CFU and reduced
mammary gland
inflammation
Bovine S. aureus 1 Significant reductions | Zhang et al. (2017)
mammary phage in intracellular counts
epithelial (vB_SauM_
cells JS25)
(MAC-T)
Cow udder S. aureus 1 phage Non-significant Gill et al. (2006a)
(phage K) (16.7%) elimination
of infection in udder
quarters
Cow udder S. aureus 3 phage Reduction in disease | https://milksa.co.za/
cocktail progression research/dairy-rd-in-sa/
(70-81%) biological-control-
mastitis-cows-using-
bacteriophages
Cow udder S. aureus, P. | 3 phage Qualitative reduction | Shende et al. (2017)
aeruginosa cocktail in infected udders
and others (66%)
Bovine E. coli 4 phage Reduction in Porter et al. (2016)
mammary cocktail mammary cell
epithelial adhesion (98.0—
cells 99.7%) and invasion
(MAC-T) (74.3-98.1%)

significant improvements in mammary pathology. The effectiveness of the phage
cocktail was greater than either phage alone, and the effect was comparable to a
positive control treated with the antibiotic ceftiofur (Geng et al. 2019).

Another two phage cocktail was tested in a murine lactation model by Breyne
etal. (2017). Mice (10-14 days post-partum) were injected in the fourth abdominal
mammary gland pair with 3.4 x 10> CFU/gland S. aureus. Phage treated groups
received an intramammary dose of 3 x 107 PFU4h later. Testing of glands 24 h later
revealed a significant 4.3 log reduction in S. aureus count in phage treated glands
compared to the control, with the antibiotic cefalonium achieving a 6.7 log


https://milksa.co.za/research/dairy-rd-in-sa/biological-control-mastitis-cows-using-bacteriophages
https://milksa.co.za/research/dairy-rd-in-sa/biological-control-mastitis-cows-using-bacteriophages
https://milksa.co.za/research/dairy-rd-in-sa/biological-control-mastitis-cows-using-bacteriophages
https://milksa.co.za/research/dairy-rd-in-sa/biological-control-mastitis-cows-using-bacteriophages
https://milksa.co.za/research/dairy-rd-in-sa/biological-control-mastitis-cows-using-bacteriophages
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reduction. Gross pathology and histology gradings of glands were also significantly
reduced compared to the untreated control for both phage and antibiotic
treated groups.

Iwano et al. (2018) tested the efficacy of a single phage ($SA012) against
S. aureus in another lactating mouse model. The left and right fourth mammary
glands of mice, 7-10 days after parturition, were injected with 25 pl S. aureus
(103-10° CFU) and subsequently injected with 25 pul $SA012 (10°-107 PFU) into the
mammary gland or 100 pl $SA012 (4 x 10’PFU) intraperitoneally or intravenously.
Groups of lactating mice were euthanized on days 2 and 4, and the glands tested to
determine the number of CFU. There were reductions in CFU but no significant
effect of phage treatment when 10°CFU were challenged in the mice, likely due to
a large inflammatory response to the bacterium damaging the glands. At the lower
inoculum (10°CFU), there was less inflammation and treatment with phages did
lead to significant reductions in S. aureus by all three administration routes. Controls
demonstrated that phages did not induce inflammation in the glands.

Whilst S. aureus is typically an extracellular pathogen it does have the potential
for invasion of mammalian cells, and this lifestyle may be a factor in the survival
and persistence of the bacteria in bovine and human infections such as mastitis.
Zhang et al. (2017) tested the ability of phages to treat intracellular infections. They
found that phages could be internalised, by phagocytosis, into cells from a bovine
mammary cell line (MAC-T) at low rates (12%) and were able to infect and kill
S. aureus when internalised.

However, phage treatments for S. aureus in cow udders have given mixed results.
Holstein cows with naturally occurring subclinical S. aureus mastitis were treated
with intramammary infusion of phage K (1.25 x 10'"PFU/day, 5 days) during lacta-
tion (Gill et al. 2006a). Three of 18 quarters (16.7%) were cured in the phage treated
group and none of the 20 control group quarters was cured (no significant differ-
ence). In further experiments, infusion of phages into quarters resulted in an
increased somatic cell count in the milk and PFU counts indicated there was signifi-
cant degradation or inactivation of the phage occurring. Further work by the same
group suggested that adsorption of milk whey proteins to the S. aureus cell surface
appeared to inhibit phage attachment and hinder cell lysis (Gill et al. 2006b).

Milk South Africa published a study of phage treatment of S. aureus mastitis in
dairy cows udders (https://milksa.co.za/research/dairy-rd-in-sa/biological-control-
mastitis-cows-using-bacteriophages; Accessed 16/09/2019). A three phage cocktail
(3.9 x 10°PFU) was tested in a series of trials (28 cows in three trials) to cure natural
cases of S. aureus mastitis. Treated cows were sampled daily for 1 week during
treatment and 2 weeks after treatment. Results showed that mastitis was reduced by
73% in trial 1, 70% in trial 2 and 81% in trial 3 compared to the control (40% glyc-
erol solution), as measured by area under disease progression curve (AUDPC) mea-
surement. There was also a variable increase (up to 2 log) in the amount of phage
detected in milk, suggesting some phage replication was occurring in vivo. However,
there is no further information on the status of the project.


https://milksa.co.za/research/dairy-rd-in-sa/biological-control-mastitis-cows-using-bacteriophages
https://milksa.co.za/research/dairy-rd-in-sa/biological-control-mastitis-cows-using-bacteriophages
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Another group in India have also reported applying phages to control mixed spe-
cies (S. aureus and P. aeruginosa) mastitis in cows not responding to antibiotic
therapy (Shende et al. 2017). A three phage cocktail was applied by intramammary
infusion (6 ml 3 x 102 PFU/ml) to six cows similarly to the protocol of Gill et al.
(2006a) described above. Four of the six cases were cured of infection by day 10
(66%) as measured by qualitative assessment (Shende et al. 2017).

Initial work to investigate the potential of phage for biocontrol of E. coli associ-
ated mastitis has been undertaken by Porter et al. (2016). A bovine mammary epi-
thelial cell (MAC-T) assay was used to test if phages (4 phage cocktail; 103 PFU/
well) could stop cell attachment and invasion by three mastitic E. coli strains
(10°CFU/well). Pre-treatment of the cell line with the phage cocktail significantly
reduced mammary cell adhesion by the three E. coli strains (by 98.0, 99.6, and
99.7%) and intracellular survival in mammary cells (by 88.3, 98.1, and 74.3%).

Phages active against other mastitis causing pathogens such as Streptococcus
spp. and Klebsiella spp. have been isolated (Russell et al. 1969; Hill and Brady
1989; Amiri Fahliyani et al. 2018), but to date, there is no evidence that these have
been tested in animal models or bovines.

9.2.3.2 Other Human and Bovine Pathogens

Most strains of E. coli are harmless to bovines and humans, but some strains pro-
duce Shiga toxins which can cause foodborne disease in humans. Shiga toxin pro-
ducing strains of E. coli (STEC) can cause bloody diarrhoea including haemorrhagic
colitis and HUS (haemolytic uremic syndrome). The most prevalent STEC are sero-
types O157:H7, 026, 0103, O121, O111 and 045, and these are considered adul-
terants in food (US Food Safety and Inspection Service 2012). Ruminants, especially
cattle, are the main reservoir for STEC. Beef carcasses can be contaminated with
faecal matter containing STEC via hides during slaughter and consumption of raw
or undercooked beef can lead to food poisoning (Sabouri et al. 2017; Abdelsattar
et al. 2019).

Antibiotics can be used to reduce shedding of STEC but are not highly effective
as many strains are resistant to antibiotics. So post harvest beef carcass safety mea-
sures, including hide wash cabinets for hide-on carcasses, steam vacuuming of hide-
off carcasses, organic acids and hot water-sprays are used to reduce the contamination
of carcasses (Tolen et al. 2018). However, post slaughter decontamination of STEC
on carcasses is resource intensive and not always completely effective. Phages have
been examined as an alternative intervention in beef cattle for this purpose. The
phages can be applied to hides just before slaughter to minimise carcass cross con-
tamination or be delivered orally and rectally to reduce shedding of STEC in faeces.
Most cattle are infected at an early stage of the production cycle at less than 12 weeks
old, so it has been recommended that treatment should be targeted at calves
(Gutierrez et al. 2019).

Experiments where a 4-phage phage cocktail was delivered orally, rectally, and
both orally and rectally (3.3 x 10'' PFU, 1.5 x 10" PFU, 4.8 x 10! PFU
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respectively) to cattle did not achieve a significant reduction of E. coli O157:H7
numbers in faeces compared to the untreated control (Rozema et al. 2009). Rivas
et al. (2010) demonstrated reductions in E. coli O157:H7 within a rumen model
when dosed with two O157-specific phages, but again, when the phages were
applied to live animals there was no significant reduction in faecal shedding of
E. coli O157:H7 compared to control animals. A plausible explanation for these
results may be that orally administered phages are inactivated by stomach acids. To
overcome this, an encapsulated 4 phage cocktail (Ephage; 10'° PFU/day in bolus or
10" PFU/day in feed) was administered orally to steers inoculated with E. coli
O157:H7 (10" CFU). Although shedding of E. coli O157:H7 was significantly
reduced by 14 days in bolus-fed steers, overall there was no decrease in the concen-
tration of E. coli O157:H7 shed by either Ephage treatment (Stanford et al. 2010).

Some studies have also been undertaken on the feasibility of using phages to
treat STEC on cattle hides prior to slaughter. Arthur et al. (2016) tested the com-
mercial phage product Finalyse (Elanco, US) applied (10'°PFU/head) in one gallon
of water/head with a dwell time of at least 1 h to ~300 cattle, with an equal number
of untreated controls. Analysis of hide and carcass samples for E. coli O157:H7
revealed a prevalence of 51.8% in phage treated animals compared to 57.6% in the
controls. In carcass samples, the E. coli O157 prevalence was 17.1% from phage
treated animals compared to 17.6% in samples from untreated animals. So, neither
sample type showed significant reductions in concentrations of E. coli O157:H7
associated with phage use. Another commercial phage preparation (Passport Food
Safety Solutions, US) for control of STEC O157 and non-O157 was tested by Tolen
et al. (2018) on detached hides. Phage treatment (~10® PFU/ml) resulted in small
0.4-0.7 log CFU/cm? reductions (inoculum 108CFU/ml) in E. coli 0157, 0121, and
0103. But serotypes O111 and O45 did not show any significant reduction.

So, whilst there have been some positive signs, the overall efficacy of phage
against STEC either by oral/rectal or hide treatment has been mostly negative.
Reasons for this are not fully clear but factors may include the presence of substan-
tial amounts of competing microflora, an association of STEC with mucosa making
the bacterium inaccessible, and presence of faeces and other biomaterials sequester-
ing phage.

Some strains of enterotoxigenic E. coli are also a threat to new-born calves where
they can induce life threatening diarrhoea. Smith and Huggins (1983) applied a two
phage cocktail (2 x 10'"! PFU) to 8-16 h old calves infected with (3 x 10° CFU)
E. coli 09:K30,99. They found calves treated with the cocktail 1-8 h after infection
were protected from diarrhoea onset and death, whilst delay of phage treatment
until diarrhoea began almost always resulted in death. In addition, naive calves fed
faeces from phage excreting calves were protected from establishment of E. coli
infection and remained healthy. More recently, work has been undertaken looking
at phage control of Salmonella infections in calves (Shirley 2016). Three pairs of
5-7 week old calves were inoculated with S. Enteritidis (~10' CFU) and at the
onset of fever, one of the pairs of calves was administered a 7 phage cocktail
(7 x 10'° PFU) each day for 5 days. One of the phage treated calves showed reduced
shedding and recovered, whilst the other treated calf did not recover and was
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euthanised. Other control animals had equal or intermediate symptoms to the latter
calf. The phage treated calf showed the least shedding of Salmonella amongst all
calves and phage were detected in faeces and peripheral lymph nodes, which indi-
cate that this may be a promising approach for therapy.

There is clearly still much work to be undertaken for phage therapy of bacterial
pathogens in dairy cows and beef cattle. The most promising applications under
development are those for cow mastitis and, possibly, treatment of calves. Whereas,
applications for phages to control STEC in beef cattle are going to require much
more intensive research to come to fruition.

9.2.4 Horticulture

A narrow range of antibiotics are used for horticulture and the total volumes used
are lower compared to other agricultural sectors, however, their use does likely
result in contamination of soils and waterways due to overspray (Thanner et al.
2016). Streptomycin is the main antibiotic in use for plant disease control globally
and is used for pathogens such as Erwinia amylovora (fire blight of apple and pear),
Pseudomonas syringae (flower and fruit infections of apple and pear) and
Xanthomonas campestris (bacterial spot of tomato and pepper) (Sundin and Wang
2018). Despite a ban on antibiotic use for control of plant diseases by the European
Union, streptomycin is used for fire blight management in Austria, Germany, and
Switzerland under controls (Thanner et al. 2016; Sundin and Wang 2018). Some
other antibiotics used in horticulture include oxytetracycline (bacterial spot of peach
and nectarine), gentamicin (fire blight and vegetable diseases), oxolinic acid (fire
blight) and kasugamycin (rice plant diseases, fire blight, kiwifruit canker)
(Woodcock 2016; Sundin and Wang 2018).

In 2017 the FAO convened a meeting of technical experts to discuss antimicro-
bial resistance (AMR) and foods of plant origin (FAO 2018). Key findings from this
meeting were that AMR genes, including those coding for resistance to drugs used
to treat human and animal infections, are found in bacteria isolated from plant based
foods. Furthermore, experiments where the lettuce was inoculated with antibiotic
resistant bacteria and fed to mice, also shows that produce is a potential vector for
transmission of antibiotic resistance to humans (ASM 2019). Whilst the extent to
which antimicrobial use in horticulture selects for the emergence and maintenance
of AMR bacteria in plant based systems is unknown, it is evident that pathogenic
bacteria (both AMR and non-AMR) need to be controlled by better management
strategies, including the application of new technologies such as phages.

There have been a variety of bacterial diseases of horticultural plants that have
been assessed for phage biocontrol (Table 9.4). Fire blight, as may be expected
being one of the key diseases currently controlled by antibiotics, has been the sub-
ject of several studies. Gasic et al. (2014) isolated seven phages specific to the fire
blight causative organism Erwinia amylovora in Serbia. Phage Ea2 was selected for
biocontrol experiments in pear and apple flowers. The phage (10® PFUml™") was
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Table 9.4 Summary of phage biocontrol experiments on plant diseases
Bacterial
Crop Disease | Causative Bacteria | Treatment | Outcome References
Apple/Pear/ | Fire Erwinia amylovora | 3 phage Significant Schwarczinger
Quince blight cocktail reduction of etal. (2017)
concentration on
flowers (65-84%)
Apple/Pear | Fire Erwinia amylovora | One phage | Significant Gasic et al.
blight reduction of (2014)
symptoms on
flowers and
reduction of
symptoms on pear
slices
Apple/Pear | Fire Erwinia amylovora | 4 phages Reduction of Miiller et al.
blight separately | concentration on | (2011)
apple flowers
(40-90%) and
symptoms on pear
slices
Grape Pierce’s | Xylella fastidiosa | 4 phage Reduction in Das et al.
cocktail symptoms on (2015)
leaves and CFU at
inoculum sites (3
log)
Grapefruit | Citrus Xanthomonas 4 phage Reduction in Balogh et al.
canker axonopodis pv. cocktail disease symptoms | (2008)
citri (27-87%)
Kiwifruit | Canker | Pseudomonas One phage |Reduction in leaf | Oh (2018)
syringae pv. necrosis (80%)
actinidiae
Leek Blight Pseudomonas 6 phage Some reductions | Rombouts et al.
syringae pv. Porri | cocktail but results not (2016)
significant
Lettuce Softrot | Pectobacterium One phage | Reduced incidence | Lim et al.
carotovorum subsp. of soft rot (~75%) | (2013)
carotovorum
Mushroom | Brown Pseudomonas 3 phage Formation of Kim et al.
blotch tolaasii cocktail blotches (2011)
completely
inhibited
Onion Leaf Xanthomonas 5 phage Reduction in Lang et al.
blight axponpodis pv. cocktail disease severity (2007)
Allii (11-35%)
Orange Citrus Xanthomonas 3 phage Reduction in Balogh et al.
spot axponpodis pv. cocktail disease symptoms | (2008)
citrumelo (35-48%)
Pepper Black Xanthomonas One phage | Reduction in Gasic et al.
(Paprika) spot euvesicatoria lesions (2018)

(15.2-67.9%)

(continued)
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Bacterial

Crop Disease | Causative Bacteria | Treatment | Outcome References

Potato Softrot | Dickeya solani, 2 phages Reduction of Czajkowski
Pectobacterium separately | maceration in etal. (2015)
carotovorum, orasa slices (80%) and
Pectobacterium cocktail whole tuber (95%)
wasabiae

Potato Softrot | Dickeya solani 9 phages Reduction of tuber | Czajkowski

separately | maceration (up to | et al. (2014)
50%)
Potato Softrot | Dickeya solani One phage | Reduction of Czajkowski
plants infected (up | et al. (2017)
t0 93%)
Potato Softrot | Dickeya solani 6 phage Reduction in Carstens et al.
cocktail diseased tissue (2018)
(75.3%) and
disease incidence
(47.6%)
Potato Softrot/ | Pectobacterium 3 phage Reduction in rotten | Buttimer et al.
black leg | atrosepticum cocktail tissue (94.2%) (2018)

Potato Wilt Ralstonium 6 phage Reduction in Wei et al.
solanacearum cocktail wilting (20%) (2017)

Potato Common | Streptomyces One phage |Reduced tuber McKenna et al.

scab scabies surface lesions (2001)
(94.8%)

Geranium | Softrot | Dickeya dadantii | 2 phages Complete Soleimani-

(potato separately | suppression of Delfan et al.

model) symptoms (2015)

Radish Common | Streptomyces 2 phages Reduction of Goyer (2005)

scab scabies separately | symptoms in
seedlings

Rice Wilt Xanthomonas 6 phage Reduced incidence | Chae et al.
oryzae pv. oryzae | cocktail of disease (2014)

(50.1-53.7%)

Tomato Wilt Ralstonium One phage | Suppression or Bae (2012)
solanacearum delay in wilting

Tomato Wilt Ralstonium One phage | Complete Fujiwara et al.
solanacearum suppression of (2011)

wilting

Tomato Wilt Ralstonium One phage | Complete Elhalag et al.
solanacearum suppression of (2018)

wilting

Tomato Spot Xanthomonas 6 phage Reduction in Obradovic et al.
campestris pv. cocktail disease progression | (2004)
vesicatoria (16.5-41.5%)

Tomato Speck Pseudomonas 47 phages | 7/47 phages Cement et al.
syringae pv. separately | suppressed disease | (2018)
tomato incidence >50%

Tomato Spot Xanthomonas 8 phages Reduction in Balogh et al.
perforans separately | disease severity (2018)

(21-56%)
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applied to flowers at the same time as E. amylovora inoculation, 2 h before, or 2 h
after. Application of the phage 2 h before E. amylovora inoculation and at the same
time as E. amylovora inoculation significantly reduced fire blight symptom devel-
opment, however, there was no significant effect when phages were applied 2 h after
E. amylovora inoculation.

Twelve phages active against E. amylovora were isolated in Hungary from
blighted apple, pear and quince trees (Schwarczinger et al. 2017). A three phage
cocktail (pH2A, $H5K, $H7B; 10'° PFU ml~") was tested for a reduction in E. amy-
lovora numbers (10° CFU ml™') in apple flowers (total volume applied 20 pl). The
flowers (15 flowers/treatment) were incubated at a relative humidity of 80% at
24/21 °C (day/night) for 4 days. The phage cocktail reduced E. amylovora signifi-
cantly (65-84%) compared to untreated controls for all the apple and quince culti-
vars tested. The same phage cocktail was then tested on unripe pear fruit slices.
Where 10 ml phage cocktail (10'° PFU ml™') was used to soak the pear slices for
5 min each and dried slices were inoculated with 10 pl (10° CFU ml™!) of E. amy-
lovora. Slices were incubated at 28 °C in the dark for 4 days. Pear slices were then
ranked for symptoms according to a bonitation scale. Symptom severity was reduced
on both cultivars tested compared to positive controls.

Bacterial canker of kiwifruit trees, which is caused by Pseudomonas syringae pv.
Actinidiae (Psa), is an issue worldwide with control options limited apart from anti-
biotics and copper (Woodcock 2016; Oh 2018; Wojtus et al. 2019; Yin et al. 2019).
So alternative methods need to be developed. Oh (2018) have isolated 77 phages
active against Psa strains from soils in South Korean kiwifruit orchards. Phage
cocktails (3-5 phages; 10’-10® PFU ml~!) were sprayed onto 1 month old grafted
kiwifruit trees in a greenhouse 3 h before inoculation with Psa (108 CFU ml™).
Treatment with phages protected kiwifruit trees from Psa at a similar level to strep-
tomycin treatment, with an 80% reduction in leaf necrosis measured compared to
untreated controls at 27 days post inoculum.

Xylella fastidiosa subsp. fastidiosa causes Pierce’s Disease and is a significant
issue for the US wine industry (Das et al. 2015). Transmission is via sap-feeding
insects and it colonizes the xylem of host plants forming clogging biofilms. Disease
control methods are often only partially successful, with the most widely used prac-
tice being the application of systemic insecticides such as neonicotinoids. However,
these chemicals have been associated with bee colony collapse disorder, so new
methods are required. Phage biocontrol has been explored for this purpose (Das
etal. 2015). A cocktail of four phages (Sano, Salvo, Prado, Paz; 40 pl 10" PFUmI™!)
was applied to 21 grapevines and tested for therapeutic and prophylactic biocontrol
efficacy against X. Fastidiosa (40 pl 10° CFU ml~! injected at two locations/plant).
At weeks 8 and 12 (5 and 9 weeks post-treatment) the level of X. fastidiosa was
significantly lower (10-1000x) in treated grapevines compared to non-treated
grapevines. Non-treated grapevines began to show symptoms from week 4, with all
grapevines exhibiting typical X. fastidiosa symptoms by week 7-8. Phage treated
grapevines had no symptoms after week 4 (1-week post treatment) and were asymp-
tomatic for the remainder of the experiment. In studies where grapevines were
treated with the phage cocktail prophylactically, pathogen levels reached up to
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10® CFU/site at weeks 8and 12 post treatment, compared to up to 10 CFU/site in
non-prophylactically treated grapevines. Phage treated grapevines showed no
X. fastidiosa symptoms at week 8 or 12.

Asiatic citrus canker is caused by Xanthomonas axonopodis pv. Citri is a signifi-
cant disease of citrus impacting fruit yield and quality (Balogh et al. 2008).
Integrated pest management is used for its control including the use of mixtures of
fungicides and copper solutions, but these chemicals impact the soil and increase
long term resistance so alternatives such as phage biocontrol are warranted. Balogh
et al. (2008) have tested the use of phages against X. axonopodis in both Duncan
grapefruit and Valencia orange plants. Duncan grapefruit plants grown in glass-
houses were treated with a four phage cocktail (CP2, $Xac2005-1, ccd7, ccd13;
108-10° PFU/ml) in the evening and the next morning inoculated with X. axonopo-
dis (10103 CFU/ml). Then disease severity was measured in the plants 3—4 weeks
later. In 4 of 5 experiments, there was a significant reduction in disease severity
recorded compared to the control. Combination of phages with either skim milk, to
prolong in planta phage stability, or copper-mancozeb treatment were not as effec-
tive as phages alone in reducing disease symptoms. Further trials on the use of
phages for both grapefruit and orange citrus canker were conducted in commercial
nurseries using naturally infected plants (Balogh et al. 2008). Phage treatment sig-
nificantly reduced disease progression on Valencia oranges in two trials (48 & 35%).
However, there was no significant effect on grapefruit plants. Phage treatment also
demonstrated significant control of citrus spot caused by a phage sensitive strain but
was not more effective than copper-mancozeb.

Tomato is another fruit crop vulnerable to many bacterial diseases and has been
the subject of a number of phage biocontrol experiments (Table 9.4). Tomato wilt
caused by Ralstonium solanacearum is a devasting disease with limited treatment
options due to a ban on methyl bromide use and ineffectiveness of other chemicals
(Bae 2012). The effects of the Podovirus PE204 on biocontrol of R. solanacearum
on tomato plants were measured either with co-inoculation, prophylactic treatment
or post-challenge (Bae 2012). Co-inoculation of PE204 (108PFU/ml) with R. sola-
nacearum completely inhibited bacterial wilt occurrence. Addition of a wetting
agent (0.1% Silwet L-77) to the phage solution did not inhibit biocontrol potential.
Conversely, prophylactic phage treatment 1 day prior to bacterial challenge was
unable to control bacterial wilt. Treatment 1 day post challenge was able to delay
wilt development for approximately 3 days. A different approach was taken by
Fujiwara et al. (2011), where tomato seedlings were grown in peat pellets soaked in
10" PFU phage $RSLI1 for 1 month, followed by another 10'° PFU phage inocu-
lum. Two days later, root tips were cut and dipped in 108 CFU R. solanacearum.
Symptoms were then graded in treated and control plants for up to 18 days. No
phage treated plants wilted at 18 days post challenge, but all control plants were
wilted at this time.

In the US, antibiotics and copper based chemicals have been used to control
bacterial spot in tomato (Balogh et al. 2018). The antibiotic streptomycin was used
extensively, but within a few years strains developed resistance. Subsequent use of
copper solutions also led to resistance to that bactericide. So alternate interventions,



9 Phage Biotechnology to Mitigate Antimicrobial Resistance in Agriculture 335

such as phages, are needed to prevent crop losses (Balogh et al. 2018). Eight phages
(PFU) were separately tested for biocontrol ability against spot causing bacterium
Xanthomonas perforans in tomato plants. A variable reduction in disease severity
(21-56%) was noted for each of the phage treatments. Another cause of tomato spot
is the bacterium Xanthomonas campestris pv. vesicatoria and phage biocontrol
using a commercial product (Agriphage; Omnilytics, Salt Lake City, US) has been
tested against this species (Obradovic et al. 2004). Agriphage contained six different
phages and was formulated with additives to prolong phage activity. The phage
preparation (~10'° PFU/ml) was applied twice per week at dusk to plants experi-
mentally infected with 108 CFU/ml X. campestris. Phage treatment significantly
reduced disease severity and appeared to increase yield (not statistically significant)
compared to copper-mancozeb treatment. In two following experiments, where
phages were suspended in skimmed milk and sucrose, further improvements in spot
disease control were recorded, but yields were not improved.

Tomato speck is a bacterial disease caused by Pseudomonas syringae pv. tomato
(Pst) and causes decreased yield, defoliation, flower abortion and fruit damage. Pst
is a commercial threat to tomato growing in Turkey and researchers there have
investigated the use of 47 phages as alternatives to antibiotics (streptomycin) and
fungicides/bactericides (mancozeb/copper) (Cement et al. 2018). Tomato seeds
were dipped into a Pst suspension (108CFU/ml) for 30 min and dried for 24 h. For
each trial, 150 pathogen treated tomato seeds were immersed into a phage solution
(108 PFU/ml), mixed for 30 min, dried overnight and sown in pots with sterile soil.
Ten days after germination each cotyledon was examined for speck symptoms. In
trial 1, with seeds treated with 10 individual phages, the incidence and severity of
Pst were reduced 6.2-39.1% and 8.6-51.4%, respectively. In trial 2, using 15 indi-
vidual phages the incidence and severity of Pst were more variable and reduced
5.3-100% and 18.5-100%, respectively. Four of 15 phages had no significant effect.
In trial 3, using14 individual phages, half the phages (7) had no significant effect
and the remaining phages reduced the disease incidence and severity up to 35.8%
and 44.3%, respectively. In the final trial of eight phages, only two phages produced
a significant effect, producing 45.6-50.9% and 50.5-59.1% reductions in incidence
and severity, respectively.

Soft rot is one of the most destructive bacterial diseases in agriculture that is
estimated to affect 15-30% of crop production. Potato tuber soft rot and blackleg
caused by soft rot Enterobacteriaceae, Pectobacterium spp. and Dickeya spp. result
in losses in crop production worldwide (Carstens et al. 2018). Attempts to control
blackleg, soft rot and other diseases in potato tubers have often been ineffective
since the ban on antibiotics (streptomycin, tetracycline and vancomycin) and mer-
cury based pesticides, due to the absence of effective alternatives (Czajkowski et al.
2014; Soleimani-Delfan et al. 2015).

Historically, Pectobacterium sp. have been the most problematic rot diseases of
potato in temperate regions. Pectobacterium atrosepticum causes potato blackleg
and soft rot, and biocontrol of induced soft rot (100 pl 10" CFU/ml P. atrosepticum)
was assessed in whole tubers using a three phage cocktail (100 pl 107 PFU/ml). The
weight of rotten tissue was 5.4(+3.1) g in controls and 0.3(+0.5) g in phage cocktail



336 A. Premaratne et al.

treated tubers, indicating this may be an effective treatment (Buttimer et al. 2018).
However, the emergence and rapid spread of a new genetic clade of Dickeya, now
named Dickeya solani, over the last 15 years is causing significant crop losses and
so urgent action is required for its control.

A cocktail of six phages was tested for biocontrol of D. solani in a potato mac-
eration assay; tubers were damaged by penetration with a steel rod, treated with
phages (5 x 10® PFU/ml per phage) or water, inoculated with D. solani (10° CFU/
ml), wrapped and incubated in the dark for 5 days (Carstens et al. 2018). Phage
treatment significantly reduced disease incidence by >0.5 g macerated tissue (75.3%
reduction) and disease severity (93.3 to 48.9%). However, biocontrol did not com-
pletely eliminate the infection from all tubers. Czajkowski et al. (2014) also treated
sliced potato tubers experimentally infected by D. solani with nine separate phages.
Seven of these phages were able to reduce potato tuber maceration to at least 50% of
the untreated controls. Another series of experiments by this group also demonstrated
phage biocontrol of multispecies rot (P. carotovorum subsp. carotovorum, D. solani,
P. wasabiae) in potato slice and whole tuber assays (Czajkowski et al. 2015).

Biocontrol of rot in potato plants infected by D. solani using a single phage type
($D5) was undertaken by Czajkowski et al. (2017). In the first series of experi-
ments, in vitro potato plants were inoculated with 10 pl of $D35 (10'°PFU/ml) and
incubated at 20-22°C for 24 h. Plants were then inoculated with 10 pl D. solani
(10°CFU/ml) and monitored for 10 days. There was a significant difference in both
numbers of infected plants (~92% decrease) and concentration of the pathogen
(~2.5 log CFU decrease) in the phage treated groups. In the second series of experi-
ments, potato plants were grown in potting mix for 2 weeks and treated with a sus-
pension of $D5 (10°PFU/ml). One week later, the potting mix was inoculated with
10°CFU/ml D. solani. There was a significant difference in both numbers of infected
plants (~93% decrease) and concentration of the pathogen (~1.5 log CFU decrease)
in the phage treated groups. Together these data suggest $D5 may help protect
potato from developing D. solani soft rot.

The withdrawal of most antibiotics and reductions in the availability of several
other bactericidal agricultural compounds traditionally used for horticulture has led
to great challenges for the industry in controlling bacterial pathogens. The use of
phages for biocontrol of horticultural disease is a promising alternative to these
compounds, but it is clear that much work still remains to be undertaken to reach
similar levels of efficacy, including focussing on application methods, and persis-
tence and effectiveness in the field.

9.3 Conclusions

Antibiotics provide a vital function in reducing mortality in humans and animals, so
their efficacy must be protected in an era of rising, and potentially catastrophic,
antimicrobial resistance in bacteria. Therefore, new antimicrobial agents for use in
agriculture, medicine and other sectors must be developed urgently. For agriculture,
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a renewed focus on intensification, food security and reduced food loss provide
additional pressures. Here, we have discussed the potential of a new class of antimi-
crobial agents, phages, as a replacement or supplement, to some of the conventional
antibiotics currently used in agriculture. We have shown that phages have many of
the desirable properties needed to control bacterial diseases in agriculture including
efficacy, low levels of resistance, lack of cross resistance to antibiotics, biodegrad-
ability and narrow target range. Moreover, the use of phages may provide new
opportunities to agricultural industries to control pathogens not currently effectively
controlled by antibiotics or other treatments. However, it is evident that application
of phages to each system needs to be tailored and optimised, and that some systems
are more challenging for phage use than others (e.g. poultry appear more suited than
beef cattle). Whilst there are few phage products available currently, it is likely we
will see a rapid rise in their use in the coming years.
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Chapter 10
The Role of Vaccines in Combating
Antimicrobial Resistance

Kathrin U. Jansen, William C. Gruber, Raphael Simon, James Wassil,
and Annaliesa S. Anderson

Abstract The introduction of new classes of antibiotics, and the high use of anti-
microbials in healthcare, agriculture, and the food industry, have all contributed to
accelerate the development of antimicrobial resistance (AMR) in bacterial species
and dissemination of antibiotic resistant bacterial strains worldwide. At present, the
dramatic rise in AMR among important human bacterial pathogens is reaching a
state of global crisis threatening a return to the pre-antibiotic era. AMR, already a
significant burden on public health and economies, is anticipated to grow even more
severe in the coming decades.

The utility of vaccines to fight AMR has been broadly recognized. Several
licensed vaccines, targeting both bacterial (Haemophilus influenzae, Streptococcus
pneumoniae, Salmonella enterica serotype Typhi) and viral (influenza virus, rotavi-
rus) pathogens, have already proven their anti-AMR benefits by reducing unwar-
ranted antibiotic consumption and antibiotic resistant bacterial strains and by
promoting herd immunity, thereby protecting indirectly even segments in a popula-
tion that have not been or cannot be vaccinated. It is further encouraging that a
number of new investigational vaccines, with a potential to reduce the spread of
multi drug resistant bacterial pathogens, are in various stages of clinical develop-
ment. Nevertheless, vaccines as a tool to combat AMR remain underappreciated and
unfortunately underutilized. Global mobilization of public health and industry
resources is key to maximizing the use of licensed vaccines, and the development of
new prophylactic vaccines could have a profound impact on reducing AMR.
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Extensive drug resistance - Haemophilus influenzae - Clostridioides difficile -
Streptococcus pneumoniae - Group B streptococcus - Enterobacteriaceae -
Staphylococcus aureus - Salmonella - Respiratory syncytial virus - Live attenuated
vaccine - Whole cell vaccine - Subunit vaccine - Conjugate vaccine -
Carbohydrate vaccine

Abbreviations

AMR Antimicrobial resistance

BCG Bacillus Calmette Guérin

CARB-X Combating Antibiotic Resistant Bacteria Biopharmaceutical
Accelerator

CDC Centers for Disease Control and Prevention

CRM,; Cross-reactive material 197

EU European Union

GAVI Global Alliance for Vaccines and Immunization

GBS Group B streptococcus

Hib Haemophilus influenzae type b

HIV Human immunodeficiency virus

IgA Immunoglobulin A

IgG Immunoglobulin G

NDM-1 New Delhi metallo-p-lactamase 1

PCV Polysaccharide conjugate vaccine

RSV Respiratory syncytial virus

UK United Kingdom

U.S. United States

WHO World Health Organization

10.1 Introduction

Our struggle against infectious diseases over millennia has been captured in the
earliest historical records (Shokeir and Hussein 1999). Global epidemics and pan-
demics such as the black plague, smallpox, and the 1918 Spanish flu, and outbreaks
of cholera and typhoid have had profound impact resulting in significant morbidity
and mortality throughout history (Cunha and Cunha 2006). Before the age of mod-
ern medicine and vaccines, the perils of illness in early life due to maladies such as
Haemophilus influenzae type b (Hib) meningitis, diphtheria, measles, and whoop-
ing cough made it such that many children did not survive to adolescence (Centers
for Disease Control and Prevention 1999). In addition, a myriad of events that at
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present are generally medically manageable with appropriate care, such as surgery,
or preventable, such as contracting tetanus from a wound, were very often fatal.
Improvements in effective sanitation and hygiene practices and nutrition led to con-
comitant increases in life expectancy. However, these gains eventually plateaued;
the development of effective vaccines and the discovery of antibiotics pushed life
expectancy to the unprecedented levels seen today (Centers for Disease Control and
Prevention 2017). The rise in antimicrobial resistance (AMR) among important
human bacterial pathogens thus represents an alarming global crisis with threats to
return to the pre-antibiotic era and to have a significant adverse effect on public
health in the coming decades.

Active and passive vaccination strategies to prevent infectious disease were
already in use prior to the discovery of the first antibiotic, penicillin, in 1928
(Graham and Ambrosino 2015; Plotkin 2014). Whole cell inactivated typhoid vac-
cine was administered to British troops during the Boer War in South Africa to
prevent the frequent outbreaks of Salmonella enterica serotype Typhi that ravaged
deployed military personnel (Steele et al. 2016). Similarly, immunotherapy with
horse immunoglobulin preparations was routinely used to prevent and treat diphthe-
ria and tetanus prior to the introduction of antibiotics (Fig. 10.1) (Graham and
Ambrosino 2015). Vaccines are effective in preventing infections by induction of a
typically broad polyclonal antibody and/or cellular immune responses specifically
targeted to the pathogen of concern. Hence, unlike current antibiotics, vaccines

Fig. 10.1 Immunoglobulins for passive vaccination prior to antibiotic discovery. “Jumbo” lived
at the Lederle laboratory site (later Wyeth, then Pfizer) and was recognized as a prolific producer of
serumforuseinpneumoniaand tetanusantitoxin prophylaxisandtherapy. Copyright[KathrinU.Jansen,
William C. Gruber, Raphael Simon, James Wassil, and Annaliesa S. Anderson] 2020
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cannot cause “bystander” microbial resistance or induce resistance in the pathogens
targeted. The following chapter explores the evidence, rationale, and opportunity
for vaccines to reduce and prevent AMR and combat the rise of multi drug resistant
bacterial pathogens.

10.2 Antimicrobial Resistance Is an Urgent Public
Health Threat

Antimicrobial resistance predates the age of humans, as bacteria and the eukaryotic
fungi and molds from which many antibiotics have been derived have been engaged
in a chemical arms race for millennia as they compete for ecological niches. Ancient
AMR genes have been found in bacteria recovered from ice cores dating back thou-
sands of years, for which the collection of genes harbored by environmental isolates
has been termed in aggregate the antibiotic “resistome” (Perry et al. 2016). The
introduction of antibiotics in the 1940s and 1950s placed evolutionary pressure on
microorganisms to adapt developing AMR. Indeed, introduction of each new antibi-
otic class since has been reliably met with the expansion of resistance. Moreover,
this trend has accelerated over time, with recognition of the shortening of the inter-
vals from introduction of a new antibiotic to first documented cases of resistance.
While it took approximately 5 years to see resistance to penicillin after its introduc-
tion in 1943, with the introduction of novel antibiotics in the 1980s, including
amoxicillin, ciprofloxacin, linezolid, and tigecycline, the time to first documented
resistance was only a few months (Pray 2008). AMR spread has been further exac-
erbated by the global engines of economic growth in an interconnected world.
Globalization has served as a vehicle for transmission, allowing emerging antibiotic
resistant microbial strains and associated resistance plasmids to spread rapidly
across continents. This phenomenon is illustrated well by the spread of fluoroquino-
lone resistant Clostridioides (previously known as Clostridium) difficile 027 epi-
demic lineages (He et al. 2013; Peng et al. 2017), as well as methicillin and
fluoroquinolone resistant Staphylococcus aureus strains detected in clinical trial
isolates (Holden et al. 2013) (Fig. 10.2). The excessive and irresponsible use of
antimicrobials in healthcare, agriculture, and the food industry has fueled the dra-
matic rise of AMR globally (https://www.combatamr.org/amr-review-antimicro-
bial-resistance). In human medicine alone, global consumption of antibiotics rose
by nearly 40% between the years 2000 and 2010 (Van Boeckel et al. 2014).
Recognition of this looming threat has spurred a call to action across the globe.
In 2013, the United States (U.S.) Centers for Disease Control and Prevention (CDC)
published a list cataloging antibiotic resistant pathogens in the U.S. (Centers for
Disease Control and Prevention 2013a), which stratified 18 pathogens into urgent,
serious, and concerning threat tiers based on the threat they pose to human health
and urgency of the need for new and effective modalities for their treatment and
prevention. This list was updated in 2019 (Centers for Disease Control and
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5. awreus EMRSA-15

Flucroquinolone resistant C. difficile 027 lineage 1
Fluoroquinclone resistant C. difficile 027 lineage 2
——— NDM-1 resistant E. cofl

Fig. 10.2 Examples of the worldwide spread of multi drug resistant microbes. Acquisition of
antibiotic resistance genes and global connectivity led to the rapid spread of epidemic antibiotic
resistant strains such as EMRSA-15 S. aureus (Aanensen et al. 2016), fluoroquinolone resistant
C. difficile 027 (He et al. 2013), and NDM-1 producing E. coli (Nordmann et al. 2011) across the
globe. EMRSA-15, epidemic methicillin resistant S. aureus 15 strain; NDM-1, New Delhi metallo-
B-lactamase 1. (Reproduced from Jansen and Anderson 2018)

Prevention 2019) to include two additional “urgent threats” (Candida auris and
carbapenem resistant Acinetobacter), remove one pathogen (vancomycin resistant
S. aureus), and add a new tier (“watch list”) that included azole resistant Aspergillus
fumigatus and drug resistant microbes Mycoplasma genitalium and Bordetella per-
tussis (Table 10.1). The 2019 CDC report also detailed higher estimates of antibiotic
resistance among reported pathogens in the U.S. relative to the 2013 report, based
on a more robust data set and methodology (Centers for Disease Control and
Prevention 2019). A global priority list of antibiotic resistant pathogens was also
established by the World Health Organization (WHO) in 2017. Using data from
multiple sources and systems, and applying a multi criteria decision analysis
method, the WHO stratified 12 genera of bacteria into three priority tiers: critical,
high, and medium (Table 10.1) (World Health Organization 2017a). Global antibi-
otic resistance levels associated with major bacterial pathogens are shown in
Fig. 10.3 (Jansen et al. 2018).

Pathogens of the highest priority on both lists include Acinetobacter baumannii,
Pseudomonas aeruginosa, and members of the Enterobacteriaceae family (primar-
ily Klebsiella spp. and Escherichia coli) (Table 10.1). These ominous public health
threats are important causes of hospital based, or nosocomial infections and have
demonstrated resistance to a large number of antibiotics, including carbapenems
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Table 10.1 Stratification of antibiotic resistant microbial pathogens according to the CDC and

WHO guidelines
CDC WHO
Urgent Carbapenem resistant Critical | Acinetobacter baumannii,
threats Acinetobacter priority carbapenem resistant
Candida auris Pseudomonas aeruginosa,
Clostridioides difficile carbapenem resistant
Carbapenem resistant Enterobacteriaceae*, carbapenem
Enterobacteriaceae resistant, 3"-generation
Drug resistant Neisseria cephalosporin resistant
gonorrhoeae
Serious Drug resistant Campylobacter | High Enterococcus faecium, vancomycin
threats priority resistant
Drug resistant Candida Staphylococcus aureus, methicillin
resistant, vancomycin intermediate
and resistant
Extended spectrum Helicobacter pylori, clarithromycin
pB-lactamase producing resistant
Enterobacteriaceae
Vancomycin resistant Campylobacter, fluoroquinolone
Enterococcus resistant
Multi drug resistant Salmonella spp., fluoroquinolone
Pseudomonas aeruginosa resistant
Drug resistant non-typhoidal Neisseria gonorrhoeae, 3%-
Salmonella generation cephalosporin resistant,
Drug resistant Salmonella fluoroquinolone resistant
serotype Typhi
Drug resistant Shigella
Methicillin resistant
Staphylococcus aureus
Drug resistant Streptococcus
pneumoniae
Drug resistant Mycobacterium
tuberculosis
Concerning | Erythromycin resistant Medium | Streptococcus pneumoniae, penicillin
threats Group A streptococcus priority nonsusceptible

Clindamycin resistant
Group B streptococcus

Haemophilus influenzae, ampicillin
resistant

Shigella spp., fluoroquinolone
resistant

(continued)
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Table 10.1 (continued)

CDC WHO

Watch list Azole resistant Aspergillus
fumigatus

Drug resistant Mycoplasma
genitalium

Drug resistant Bordetella
pertussis

Adapted from Centers for Disease Control and Prevention (2019) and World Health

Organization (2017a)

*Enterobacteriaceae include: Klebsiella pneumoniae, Escherichia coli, Enterobacter spp.,
Serratia spp., Proteus spp., Providencia spp., and Morganella spp.
CDC Centers for Disease Control and Prevention, WHO World Health Organization
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Fig. 10.3 Antibiotic resistance levels associated with major bacterial pathogens across the
globe. Data shown are from 2000-2014 and represent the percentage of isolates (the range) tested
that are resistant to each antibiotic class used for each pathogen (pathogen specific), not taking into
account the proportion of strains that are resistant to more than one antibiotic class. For all patho-
gens except M. tuberculosis and N. gonorrhoeae, data were obtained from the Center for Disease
Dynamics, Economics & Policy (https://resistancemap.cddep.org). For M. tuberculosis, data were
obtained from WHO Drug Resistant TB Surveillance & Response — Supplement: Global
Tuberculosis Report 2014 (World Health Organization 2014a). For N. gonorrhoeae, data were
obtained from the World Health Organization Global Gonococcal Antimicrobial Surveillance
Program which covers strains analyzed between 2011 and 2014 (http://www.who.int/reproductive-
health/topics/rtis/gonococcal_resistance/en/). ND no data provided. Copyright [Kathrin U. Jansen,
William C. Gruber, Raphael Simon, James Wassil, and Annaliesa S. Anderson] 2020
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and third generation cephalosporins (World Health Organization 2017a; https://
www.who.int/en/news-room/detail/27-02-2017-who-publishes-list-of-bacteria-for-
which-new-antibiotics-are-urgently-needed). These highlighted pathogens cause a
wide range of diseases, including pneumonia, urinary tract infection, bacteremia,
and wound infections (Gaynes et al. 2005). E. coli, a clinically ubiquitous Gram
negative bacterium, is the most common cause of urinary tract infections, with over
6 million cases occurring in the U.S. each year (Russo and Johnson 2003).
Carbapenem resistant Enterobacteriaceae, with Klebsiella spp. being the major
contributor, are a scourge in hospitals, where they are difficult to control through
routine infectious disease protocols, and generally require treatment with toxic anti-
biotics such as colistins. Other pathogens of concern identified by the CDC and
WHO include those responsible for diarrheal and enteric illness (C. difficile,
Helicobacter pylori, Campylobacter, Salmonella spp., Shigella spp.) or sexually
transmitted disease (Neisseria gonorrhoeae) (Table 10.1). Vancomycin resistant
Enterococcus faecium, an important causative agent of urinary tract infections, was
classified as high priority, as was S. aureus, a pathogen that frequently shows multi
drug resistance and can cause a wide range of ailments ranging from skin and soft
tissue infections to pneumonias and invasive disease. Due to rising levels of antibi-
otic resistance, Streptococcus pneumoniae and H. influenzae, important invasive
pathogens for which effective vaccines are available, were classified as medium
priority by the WHO, and S. pneumoniae was classified as serious threat by the
CDC (Table 10.1). Both pathogens will be discussed later in this chapter.

A notable AMR bacterial pathogen present on the CDC list is Mycobacterium
tuberculosis (Table 10.1) (Centers for Disease Control and Prevention 2019).
Indeed, M. tuberculosis has the highest global burden of infected individuals of any
single pathogen (approximately 2 billion people), with a devastatingly high preva-
lence in lower and middle income countries where extensively drug resistant strains
are a major problem (Raviglione et al. 2012; World Health Organization 2018).
Additionally, tuberculosis is exacerbated in patients with acquired immune defi-
ciency syndrome (https://www.who.int/news-room/fact-sheets/detail/tuberculosis),
for which reactivation of the latent tuberculosis disease and/or rapid progression of
primary infection occurs due to an impaired T-cell immunity (Walker et al. 2013).

Molecular mechanisms of resistance to different classes of antibiotics associated
with major bacterial pathogens and survival strategies have been reviewed (Walsh
2000) and are schematically shown in Fig. 10.4a. Importantly, AMR can transfer
across bacterial species and geographies rapidly. For example, the plasmid residing
antibiotic resistance gene NDM-1 (New Delhi metallo-f-lactamase 1) arose in India
and was brought to Europe by patients who had become colonized with NDM-1
Enterobacteriaceae after travel to India for surgical procedures (Walsh et al. 2011;
Yong et al. 2009). NDM-1 was subsequently transferred to other Gram negative
species across Europe, conferring resistance to all antibiotic agents except colistin
and tigecycline (Fig. 10.2) (Nordmann et al. 2011; Walsh et al. 2011; Yong et al.
2009). Worldwide, AMR is a significant and growing cause of mortality. It is esti-
mated that at least 700,000 people die of infections with AMR pathogens every
year, with up to 50,000 deaths occurring in the U.S. and Europe alone (O’Neill
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Fig. 10.4 Molecular mechanisms of action for antibiotics compared to vaccines. (a)
Antibiotics either kill bacteria (bactericidal) or stop them from growing (bacteriostatic) by four
main mechanisms: preventing DNA/RNA synthesis; preventing folate synthesis, which prevents
nucleic acid synthesis; destroying the cell wall/membrane; and targeting ribosomes to prevent
protein synthesis. Antibiotic resistance mechanisms neutralize the mechanism of action for the
antibiotic. Resistance mechanisms can be acquired through horizontal transfer from plasmids and
other genetic elements donated by bacteria that are co-localized with the pathogen. Alternatively,
resistance can occur through vertical transmission via chromosomal mutations. These resistance
mechanisms include the expression of enzymes such as the f-lactamases which inactivate the
antibiotics (f-lactams); the expression or overexpression of efflux pumps which remove the antibi-
otic from the bacteria; the modification of the target so that it is no longer susceptible to the anti-
biotic; and using bypass mechanisms to circumvent antibiotic toxicity, including modification of
the cell surface to prevent antibiotic entry or direct modification of antibiotics to prevent target
engagement (Kohanski et al. 2010; Levy and Marshall 2004). (b) In contrast to antibiotics, vac-
cines exert their action via immune pathways, eliciting antigen specific polyclonal antibodies that
can either neutralize bacterial virulence factors such as toxins or adhesins, or engage effector arms
to kill the bacteria through mechanisms including the complement cascade or opsonophagocytic
uptake into phagocytes (Forthal 2014). ROS reactive oxygen species. Copyright [Kathrin U. Jansen,
William C. Gruber, Raphael Simon, James Wassil, and Annaliesa S. Anderson] 2020

2014). The mortality rates due to AMR are greater than those due to tetanus, chol-
era, and measles combined, and not much lower than those caused by common
afflictions such as diarrheal disease or diabetes (O’Neill 2016a). With rates of resis-
tance continuing at their current pace, it is estimated that annually, 10 million
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people worldwide will succumb to an AMR infection by 2050, exceeding the num-
ber of deaths from cancer (O’Neill 2016a).

AMR also represents a major economic burden on healthcare systems. In the
European Union (EU), the costs associated with management of antibiotic resistant
infections and productivity losses were estimated to be about €1.5 billion per year
based on 2007 data (European Medicines Agency; European Centre for Disease
Prevention and Control 2009; World Health Organization 2015) and are expected to
be about €1.1 billion per year between 2015 and 2050 (The Organisation for
Economic Co-operation and Development (OECD) 2019). In the U.S. alone, at least
two million infections a year are caused by bacteria that are resistant to at least first
line antibiotics. Costs to treat these infections were estimated to exceed 20 billion
U.S. dollars each year (Centers for Disease Control and Prevention 2013a). Financial
and analytical organizations such as Klynveld Peat Marwick Goerdeler and RAND
Europe have estimated that a continued increase in resistance could reduce world
gross domestic product by 2% to 3.5% by 2050 (KPMG LLP 2014; O’Neill 2014;
Taylor et al. 2014a). If no action is taken against AMR, the cost in terms of lost
global production until 2050 is estimated to be 100 trillion U.S. dollars. AMR is
thus an immense global problem with serious implications for public health, health-
care systems, and economies.

10.3 Vaccines Are an Important Underutilized Tool to Help
Address the Antimicrobial Resistance Problem

To address the AMR crisis, a number of international organizations, including the
WHO, the United Nations General Assembly, the World Bank, the G7, the G20, and
the EU, as well as the U.S. and United Kingdom (UK) governments have been
urgently developing strategic action plans to address the rising AMR issues (G7
Summit 2015; Tagliabue and Rappuoli 2018). In 2015, the WHO published a Global
Action Plan on AMR that outlines five key objectives: (1) improve awareness and
understanding of AMR through effective communication, education, and training;
(2) strengthen the knowledge and evidence base through surveillance and research;
(3) reduce the incidence of infection through effective sanitation, hygiene, and pre-
vention measures; (4) optimize the use of antimicrobial medicines in human and
animal health; and (5) develop the economic case for sustainable investment that
takes account of the need of all countries to increase investment in new medicines,
diagnostic tools, vaccines, and other interventions (World Health Organization
2015). Similar goals were set by the CDC in the 5-year US National Action Plan for
Combating Antibiotic Resistant Bacteria (Centers for Disease Control and
Prevention 2015) and by the U.S. National Vaccine Advisory Committee (National
Vaccine Advisory Committee 2016). Other recommendations to employ vaccines as
a tool to address AMR were made by the Review on Antimicrobial Resistance, com-
missioned by the UK government and the Wellcome Trust, which indicated the need
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for intensifying research and development into new and improved effective antimi-
crobial therapies along with vaccines (O’Neill 2016a). In addition, experts partici-
pating in the Chatham House Workshop, convened by the UK Centre on Global
Health Security (London, UK) in 2017, reviewed current knowledge and activities
on the role of vaccines in combating AMR and discussed how to influence national
and international policies to properly recognize the anti-AMR vaccine contribution
(Chatham House 2017; Clift and Salisbury 2017). More importantly, they produced
a seminal priority list of vaccines needed to effectively combat AMR.

Each of these proposals emphasizes the importance of effective antimicrobials, but
it is also important to recognize the difficulty of such an endeavor, as no new classes
of antibiotics have been introduced over the past 15 years and there are few candi-
dates in the pipeline (O’Neill 2016a). Additionally, new antimicrobials are placed on
the WHO reserve list, limiting their use. These factors make the development of new
antimicrobials commercially unattractive for pharmaceutical companies. On the other
hand, the research and development pipelines for prophylactic infectious disease vac-
cines are on the rise (Shen and Cooke 2019; World Health Organization 2019a), pro-
viding valuable opportunities to prevent disease caused by AMR pathogens.

In considering the role of vaccines in AMR prevention, it is important to note that
the mechanisms of action of vaccines and antibiotics are fundamentally different
(Fig. 10.4). First, antibiotics classically treat established infections and disease,
whereas vaccines classically prevent infections from happening in the first place.
The mode of action for antibiotics centers on interference with a pathogen’s physi-
ology, addressing usually a single biological target (Kohanski et al. 2010).
Antimicrobial prophylaxis has established value in prevention of some infections
including surgical infections, perinatal newborn Group B streptococcus and recur-
rent urinary tract infections, among others (Ahmed et al. 2017; Bratzler et al. 2013;
Di Renzo et al. 2015), but at a cost — the potential for enabling AMR of the targeted
pathogen or bystander organisms with pathogenic potential. By comparison, vac-
cines induce protective immune responses that are pathogen specific and target one
or multiple bacterial virulence factors such as toxins or adhesins, either neutralizing
them or engaging the effector arms of the immune system to kill the bacterial patho-
gen through complement and/or opsonophagocytosis (Forthal 2014). Prophylactic
antibiotics are administered in anticipation of a pathogen or pathogens that might
cause disease. The current antibiotic treatment paradigm dictates administration of
an antibiotic once infection is suspected, with a change of the antimicrobial follow-
ing empiric observation if the patient’s condition does not improve, or a specific
pathogen is identified. The broad spectrum action of antibiotics is beneficial when
the etiology of the infection is not or cannot be identified; however, antibiotics also
kill bystander bacteria and microbial flora, making the patient vulnerable to dysbio-
sis and outgrowth of resistant disease causing pathogens, as well as promote selec-
tion for bacteria to develop AMR.

In contrast to antibiotics, prophylactic vaccines are species specific and prevent
the infection or disease, thus reducing both antibiotic use and spread of resistant
bacterial strains. Unlike antimicrobials, vaccines are not inducing antibiotic resis-
tance. Bacteria can evolve compensatory mutations, including, for example,
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Fig. 10.5 High vaccination rates promote herd immunity for S. pneumoniae, thus decreasing anti-
biotic use and consequent spread of antimicrobial resistance. (a) When a population is not immu-
nized against S. pneumoniae, most members are susceptible to the pathogen. A susceptible individual
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expression of enzymes such as p-lactamases which inactivate p-lactams, upregula-
tion of efflux pumps that cause removal of the antibiotic, or direct modification of
the antibiotic target site through mutation. Vaccines, by comparison, act through
immune pathways, and the polyclonal nature of vaccine induced immune responses
limits escape mutants. Although vaccine immunity may fade over time due to wan-
ing of the specific host immune response (Kennedy and Read 2017), functional
immunity can be restored following re-immunization with a booster dose, and that
can be done repeatedly over one’s lifetime. Resistance against vaccine mediated
immunity develops rarely. However, in some instances such as S. pneumoniae,
replacement of vaccine preventable serotypes with non-vaccine preventable sero-
types that also cause disease has been observed (Weinberger et al. 2011). An exam-
ple of loss of vaccine antigen expression possibly due to immune pressure is seen
for B. pertussis, where strains that did not produce pertactin (Hegerle and Guiso
2014) emerged after the whole cell based B. pertussis vaccine was replaced with an
acellular vaccine containing fewer pertussis antigens but including pertactin. These
strains, believed to have competitive evolutionary advantage in vaccinated individu-
als compared to pertactin positive strains (Safarchi et al. 2015), may have emerged
due to a more limited range of immunity elicited by the acellular vaccine (Octavia
et al. 2012). Otherwise, with the notable exception of influenza that undergoes anti-
genic drift and shift in viral surface glycoproteins (Kim et al. 2018), there are very
few examples whereby human pathogens have overcome vaccine-mediated immu-
nity due to antigenic evolution.

Vaccination can affect AMR both directly and indirectly. Bacterial vaccines
directly reduce antibiotic use through prevention of bacterial infections, and thus
selection for AMR strains. Viral vaccines also diminish antibiotic use through
avoidance of unwarranted antibiotic prescriptions as well as through prevention of
secondary bacterial infections. Additionally, bacterial vaccines decrease circulation
of resistant strains in vaccinated populations in regions with adequate vaccine cov-
erage. In such settings, vaccines are known to induce herd immunity, an indirect
vaccine phenomenon that leads to protection of even unvaccinated individuals in a
vaccinated population. The relation between vaccination and herd immunity and the
effect of immunization on the spread of AMR are schematically shown in Fig. 10.5,

<
<

Fig. 10.5 (continued) who becomes infected can therefore spread the pathogen to other susceptible
individuals, so that over time a large proportion of the population is infected, requiring antibiotic treatment
to clear the infection. Widespread antibiotic use, however, drives an increase in antibiotic resistant bacte-
ria, which can rapidly spread. Proportions of individuals with antimicrobial resistance shown are consis-
tent with pre-pneumococcal conjugate vaccine values for antibiotic nonsusceptible invasive pneumococcal
disease rates in children younger than 5 years and adults 65 years of age and older in the U.S. (Kyaw et al.
2006; Pilishvili et al. 2010). (b) Widespread immunity at the population level against S. pneumoniae inter-
rupts transmission of the pathogen, so that spread of pneumococcal disease is prevented. This results in
much lower overall antibiotic use in the population, thus stemming further development of antibiotic
resistance. Furthermore, susceptible members of the population, including those who have not or cannot
be immunized (e.g., immunocompromised), are now protected (herd immunity). Copyright [Kathrin
U. Jansen, William C. Gruber, Raphael Simon, James Wassil, and Annaliesa S.Anderson] 2020




360 K. U. Jansen et al.

using pneumococcal disease as an example. In the following sections of this chap-
ter, we will discuss examples of proven anti-AMR benefits of licensed vaccines,
review the status of new vaccine candidates with potential against AMR, and outline
challenges and prospects related to the use of vaccines as a tool to reduce pre-
vent AMR.

10.4 Vaccines Have Reduced Incidence and Evolution
of Antimicrobial Resistant Bacterial Pathogens

There are several well-documented and epidemiologically supported examples
whereby both bacterial and viral vaccines have impacted AMR. Additionally, vac-
cine strategies have been purposefully used to combat the rise of an AMR pathogen.

10.4.1 Vaccines Reduce Circulating Antibiotic Resistant
Strains and Antibiotic Use

10.4.1.1 Haemophilus influenzae Type b Vaccine

H. influenzae is an invasive bacterial pathogen that can cause severe infection char-
acterized by pneumonia, septicemia, and meningitis, where mortality occurs in up
to 5% of infected individuals (https://www.cdc.gov/hi-disease/about/index.html).
Hib microbes account for 95% of all strains that cause invasive disease following
infection with H. influenzae (Immunization Action Coalition 2019). The polyribo-
syl phosphate capsule of Hib is an important virulence factor and protective antigen,
and conjugate vaccines based on the polyribosyl phosphate capsule are highly effi-
cacious. Prior to the introduction of Hib conjugate vaccines into the routine infant
immunization schedule in 1987, first in the U.S. and then globally, Hib was a dev-
astating pathogen in infants and young children. At that time, incidence rates of Hib
disease (including bacterial meningitis and other invasive diseases) in children
younger than 5 years ranged from 49 to 601 per 100,000 in some populations
(Peltola et al. 1990; Ward et al. 1986). In the U.S. between 1978 and 1981, the inci-
dence of invasive Hib disease was estimated to be approximately 500 cases per
100,000 (1 in 200) in children younger than 5 years (Cochi et al. 1985). In addition,
a steady increase in f-lactam resistance among invasive Hib isolates had been
observed starting in the early 1970s (Tristram et al. 2007), mediated by bacterial
expression of f-lactamases and/or, to a lesser extent, modified penicillin binding
proteins (Tristram et al. 2007). For example, a study by the CDC has demonstrated
that among a collection of 40 H. influenzae clinical isolates, more than a quarter
were resistant to ampicillin (Thornsberry and Kirven 1974). In the UK, resistance
for H. influenzae isolates to ampicillin (and p-lactamase expression) did rapidly
increase between 1977 and 1981, from 1.6% to 6.2% (almost 4-fold) (Morrissey
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et al. 2008). In the late 1990s, global surveillance studies, such as PROTECT and
Alexander, found that approximately 16% of all Hib strains worldwide were
B-lactamase positive, however with large variation between countries, from 1.8% in
Italy to 65% in South Korea (Hoban and Felmingham 2002; Jacobs 2003; Jacobs
et al. 2003).

The development and deployment of Hib capsular polysaccharide conjugate vac-
cines as part of routine childhood immunizations rapidly reduced the incidence of
Hib disease (Adam et al. 2010; Centers for Disease Control and Prevention (CDC)
2002; Peltola et al. 1999). According to the CDC reported Active Bacterial Core
Surveillance data from 2014, the invasive Hib disease incidence was 0.19 per
100,000 for children younger than 5 years, the value below the Healthy People 2020
objective of 0.27 per 100,000 (Centers for Disease Control and Prevention 2016),
indicating a dramatic reduction in the disease rates due to Hib vaccination. Similarly,
vaccine introduction in the UK in 1992 resulted in a near elimination of Hib disease
in children younger than 5 years within just a few years. Comparable successes
were observed globally (Hargreaves et al. 1996). Moreover, global use of the Hib
vaccine turned the tide against growing Hib antibiotic resistance. Shortly after intro-
duction of Hib conjugate vaccines worldwide, significant decreases in p-lactamase
positive clinical isolates were observed (Heilmann et al. 2005), although in some
countries (such as Japan) (Hasegawa et al. 2003), the prevalence of these resistant
strains may have been decreasing before vaccine implementation. The impact of
Hib conjugate vaccines on AMR strains was also confirmed in studies that have
shown a correlation between Hib vaccine use and a reduction in resistance to one or
more antibiotics. For example, in a 10-year Italian study, after universal introduc-
tion of Hib vaccine in 1999, a 50% decrease in resistance to ampicillin and related
antibiotics among clinical isolates across all ages was observed (Giufre et al. 2011).

10.4.1.2 Pneumococcal Conjugate Vaccines

S. pneumoniae continues to be a leading global cause of serious illness among
unvaccinated children and adults. In 2005, the WHO estimated that 1.6 million
deaths were caused by this pathogen annually (http://www.who.int/ith/diseases/
pneumococcal/en/). In the 1990s, before the introduction of the 7-valent pneumo-
coccal capsular polysaccharide conjugate vaccine (PCV7, Prevnar®) into the child-
hood immunization program, ~63,000 cases of invasive pneumococcal disease
occurred each year in the U.S. (Feldman and Anderson 2016). Importantly, at this
time resistance to penicillin and other classes of antibiotics also emerged among
S. pneumoniae isolates in the U.S. The CDC’s pneumococcal surveillance study
demonstrated a more than 60-fold increase in penicillin resistance during the period
between 1979—1987 and 1992 in the U.S. (Breiman et al. 1994). Further increase in
resistance among pneumococcal strains was seen by 1993-1994, of which 14.1%
were penicillin nonsusceptible, 3.2% were penicillin resistant, and 25.5% were non-
susceptible to more than one antimicrobial agent (Butler et al. 1996).
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Introduction of polysaccharide conjugate vaccines (PCVs), initially covering 7
(PCV7; Wyeth 2000) and subsequently 13 (PCV 13, Prevnar 13®; Pfizer 2010) pneu-
mococcal serotypes, had a tremendous success in the U.S. with more than 90%
efficacy against invasive pneumococcal disease observed in the primary target pop-
ulation of children younger than 5 years (Cohen et al. 2017). Importantly, PCV's
protected against both antibiotic susceptible and resistant isolates. Several studies in
the U.S. have analyzed the laboratory confirmed data from the population based
Active Bacterial Core Surveillance system to evaluate changes in invasive pneumo-
coccal disease rates following introduction of PCVs. One of those analyses, per-
formed on the data from 1996 to 2004, found that after introduction of PCV7 in the
U.S., rates of penicillin nonsusceptible infections with serotypes included in the
vaccine fell by 87% (5.0-0.7 cases per 100,000) for any ages, 98% (61.5—1.2 cases
per 100,000) for children younger than 2 years, and 79% (12.3-2.6 cases per
100,000) for adults 65 years of age and older. Additionally, the rate of infection with
strains of S. pneumoniae showing reduced susceptibility to multiple antibiotics
dropped by 59% for people of all ages (Kyaw et al. 2006). Another study reported
that only seven years after introduction of PCV7, ~211,000 cases of invasive pneu-
mococcal disease caused by the seven serotypes covered by PCV7 (including anti-
biotic resistant strains) were prevented not only in children but also in individuals of
all ages. The incidence of invasive pneumococcal disease caused by PCV7-type
strains decreased by 94% (15.5-1.0 cases per 100,000) for all age groups, 100%
(81.9-0.4 cases per 100,000) for children younger than 5 years, and 92% (33.7-2.7
cases per 100,000) for adults 65 years of age and older (Pilishvili et al. 2010).
Between 1998 and 2008, rates of penicillin nonsusceptible invasive pneumococcal
disease caused by all pneumococcal serotypes decreased by 64% for children
younger than 5 years (12.1-4.4 cases per 100,000) and 45% for adults 65 years of
age and older (4.8-2.6 cases per 100,000), with a similar reduction for invasive
pneumococcal disease nonsusceptible to multiple antibiotics (Hampton et al. 2012).

A subsequent study on the impact of PCV13 on antibiotic nonsusceptible inva-
sive pneumococcal disease in the U.S. also demonstrated decreased rates of antibi-
otic nonsusceptible invasive pneumococcal disease caused by serotypes included in
PCV13 but not in PCV7 between 2009 (immediately before PCV 13 was introduced)
and 2013: from 6.7 to 2.2 per 100,000 for all ages, from 6.5 to 0.5 per 100,000 in
children younger than 5 years, and from 4.4 to 1.4 per 100,000 in adults 65 years of
age and older (Tomczyk et al. 2016) (Fig. 10.6). Marked decreases were also
observed for rates of multi drug nonsusceptible invasive pneumococcal disease.
Furthermore, following the introduction of PCV 13, the annual incidence of antibi-
otic nonsusceptible invasive pneumococcal disease in children younger than 5 years
in the U.S. was reduced from 2010 through 2013 by a range of 63%—83% for strains
resistant to macrolides, cephalosporins, tetracyclines, and penicillins, indicating
direct impact on circulating AMR strains (Tomczyk et al. 2016).

Surveillance studies in other countries have also shown a considerable impact of
PCVs on invasive pneumococcal disease rates. For example, in South Africa,
between 2009 and 2012, penicillin nonsusceptible invasive pneumococcal disease
rates had declined by 47% after three years of PCV7 use in children younger than
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Fig. 10.6 Reduction of antimicrobial resistance after broad rollout of PCV13. Data presented
show average annual rates of antibiotic nonsusceptible invasive pneumococcal disease (IPD) of the
vaccine- and non-vaccine type, with standard deviations in (a) vaccinated (children younger than
5 years) and (b) non-vaccinated (adults 65 years of age and older) populations, prior to (2005-2009)
and following (2011-2013) introduction of PCV 13 vaccine. (Adapted from Tomczyk et al. 2016).
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2 years (von Gottberg et al. 2014). Subsequent analyses revealed that between 2008
and 2015, rates of invasive pneumococcal disease caused by penicillin susceptible
and nonsusceptible pneumococcal isolates decreased by 61% and 91%, respec-
tively, for children younger than 2 years, and by 42% and 72%, respectively, for all
ages (von Gottberg et al. 2016).
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Numerous studies demonstrate that antibiotic use was also reduced following
PCV introduction. For example, with introduction of PCV7 in 2000 in the U.S.,
antibiotic prescription for acute otitis media in children younger than 2 years fell by
42% from 1997-1999 to 2004 (Zhou et al. 2008). Another study, conducted in
Northern California, indicated that up to 35 antibiotic prescriptions per 100 children
were prevented with PCV7 vaccination from the first vaccine dose to the age of
3.5 years, from which the authors suggested that approximately 1.4 million antibi-
otic prescriptions are preventable by PCV in the U.S. annually (Fireman et al. 2003).
In Germany, there were 539,000 fewer antibiotic prescriptions due to pneumonia in
children 0-10 years of age between 2007 and 2014 (Chatham House 2017).
Similarly, after the introduction of PCV10 in the Netherlands in 2011, prescription
of antibiotics for respiratory infection in children 2—7 years of age was reduced by
up to 24% from 2002 to 2013 (Gefenaite et al. 2014). An international group of
experts estimated that overall, universal coverage with PCV could avert up to
11.4 million days of antibiotic therapy for pneumonia caused by S. pneumoniae
annually in children younger than 5 years, a 47% reduction in the 75 countries
included in the analysis (Laxminarayan et al. 2016).

In addition, pneumococcal conjugate vaccination has been found to reduce pneu-
monia cases misattributed to respiratory viral infection in the setting of co-incident
secondary pneumococcal lower respiratory tract infection. In a large randomized,
placebo-controlled study in South Africa, a 9-valent PCV prevented 31% (95% con-
fidence interval, 15-43%) of pneumonias attributed to influenza A and parainflu-
enza viruses and respiratory syncytial virus (RSV) in fully immunized infants, with
the effect presumed due to otherwise undiagnosed contemporaneous pneumococcal
infection (Madhi et al. 2004).

10.4.1.3 Typhoid Conjugate Vaccine

Typhoid vaccines also provide a contemporary example of how a vaccine can be
used to prevent dissemination of an AMR pathogen. S. Typhi is the causative agent
of typhoid enteric fever, a potentially life-threatening disease. In 2000, S. Typhi
caused approximately 21.7 million illnesses and 216,000 deaths worldwide (Crump
etal. 2004). Typhoid fever remains a common infectious disease in low- and middle-
income countries, causing approximately 11.9 million cases and 129,000 deaths in
2010 according to the International Vaccine Institute (Mogasale et al. 2014),
although the true disease burden is likely underestimated. In the U.S., endemic dis-
ease has been essentially eradicated due to improvements in water sanitation, and
most cases of typhoid are travel-associated. The CDC has categorized S. Typhi as
being of serious concern as an antibiotic resistance threat, as 74% of S. Typhi infec-
tions had partial or full resistance to ciprofloxacin in 2017, and resistance to other
antibiotics was also observed (Centers for Disease Control and Prevention 2019).
The discovery in 2016, in the Sindh province of Pakistan, of an extensively drug
resistant haplotype 58 clone of S. Typhi, resistant to first- and second-line antibiot-
ics as well as third-generation cephalosporins, thus evoked particular alarm
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Fig. 10.7 Timeline of acquisition of antibiotic resistance by S. Typhi. MDR multi drug resis-
tant, TMP-SMX trimethoprim-sulfamethoxazole. (Adapted from Andrews et al. 2018)
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(Fig. 10.7) (Andrews et al. 2018). Since recognition of its emergence, the ongoing
major typhoid outbreak with this clone has affected more than 5200 people witihin
the Sindh region (https://www.who.int/csr/don/27-december-2018-typhoid-paki-
stan/en/; Qamar et al. 2018). Analysis of the extensively drug resistant isolate indi-
cated that the clone emerged by a single step transformation of multi drug resistant
S. Typhi through acquisition of a promiscuous plasmid encoding resistance to fluo-
roquinolones and third generation cephalosporins previously identified in other
enteric bacteria (Klemm et al. 2018). Since H58 is the dominant global clonotype,
if left unchecked, extensively drug resistant H58 S. Typhi has the capacity to cause
a global public health crisis (Klemm et al. 2018; Levine and Simon 2018).
Fortunately, there are several licensed typhoid vaccines, including the recently
WHO prequalified Vi capsular conjugate vaccine Typbar-TCV™ manufactured by
Bharat Biotech (India), that is the first and only typhoid vaccine approved for use in
children and infants younger than 2 years (Sahastrabuddhe and Saluja 2019). In
response to the outbreak, and due to the limited treatment options and risk for rapid
spread of this extensively drug resistant typhoid clone, Pakistani authorities
launched an emergency typhoid vaccination campaign in the most affected areas,
using Typbar-TCV vaccine (Bhatti 2019; https://www.who.int/csr/don/27-decem-
ber-2018-typhoid-pakistan/en/).

Vi-conjugate vaccines have also been used in response to a typhoid outbreak in
Zimbabwe, Africa with S. Typhi isolates manifesting high levels of multi drug resis-
tance and reduced fluoroquinolone susceptibility (N’Cho et al. 2019), whereby a
vaccination campaign with the conjugate vaccine was carried out in February-
March 2019, targeting children 6 months to 15 years of age. Three months after
initiation of the vaccination effort, surveillance for febrile cases with suspected
typhoid in the worst affected communities revealed a complete absence of typhoid
cases among 24 children who provided blood cultures, compared with 23 of 109
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(21%) positive blood cultures seen in a study directly preceding the start of the
campaign. This vaccine intervention effort was the first attempt to control a typhoid
outbreak in Africa through vaccination and the first use of the typhoid Vi-conjugate
vaccine in the continent (Olaru et al. 2019).

These examples of the purposeful use of a vaccine to control an outbreak with an
AMR pathogen thus represents a new paradigm in public health, that may be
extended to other pathogens in the future.

10.4.2 Vaccines Mediate Herd Immunity

Herd immunity is the protection conferred through broad vaccine coverage at the
population level, to members of the community who are not vaccinated, cannot be
vaccinated, or do not mount effective immune responses following vaccination. As
a critical threshold of vaccinated individuals is reached, indirect protection can be
conferred to unvaccinated individuals within the community through prevention of
transmission and reduced pathogen spread. High vaccination rates at the population
level are needed to achieve herd immunity and can both reduce transmission of
AMR pathogens and limit antibiotic use by non-vaccinated individuals (Fig. 10.5b).
Significant herd immunity has been achieved by both Hib and pneumococcal conju-
gate vaccines, driven in part by the reduction of nasopharyngeal colonization with
pathogens expressing vaccine serotypes. Infant immunization with Hib vaccines led
to a rapid fall in the rates of invasive Hib infections worldwide, in both vaccinated
and unvaccinated children, an effect attributed to decreased carriage and transmis-
sion among young children (Steinhoff and Goldblatt 2003).

The introduction of PCV7 and PCV 13 in pediatric vaccination programs has had
significant impact on reduction of vaccine type invasive pneumococcal disease in
both unvaccinated pediatric and adult populations, particularly elderly (65 years of
age and older), due to the herd effect. This has been attributed to both the reduction
in bacterial carriage and a substantial decrease in the incidence of invasive pneumo-
coccal disease (Cohen et al. 2017). As described in Sect. 10.4.1, analyses of invasive
pneumococcal disease cases identified through the U.S. Active Bacterial Core
Surveillance system demonstrated significant reductions in the rates of penicillin
nonsusceptible infections for the all-ages population as well as adults 65 years of
age and older, which were associated with serotypes included in PCV7 (between
late 1990s and middle-to-late 2000s) (Hampton et al. 2012; Kyaw et al. 2006;
Pilishvili et al. 2010) and PCV13 (between middle 2000s and early 2010s)
(Fig. 10.6b) (Tomczyk et al. 2016).

In other countries, the invasive pneumococcal disease rates also reduced after
PCV7 introduction: by 8.8% for adults 65 years of age and older (Denmark 2010)
(Ingels et al. 2012) and 70% for the entire adult population (Taiwan 2012) (Lai et al.
2014). Similar effects were observed for pneumonia disease (Tsaban and Ben-
Shimol 2017). In South Africa, rates of invasive pneumococcal disease caused by
PCV7 serotypes fell by 57% for young adults (25—44 years of age, 2009-2012) (von
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Gottberg et al. 2014). Rates of invasive pneumococcal disease caused by penicillin-
susceptible and -nonsusceptible pneumococcal isolates also significantly decreased
for the all-ages population between 2008 and 2015, as previously described in Sect.
10.4.1 (von Gottberg et al. 2016). Substantial reductions in invasive pneumococcal
disease and pneumonia disease rates through herd immunity were also associated
with PCV10 and PCV13 immunization in countries using these vaccines (Tsaban
and Ben-Shimol 2017), as seen, for example, by the 61% reduction in invasive
pneumococcal disease in adults 65 years of age and older in Ontario, Canada
(Rudnick et al. 2013).

10.4.3 Preventing Antimicrobial Resistance Using
Viral Vaccines

Although they do not directly generate antibacterial immunity, viral vaccines are an
important tool for containment of AMR. First, they help prevent viral disease and
thus avoid the inappropriate use of antibiotics. Additionally, bacterial infections are
common secondary complications following some viral diseases and may even
cause concurrent viral-bacterial superinfections that can be reduced by vaccination
against a bacterial pathogen (Madhi et al. 2004). Vaccination against viral patho-
gens thus prevents secondary bacterial infections that may be antibiotic resistant.
Influenza virus and rotavirus vaccines represent prominent examples of approved
vaccines with these anti AMR benefits.

10.4.3.1 Influenza Virus Vaccine

An estimated 3-5 million cases of influenza occur each year worldwide, causing
290,000 to 650,000 respiratory deaths (Iuliano et al. 2018; https://www.who.int/en/
news-room/fact-sheets/detail/influenza-(seasonal)). Due to the constant evolution
of influenza viruses, the WHO Global Influenza Surveillance and Response System
closely monitors circulating influenza virus types. Live-attenuated, inactivated, and
recombinant influenza vaccines, targeting influenza A and B, are produced annually
to match changes in the hemagglutinin proteins contained in the strains expected to
circulate in the following influenza season (https://www.who.int/en/news-room/
fact-sheets/detail/influenza-(seasonal)). The elderly population, people with chronic
pulmonary or cardiovascular conditions, and immunocompromised individuals are
at greatest risk for severe influenza disease and disease complications (Mertz et al.
2013). Recovery from influenza infection is accompanied by an overt risk for sec-
ondary bacterial respiratory infections (Prasso and Deng 2017), thus further ampli-
fying the morbidity and mortality due to influenza (Kash and Taubenberger 2015).
Among influenza patients who developed pneumonia, up to 75% were confirmed to
have a secondary bacterial infection (Zambon 2001). S. pneumoniae, H. influenzae,


https://www.who.int/en/news-room/fact-sheets/detail/influenza-(seasonal)
https://www.who.int/en/news-room/fact-sheets/detail/influenza-(seasonal)
https://www.who.int/en/news-room/fact-sheets/detail/influenza-(seasonal)
https://www.who.int/en/news-room/fact-sheets/detail/influenza-(seasonal)

368 K. U. Jansen et al.

and S. aureus are reported as the most common causes of secondary bacterial infec-
tions associated with influenza (Joseph et al. 2013; Morris et al. 2017). Vaccination
against influenza thus indirectly protects against these bacterial pneumonias that
may be antibiotic resistant.

Acute otitis media is another common secondary bacterial infection associated
with influenza (Kash and Taubenberger 2015), and there is evidence that the inci-
dence of this infection and associated antibiotic use can also be reduced through
influenza vaccination. In a prospective, blinded study in children 6—60 months old
in Turkey (N = 119), the frequency of acute otitis media in the influenza vaccinated
group was significantly reduced compared with the unvaccinated control group
(2.3% versus 5.2%, approximately 50% reduction) during the influenza season
(Ozgur et al. 2006). In a prospective, randomized study conducted in Italy in chil-
dren 1-5 years of age and prone to acute otitis media (N = 180), immunization with
a trivalent virosomal-adjuvanted inactivated influenza vaccine significantly reduced
the mean number of antibiotic courses (13.2% effectiveness, p < 0.001) as well as
the mean number of acute otitis media episodes (54.8% effectiveness, p = 0.03),
with the latter likely contributing to the reduction in antibiotic use (Marchisio et al.
2009). In a Phase 3 randomized multinational study in children 6-36 months old in
Europe (N = 12,018), immunization with an inactivated quadrivalent influenza vac-
cine reduced the risk for antibiotic use by 71% in Europe, 36% in Asia Pacific, and
59% in Central America compared with the control group, during 5 consecutive
influenza seasons (Dbaibo et al. 2020). Analyses of pooled data from 24,046 chil-
dren 6-83 months old, collected in 8 randomized clinical trials in the U.S., Europe,
and Asia, have demonstrated high efficacy of live attenuated influenza vaccine
against influenza associated acute otitis media compared with placebo (85%; 95%
confidence interval, 78.3—-89.8%) or trivalent inactivated influenza vaccine (54%;
95% confidence interval, 27.0-71.7%). In children who became infected despite
being vaccinated, the relative reduction in the development of acute otitis media in
the vaccinated population was 38.2% (95% confidence interval, 11.0-58.2%) com-
pared with placebo (Block et al. 2011). Children vaccinated with live attenuated
influenza vaccine also had a decreased incidence of all-cause acute otitis media
compared with placebo: 12.4% (95% confidence interval, 2.0-21.6%) reduction in
year 1 and 6.2% (95% confidence interval, -12.4-21.7%) reduction in year 2, with
the estimated 12 month effectiveness of the vaccine compared with placebo of 7.5%
(95% confidence interval, -2.4—-16.2%) (Heikkinen et al. 2013).

Globally, the influenza season represents the period of greatest antibiotic use, in
part due to the frequent inappropriate prescription of antibiotics for respiratory tract
infections caused by viral pathogens. For example, in the U.S., nearly half of all
antibiotic prescriptions are written for respiratory illnesses associated with patho-
gens such as influenza that are not susceptible to antibiotics (Fleming-Dutra et al.
2016). Reduction in infection through vaccination thus reduces antibiotic use.
Indeed, the study conducted in Canada using national health and prescription survey
systems demonstrated convincingly that introduction of universal influenza vacci-
nation to everyone over 6 months of age in Ontario resulted in reduced influenza
associated antibiotic prescriptions from 17.9 to 6.4 per 1000 people (a reduction of
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~64%) compared to other Canadian provinces where the use of influenza vaccines
was limited to at-risk populations (Kwong et al. 2009). A self control study in the
UK that analyzed data on children 2—4 years old from The Health Improvement
Network database (N = 33,137) found that children vaccinated with a live attenu-
ated influenza vaccine had 14.5% fewer amoxicillin prescriptions during the period
of influenza vaccine immunity compared with other winter seasons (Hardelid et al.
2018). By protecting against flu, even moderately effective seasonal influenza vac-
cines can prevent inappropriate antibiotic prescriptions for respiratory infections of
viral origin. In the season of 2017-2018, the influenza vaccination coverage in the
U.S. was 37.1% among adults and 57.9% among children 6 months through 17 years
of age, leaving ample room for improvement (https://www.cdc.gov/flu/fluvaxview/
coverage-1718estimates.htm). Implementation of national universal influenza vac-
cination programs, improvement of existing vaccines towards increased breadth of
efficacy to an extended repertoire of viral strains, higher efficacy in older adults and
young children, and development of universal influenza vaccines would provide
further impact in the fight against AMR.

10.4.3.2 Rotavirus Vaccine

Diarrheal disease is a second leading cause of mortality and morbidity among chil-
dren younger than 5 years, and children in low income countries are particularly
affected (https://www.who.int/en/news-room/fact-sheets/detail/diarrhoeal-disease).
Diarrheal illness can be caused by bacterial, viral, or parasitic organisms. Among
diarrheal pathogens, rotavirus is a leading cause of severe diarrheal disease in
infants and young children (https://www.who.int/immunization/diseases/rotavirus/
en/). Two oral rotavirus vaccines are currently licensed for infants in the U.S.:
RotaTeq® and Rotarix® (https://www.cdc.gov/rotavirus/vaccination.html), and two
more are approved internationally and are WHO prequalified (https://www.who.int/
immunization/diseases/rotavirus/en/). Rotavirus vaccines have had a significant
public health impact on the incidence and severity of childhood diarrheal disease.
Efficacy of RotaTeq and Rotarix ranges from 80 to 100% in industrialized coun-
tries, including Latin America (Giaquinto et al. 2011; Linhares et al. 2008; Vesikari
et al. 2007), and 39-77% in developing countries, such as Africa and Asia (Madhi
et al. 2010; Zaman et al. 2010). There is also evidence of herd protection from rota-
virus vaccine to unvaccinated children (Patel et al. 2011; Pollard et al. 2015). As
infection with rotavirus can lead to inappropriate antibiotic use if a misdiagnosis of
bacterial infection is given (e.g., enterotoxigenic E. coli or Vibrio cholerae) or if
treatment is sought based on symptoms (in many countries, patients can receive
antibiotics from pharmacists without being given a prescription), implementation of
national rotavirus vaccination programs worldwide would benefit containment of
AMR by reducing inappropriate antibiotic prescriptions in countries endemic for
these bacterial pathogens.


https://www.cdc.gov/flu/fluvaxview/coverage-1718estimates.htm
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10.5 Vaccines Under Development with Potential to Reduce
Antimicrobial Resistance

Given the proven success of licensed vaccines in combating AMR, sustained efforts
are being directed towards the development of new and improved vaccines targeting
pathogens that exhibit increased antibiotic resistance, are associated with high anti-
biotic use, and are considered priority organisms by the WHO and the CDC (Centers
for Disease Control and Prevention 2019; World Health Organization 2017a). In the
following sections, we will discuss select examples of vaccines under development
that target pathogens with demonstrated propensity to acquire antibiotic resistance,
and thus hold promise in further reducing AMR (Table 10.2).

10.5.1 Bacterial Vaccines in Late-Stage Clinical Development
10.5.1.1 Clostridioides difficile Vaccines

C. difficile, a Gram positive anaerobic, spore forming bacillus, is the main cause of
nosocomial infectious diarrhea in industrialized countries (Guerrant et al. 1990;
Kelly et al. 1994; Kyne and Kelly 1998; Magill et al. 2014; McFarland 1995). C. dif-
ficile infection frequently occurs consequent to antibiotic use, whereby ablation of
the normal flora and the accompanying dysbiosis following antibiotic treatment
make available an intestinal niche that C. difficile colonizes. Pathogenesis is medi-
ated primarily by two large clostridial glucosylating toxins, toxin A (TcdA) and
toxin B (TcdB) (Kuehne et al. 2010), which modify intracellular signaling pathways
in intestinal epithelial cells, causing cytotoxicity, inflammation, and diarrhea (Voth
and Ballard 2005).

C. difficile infection accounts for 20-30% of cases of diarrhea that develops
after antibiotic use, and is the most commonly recognized cause of infectious diar-
rhea in healthcare settings (Cohen et al. 2010). C. difficile is carried in approxi-
mately 1-3% of healthy adults and approximately 16-35% of hospital inpatients
on antibiotic treatment (Aslam et al. 2005). As many as 50% or more of hospital-
ized patients colonized by C. difficile are asymptomatic carriers (Cohen et al.
2010). According to the CDC’s national estimate, there were 223,900 cases of
C. difficile infection related to antibiotic use and antibiotic resistance in 2017 in the
U.S., along with 12,800 associated deaths (Centers for Disease Control and
Prevention 2019). Older adults (65 years of age and older) are at increased risk for
C. difficile infection, particularly when exposed to healthcare settings (Bartlett and
Gerding 2008; Bauer et al. 2011; Leffler and Lamont 2015; Pepin et al. 2005;
Simor 2010). Although most patients experiencing a first episode of C. difficile
infection respond well to standard antibiotic treatment (McDonald et al. 2018),
approximately 15-35% of patients suffer from at least one recurrence (Gerding
et al. 2008; Leffler and Lamont 2015; Louie et al. 2011), often leading to a vicious
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cycle requiring additional antibiotic use. Risk factors for recurrence include failure
to mount a protective immune response and infection with a hypervirulent strain
(Kyne et al. 2001). Over the past 20 years, the incidence, severity, and mortality of
C. difficile infection, including hospital-associated outbreaks, have increased in
both the U.S. and Europe (McDonald et al. 2018; Wiegand et al. 2012). Emergence
of hypervirulent pathogenic strains such as BI/NAP1/027, an increased use of anti-
biotics that disrupt the intestinal microflora, improved detection methods, and an
increased exposure to spores in healthcare facilities all contribute to the observed
C. difficile infection escalation (Donskey 2017; Gerding 2004; Lessa et al. 2015;
Polage et al. 2015).

C. difficile strains are resistant to many antibiotics commonly used to treat vari-
ous infections, including tetracyclines, erythromycin, penicillins, cephalosporins,
and fluoroquinolones (He et al. 2013; Johanesen et al. 2015; Spigaglia 2016;
Tenover et al. 2012). The current treatment recommendation for C. difficile infec-
tion is oral vancomycin or fidaxomicin for non-severe or severe cases and oral or
rectal vancomycin, stand-alone or concomitant with intravenous metronidazole for
fulminant cases (McDonald et al. 2018). However, the antibiotic regimen that is
required to clear C. difficile can cause development of AMR (Freeman et al. 2015;
Spigaglia et al. 2011). Moreover, treatment options for C. difficile infection are
becoming limited due to the emergence of AMR. Indeed, C. difficile strains origi-
nally treatable with metronidazole have shown increased minimum inhibitory con-
centration values in several studies (Adler et al. 2015; Freeman et al. 2015; Moura
et al. 2013). A recent systematic literature review and meta-analysis found resis-
tance of C. difficile to vancomycin is increasing as well (Saha et al. 2019). Given
this burden of C. difficile infection and the rapid global spread of epidemic and
antibiotic resistant strains, the CDC has classified C. difficile as an urgent antibi-
otic resistance threat (Centers for Disease Control and Prevention 2019). A vac-
cine against C. difficile would both protect against disease and, importantly, limit
the need for antibiotic use to treat the infection, thus also limiting antibiotic
resistance.

The toxins that mediate C. difficile infection, TcdA and TcdB, can be neutral-
ized by antibodies (Giannasca et al. 1999; Kyne et al. 2001; Lowy et al. 2010;
Wilcox et al. 2017), and bezlotoxumab, a recently approved anti-TcdB monoclo-
nal antibody, has been found to prevent C. difficile infection recurrence (Merck
2016). Since C. difficile infection pathogenesis is toxin mediated, and toxoid
based vaccines have protected against other toxin mediated diseases (such as teta-
nus, diphtheria, or anthrax), vaccines to protect against C. difficile infection have
focused on the development of neutralizing antibody responses against TcdA and
TcdB. Four investigational vaccines have progressed to clinical development. A
chemically inactivated toxoid based vaccine (ACAM-CDIFF) developed by
Sanofi Pasteur was assessed in a Phase 3 trial (NCT01887912, https://clinicaltri-
als.gov/), but the study was terminated due to the low probability that it would
meet its primary objective, leading to discontinuation of the program (Sanofi
2017). Another vaccine candidate, VLA84, developed by Valneva, is a recombi-
nant fusion protein comprising fragments of the receptor binding domains of
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TcdA and TcdB separated by a 4-amino acid linker (Tian et al. 2012). This vac-
cine candidate completed Phase 2 evaluation in 2017 (NCT02316470, https://
clinicaltrials.gov/); however, it has not yet progressed to Phase 3 studies (https://
valneva.com/research-development/clostridium-difficile/). GlaxoSmithKline is
also initiating clinical studies with a toxin fragment approach (NCT04026009).
Currently, the most advanced vaccine candidate is PF-06425090, developed by
Pfizer, whichisinaPhase 3 trial (https://clinicaltrials.gov/ct2/show/NCT03090191;
https://www.pfizer.com/science/find-a-trial/nct03090191). It is comprised of a
bivalent toxoid formulation of C. difficile toxins A and B that are each genetically
and chemically inactivated (Vidunas et al. 2016). If licensed and universally rec-
ommended, a C. difficile vaccine would provide an important tool for preventing
AMR, as vaccinated individuals would be protected from C. difficile infection,
thus reducing the associated antibiotic use and selection of multi drug resistant
bacterial species.

10.5.1.2 Streptococcus pneumoniae Vaccines

Following introduction of PCV13, as a result of the significant effectiveness on
both carriage and invasive disease, serotypes not included in the vaccine have
become responsible for the majority of invasive pneumococcal disease cases in
Europe and North America (Balsells et al. 2017; Kyaw et al. 2006). To help address
this major unmet medical need, several pneumococcal conjugate vaccines with
higher valencies are being developed, including 15-valent (Merck) and 20-valent
polysaccharide conjugate formulations (Pfizer) that are currently undergoing Phase
3 evaluation in healthy adults and infants (NCT03480763, NCT03480802,
NCT03692871, NCT03760146, NCT03760146, NCT04382326, NCT04379713)
(https://clinicaltrials.gov/). If successful, these vaccines will have the potential to
further reduce the burden of pneumococcal diseases globally. While the most preva-
lent pathogenic pneumococcal serotypes had been included in the approved PCV
vaccine, with over 90 defined pneumococcal serotypes, there still remains a large
unmet medical need to increase protection through vaccination with extended sero-
type coverage vaccines. An approach that has been undertaken to address this need
is the use of conserved epitopes of pneumococcal surface proteins such as proteins
A and C, adhesin A, pneumolysin, histidine triad proteins, and choline binding
protein A (Alderson 2016; Moffitt and Malley 2016). Several investigational pneu-
mococcal conjugate and subunit vaccines utilizing this approach are in clinical
development (Table 10.2) (Alderson 2016; Moffitt and Malley 2016), including a
bivalent vaccine containing pneumococcal histidine triad protein D and pneumoly-
soid 1 (GlaxoSmithKline) (Prymula et al. 2017) and a trivalent vaccine containing
pneumococcal histidine triad protein D, pneumolysoid 1, and pneumococcal cho-
line-binding protein A (Sanofi) (Kamtchoua et al. 2013). Alternatively, a pneumo-
coccal vaccine candidate being developed by Affinivax comprises a macromolecular
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complex designed as the multiple antigen presenting system for increased immuno-
genicity, where subunit and conjugate approaches are merged and pneumococcal
proteins are used as the carrier for pneumococcal capsular polysaccharides (Zhang
et al. 2013; http://affinivax.com/vaccine-pipeline/). This vaccine is currently under
Phase 1/2 evaluation in young as well as elderly adults (NCT03803202) (https://
clinicaltrials.gov/).

10.5.1.3 Group B streptococcus Vaccines

Streptococcus agalactiae, also known as Group B streptococcus (GBS), is an encap-
sulated Gram positive bacterium common in the intestinal tract that also asymptom-
atically colonizes the vaginal mucosa (women) and rectum (women and men) of
approximately 25% of the population. GBS can cause invasive infections, including
pneumonia, meningitis, bacteremia, and sepsis across all age groups. According to
the CDC’s national estimate, in 2016 there were 31,000 cases of invasive GBS dis-
ease, causing 1700 deaths (Centers for Disease Control and Prevention 2019).
Pregnant women and their infants are particularly vulnerable to GBS infection.
Asymptomatic maternal GBS carriage during pregnancy is a risk factor for endome-
tritis, chorioamnionitis, sepsis, and preterm labor in the mother and for GBS related
bloodstream infection, meningitis, pneumonia, and stillbirth in the baby. GBS dis-
ease presenting within the first 90 days of life is particularly devastating (https://
www.cdc.gov/groupbstrep/about/fast-facts.html). In the U.S. and some other high
income countries, GBS related disease incidence has been reduced by screening
pregnant women for vaginal colonization and then treating carriers with antibiotics
during labor, a process known as intrapartum antibiotic prophylaxis. Approximately
25% of pregnant women are reported to undergo intrapartum antibiotic prophylaxis
in the U.S. and even higher rates are seen in other countries such as Canada (Simioni
et al. 2016). While proven effective for prevention of GBS disease in newborns
(Braye et al. 2018), intrapartum antibiotic prophylaxis has not impacted acquisition
of late onset GBS disease occurring more than 7 days after birth and compromises
the establishment of the normal flora that neonates would otherwise acquire during
passage through the birth canal, that is important for development of a healthy
microbiome. Intrapartum antibiotic prophylaxis also has the capacity to induce
AMR among constituents of the vaginal microflora. Given the growing recognition
of the importance of the microbiome for human health, these findings and perhaps
yet-to-be-discovered intrapartum antibiotic prophylaxis induced changes of the
maternal and newborn intestinal microbiota should prompt additional research to
assess the potential risks to subsequent health of mother and baby (Braye et al. 2018).
Although GBS resistance to penicillin is low, approximately 10% of the maternal
population report penicillin allergies, leading to the administration of macrolide
antibiotics as an alternative. However, the prevalence of macrolide resistance in
GBS has been rising in recent years, ranging from 7 to 25% in the U.S. and Canada
to over 60% in Asia, leaving physicians with vancomycin among the few options for
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use in mothers with macrolide resistant GBS (Lu et al. 2014; Schrag et al. 2002). In
the U.S., although the incidence of early onset disease in infants has been decreasing
consequent to intrapartum antibiotic prophylaxis intervention, the proportion of
GBS infections resistant to erythromycin and clindamycin has increased steadily
since 2000. The CDC estimated that in 2016, 58% of GBS isolates tested were
erythromycin resistant and 42% were clindamycin resistant. Furthermore, clindamy-
cin resistant GBS was estimated to be associated with 13,000 illnesses and 720
deaths (Centers for Disease Control and Prevention 2019). The CDC recognizes
GBS as a concerning AMR threat (Centers for Disease Control and Prevention
2019). An effective maternal GBS vaccine administered to the mother would thus
not only protect against maternal and infant GBS infections, but also reduce AMR.

GBS expresses a capsular polysaccharide, and anti-capsular serotype-specific
immunoglobulin G (IgG) antibodies have been shown to kill GBS by opsonophago-
cytosis. Among the 10 documented GBS capsular serotypes, only a subset are associ-
ated with the majority of disease (Baker et al. 2014; Mukesi etal. 2019). Investigational
GBS vaccines based on the capsular polysaccharide are thus being pursued that may
be used as maternal vaccines to be administered to pregnant women, inducing func-
tional antibodies that would be transferred across the placenta during the third tri-
mester of pregnancy and protect neonates from GBS disease. Several Phase 2 studies
have been conducted with GBS capsular polysaccharide conjugate vaccines
(NCT00128219, NCT02459262, NCT02270944, NCT02690181, NCT03170609).
These include mono- and bivalent vaccines (Baker et al. 2003; Hillier et al. 2019;
Rose et al. 2018), a trivalent vaccine (Leroux-Roels et al. 2019; Leroux-Roels et al.
2016), and a hexavalent vaccine (Buurman et al. 2019; https://clinicaltrials.gov/).
The hexavalent GBS vaccine being developed by Pfizer is comprised of serotypes Ia,
Ib, II, II1, IV, and V, representing the dominant serotypes associated with GBS dis-
ease worldwide, conjugated to cross-reactive material 197 (CRM,y,) used as a carrier
protein (Buurman et al. 2019). The GBS6 capsule polysaccharide vaccine (Pfizer) is
currently being evaluated in a Phase 2 trial (NCT03765073) in healthy non-pregnant
and pregnant women (https://clinicaltrials.gov/). Additionally, an alternative vaccine
candidate, a GBS-NN bivalent subunit vaccine (Minervax ApS), comprising a fusion
of recombinant N-terminal domains of the GBS Rib and Alpha C surface proteins,
has been evaluated in two Phase 1 trials in healthy non-pregnant women
(NCTO02459262, NCT03807245) (https://clinicaltrials.gov/).

10.5.2 Bacterial Vaccines in Early Stage Clinical or
Pre-clinical Development

10.5.2.1 Enterobacteriaceae Vaccines
Enterobacteriaceae are a large family of Gram negative microbes that include both

normal components of the gut flora and pathogens, with substantial AMR in some
prominent family members. Carbapenem resistant Enterobacteriaceae are given
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critical priority by the WHO (World Health Organization 2017a) and are considered
an urgent threat by the CDC (Centers for Disease Control and Prevention 2019).
E. coli and Klebsiella pneumoniae pose the greatest concerns because they have
high levels of resistance to third generation cephalosporins and extended spectrum
f-lactam antibiotics. E. coli infections are also associated with high levels of fluoro-
quinolone resistance, and K. pneumoniae isolates highly resistant to carbapenems
have caused frequent nosocomial outbreaks. Both species are part of the normal
intestinal flora but can cause serious illness. E. coli is the most frequent cause of
urinary tract infections, including cystitis and pyelonephritis, both community
acquired and nosocomial, and bloodstream infections at all ages. E. coli may also be
associated with intra abdominal infections such as peritonitis as well sepsis and
meningitis in neonates. Notably, certain pathotypes of E. coli are also leading caus-
ative agents of foodborne infections worldwide. K. pneumoniae poses a similar
problem; however, it tends to infect more vulnerable individuals including pre-term
infants and patients with impaired immune systems, diabetes, or suffering from
alcohol abuse, and those receiving advanced medical care. Multi drug resistant
Enterobacteriaceae have recently achieved greater attention due to the rapid global
spread of NDM-1 producing strains (Walsh et al. 2011; Yong et al. 2009), with asso-
ciated spread of this gene to other Gram negative species (Nordmann et al. 2011).
With the recent discovery of E. coli strains harboring the MCR-1 plasmid-1 confer-
ring resistance to the last line antibacterial colistin (McGann et al. 2016), there is
concern that strains containing both MCR-1 and NDM-1 may emerge, resulting in
untreatable infections.

Capsular polysaccharides are an important virulence factor of extraintestinal
E. coli; however, the predominant capsule types such as K1 and K5 are structurally
homologous to human glycans and are hence not suitable as vaccine targets. Vaccine
approaches for E. coli have thus focused on lipopolysaccharides (or O-antigens)
(Huttner et al. 2017; Poolman and Wacker 2016). Although E. coli can express more
than 180 different O-antigen serotypes, only a subset are associated with the major-
ity of pathogenic strains (Poolman and Wacker 2016). Investigators at the Swiss
Serum and Vaccine Institute and the Walter Reed Army Institute of Research
assessed a 12-valent formulation of E. coli lipopolysaccharides derived O polysac-
charide linked to recombinant P. aeruginosa exoprotein A as a carrier, targeting the
dominant serotypes associated with disease. Phase 1 clinical studies conducted in
the 1990s confirmed that measurable antibody levels and rises in functional activity
were induced against all 12 O-antigen types included in the vaccine (Cross et al.
1994). A vaccine targeting extraintestinal pathogenic E. coli, containing 4 O-antigen
bioconjugates (ExXPEC4V/EcoXyn-4V or JNJ-63871860), is being developed by
LimmaTech (formerly GlycoVaxyn) and Janssen (van den Dobbelsteen et al. 2016)
and has been evaluated in Phase 1 and 2 trials (NCT02289794, NCT02546960),
including healthy women between 18 and 70 years of age with a history of recurrent
urinary tract infections (Frenck Jr. et al. 2019; Huttner et al. 2017). Sequoia
Pharmaceuticals is developing a vaccine candidate based on the E. coli type I fim-
brial adhesin protein (FimH) (Langermann et al. 2000) that has been assessed in a
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Phase 1 trial (https://sequoiasciences.com/uti-vaccine-program). Investigators at the
Swiss Serum and Vaccine Institute assessed purified Klebsiella capsule polysaccha-
rides in Phase 1 clinical studies where they were found as safe and well tolerated,
with measurable induction of anti-capsular IgG (Cryz Jr. et al. 1986; Edelman et al.
1994). While this vaccine was not pursued in efficacy studies with active immuniza-
tion, it was used in combination with a Pseudomonas vaccine component (discussed
in Pseudomonas vaccines later in this section) to generate a hyperimmune intrave-
nous immunoglobulin formulation that was assessed among intensive care patients
(Donta et al. 1996) where a possible trend towards efficacy against Klebsiella infec-
tion was noted, although this was not statistically significant. Vaccines containing
inactivated strains of bacteria have also been explored. Clinical efficacy has been
reported with commercially available Uromune® (a mixture of E. coli, K. pneu-
moniae, Enterococcus faecalis, and Proteus vulgaris) and SolcoUrovac® (6 E. coli
strains mixed with Proteus mirabilis, K. pneumoniae, Morganella morganii, and
E. faecalis) when tested against recurrent urinary tract infections (Nesta and
Pizza 2018).

10.5.2.2 Other Gram Negative Bacterial Vaccines

Gram negative carbapenem resistant A. baumannii and carbapenem resistant
P. aeruginosa are listed by the WHO as critical priority pathogens (World Health
Organization 2017a). A. baumannii and P. aeruginosa infections are both associated
with healthcare settings and though they do not cause high rates of infection, they
are characterized by high levels of antibiotic resistance and associated morbidity.
Both pathogens cause pneumonia and bloodstream infections in hospital settings,
especially in critically ill patients (Centers for Disease Control and Prevention
2019; Jones 2010). Risk factors for P. aeruginosa infections include severe burns,
cystic fibrosis, mechanical ventilation, catheterization, and immunocompromise
(Gellatly and Hancock 2013). According to CDC estimates, there were 8500 infec-
tions and 700 deaths associated with carbapenem resistant A. baumannii and 32,600
infections and 2700 deaths associated with multi drug resistant P. aeruginosa in
2017 in the U.S. (Centers for Disease Control and Prevention 2019). Rates of car-
bapenem resistance among P. aeruginosa have been increasing, with recent esti-
mates in the U.S. and Europe ranging from 17.8 to 19.2% (World Health Organization
2017b). Some strains of carbapenem resistant A. baumannii and multi drug resistant
P. aeruginosa are resistant to nearly all antibiotics (Centers for Disease Control and
Prevention 2019).

Vaccines targeting Acinetobacter are in early pre-clinical development (Gagneux-
Brunon et al. 2018). However, questions remain regarding appropriate antigen
selection for an A. baumannii vaccine (Chen 2015) and the adequacy of animal
models to predict human protection (Alving 2002). In addition, clinical studies
would be challenging: though this pathogen is a voracious pathogen, it occurs infre-
quently and affects populations for which vaccination would be a challenge.
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Several investigational vaccines against P. aeruginosa have reached clinical
development. Pathogenic P. aeruginosa can express either of two serotypes of fla-
gellin, termed FlaA and FlaB. Vaccines based on FlaA and FlaB were immunogenic
and well-tolerated when administered to healthy adult volunteers (Doring et al.
1995). When such a vaccine was assessed in patients with cystic fibrosis, partial
protection was seen against infection (relative risk 0.66 in vaccinated compared to
placebo) (Doring et al. 2007); however, this vaccine was not pursued further.
P. aeruginosa expresses up to 21 different O-antigen serotypes, for which 8-10 are
associated with the majority of infections. Researchers at the Swiss Serum and
Vaccine Institute generated an octavalent conjugate formulation comprised of the 8
most common P. aeruginosa O-types linked individually to recombinant P. aerugi-
nosa exoprotein A, a pathogen relevant carrier protein. Preliminary clinical studies
with monovalent O polysaccharide recombinant P. aeruginosa exoprotein A conju-
gate formulations found that robust opsonic antibody and toxin neutralizing activity
were induced following vaccination (Cryz Jr. et al. 1987). Phase 1 clinical studies
conducted at the University of Maryland in volunteers immunized with the octava-
lent formulation in parallel with a 24-valent Klebsiella capsular polysaccharide for-
mulation revealed induction of IgG titers specific to all the administered
polysaccharide antigens (Edelman et al. 1994). Efficacy trials conducted in cystic
fibrosis patients immunized with the octavalent conjugate vaccine revealed, how-
ever, that this vaccine did not offer significant protection against infection with
P. aeruginosa in this population (Cryz Jr. et al. 1997).

Protection against infection was also assessed among intensive care patients who
upon admission were passively administered the aforementioned intravenous immu-
noglobulin preparation derived from volunteers immunized with the octavalent
P. aeruginosa conjugate along with the 24-valent Klebsiella capsule polysaccharide
formulation (Donta et al. 1996). Although there was no evidence of protective effi-
cacy against Pseudomonas, it was theorized that this may have been attributable in
part to possible administration of sub-protective levels of antibody, thus it remains
to be determined whether anti-O polysaccharide antibodies would protect otherwise
healthy individuals against pseudomonal infection. An outer membrane protein
based vaccine designated as VLA43 (formerly known as IC43) generated by fusion
of the surface loops of outer membrane proteins Oprl and OprF (Valneva) showed
promising results in a Phase 2 study (NCT00876252). In preliminary studies, the
vaccine had an acceptable safety profile, increased antibody levels upon vaccina-
tion, and reduced mortality, but did not reduce rates of infection in patients in an
intensive care unit on mechanical ventilation (Rello et al. 2017). Unfortunately,
results from the subsequent confirmatory Phase 2/3 study (NCT01563263) did not
confirm significantly reduced mortality in vaccinated patients (Valneva 2016;
https://clinicaltrials.gov/ct2/show/NCT01563263 7term=NCT01563263&rank=1).
Several additional whole cell and subunit vaccine candidates have recently been
evaluated in early stage pre-clinical studies (Hegerle et al. 2018; Meynet et al. 2018;
Zhang et al. 2018).
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10.5.2.3 Mycobacterium tuberculosis Vaccines

M. tuberculosis is the etiologic cause of tuberculosis, a disease that is one of the top
10 causes of death worldwide and the leading cause of death by a single infectious
agent. Exposure to M. tuberculosis usually results in asymptomatic infection, but
5-15% of infected individuals will develop tuberculosis in their lifetime, and immu-
nocompromised individuals, including those with human immunodeficiency virus
(HIV), malnutrition, or diabetes, and tobacco users are at a much higher risk. Over
90% of tuberculosis cases occur in low- and middle-income countries. The WHO
estimates that 1.8 billion people — close to one quarter of the world’s population —
are infected with M. tuberculosis globally. In 2017, an estimated 10 million people
became ill from tuberculosis (including 1 million children), of which 1.6 million
died (World Health Organization 2018) (https://www.tballiance.org/why-new-tb-
drugs/global-pandemic).

Active, drug-susceptible tuberculosis disease is successfully treated with antibi-
otics, and an estimated 54 million lives were saved through tuberculosis diagnosis
and treatment between 2000 and 2017. However, tuberculosis therapy is an extended
process lasting from six months to over two years and rates of compliance are an
ongoing concern. While the disease burden caused by tuberculosis is gradually fall-
ing globally and mortality rates decreased by 42% between 2000 and 2017 (World
Health Organization 2018), multi drug resistant tuberculosis remains a public health
crisis and a health security threat (Koch et al. 2018). In 2017, there were an esti-
mated 558,000 new cases of tuberculosis with resistance to rifampicin, the most
effective first line drug, of which 82% had multi drug resistant tuberculosis (defined
as tuberculosis that is resistant to both rifampicin and isoniazid). Extensively drug
resistant tuberculosis, a more advanced manifestation of AMR, is defined as multi
drug resistant tuberculosis plus resistance to at least one drug in both of the two
most important classes of medicines in a multi drug resistant tuberculosis regimen:
fluoroquinolones and second line injectable agents such as amikacin, capreomycin,
or kanamycin (World Health Organization 2018). In 2017, approximately 8.5% of
multi drug resistant tuberculosis cases had extensively drug resistant phenotypes,
and extensively drug resistant tuberculosis has been identified in more than 127
countries. Only 55% of multi drug resistant tuberculosis patients are successfully
treated worldwide. AMR leads to longer treatment regimens, prolonged periods of
contagiousness, and higher mortality in populations infected with tuberculosis
(World Health Organization 2018; https://www.who.int/news-room/fact-sheets/
detail/tuberculosis; https://www.tballiance.org/why-new-tb-drugs/
global-pandemic).

Bacillus Calmette Guérin (BCG) vaccine, the only available tuberculosis vaccine
and in use for almost 100 years, is composed of an attenuated strain of Mycobacterium
bovis and used to vaccinate >90% of newborns in endemic countries where vaccina-
tion results in a reduction of disseminated disease and mortality in young children.
Re-administering BCG vaccine does not provide additional protection after a child-
hood dose, however, and BCG vaccine does not prevent the reactivation of latent
tuberculosis to pulmonary disease in the nearly one third of the human population
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that is already infected and at risk. Given these shortcomings of BCG vaccine, sev-
eral more modern vaccine approaches are being pursued (Khoshnood et al. 2018;
Raviglione et al. 2012) that may have a profound impact on tuberculosis disease
morbidity and mortality and assist in stemming AMR, through prevention of the
initial infection as well as reduction of reactivation of latent infection. Examples of
such approaches include improved priming with genetically modified BCG, use of
alternative inactivated whole cell mycobacterial preparations, elaboration of subunit
vaccines including novel adjuvant formulations, and use of vaccines based on
recombinant viral vectors. Using these approaches, several new vaccines are being
investigated and developed, often by consortia of pharmaceutical companies and
academic institutions (Andersen and Scriba 2019; Khoshnood et al. 2018). The
recombinant, double mutant BCG vaccine, VPM1002 (Max Planck Institute,
Vakzine Projekt Management, Serum Institute of India, TB Vaccine Initiative), is
undergoing Phase 2/3 evaluation (NCT03152903) in adults who have been success-
fully cured of category 1 pulmonary tuberculosis, to determine efficacy of a single
dose of the vaccine against tuberculosis recurrence (https:/clinicaltrials.gov/ct2/
show/NCT031529032term=NCT03152903&rank=1). Another live attenuated
whole cell tuberculosis vaccine candidate, MTBVAC (Biofabri, Universidad de
Zaragoza, TB Vaccine Initiative), is designed for prophylactic and post-exposure
immunization (Aguilo et al. 2017). Safety and immunogenicity of MTBVAC are
being evaluated in two Phase 2 trials: in adults with or without latent tuberculosis
(NCT02933281) and in newborns (NCT03536117) (https://clinicaltrials.gov/).
There are also several investigational tuberculosis vaccines based on inactivated
whole cell bacteria that have reached Phase 3 clinical development. These include
heat killed Mycobacterium vaccae, a non-pathogenic species sharing many com-
mon antigens with M. tuberculosis. The inactivated M. vaccae candidate, developed
by Anhui Zhifei Longcom (China), is registered in China as adjunct immunotherapy
for patients with drug susceptible tuberculosis (World Health Organization 2018).
In a Phase 3 study (NCT00052195), the M. vaccae vaccine administered in five
intradermal doses was well tolerated and had low but significant (39%) efficacy
against tuberculosis in individuals infected with HIV who had previously received
BCG vaccine (Khoshnood et al. 2018; von Reyn et al. 2010). Another completed
Phase 3 study (NCT01979900) evaluated the efficacy and safety of the M. vaccae
vaccine to prevent tuberculosis in high risk groups; results from this study have not
yet been disseminated, however (Andersen and Scriba 2019; https://clinicaltrials.
gov/ct2/show/NCT01979900?term=NCT01979900&rank=1). The MIP vaccine
(Cadila, Indian Council of Medical Research), whole cell heat inactivated
Mycobacterium indicus pranii, has also been assessed in a Phase 3 trial as an adjunct
immunotherapy to anti tubercular treatment for pulmonary tuberculosis. Significantly
higher rates of sputum culture conversion (culture turning bacilli negative for an
initially culture positive patient who had completed treatment; the proposed mea-
sure of disease cure) were seen in patients receiving MIP intradermally, suggesting
a role for MIP in clearance of detectable bacilli and, potentially, disease cure
(Sharma et al. 2017). DAR-901, the vaccine candidate comprised of a heat inacti-
vated non-tuberculous mycobacterium related to M. vaccae (Dartmouth, Geisel
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School of Medicine, Global Health Innovative Technology Fund), is currently being
evaluated in a Phase 2 trial (NCT02712424) as a booster vaccine to prevent tuber-
culosis in adolescents (https://clinicaltrials.gov/ct2/show/NCT027124247term=N
CT02712424&rank=1). RUTI® (Archivel Farma) is a detoxified vaccine candidate
based on fragmented M. tuberculosis cells, intended to be used as a therapeutic vac-
cine in combination with a short, intensive antibiotic treatment (World Health
Organization 2018). Safety and immunogenicity of RUTI in patients with multi
drug resistant tuberculosis favorably responding to the standard multi drug resistant
tuberculosis treatment are being evaluated in a Phase 2 trial (NCT02711735, https://
clinicaltrials.gov/).

Live vectored vaccines expressing immunodominant recombinant antigen 85A
that is shared by M. tuberculosis and BCG have also been assessed in clinical stud-
ies. Ad5Ag85A, based on a recombinant adenovirus, is being developed by
McMaster University (Hamilton, Ontario, Canada) and is in early stage clinical
development, undergoing Phase 1 clinical evaluation (NCT02337270) in healthy
individuals primed with BCG vaccine (https://clinicaltrials.gov/). Another vaccine
candidate, MVAS85A, comprises a modified vaccinia virus Ankara expressing
recombinant antigen 85A and was developed by the University of Oxford (Oxford,
UK). This vaccine was assessed in a pivotal Phase 2b study (NCT00953927) where
it was given as a booster to South African infants previously vaccinated with BCG
vaccine. Unfortunately, MVAS5A failed to improve protection against tuberculosis
infection compared to BCG vaccine alone in vaccinated infants (Tameris et al.
2013) and was subsequently abandoned.

Adjuvanted subunit vaccine candidates for tuberculosis are being clinically
tested as booster vaccines to prevent active or recurrent tuberculosis disease
(Andersen and Scriba 2019). Two vaccines, H4:IC31 and H56:1C31, comprised of
multiple mycobacterial antigens including Ag85B and formulated with the adjuvant
IC31, are in Phase 2 development (NCT02075203, NCT03512249). One of these,
H4:1C31 (Sanofi-led consortium), has demonstrated partial efficacy (30.5%) against
sustained M. tuberculosis infection (based on rates of conversion in interferon
gamma release assays) in high risk adolescents primed with BCG vaccine (Nemes
et al. 2018; http://www.aeras.org/candidates). Another multicomponent subunit
vaccine candidate, ID93+GLA-SE (Infectious Disease Research Institute, Quratis),
hasbeen evaluated in a Phase 2 trial in adults with cured tuberculosis (NCT02465216),
where it was found to elicit both humoral and cellular immune responses (Penn-
Nicholson et al. 2018). An upcoming Phase 2b study will assess prevention of tuber-
culosis recurrence in the same population (https://clinicaltrials.gov/ct2/show/
NCT02465216?term=ID93%2BGLA-SE&rank=4). The most promising of the sub-
unit tuberculosis vaccine candidates is M72, developed by GlaxoSmithKline
(Rixensart, Belgium) and containing two proteins shared by M. tuberculosis and
BCG. M72, adjuvanted with ASO1E, a liposomal based adjuvant system containing
the immunostimulants monophosphoryl lipid A and the saponin QS-21 from
Quillaja saponaria Molina (Garcon and Di Pasquale 2017), was evaluated in a
Phase 2b study (NCT01755598) and demonstrated an overall 54% efficacy for pre-
vention of pulmonary tuberculosis in HIV negative adults 18-50 years of age with
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latent M. tuberculosis infection (Van Der Meeren et al. 2018). Despite this encour-
aging result, and the large numbers of people who could be helped by this vaccine,
it is clear that more work is needed to develop a vaccine that can have broader effi-
cacy for a larger population demographic. It is also apparent that immune approaches
to prevent re-activation of latent infection as opposed to preventing the initial infec-
tion may provide benefits to curb disease (https://www.who.int/immunization/
research/development/tuberculosis/en/).

10.5.2.4 Shigella Vaccines

Shigella are important human enteric pathogens that cause gastroenteritis ranging
from self-limiting intestinal cramping and fever to dysentery characterized by
severe diarrhea with mucus containing bloody stool. In the U.S., shigellosis is a
reportable infection, with the CDC estimating approximately 450,000 cases occur-
ring annually, of which there are 77,000 antibiotic resistant infections and fewer
than 5 deaths (Centers for Disease Control and Prevention 2019). In lower- and
middle-income counties, Shigella is one of the top 5 causes of moderate to severe
diarrhea in children less than 5 years old and contributes to excess mortality and
growth impairment (Kotloff et al. 2013). Shigella spp. are also identified as priority
pathogens by the CDC due to widespread resistance to ampicillin and trimethoprim-
sulfamethoxazole and rising resistance to ciprofloxacin and azithromycin (Centers
for Disease Control and Prevention 2019). Shigella are classified into species and
serotypes based on structural differences in the O polysaccharides of lipopolysac-
charide. There are four major species: S. dysenteriae, S. boydii, S. flexneri, and
S. sonnei. Among these, several serotypes are disproportionately found as causative
agents of disease, including the single S. sonnei and S. flexneri serotypes 2a, 3a, and
6 (Baker and The 2018).

Multiple pre-clinical vaccine candidates have been described for Shigella,
including whole cell vaccines, purified outer membrane vesicle vaccines, protein
subunit vaccines, and glycoconjugates, of which several have progressed to clinical
studies (Barel and Mulard 2019; Mani et al. 2016). Following the hypothesis that
antibodies against Shigella O polysaccharides are protective against Shigella dis-
ease, researchers at the U.S. National Institutes of Health developed a series of
Shigella O polysaccharide based glycoconjugates (Chu et al. 1991; Kubler-Kielb
et al. 2010; Pozsgay et al. 1993; Robbins et al. 1991; Robbins et al. 2009; Robbins
and Schneerson 1990). This included a candidate S. sonnei conjugate with recombi-
nant P. aeruginosa exoprotein A that was assessed in an efficacy trial among mili-
tary recruits in Israel in the early 1990s, where it was found to provide ~74%
protection against culture confirmed S. sonnei shigellosis (Cohen et al. 1997). Based
on this landmark study, other Shigella O polysaccharide conjugate vaccines have
been developed and advanced to clinical studies, including a construct comprised of
synthetic O polysaccharide repeats conjugated to tetanus toxoid developed by the
Pasteur Institute that was recently tested in a first-in-human trial (NCT02797236)
(Barel and Mulard 2019). LimmaTech has developed a bioconjugate comprised of
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S. dysenteriae O1 O-antigen linked to recombinant P. aeruginosa exoprotein A. This
bioconjugate vaccine elicited a favorable safety profile and significant increases in
anti-lipopolysaccharide IgG levels in a Phase 1 study in the U.S. (Hatz et al. 2015).
In order to provide broad coverage, an O polysaccharide based Shigella vaccine
would need to include, however, the four primary serotypes (S. sonnei and S. flex-
neri 2a, 3a, and 6). Hence, these prior monovalent constructs represent iterative
advances towards an ultimate multivalent formulation that could be used to prevent
shigellosis.

Several whole cell Shigella vaccines have been tested in clinical studies. A live
attenuated S. flexneri 2a vaccine strain developed at the University of Maryland
Center for Vaccine Development and Global Health, generated by mutations in the
guanosine biosynthetic locus (guaBA) and sen-set virulence genes, was found to be
well tolerated and immunogenic in a Phase 1 trial among North American volun-
teers, where it induced significant levels of serum anti-O polysaccharide IgG and
fecal IgA (Kotloff et al. 2007). A separate live attenuated S. sonnei vaccine strain
engineered by deletion of the virG plasmid virulence gene was tested in Israeli vol-
unteers, where it induced measurable levels of lipopolysaccharide specific IgG and
IgA antibody secreting cells, albeit with moderate diarrhea in some volunteers (Orr
et al. 2005). A whole cell formalin inactivated preparation of Shigella developed by
the U.S. military has also progressed through Phase 1 clinical testing where volun-
teers administered the vaccine by the oral route generated increased serum anti-
lipopolysaccharide IgG and IgA titers, as well as intestinal IgA detectable in stool
(McKenzie et al. 2006). The GlaxoSmithKline Vaccines Institute for Global Health
has developed an outer membrane vesicle vaccine based on shed membrane vesi-
cles, termed Generalized Membrane Module Antigens, that has progressed through
Phase 2 clinical studies in Kenya, where it was found to be safe and significantly
increased levels of anti-lipopolysaccharide IgG antibodies among volunteers in this
Shigella endemic setting (Obiero et al. 2017). The type III secretion proteins of
Shigella, IpaB and IpaD, are important virulence factors for which antibodies gen-
erated against these antigens could interfere with the ability of Shigella to inject
virulence proteins into the host cytosol, a requisite step for infection. The U.S. Army
has designed a subunit vaccine comprised of a complex of IpaB/D with S. flexneri
2a lipopolysaccharide (Invaplex), that was assessed for safety and immunogenicity
after intranasal administration (Riddle et al. 201 1; Tribble et al. 2010). Immunization
with this formulation was generally well tolerated and induced both systemic and
mucosal immune responses against the vaccine antigens.

10.5.2.5 Non-typhoidal and Paratyphoid Salmonella Vaccines

Non-typhoidal Salmonella is the second most common cause of bacterial gastroen-
teritis in the U.S., and the most frequent cause of hospitalizations and death due to
bacterial enteric disease. Surveillance by the CDC estimated that between 2015 and
2017, 1.35 million cases of salmonellosis occurred annually, resulting in 26,500
hospitalizations and 420 deaths (Centers for Disease Control and Prevention 2019).
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It is also a frequent cause of multi-state outbreaks due to contaminated food prod-
ucts. Despite intensive efforts to reduce transmission through the food supply, rates
of non-typhoidal Salmonella have remained stable or risen year after year (Tack
et al. 2019) (https://www.cdc.gov/foodnet/reports/prelim-data-intro-2018.html).
Non-typhoidal Salmonella gastroenteritis is characterized by cramping, fever, and
bloody diarrhea, for which progression to invasive disease represents a life-
threatening complication. In sub-Saharan Africa, invasive non-typhoidal Salmonella
disease with genomically divergent Salmonella isolates is widespread among infants
and toddlers, with case fatality rates of up to 25% (Feasey et al. 2012, 2016; Kingsley
et al. 2009). Non-typhoidal Salmonella gastroenteritis is generally self limiting and
the standard of care does not call for antibiotic treatment; however, invasive disease
requires urgent antimicrobial therapy.

In the U.S., rates of non-typhoidal Salmonella resistance to antibiotics such as
ciprofloxacin have been increasing in recent years, prompting inclusion of non-
typhoidal Salmonella in the CDC priority list as a serious threat (Centers for Disease
Control and Prevention 2019). The CDC estimated that between 2015 and 2017,
212,500 antibiotic resistant non-typhoidal Salmonella infections occurred annually
in the U.S., resulting in 70 deaths (Centers for Disease Control and Prevention
2019). In sub-Saharan Africa, widespread resistance to multiple standard of care
antibiotics is prevalent among invasive isolates (Marks et al. 2017).

Despite decades of research into a protective vaccine for non-typhoidal
Salmonella, yielding multiple candidates that have demonstrated efficacy in pre-
clinical studies, only a single non-typhoidal Salmonella vaccine has progressed to
clinical studies. WTO5, a live attenuated S. enterica serotype Typhimurium gener-
ated by deletion of the aroC and ssaV genes, was orally administered to volunteers
where it was shed for up to 23 days but poorly induced anti-O polysaccharide anti-
bodies (Hindle et al. 2002). A trivalent glycoconjugate vaccine intended for use in
sub-Saharan Africa, comprised of conjugates of O polysaccharides and flagellin
from the two dominant circulating S. enterica serotypes, Typhimurium and
Enteritidis, formulated with Typbar-TCV, inducing functional antibodies in pre-
clinical studies (Baliban et al. 2018), is poised to enter first-in-human trials
(NCT03981952). Since acquisition of antibodies against S. Typhimurium O poly-
saccharides in early life is accompanied by reduced incidence of disease, it is antici-
pated that vaccination with O polysaccharide conjugates during infancy will protect
against invasive non-typhoidal Salmonella infection (Nyirenda et al. 2014). Other
vaccine constructs for which clinical studies are planned include non-typhoidal
Salmonella Generalized Membrane Module Antigens and O polysaccharide conju-
gates with CRM,y; developed by the GlaxoSmithKline Vaccines Institute for
Global Health.

Paratyphoid fever, caused by S. enterica serotypes Paratyphi A, B, or C, is clini-
cally indistinguishable from typhoid enteric fever. Among the three paratyphoid sero-
types, S. Paratyphi A is the most common and is endemic to South and Southeast Asia
and parts of Africa and Latin America (GBD 2017 Typhoid and Paratyphoid
Collaborators 2019). Along with S. Typhi, S. Paratyphi A has developed increasing
resistance to fluoroquinolones and ciprofloxacin (Parry et al. 2019). While efficacious
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typhoid vaccines are licensed and available for use, there are no S. Paratyphi A
vaccines.

The successful strategies that have led to the currently available typhoid vaccines
have been similarly employed for the development of an S. Paratyphi A vaccine,
including the use of live attenuated vaccine strains and glycoconjugates as plat-
forms (World Health Organization 2014b). Researchers at the University of
Maryland Center for Vaccine Development and Global Health genetically attenu-
ated S. Paratyphi A strain 9150 through deletion of the guaBA and clpPX (regulatory
protease) loci. This live attenuated vaccine strain was administered in a dose esca-
lating Phase 1 trial to North American volunteers, where it was safe and well toler-
ated even at the highest doses of 10 colony forming units, where induction of
circulating anti-lipopolysaccharide antibody secreting cells was seen (Wahid et al.
2019). Unlike S. Typhi, S. Paratyphi A does not express a capsule and hence the
surface polysaccharide is the lipopolysaccharide associated O-antigen. Pioneering
efforts by investigators at the U.S. National Institutes of Health led to the develop-
ment of glycoconjugates based on S. Paratyphi A lipopolysaccharide derived O
polysaccharides conjugated to tetanus toxoid. Different variants of these conjugates
were tested in age de-escalating Phase 1 and 2 trials in Vietnam among adults, ado-
lescents, and young children, where they demonstrated a favorable safety profile
and were found to induce robust anti-O polysaccharide IgG levels that were maxi-
mal after a single dose, and correlated with serum bactericidal activity. Based on
these initial favorable findings, pre-clinical development of an S. Paratyphi A O
polysaccharide conjugate with CRM¢; has been undertaken by the GlaxoSmithKline
Vaccines Institute for Global Health (Micoli et al. 2012). The International Vaccine
Institute in South Korea has also reported pre-clinical development of conjugates of
S. Paratyphi A O polysaccharide linked to diphtheria toxoid as the carrier (Ali et al.
2014). Clinical studies have not yet been announced for these conjugates; however,
an ultimate formulation would need to include coverage for typhoid that is co-
endemic in the same areas, bears similar risk factors and disease pathology, and is
also an AMR priority.

10.5.2.6  Staphylococcus aureus Vaccines

The Gram positive bacterium S. aureus is a common commensal component of
human microflora; however, upon breaching a mucosal or epithelial barrier, it
becomes an opportunistic pathogen capable of causing various skin and soft tissue
infections as well as invasive life threatening disease. S. aureus is common in both
community and hospital settings, where it can cause a range of outcomes, including
bacteremia, toxic shock syndrome, infectious endocarditis, osteomyelitis, and pneu-
monia (Dayan et al. 2016; Tong et al. 2015).

S. aureus treatment can be complicated by resistance to fB-lactams and other
classes of antibiotics. Infections caused by methicillin resistant S. aureus are harder
to treat than infections with methicillin sensitive strains and are associated with
prolonged hospital stays and increased morbidity and mortality. Notably, the CDC
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estimates that methicillin resistant S. aureus contributes to over 70,000 cases of
invasive disease and 9000 deaths per year in the U.S. alone (https://www.cdc.gov/
mrsa/healthcare/inpatient.html). Overall, there were 323,700 estimated cases of
methicillin resistant S. aureus infections in hospitalized patients and 10,600 deaths
in 2017 (Centers for Disease Control and Prevention 2019). Prophylactic use of
antibiotics, including topical mupirocin that targets S. aureus, has been used to
decolonize body surfaces such as the nasal mucosa prior to periods of heightened
risk, including undergoing major surgery; however, this can contribute to resistance
(Dayan et al. 2016). Both the CDC and the WHO have placed methicillin resistant
S. aureus on their priority lists, highlighting the significance of AMR in this micro-
bial species (Centers for Disease Control and Prevention 2019; World Health
Organization 2017a). S. aureus has the propensity to develop resistance even to
newer antibiotics that have been introduced, such as linezolid, a Gram positive bac-
terium protein synthesis inhibiting drug introduced in 2000 (Endimiani et al. 2011),
and daptomycin, a Gram positive membrane disrupting drug introduced in 2003
(Marty et al. 2006). S. aureus glycopeptide resistance is currently a source of con-
cern, as this class of antibiotics, including vancomycin, is one of the main resources
for combating infections caused by methicillin resistant S. aureus. Reduced suscep-
tibility to vancomycin, a drug commonly used to treat otherwise resistant strains,
was first described in 1996 in Japan (Hiramatsu et al. 1997b). Thereafter, an
S. aureus isolate with acquired heterogeneous resistance to vancomycin was char-
acterized (Hiramatsu et al. 1997a). To date, strains of methicillin resistant S. aureus
with acquired resistance to vancomycin are rare; however, widespread and often
uncontrolled empirical vancomycin use, particularly during elective surgeries,
could further drive resistance. This has already been documented in the emergence
of vancomycin resistant enterococci and vancomycin intermediate S. aureus
(Caroom et al. 2013; Gaviola et al. 2016; Neu 1992). Given the high disease burden
and resistance among S. aureus isolates to many classes of antibiotics, a strong
rationale exists to develop effective vaccines to protect individuals against this spe-
cies and to reduce AMR, especially in the older adult population who are at higher
risk of disease and more often undergo hospitalization.

As the mechanisms of protection for S. aureus are incompletely understood, this
has challenged the development of vaccines, and despite extensive efforts there is
currently no licensed vaccine to prevent S. aureus infection. S. aureus can express a
capsule polysaccharide for which two types — CP5 and CP8 — predominate (Arbeit
et al. 1984). Nabi Biopharmaceuticals assessed a bivalent vaccine formulation com-
posed of capsule polysaccharides from serotypes 5 and 8, each individually conju-
gated to nontoxic recombinant P. aeruginosa exotoxin A. While a post-hoc analysis
revealed potential short term efficacy against CP8-expressing strains in a study in
hemodialysis patients, this finding was not confirmed in an expanded trial (Fattom
et al. 2015). Investigators at Merck developed the S. aureus surface protein iron
surface determinant B as a protein subunit vaccine and assessed this construct for
efficacy in patients undergoing elective cardiothoracic surgery. There was no evi-
dence of protection seen in this study, and a safety signal was seen, with higher rates
of mortality in the vaccinated group compared to placebo, leading Merck to
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abandon further development of iron surface determinant B (McNeely et al. 2014).
Pfizer developed a 4-component vaccine (SA4Ag) composed of S. aureus capsule
polysaccharides serotypes 5 and 8 individually linked to non-toxic diphtheria pro-
tein CRM,y; in formulation with two recombinant proteins, clumping factor A and
manganese transporter C (also known as r305A), which are key to bacterial viru-
lence and survival (Frenck Jr. et al. 2017). SA4Ag elicited robust functional immune
responses and had an acceptable safety profile in an early Phase 1/2 study
(NCTO01364571) (Frenck Jr. et al. 2017; https://clinicaltrials.gov/). A large Phase 2b
study (NCTO02388165) was subsequently conducted to evaluate postoperative
S. aureus infections in patients undergoing elective spinal surgery (https://clinical-
trials.gov/). Unfortunately, the results of a pre-planned interim analysis indicated
low statistical probability to meet the pre-defined primary efficacy objective, lead-
ing to the company’s decision to terminate the study and discontinue the program
due to futility (Pfizer 2018).

Another 4-component vaccine targeting S. aureus, 4C-Staph (Novartis, now
GlaxoSmithKline), comprised of five different staphylococcal proteins, including
genetically detoxified alpha-toxin hemolysin, surface proteins FhuD2 and CsalA,
and EsxAB protein, a fusion of two secreted virulence factors EsxA and EsxB,
administered with a Toll like receptor 7-stimulating adjuvant (Mancini et al. 2016),
has been assessed in a Phase 1 study (NCTO1160172). There is no further informa-
tion on 4C-Staph clinical development (https://clinicaltrials.gov/ct2/results?cond=
&term=NCTO01160172&cntry=&state=&city=&dist). An investigational vaccine
NDV-3, that is being developed by NovaDigm Therapeutics (http://www.novadigm.
net/), contains the recombinant N-terminal portion of the Candida albicans aggluti-
nin like sequence 3 protein, which has both sequence and structural homology with
cell surface proteins of S. aureus, including a collagen binding protein (Sheppard
et al. 2004). During Phase 1 evaluation in healthy individuals (NCT01273922),
NDV-3 was safe and elicited robust humoral (IgG and IgA antibodies) as well as
cellular (secretion of interferon gamma and interleukin-17A) immune responses
(Schmidtetal. 2012). A randomized, placebo controlled Phase 2 trial (NCT03455309)
has been conducted to evaluate the efficacy of NDV-3 in preventing S. aureus nasal
colonization among a population of military recruits who are at increased risk for
S. aureus colonization and disease (https://clinicaltrials.gov/). How the
GlaxoSmithKline and NovaDigm approaches differ from previous approaches is
not clear, however, and it appears that to develop a vaccine to prevent S. aureus
infection, there needs to be a greater understanding of the pathophysiology of
S. aureus disease and how a vaccine could neutralize the approaches that the bacte-
ria uses to thwart the immune system.
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10.5.3 Viral Vaccines Under Development
10.5.3.1 Respiratory Syncytial Virus Vaccines

RSV is the leading cause of bronchiolitis and viral pneumonia in infants and can
lead to fatal respiratory distress, especially in neonates and young infants with
underlying cardio-pulmonary disease. Globally, by 2 years of age nearly everyone
has been infected with RSV (Glezen et al. 1986). Worldwide, RSV kills approxi-
mately 66,000-199,000 infants annually, with the vast majority of those deaths
occurring in low- to middle-income countries (Nair et al. 2010). In the U.S., RSV is
the leading cause of infant hospitalization, with approximately 50,000 admissions
of children 12 months of age and younger occurring annually (American Academy
of Pediatrics Committee on Infectious Diseases; American Academy of Pediatrics
Bronchiolitis Guidelines Committee 2014). RSV also causes respiratory illness in
older adults, with approximately 100,000 hospitalizations and 5000 deaths annually
in the U.S. among adults 65 years of age and older (Falsey et al. 2005; Matias et al.
2014; Widmer et al. 2012; Zhou et al. 2012). In the U.S., RSV disease rates in older
adults approach approximately half that of influenza (Falsey et al. 2005). Like influ-
enza, RSV infection is associated with the development of bacterial superinfections
(Hament et al. 1999; Rey-Jurado and Kalergis 2017), and animal models have elu-
cidated potential mechanisms for lethal synergy between RSV and bacteria
(Beadling and Slifka 2004). Secondary bacterial infections, including otitis media
and pneumonia, require the use of antibiotics. Furthermore, as described for influ-
enza earlier in this chapter, antibiotics are often prescribed inappropriately for treat-
ment of symptoms of a viral disease before the etiological agent has been determined.
This increases selective pressure for drug resistance, contributing to AMR.

There is no RSV vaccine currently licensed; however, if available, it would have
the potential to reduce the inappropriate use of antibiotics in RSV infections and
prevent bacterial superinfections. RSV vaccine development has been riddled with
many failures, primarily due to an incomplete understanding of the structural and
immunobiology of this important viral pathogen and technical difficulties in pro-
ducing an effective vaccine. Currently, there are a variety of RSV vaccine candi-
dates in clinical and pre-clinical development, including live attenuated, whole
inactivated, particle based, subunit, nucleic acid, and recombinant vector based,
incorporating different antigens (Jares Baglivo and Polack 2019; PATH 2019), with
the most advanced summarized in Table 10.2. These vaccines are contemplated for
use in maternal immunization to protect infants through maternally transferred anti-
bodies, and young children and elderly through direct vaccination.

The trimeric RSV F surface glycoprotein which mediates the fusion of the viral
membrane with that of the host cell is the primary target of protective neutralizing
antibodies (Beeler and van Wyke Coelingh 1989; The IMpact-RSV Study Group
1998). Vaccine development has focused historically on the highly stable post-
fusion form of RSV F, and this approach led to multiple failures in Phase 3 studies
(Falsey et al. 2008; Simoes et al. 2001). Most recently, Novavax assessed the
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efficacy and safety of an RSV F based recombinant nanoparticle vaccine candidate
(ResVax), administered with adjuvant in a global Phase 3 study (NCT02624947).
The vaccine was delivered through maternal immunization and aimed to reduce the
rate of medically significant RSV induced lower respiratory tract infection in infants
through 90 days of life (https://clinicaltrials.gov/). The trial failed its pre-specified
primary endpoint (Novavax 2019a, b).

The metastable pre-fusion RSV F protein (RSV pre-F) represents the form of the
protein present on infectious virions and contains neutralizing epitopes eliciting
more potent RSV neutralizing antibodies (McLellan et al. 2013; Mousa et al. 2017;
Ngwuta et al. 2015). Recently, it is this form of the RSV F protein that has become
the focus of RSV vaccine development. The RSV pre-F DS-Cavl candidate devel-
oped by the National Institute of Allergy and Infectious Diseases comprises engi-
neered soluble RSV F trimers with stabilized pre-F-unique site @ (Sastry et al.
2017). The vaccine, with or without alum adjuvant, is under Phase 1 evaluation in
healthy adults (NCT03049488) (https://clinicaltrials.gov/). The prospectively
planned interim immunogenicity analysis found a more than 10-fold boost in serum
neutralizing activity against both A and B subtypes of RSV following the first dose
of the vaccine, which was associated with antibodies targeting pre-fusion epitopes
of RSV F. These findings represent important clinical proof of concept for the
structure-based RSV vaccine design approach (Crank et al. 2019).

Further engineering has been conducted by other groups to stabilize the RSV
pre-F antigen, and several investigational subunit vaccines are undergoing clinical
testing. Among these, GlaxoSmithKline has completed two separate Phase 2 studies
(NCT02360475, NCT02753413) evaluating immunogenicity and safety of the RSV
pre-F vaccine candidate in healthy, non-pregnant women 18—45 years of age (https://
clinicaltrials.gov/). All tested formulations of the RSV pre-F vaccine were found to
be safe and immunogenic, with boosting of pre-existing RSV immunity. At day 30
postimmunization, geometric mean titers of RSV-A neutralizing antibodies in the
RSV pre-F vaccine recipients were 3.1-3.9-fold greater than the pre-immunization
titers, compared with a 0.9-fold increase in the control vaccine group. Similarly,
geometric mean titers of antibodies competing with palivizumab, an anti-RSV
monoclonal antibody targeting the pre-F neutralizing site II (Johnson et al. 1997), in
the RSV pre-F vaccine recipients were increased more than 14-fold compared with
a non-significant 1.1-fold increase in the control vaccine group (Beran et al. 2018).

Another RSV pre-F subunit vaccine candidate is being developed by Pfizer to
protect infants and older adults by maternal or direct immunization, respectively.
This vaccine is currently evaluated in randomized, placebo controlled Phase 2 and
Phase 3 studies in healthy young and older men and non-pregnant women
(NCT03529773), older adults (NCT03572062), young non-pregnant women
(NCT04071158), and pregnant women (NCT04032093, NCT04424316) (https://
clinicaltrials.gov/). The initial results from the first-in-human Phase 1/2 study
(NCT03529773) demonstrated that the vaccine was safe and immunogenic in adults
18—49 years of age, eliciting 10-20-fold increases in serum neutralizing antibody
titers for both RSV A and RSV B observed one month post immunization
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(Schmoele-Thoma et al. 2019). The excellent safety profile and strong immunoge-
nicity of this vaccine candidate support its further development.

10.5.3.2 Next Generation Influenza Vaccines

Next generation influenza vaccines aim to provide broad protection against influ-
enza, eliminating the need for yearly vaccine production campaigns of evolving
serotypes. Approaches towards universal influenza vaccine development have been
recently extensively reviewed (Elbahesh et al. 2019; Epstein 2018; Estrada and
Schultz-Cherry 2019). Several universal (broadly protective) influenza vaccines are
currently being evaluated in clinical studies. M-001 (BiondVax Pharmaceuticals),
comprised of several proteins conserved across influenza strains, has recently
advanced to a Phase 3 study in adults 50 years of age and older (NCT03450915).
Another investigational vaccine, MVA-NP+M], has elicited potent humoral and
cell-mediated immune responses when co-administered with a seasonal influenza
vaccine and, based on promising Phase 1 results (NCT00942071) (Antrobus et al.
2014), is currently being assessed in a Phase 2b study (NCT03880474). An alterna-
tive approach to influenza vaccine development lies in RNA based vaccines, which
promise more rapid production and scalability (Scorza and Pardi 2018). One candi-
date of this type, using lipid nanoparticles as a delivery platform, has progressed to
Phase 1 clinical evaluation (NCT03076385) following positive pre-clinical data,
with interim results reporting robust immune responses and no obvious safety con-
cerns (Bahl et al. 2017).

10.5.3.3 Human Immunodeficiency Virus Vaccines

HIV infection continues to be a major global public health issue. As reported by the
WHO, more than 32 million people have died of HIV (https://www.who.int/en/
news-room/fact-sheets/detail/hiv-aids) since the epidemic was first recognized in
1981 (Centers for Disease Control 1981). In 2018, there were approximately
37.9 million people living with HIV worldwide and 770,000 people died of HIV
related causes. The African continent is most affected, with 25.7 million people liv-
ing with HIV in 2018. The current treatment option for HIV infection is lifelong
antiretroviral therapy. While antiretroviral therapy controls the virus and reduces
transmission, it does not, however, eradicate the infection and is associated with
substantial cost (https://www.who.int/en/news-room/fact-sheets/detail/hiv-aids).
An effective universal prophylactic HIV vaccine would be a more sustainable
approach to prevent HIV, but developing such a vaccine is challenging, due to the
extreme virus diversity, incomplete understanding of mechanisms of immunity, and
the challenges in designing immunogens to induce broadly neutralizing antibodies
(Hsu and O’Connell 2017).

There are numerous investigational vaccines against HIV in pre-clinical and
early clinical development, among which a few have progressed to clinical efficacy
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trials (Hsu and O’Connell 2017). So far, the only vaccine candidate to have demon-
strated at least partial efficacy — 60% one year after vaccination and 31.2% during
the 3.5 years after vaccination — for preventing HIV infection is RV 144, a recombi-
nant canarypox vector vaccine (ALVAC-HIV [vCP1521]), administered in a heter-
ologous prime-boost regimen with four priming injections followed by two booster
injections of a recombinant glycoprotein 120 subunit vaccine (AIDSVAX B/E) in a
Phase 3 trial in Thailand (NCT00223080) (Rerks-Ngarm et al. 2009). The immune
correlate analysis suggested that the RV 144 vaccine efficacy is likely to be associ-
ated with the induction of functional antibodies to the V1V2 region of HIV envelope
protein (Haynes et al. 2012). The RV 144 vaccine, administered in two doses of
ALVAC-HIV (vCP2438) at weeks 0 and 4 and then in three doses with bivalent
subtype C gp120 protein adjuvanted with MF59 at weeks 12, 24, and 52, is cur-
rently undergoing pivotal Phase 2b/3 efficacy clinical evaluation (HVTN702,
NCT02968849) in HIV-seronegative South African adults (National Institute of
Allergy and Infectious Diseases (NIAID) 2016; https://clinicaltrials.gov/ct2/show/
NCT02968849term=HVTN+702&cond=HIV &rank=1).

HIV infection predisposes patients to opportunistic bacterial co-infections that
require frequent use of antibiotics, stimulating development of multi drug resis-
tance. People living with HIV are estimated to be 16-27 times more likely to
develop tuberculosis than persons without the virus. Furthermore, tuberculosis is
one of the leading causes of HIV-related deaths, with Sub-Saharan Africa account-
ing for approximately 86% of those in 2016. According to the WHO estimates,
862,000 HIV positive people worldwide fell ill with tuberculosis and 251,000 peo-
ple died from HIV associated tuberculosis in 2018 (https://www.who.int/tb/areas-
of-work/tb-hiv/en/). Other opportunistic co-infections in patients with HIV include
respiratory diseases, sinusitis, bronchitis, otitis, and pneumonia. Bacterial pneumo-
nia in HIV infected individuals occurs at higher incidence, is more severe, is associ-
ated with greater mortality, and may be the first manifestation of underlying HIV
infection. Bacterial pneumonia can occur at any stage of HIV disease and at any
CD4 T-cell count, but recurrent pneumonia (two or more episodes within a one-year
period) is characteristic of acquired immune deficiency syndrome and is much more
likely to be accompanied by bacteremia (up to ~55 times). S. pneumoniae and
Haemophilus species are the most common causes of community acquired bacterial
pneumonia in both HIV-positive and -negative populations; P. aeruginosa and
S. aureus infections are also more frequent in HIV infected individuals (Burack
etal. 1994; HIV.org 2020; Hirschtick et al. 1995; Polsky et al. 1986). Gram negative
bacterial enteric infections also frequently occur in HIV infected individuals, with
at least 10-fold greater incidence compared with the uninfected population and with
the greatest rates in patients with acquired immune deficiency syndrome. In the
U.S., enteric infections in HIV infected patients are most often caused by Salmonella
(particularly S. Typhimurium and S. Enteritidis), Shigella, and Campylobacter, but
diarrheagenic E. coli- and C. difficile-associated infections are also common
(Angulo and Swerdlow 1995; Haines et al. 2013; Huang et al. 2006; Nelson et al.
1992; Sanchez et al. 2005).
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The microbes causing opportunistic bacterial co-infections in HIV positive pop-
ulations are priority pathogens and AMR threats. Multiple studies have reported the
isolation of antibiotic resistant bacterial strains from HIV patients, including methi-
cillin resistant S. aureus (Hidron et al. 2010), multi drug resistant M. tuberculosis
(Campos et al. 2003), multi drug resistant E. coli (Vignesh et al. 2008), and expanded
spectrum cephalosporin resistant non-typhoidal Salmonella (Miriagou et al. 2004).
Vaccination against HIV would not only prevent this viral infection from occurring
in the vaccinated individual, but could also potentially reduce the incidence of bac-
terial infections and, consequently, attendant antibiotic use and spread of antibiotic
resistant strains.

10.6 Global Mobilization Utilizing Vaccines Against
Antimicrobial Resistance

AMR is a global problem, and hence necessitates a global response. The utility of
vaccines as a tool to combat AMR has been broadly recognized (Centers for Disease
Control and Prevention 2015; O’Neill 2016a; World Health Organization 2015).
Improving the use of vaccines as an anti AMR tool requires global mobilization of
diverse resources from stakeholders across the public health spectrum, including
governments, regulatory bodies, academia, the biopharmaceutical industry, health-
care professionals, policymakers, and funding bodies. At the 2016 World Economic
Forum held in Davos, Switzerland, over 80 international pharmaceutical, biotech,
diagnostic, and generic drug companies signed the Davos Declaration on Antibiotic
Resistance, calling for collective action to create a sustainable market for antibiot-
ics, vaccines, and diagnostics and encourage appropriate use of new and existing
treatments (Review on Antimicrobial Resistance 2016).

To date, incremental but measurable progress has been attained towards the
implementation of anti AMR goals. At the 70th World Health Assembly, the WHO,
the Food and Agriculture Organization of the United Nations, and the World
Organisation for Animal Health presented results of the first open survey of coun-
tries’ national action plan preparedness on AMR based on the objectives of the
WHO Global Action Plan on AMR adopted in 2015 (World Health Organization
2015). The results indicated that 77 countries had developed a multisectoral plan
and 57 were in the process of developing one (The Lancet 2017).

In acknowledgement of the grave threat posed by antibiotic resistant bacteria,
President Barack Obama in 2014 issued an Executive Order titled Combating
Antibiotic Resistant Bacteria that identified antibiotic resistant bacteria as a national
security priority and mobilized multiple branches of government to address AMR
(The White House 2014). This culminated in the issuance of the National Strategy
for Combating Antibiotic Resistant Bacteria, that is widely recognized as the
Combating Antibiotic Resistant Bacteria report (The White House 2015). This doc-
ument delineated 5 key strategic goals: (1) slow the development and spread of
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resistant bacteria; (2) strengthen one health surveillance efforts; (3) advance devel-
opment and use of diagnostics to detect resistant bacteria; (4) accelerate research
towards new antibiotics, other therapeutics, and vaccines; and (5) improve interna-
tional collaboration and capacity for AMR research and development, prevention,
surveillance, and control. This important unifying order at the highest level of gov-
ernment served to raise global awareness of the threat posed by antibiotic resistance
and, importantly, initiated multiple programmatic and policy changes at the federal
level related to AMR prevention and recognized the potential role vaccines could
contribute to address AMR.

Furthermore, the recent UK Review on Antimicrobial Resistance made three key
recommendations pertaining to vaccine innovation and uptake: (1) to use existing
products more widely in humans and animals; (2) to sustain a viable market for vac-
cines; and (3) to renew the impetus for early research in vaccines useful for AMR
(O’Neill 2016b). The UK Chatham House meeting (London, UK), which included
vaccine experts, representatives of international and regional organizations with an
interest in AMR, economists, and scientists from the vaccine industry, also indi-
cated that vaccines could play a bigger role in reducing AMR. The group felt that
increased use of current vaccines such as PCV, influenza vaccine, rotavirus vaccine,
and Hib vaccine could have a significant impact on reducing the threat of AMR. They
also drafted a seminal list of priority prophylactic vaccines that should be developed
to help further address AMR (Chatham House 2017; Clift and Salisbury 2017).

Following the success of the Chatham House meeting, the UK Wellcome Trust
solicited a report facilitated by the Boston Consulting Group to provide an indepen-
dent assessment of the potential of vaccines to combat AMR, and encourage greater
attention, focus, and funding for vaccine development that could tackle drug resis-
tant pathogens included in the WHO Global Priority List of Antibiotic-Resistant
Bacteria. Pathogens were assessed and ranked for priority for vaccine development
based on their public health impact, feasibility of research and development, prob-
ability of successful development, and likelihood of uptake and recommendation
for use in routine immunization programs (Boston Consulting Group 2019).

The Global Alliance for Vaccines and Immunization (GAVI), a public private
global health partnership founded by the Bill & Melinda Gates Foundation in 2000,
with contribution from many countries, high-net-worth individuals, and organiza-
tions, supports global childhood vaccination in lower- to middle-income countries
(https://www.gavi.org/). As of 2019, GAVI had contributed to the immunization of
more than 700 million children worldwide (https://www.gavi.org/). In addition to
the millions of deaths prevented by vaccination, GAVI support has also benefited
AMR prevention, as several of the vaccines with documented impact on AMR iden-
tified earlier in this chapter (e.g., pneumococcus, Hib [as part of a pentavalent vac-
cine], and rotavirus) are supported by GAVI for vaccination of children in low- to
middle-income countries. Given the critical role vaccines play in addressing AMR,
the impact of vaccination on AMR is now included in GAVTI’s evaluation criteria for
their vaccine investment strategy (Mok 2018) and is an important component of
their 5 year strategic plan where the alliance committed to continue to scale up
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vaccines for diseases prone to AMR while incentivizing research in other vaccines
that can contribute to fight AMR (GAVI. The Vaccine Alliance 2017).

An increasing number of public private partnerships and consortia are being
formed to coordinate efforts to address the threat of AMR using various strategies,
including vaccines. For example, Combating Antibiotic Resistant Bacteria
Biopharmaceutical Accelerator (CARB-X), a global non-profit partnership led by
Boston University, is dedicated to accelerating global antibacterial innovation by
investing in the development of new life saving products to combat the most danger-
ous drug resistant bacteria (https://carb-x.org/). CARB-X is funded by the
U.S. Department of Health and Human Services Biomedical Advanced Research
and Development Authority (part of the Office of the Assistant Secretary for
Preparedness and Response), the Bill & Melinda Gates Foundation, the National
Institute of Allergy and Infectious Diseases, the UK Wellcome Trust, the UK
Government’s Global Antimicrobial Resistance Innovation Fund, and Germany’s
Federal Ministry of Education and Research. By the end of 2018, the CARB-X
portfolio included 33 research projects in seven countries globally (CARB-X
2017-2018). The 2019 CARB-X antibacterial treatment and prevention product
portfolio includes projects dedicated to important bacterial pathogens, including
multivalent S. aureus toxoid vaccine (Integrated BioTherapeutics), Klebsiella vac-
cine (Vaxxilon), and Group A streptococcus vaccine (SutroVax) (https://carb-
x.org/).

10.7 Challenges and Future Prospects

10.7.1 Barriers to Maximizing Licensed Vaccine Use

Vaccines have been highly effective in reducing levels of infectious diseases and, by
association, the accompanying use of antibiotics for many pathogens, yet there
remain hurdles to global access and implementation. While vaccine use in high-
income countries has reached high coverage rates for most vaccines, global imple-
mentation is dramatically lower with coverage rates of only 19-45% for many
vaccines (Greenwood 2014). The barriers to maximizing licensed vaccine use in
pediatric as well as adult populations are diverse, stemming from flaws in healthcare
systems and regulatory policies to misperceptions causing noncompliance
(Table 10.3) (Anonymous 2018; Esposito et al. 2014; Ventola 2016a, b). The health-
care and regulatory barriers may include variability in national immunization laws
and regulations, insufficient vaccine supply, lack of knowledge for vaccine indica-
tions and contraindications, inadequate national prioritization and budget allocation
for vaccination, and a lack of population based systems to collect and consolidate
individual vaccination data.

Vaccine hesitancy — defined by reluctance to vaccinate despite the availability of
vaccines and seen increasingly in the delay or refusal of parents to vaccinate their
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Table 10.3 Selected public misconceptions and facts about vaccines

Misconceptions

Facts

Diseases had already begun to disappear
before vaccines were introduced, because
of better hygiene and sanitation.

Dramatic reduction in the incidence of infectious
diseases (e.g., measles, polio, Haemophilus
influenzae type b), following vaccine introduction,
even in modern times when hygiene was not further
improving, indicates the significant direct impact of
vaccines.

Decreased levels of primary and/or booster
vaccination caused disease outbreaks or epidemics
even in the countries where disease incidence was
previously very low due to vaccines (e.g., measles in
the U.S., pertussis in Great Britain, Sweden, and
Japan, and diphtheria in the former USSR).

Vaccine preventable diseases have been
virtually eliminated from my country, so
there is no need for my child to be
vaccinated.

Some vaccine preventable diseases are still
prevalent in middle- and low-income countries
across the globe and can be brought into any
country by travelers.

Without vaccination, a few imported cases may
quickly become an epidemic.

Vaccination directly protects vaccine recipients and
indirectly protects a small population of people who
cannot receive vaccination (due to allergies or
immune-compromising conditions) through herd
immunity.

The majority of people who get disease
have been vaccinated.

No vaccine is 100% effective (most routine
childhood vaccines are effective for 85%-95% of
recipients).

In a country such as the U.S., many more people are
vaccinated than those who are not.

Therefore, in the case of an outbreak, the number of
people who had been vaccinated but did not respond
(got a disease) will exceed those who had not been
vaccinated and got a disease.

There are “hot lots” of vaccine that have
been associated with more adverse events
and deaths than others. Parents should
find the numbers of these lots and not
allow their children to receive vaccines
from them.

In high-income countries such as the U.S. and the
EU, vaccine safety systems are regulated by the
FDA and the EMA, respectively, to ensure the
highest possible quality and safety of vaccines
(Centers for Disease Control and Prevention 2013b).

Vaccines are made under Good Manufacturing
Practices, that require strict quality guidelines and
controls.

Vaccines for use in middle- and low-income
countries, purchased through GAVI and UNICEF,
meet WHO safety and quality standards (World
Health Organization 2019b).

Adbverse events reported following vaccination may
be temporally associated with receipt of the vaccine
but are not necessarily caused by the vaccine.

(continued)
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Table 10.3 (continued)

Misconceptions Facts

Vaccines cause many harmful side effects, | Vaccines are very safe and tested through rigorous
illnesses, and even death — not to mention | clinical studies, post-marketing commitments, and
possible long-term effects we don’t even | the Vaccine Adverse Event Reporting System and
know about. Vaccine Safety Datalink run by the CDC and the
FDA (Centers for Disease Control and Prevention
2013b).

In childhood, the risk of being seriously injured or
killed due to a vaccine-preventable disease is far
greater than risks associated with receipt of any
vaccine.

The vast majority of vaccine adverse events are
minor and temporary (e.g., a sore arm or mild
fever).

The frequency of serious vaccine adverse events is
low (on the order of one per thousands to one per
millions of doses), and some are so rare that risk
cannot be accurately assessed.

Giving a child multiple vaccinations for | Children are naturally exposed to many foreign

different diseases at the same time antigens every day, including bacteria and viruses
increases the risk of harmful side effects | introduced orally or from the air.
and can overload the immune system. Multiple studies have demonstrated conclusively

that the recommended pediatric vaccines are as
effective in combination as they are individually,
and simultaneous vaccination with multiple
vaccines has no adverse effect on the normal
immune system.

Combining more antigens in a single vaccine
injection (e.g., measles-mumps-rubella and
chickenpox) would require fewer shots and visits
while providing the benefits of individual vaccines.
The Institute of Medicine in the U.S. does not
consider childhood combination vaccines immune
suppressive (Institute of Medicine (US) Vaccine
Safety Committee 1994).

Adapted from https://www.who.int/vaccine_safety/initiative/detection/immunization_misconcep-
tions/en/; https://www.cdc.gov/vaccinesafety/

CDC Centers for Disease Control and Prevention, EMA European Medicines Agency, EU European
Union, /DA Food and Drug Administration, GAVI Global Alliance for Vaccines and Immunization,
UNICEF United Nations Children’s Fund, U.S. United States, USSR Union of Soviet Socialist
Republics, WHO World Health Organization

children — is recognized by the WHO as one of the top 10 threats to global health in
2019 (along with AMR) (https://www.who.int/emergencies/ten-threats-to-global-
health-in-2019). Vaccine hesitancy has already caused a resurgence of several vac-
cine preventable infectious diseases, including the recent well documented outbreaks
of measles in New York (https://www.cdc.gov/measles/cases-outbreaks.html) and
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polio in the Philippines (https://www.who.int/csr/don/24-september-2019-polio-
outbreak-the-philippines/en/). In the Philippines, concerns with the dengue vaccine,
Dengvaxia, have exerted an effect on polio vaccination rates, resulting in an out-
break after 19 years of the country being declared completely polio-free in 2000
(Thornton 2019). Reasons for vaccine hesitancy are complex and include concerns
about vaccine safety as well as moral or religious beliefs. Disproven and erroneous
associations of the measles-mumps-rubella and hepatitis B pediatric vaccines with
the development of autism or chronic fatigue syndrome and multiple sclerosis,
respectively (https://www.cdc.gov/vaccinesafety/concerns/autism.html; DeStefano
et al. 2002; Glanz et al. 2018; Klein and Diehl 2004; Smith and Woods 2010; Taylor
et al. 2014b), are well-known examples of dangerous misinformation that has nega-
tively affected the perception of vaccines and put lives at risk. Another grave com-
mon vaccine misconception is that the seasonal influenza vaccine shot can cause
influenza illness (https://www.cdc.gov/flu/prevent/misconceptions.htm). The unac-
ceptably low influenza vaccination rate among young healthy people between 18
and 49 years of age (as low as 26% in 2017-2018) (https://www.cdc.gov/flu/fluvax-
view/coverage-1718estimates.htm) impacts herd immunity and bears deadly conse-
quences for the elderly who respond suboptimally to influenza vaccines and are at
highest risk for flu related deaths that occur annually in the tens of thousands in this
cohort (https://www.cdc.gov/flu/about/burden/2017-2018.htm). Additionally, nega-
tive public perception of vaccines can lead to consequent vaccine hesitancy, as in
the case of Dengvaxia and polio vaccination in the Philippines (Thornton 2019).
Combating the rise in dangerous misinformation through social media and other
channels has also opened up as another front on the war against infectious disease
(Betsch et al. 2012; Tomeny et al. 2017). A retrospective analysis of online vaccine
discourse activity during the 2016 U.S. presidential election revealed intentional
malicious spread of anti vaccine messages on Twitter, amplifying anti vaccination
messages through online public health misinformation (Broniatowski et al. 2018).

10.7.2 Efforts Towards Better Utilization of Vaccines
to Optimize Their Impact on Antimicrobial Resistance
and Future Prospects

At a time when the global community is fervently working to mobilize resources to
counteract AMR, vaccine development and deployment has the potential to contrib-
ute to AMR prevention by decreasing overall antibiotic prescribing pressure.

Much remains to be done to increase global access to already licensed vaccines.
Additionally, the importance of maintaining and creating new markets for vaccines
cannot be understated. Global vaccine coverage could be improved by simultaneous
licensure in developed and developing countries, faster rollout in countries with the
largest birth cohorts, such as China and India, improving logistics for delivering
vaccines to remote locations, increasing funding by ministries of health for
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vaccination programs, and lowering population reticence to vaccination. In addition
to maximizing childhood vaccination coverage, adult vaccination programs should
also be expanded by adopting adult vaccination as a healthcare priority at the
national level and improving infrastructure.

Changes in regulatory laws and policies are also required, with formal consider-
ation given to vaccination benefits in AMR reduction. Regulatory oversight of clini-
cal studies, including post marketing commitment studies, provides robust vaccine
benefit-risk assessments; however, these extensive data sets are at times not fully
taken into consideration by vaccine recommending bodies in many countries. Thus,
widespread access driven in part by reimbursement to healthcare providers of costs
associated with the vaccine and its administration may be delayed. National advi-
sory committees on immunization — multidisciplinary groups of national experts
responsible for providing independent, evidence informed advice to policymakers
and program managers on policy issues related to immunization and vaccines —
would need to develop the Guidance for Industry that supports including AMR data
in label updates and incorporating AMR reduction benefits in health technology
assessment and economic modeling.

While coverage with some licensed vaccines such as influenza remains subopti-
mal even in developed countries such as the U.S. and Europe, it could be greatly
improved by stronger recommendations and provider education in the form of con-
tinuing medical education programs for impact on AMR reduction. Advocacy for
the safe and effective use of vaccines directed at medical professionals and the gen-
eral public is provided by academic and public health institutions and is comple-
mented by organizations such as Vaccines Europe, an EU-wide vaccine industry
stakeholder group of major innovative research and development based vaccine
companies (Jansen et al. 2018) and European “civil society organisations,” advocat-
ing for vaccination by working with national policymakers, vaccine experts, and the
general public to communicate the benefits of vaccination (Esposito et al. 2014;
Laurent-Ledru et al. 2011). For example, Vaccines Europe provides information to
the public regarding vaccine innovation and manufacturing processes and highlights
evidence for vaccine safety and efficacy.

New vaccine candidates addressing important bacterial and viral pathogens for
which vaccines currently do not exist are under development, as well as vaccines
against parasitic infections such as malaria which often predispose children in
endemic areas to invasive bacterial coinfections requiring antibiotic treatment (Were
et al. 2011). Vaccines to prevent C. difficile or S. aureus infection, pneumococcal
conjugate vaccines with extended serotype coverage, and vaccines to prevent infec-
tions with Gram negative bacteria and M. tuberculosis hold a profound promise not
only to address these life threatening diseases, but also to help further curb antibi-
otic use and thereby prevent AMR. Incentives that could be provided to enable
industry to develop new vaccines that are of public interest but may not be commer-
cially viable would be similar to those used for the development of new antibiotics
and include priority review vouchers, transferable regulatory data and marketing
exclusivity, and research and development tax credits. In parallel, sustained invest-
ments in developing the human talent pool, which has undergone a significant
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reduction due to dramatic consolidation within the vaccine industry over the last
decade, would provide an experienced workforce to innovate across vaccine
research and development (Cawein et al. 2017).

Though this chapter is focused on human vaccines, of considerable importance
will also be an emphasis on the development of veterinary vaccines to reduce the
inappropriate widespread prophylactic use of antibiotics in animal and fish hus-
bandry intended for human consumption. This is captured in the One Health
Initiative, that is a collaborative interdisciplinary concept being supported by the
CDC (https://www.cdc.gov/onehealth/index.html; http://www.onehealthinitiative.
com/about.php) and the U.S. Department of Agriculture (https://www.usda.gov/
topics/animals/one-health). For example, vaccination of farmed poultry against
Salmonella is required in Europe but not mandated in the U.S. (Desin et al. 2013;
Erickson and Reader’s Digest 2018; USDA APHIS 2014). Broad use of Salmonella
vaccines in farm animals would not only reduce cases of foodborne Salmonella
infections, but also likely decrease the rise of multi drug resistant Salmonella strains.

Vaccines represent an important component of our armamentarium in the battle
against resistant pathogens and are integral in the strategy to address this dire global
threat. While much has been accomplished with respect to the development of vac-
cines and immunization strategies to address important public health challenges,
there remain a large number of important human pathogens for which there is no
available vaccine or for which current vaccines are suboptimal. Vaccination strate-
gies and AMR considerations are intertwined in importance and, taken together,
will drive development decisions and priorities in the decades to come.
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