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Preface

The worrying increase of nosocomial infections caused by multi-resistant patho-
genic bacterial strains, such as methicillin-resistant Staphylococcus aureus,
vancomycin-resistant enterococci (VRE), fluoroquinolone-resistant Pseudomonas
aeruginosa (FQRPA) is generally regarded as one of the major global challenges in
human medicine. Since the new threat has been caused by multiple factors, a
multi-disciplinary collaborative approach will be imperative to keep these new
super-bugs at bay. The current volume was compiled by the principal investigators
of the Helmholtz Centre for Infection Research (Braunschweig, Germany) and the
associated universities and research institutes, where expertise in all important
fields, ranging from infection biology and microbiology to epidemiology,
immunology and drug discovery is readily available.

The authors of this book have contributed articles that cover all core disciplines
and a range of current topics and emerging approaches in infection and drug
research at the centre and world-wide. They address several aspects of basic
research, such as the evolution and spread of resistance in bacterial pathogens and
the influence of currently used antibiotics on the gut microbiota. Contributions on
the search for novel biochemical targets that block pathogenicity and the devel-
opment of alternatives to the state of the art treatments, such as antivirulence
therapies, combine basic and applied aspects, leading to our strategy in the search
for new antibiotics and their preclinical and clinical development. Several papers
are dedicated to this important topic, ranging from strategies to discover new drugs
based on biodiversity and genome mining and the optimisation of novel lead
structures. Others address the accessibility of anti-infectives by means of medicinal
chemistry, total synthesis, and biotechnological technologies, and include aspects of
drug delivery in an alternative approach to overcome the cell wall of gram-negative
bacteria as an important biological barrier that prevents most antibiotics from
reaching their target site in those pathogens. The development of vaccines as valid
alternative therapeutic approach to antibiotics therapy is also outlined. Moreover,
aspects of clinical research, such as epidemiological studies of important bacterial
pathogens and the development of innovative technologies for detection and
diagnostics of the “bad bugs” are also illustrated by articles in this ebook.
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The following 17 contributions are from microbiologists, immunologists and
natural product chemists of the Helmholtz Centre for Infection Research (HZI) in
Braunschweig, Germany, its two branches, the Helmholtz Institute for
Pharmaceutical Research Saarland (HIPS) in Saarbriicken and the TWINCORE in
Hannover, and neighboring partner universities (Leibniz Institute DSMZ,
Veterinary School Hannover, Leibniz University Hannover). The HZI is one of the
largest research centres world-wide that is dedicated to infection biology,
immunology, and drug research. The institute, which was formerly known as the
Gesellschaft fiir Biotechnologische Forschung (GBF), has recently celebrated its
50th anniversary. The GBF has become renowned for its biotechnological pro-
duction facilities and above all, the accomplishments of its natural product chem-
istry departments. Those included the discovery and development of the anticancer
drug, Ixabepilone, the antifungal soraphens and many other compounds derived
from gliding bacteria. Ten years ago, the focus of the GBF has changed to infection
research, followed by the renaming of the institute to HZI in 2006. Over the past
years, the HZI has refined its research portfolio and strengthened its expertise
amongst others by founding joint institutes with strong partner institutions.
The HIPS in Saarbriicken was founded in 2009 with the Saarland University as a
daughter institute of the HZI, and has significantly intensified HZI drug research,
e.g. through recruitments with substantial industrial expertise. At the TWINCORE
in Hannover, a joint institute with the Hannover Medical School, basic research
scientist and clinicians work side by side since 2008 to transfer latest research
findings to new therapies or diagnostic procedures for patients. With the transla-
tional scope in mind, the HZI’s strategy combines basic research at all resolution
levels with clinically oriented and pharmaceutical research, focusing on clinically
relevant bacterial and viral pathogens, the immune system and immune interven-
tions as well as anti-infectives. Antibiotics research is a field of topical significance
due to multi-resistant bacteria increasingly challenging modern medicine. Thus,
microbiologists, cell biologists, epidemiologists and immunologists of the HZI
collaborate closely with the drug research departments, as well as with renowned
scientists from the neighboring and international partner universities and research
institutes to address this task. The current volume addresses the challenges afflicted
with the threat of an antibiotic crisis and thus covers the important scientific
activities of the HZI directed to combat bacterial pathogens, but not its excellent
research on viral diseases and important host defense mechanisms.

Part I Antibiotic Resistance: Problems and New Opportunities

The first part of this two-part volume includes some of the most recent aspects and
developments in infection biology, antibiotic resistance and host defense.
E. Medina and D. Pieper [1] highlight current problems emerging multidrug
resistant pathogens with a special focus on methicillin-resistant Staphylococcus
aureus, MDR- and XDR-resistant Mycobacterium  tuberculosis  and
ESBL-producing gram-negative pathogens. They discuss new possibilities to pre-
vent and control infections of these dangerous pathogens, reduce the emergence of
antibiotic resistance and develop new drugs. The following article by Niibel et al.
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[2] emphasizes the importance to address emergence and spread of antimicrobial
resistance using bacterial population genomics. Recent progress in DNA
sequencing technologies and genomic studies now allows us to follow the evolution
of antibiotic resistances. This approach not only illustrated that global populations
of certain drug-resistant bacterial pathogens are dominated by a few clones, it also
revealed features that were crucial for their spreading success. Most studies on the
epidemiology of multidrug-resistant variants of clinically important pathogens such
as methicillin-resistant S. aureus (MRSA) were focused on the emergence and
spread in hospitals and other health care settings. The contribution by Mehraj et al.
[3] presents more recent epidemiological studies, which analyzed carriage patterns
in community settings, providing new insights on risk factors for colonization and
new ideas for strategies to prevent infections. The high and increasing rate of
antibiotic resistance hinders conventional use of antibiotics and increases morbidity
and mortality due to ineffective treatments of infections. This situation demands fast
and precise diagnostics of pathogens and their antibiotic resistance profile.
Hornischer and HéuBler [4] highlight new approaches and possibilities imple-
menting modern omics technologies for the development of biomarker-driven
molecular test systems for early diagnostics and resistance profiling for targeted
therapy and a more effective stewardship of antibiotic agents. Use of antimicrobial
agents in veterinary medicine is essential to control infectious diseases in domestic
animals, but it also increases emergence of antimicrobial resistance. Seitz et al. [5]
outline current aspects and problems related to the use of antimicrobial agents in
animal farms, in particular swine husbandries with emphasis on resistance in
Streptococcus suis, a major pathogen in swine. Current research on the intestinal
microbiome revealed that a consequence of antibiotic treatment is a drastic change
of the composition of the microbiota. The article by Thiemann et al. [6] provides
current information about how this can be associated with an enhanced suscepti-
bility towards gastrointestinal infections and metabolic disorders, and how it can
also increase abundance of antibiotic resistance genes with bacterial commensals.
To successfully combat against antibiotic resistance, novel treatment options and
alternative antimicrobial therapies are urgently required. One novel strategy is to
target and interfere with crucial bacterial pathogenicity factors or
virulence-associated traits to bypass the evolutional pressure on the bacterium to
develop resistance. Numerous potential drug targets for antivirulence therapies
which have been identified over the last years, as well as structure-based tailoring of
intervention strategies and established screening assays for small molecule inhibi-
tors of such pathways are presented in the article by Miihlen and Dersch [7]. More
specific approaches to block pathogenesis by interference with the flagella appa-
ratus and the associated chemosensory system are highlighted in the contribution by
Erhardt [8]. Finally, Schulze and colleagues [9] outline the importance of vacci-
nation to control infectious diseases and emphasize a new immunization strategy
using a non-invasive mucosal and transdermal application system to increase
vaccination efficacy.
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Part IT Natural Compound Research and Anti-infective Development

The second part of this volume mainly focuses on various aspects that relate to the
discovery and development of antibiotics. As outlined by Mohr [10], this field of
research has been historically dominated by natural products, since the vast majority
of the molecules that were turned into therapeutically useful antibiotics have been
derived from fermentation of bacteria and fungi. The chapter by Landwehr et al. [11]
accordingly treats the most important groups of bacterial secondary metabolite
producers, i.e., Actinobacteria and Myxobacteria, and describes the current scenario
that is being employed to screen these organisms using sophisticated methodologies
that are dominated by state-of-the art techniques, including the development of
special isolation protocols, e.g. for organisms from extreme habitats. The following
chapter by Karwehl and Stadler [12] is dedicated to fungi, emphasizing the
importance of combining biodiversity-driven approaches to identify producer
organisms of novel lead compounds. An immense diversity has recently been rec-
ognized in fungi since modern methods of molecular phylogenetics have become
available, and these organisms are highly likely to yield further innovative lead
compounds. The chapter by Hermann et al. [13] focuses on three case studies
involving highly promising current exploratory research projects on new antibiotics
that are derived from bacteria. The utility of synthetic biotechnology, structural
biology and genomics research for optimising natural lead structures and discovery
of their mode-of-action is amply illustrated, based on the model compounds,
griselimycin, aminochelocardin and cytobactamid. The outcome of these projects
gives some hope that it will finally be possible to overcome the void in antibiotics
discovery, using a combination of rational methods of lead structure generation that
could not be imagined even ten years previously. However, these compounds will
still need to be adopted by industrial partners since the resources of a public research
institute are insufficient to cover the high costs involved with clinical drug devel-
opment. Klahn and Bronstrup [14] have added to this approach, emphasizing on the
importance of molecular target evaluation and give various examples for develop-
mental candidates and investigational drugs mostly based on natural scaffolds but
also give some examples for synthetic compounds that are now under development.
Kalesse et al. [15] illustrate the utility of total synthesis of antibiotics, using selected
“historical” examples. This approach will continue to provide a valid alternative to
the biotechnological production of natural antibiotics, especially for less complex
molecules that can easily be built up and modified synthetically but are produced by
the microbes at rather low titers. An overview on the current status of the global
pipeline of antibiotics in clinical trials is given by Hesterkamp [16]. Finally, a
strategy to tackle one of the greatest challenge of the 21th century in novel antibi-
otics discovery, i.e. the improvement of pharmaceutical properties of such antibiotic
drugs to overcome the barrier of the cell wall of the gram-negative pathogens by
employing sophisticated drug delivery technologies, is presented by Graef et al. [17].

We dedicate this volume to two esteemed colleagues who have been instrumental in
the implementation of the aforementioned strategic re-orientation of the GBF:
Jirgen Wehland, the former Scientific Director, and Gursharan Singh Chhatwal, the
former head of department of Microbial Pathogenicity who passed away recently.
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That the HZI has now developed to one of the global strongholds of infection
biology and anti-infective research is without doubt due to their great efforts. We
are very thankful to all authors for their contribution in this special volume and
hope that it will increase interest in antibacterial research and stimulate work on
antibacterial drug discovery that is urgently needed.
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Tackling Threats and Future Problems
of Multidrug-Resistant Bacteria

Eva Medina and Dietmar Helmut Pieper

Abstract With the advent of the antibiotic era, the overuse and inappropriate
consumption and application of antibiotics have driven the rapid emergence of
multidrug-resistant pathogens. Antimicrobial resistance increases the morbidity,
mortality, length of hospitalization and healthcare costs. Among Gram-positive
bacteria,  Staphylococcus  aureus ~ (MRSA) and  multidrug-resistant
(MDR) Mycobacterium tuberculosis, and among the Gram-negative bacteria,
extended-spectrum beta-lactamase (ESBLs)-producing bacteria have become a
major global healthcare problem in the 21st century. The pressure to use antibiotics
guarantees that the spread and prevalence of these as well as of future emerging
multidrug-resistant pathogens will be a persistent phenomenon. The unfeasibility of
reversing antimicrobial resistance back towards susceptibility and the critical need
to treat bacterial infection in modern medicine have burdened researchers and
pharmaceutical companies to develop new antimicrobials effective against these
difficult-to-treat multidrug-resistant pathogens. However, it can be anticipated that
antibiotic resistance will continue to develop more rapidly than new agents to treat
these infections become available and a better understanding of the molecular,
evolutionary and ecological mechanisms governing the spread of antibiotic resis-
tance is needed. The only way to curb the current crisis of antimicrobial resistance
will be to develop entirely novel strategies to fight these pathogens such as com-
bining antimicrobial drugs with other agents that counteract and obstruct the
antibiotic resistant mechanisms expressed by the pathogen. Furthermore, as many
antibiotics are often inappropriately prescribed, a more personalized approach based
on precise diagnosis tools will ensure that proper treatments can be promptly
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applied leading to more targeted and effective therapies. However, in more general
terms, also the overall use and release of antibiotics in the environment needs to be
better controlled.

List of Abbreviations

CA-MRSA
CDC

CRE
DOTS
ESBL
ESKAPE

FDA
H-MRSA
hVISA
IDSA
IMP
KPC
LPS
MDR
MDR-TB
MIC
MRAB
MRSA
MSSA
MYSTIC
NDM
PBP2a
PDR
SIM
SME
TDR-TB
VIM
VISA
VRSA
WHO
XDR
XDR-TB

Community-acquired methicillin-resistant Staphylococcus aureus
Center for Disease Control and Prevention
Carbapenem-resistant Enterobacteriacea

Direct Observed Treatment Short-Course

Extended spectrum B-lactamase

Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae,
Acinetobacter baumannii, Pseudomonas aeruginosa, Enterobacter spp.
Food and Drug Administration

Hospital-acquired methicillin-resistant Staphylococcus aureus
Heterogeneous vancomycin-intermediate Staphylococcus aureus
Infectious Diseases Society of America

Metallo-B-lactamase active on imipenem

Klebsiella pneumoniae carbapenemases

Lipopolysaccharide

Multidrug-resistant

Multidrug-resistant tuberculosis

Minimum inhibitory concentration

Multidrug-resistant Acinetobacter baumannii
Methicillin-resistant Staphylococcus aureus
Methicillin-susceptible Staphylococcus aureus

Meropenem Yearly Susceptibility Test Information Collection
New Delhi B-lactamase

Penicillin-binding protein 2a

Pandrug-resistant

Seoul imipenemase

Serratia marcescens enzyme

Totally drug-resistant tuberculosis

Verona integron-encoded metallo-B-lactamase

Vancomycin intermediate-resistant Staphylococcus aureus
Vancomycin-resistant Staphylococcus aureus

World Health Organization

Extensive drug resistant

Extensive drug resistant tuberculosis
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1 Introduction

The discovery of antibiotics has been one of the most significant advances in the
modern medicine. These drugs have saved millions of lives not only by treating
infections but also by preventing bacterial infections in individuals with weakened
immune system such as those undergoing chemotherapeutic treatments against
cancer or after organ transplantation. As we live in the antibiotic era, it is easy to
assume that these drugs are permanently available in the arsenal of medicines.
Lamentably, the use or rather the misuse of antibiotics has been accompanied by the
rapid emergence of antibiotic resistance (Carlet et al. 2011). Furthermore, the use of
antibiotics in the food animals industry has significantly fueled the rise of antibiotic
resistant pathogens (Van Boeckel et al. 2015). We should not forget that antibiotics
are not a human invention as they are produced by microorganisms such as
Streptomyces spp. or fungi as weapons to eliminate bacteria that are competing for
the same resources (Waksman et al. 1942; Waksman and Woodruft 1941, 1942). In
turn, bacteria have developed mechanisms to counterattack the noxious effect of
these antimicrobial agents as an adaptive trait to survive by out-competing their
microbial neighbors in the environment. The biological pressure imposed by the
continuous exposure to different antibiotics during clinical application has led to the
cumulative acquisition of resistant traits in major human pathogens resulting in
multidrug-resistant (MDR) bacteria, which are practically impossible to treat.
Methicillin-resistant Staphylococcus aureus (MRSA) is probably the best-known
example, but the list keeps growing. Among the emerging MDR bacteria are the
extended spectrum [B-lactamase-producing (ESBL) Klebsiella pneumoniae and
Escherichia coli, carbapenem-resistant Enterobacteriaceae (CRE) and multidrug-
resistant Acinetobacter baumannii (MRAB). Furthermore, some antibiotic resis-
tance genes such as those encoding TEM p-lactamases (see below) exhibit an
enormous plasticity and are capable to evolve and produce variants that are capable
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to confer resistance to a wider range of antibiotics (Salverda et al. 2010). The term
“ESKAPE” has been introduced by the CDC to highlight the six pathogens that
increasingly escape the effects of antibiotics (Enterococcus faecium, S. aureus, K.
pneumoniae, A. baumannii, Pseudomonas aeruginosa and Enterobacter spp.)
(Pendleton et al. 2013).

Even more alarming is the fact that these antibiotic-resistant bacteria are able to
propagate very quickly not only in the health care facilities but also in the com-
munity across the globe. It is unquestionable that antibiotic resistance is life
threatening and patients with infections caused by resistant pathogens have higher
mortality rates and increased human suffering. Due to the prolonged hospitalization
and decreased productivity, the economic burden associated with antibiotic resis-
tance is enormous and take a staggering toll in the health care system. For example,
the total costs attributable to extended hospitalization due to MRSA in the
31 countries that participated in the European Antimicrobial Resistance Surveillance
System were 44 million Euros in 2007 (de Kraker et al. 2011). However, reliable
estimates of the true burden are difficult to obtain. In order to sustain the effective
lifetime of antibiotics, many hospitals have opted to reserve certain drugs such as
vancomycin and imipenem and use them only as a last resource when other
antimicrobials have proved ineffective. The downside of this policy is the risk
associated with the delayed administration of effective antibiotics in infected
patients. Moreover, the limited use of reserve antibiotics provides low incentives due
to poor returns on investments and they are, therefore, nonprofitable for the phar-
maceutical industry. Indeed, the lack of new classes of antibiotics coming to the
market and the scarcity of new drugs in the pharmaceutical pipeline further aggra-
vates the problem of antibiotic resistance. Only three new classes of antibiotics for
treatment of human infections have been introduced to the market in this millennium
(Spellberg et al. 2008; Bassetti et al. 2013). New antibiotics capable to defeat MDR
pathogens are desperately needed, as otherwise we will soon face a future where an
ordinary infection can be deadly. However, the development of new antibiotics will
not provide an ultimate solution to the antibiotic crisis since the countdown to the
emergence of resistance begins at the moment that the new antibiotic is introduced
for clinical use. It is clear that antibiotic resistance is not a single-solution problem
and, in addition to the steady development of new antibiotics, other strategies
including effective vaccines and faster and more sensitive diagnostics can contribute
to reduce the emergence of resistance. Thus, solutions to the problem of antibiotic
resistance, in the long-run, will require a concerted mass effort of the medical and
scientific community, government bodies and pharmaceutical industry.

2 The Serious Menace of “Superbugs”

At present, a major concern in bacterial infections are the so-called “Superbugs”,
which are bacterial pathogens that have developed resistance against different
antibiotic classes commonly used for their treatment (Nordmann et al. 2007).
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The resistant mechanisms of Superbugs can be mediated by the acquisition of genes
that enable them to survive the exposure to antibiotics or by mutations that have
evolved as part of a natural selection process. Superbugs are currently a global
epidemic and are widespread around the planet. MRSA, MDR Mycobacterium
tuberculosis, K. pneumoniae, Streptococcus pneumoniae, Clostridium difficile,
Neisseria gonorrhoeae, A. baumannii, Salmonella spp., E. coli, P. aeruginosa and
vancomycin-resistant Enterococcus spp., are typical examples of Superbugs. The
historical background and current epidemiology of some of these multiresistant
pathogens will be described in more detail in the next sections.

2.1 Methicillin-Resistant Staphylococcus aureus (MRSA)

The Gram-positive bacterium S. aureus, a member of the bacterial class “Bacilli”, is
historically the most notorious superbug (Peacock and Paterson 2015; Stryjewski
and Corey 2014; Uhlemann et al. 2014; Otto 2012; Gould et al. 2012; Moellering
2012). S. aureus is an extraordinarily successful human pathogen, which is largely
due to its versatility and enormous capacity to acquire antibiotic resistances. In the
pre-antibiotic era, mortality associated with S. aureus exceeded 80 % (Skinner and
Keefer 1941). Although S. aureus is a common commensal of humans and can be
frequently isolated from the anterior nares (von Eiff et al. 2001) as well as other
nasal regions (Kaspar et al. 2015), it can also cause a variety of infections ranging
from mild skin infections to life-threatening diseases such as pneumonia,
osteomyelitis, sepsis, endocarditis and bacteremia (David and Daum 2010). Nasal
colonization is a risk factor for infections in both hospital and community settings
(Wertheim et al. 2005; Kluytmans and Wertheim 2005; Keene et al. 2005; von Eiff
et al. 2001).

2.1.1 Historical Background

The introduction of penicillin in 1941 resulted in a dramatic reduction of staphy-
lococcal infections mortality rate and in improved prognosis of infected patients.
Penicillin is a so-called B-lactam antibiotic (agents that contain a -lactam ring in
their molecular structure) that inhibits the cross-linking of peptidoglycan in the
bacterial cell wall. The B-lactam antibiotics bind to and inhibit the cross-linking
transpeptidase (also termed penicillin-binding protein) involved in bacterial cell
wall biosynthesis and induce cell lysis (Yocum et al. 1979). Unfortunately, S.
aureus strains resistant to penicillin were reported already one year after this new
antimicrobial was introduced (Rammelkamp and Maxon 1942). Resistance to
penicillin is due to the acquisition of B-lactamase activity (Murray and Moellering
1978; Bondi and Dietz 1945). The enzyme f-lactamase is encoded by the gene
blaZ, which is part of a transposable element within a large plasmid. This enzyme
hydrolyzes the B-lactam ring thereby rendering the B-lactam antibiotic inactive
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(Kernodle 2000). Penicillin was commonly used in the 1950s and 60s and soon
after that, more than 80 % of staphylococcal isolates were resistant to penicillin
(Finland 1955; Barber and Rozwadowska-Dowzenko 1948). Penicillin-resistant
strains were first emerging in hospitals, spreading later to the community, where
they became prevalent (Chambers 2001). This prompted a search for f3-
lactamase-resistant drugs that led to the production of semisynthetic penicillins
including methicillin and other derivatives such as oxacillin, cloxacillin, diclox-
acillin, flucloxacillin and nafcillin. Methicillin was introduced for clinical use in
1959 and the first MRSA strain was reported in 1961 (Jevons 1961). The mecha-
nism responsible for resistance to methicillin involves the acquisition of a
transpeptidase termed PBP2a or PBP2’ that has a reduced affinity for penicillin and
other B-lactam antibiotics and is encoded by the mecA gene (Chambers 1997,
Hartman and Tomasz 1981). This gene is located on the mobile genomic element
staphylococcal cassette chromosome SCCmec, which carries a copy of mecA along
with the genes encoding site-specific recombinases (ccr) required for the integra-
tions and excision of the mobile element (Katayama et al. 2000). Soon after the
initial description of SCCmec, several structurally different SCCmec elements were
described based on the combination of the ccr gene allotype and the mec class that
they carry (see http://www.sccmec.org/). Currently, eleven different SCCmec types
are known (http://www.sccmec.org/Pages/SCC_TypesEN.html).

After the first case of MRSA was reported in the United Kingdom in 1961
(Jevons 1961), MRSA has spread widely in Europe by the 1970s and in the USA by
the late 1980s (Enright et al. 2002; Maple et al. 1989). By the end of the 1990s,
highly epidemic clones of MRSA had become the most frequent causative agents of
S. aureus disease in both hospitals and communities in the USA (DeLeo and
Chambers 2009; Voss et al. 1994; Panlilio et al. 1992). Although MRSA is not
more virulent than methicillin-sensitive S. aureus (MSSA), MRSA infections are
more difficult to treat than those caused by MSSA. The increasing prevalence of
MRSA forced a significant escalation in the utilization of vancomycin (Levine
2006). Vancomycin is a glycopeptide that also exerts its antimicrobial effect against
S. aureus by inhibiting the cell wall synthesis (Gardete and Tomasz 2014;
Hiramatsu 2001). In contrast to B-lactams, which inhibit transpeptidase, the sus-
ceptibility of Gram-positive organisms to vancomycin is due to its high affinity for
d-alanyl-d-alanine (D-Ala-D-Ala), which constitutes the terminal residue of the
disaccharide-pentapeptide building blocks of the cell wall attached to a polyiso-
prene lipid carrier called lipid II. The first MRSA with decreased susceptibility to
vancomycin was isolated in Japan in 1997 (Hiramatsu et al. 1997b). This strain
exhibited only a modest increased minimum inhibitory concentration (MIC) value
for vancomycin and became therefore known as vancomycin intermediate-resistant
S. aureus (VISA; MIC = 4-8 ng/ml). The increased resistance to vancomycin of
VISA strains is considered to have emerged from vancomycin-susceptible S. aureus
(VSSA) through multiple genetic alterations that appear during vancomycin ther-
apy, including mutations in regulator genes (Meehl et al. 2007). Typically, muta-
tions result in thickening of the cell wall due to either accumulation of excess
amounts of peptidoglycan, aberrant separation of daughter cells after cell division
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or altered rates of autolysis (Howden et al. 2010; Hiramatsu 2001; Walsh and Howe
2002; Sieradzki and Tomasz 2003; Gardete and Tomasz 2014). In those variants
with thickened cell wall, more vancomycin molecules are assumed to be trapped in
the increased number of peptidoglycan layers before reaching its target in the cell
membrane (Hiramatsu 2001). An additional type of vancomycin resistance in S.
aureus, the so-called hetero-VISA (hVISA) was reported from Japan in 1997
(Hiramatsu et al. 1997a). These strains are classified as susceptible strains
MIC < 4 pg/ml) but can generate VISA (MIC = 8 pg/ml) at high frequency
through mutations in the rpoB gene, which encodes the RNA polymerase 3 subunit
(Matsuo et al. 2015). The first vancomycin-resistant S. aureus strain (VRSA;
MIC = 16 mg/ml) was reported in the USA in 2002 (Sievert et al. 2008).
The VRSA strains have acquired the vanA vancomycin resistance gene located
within transposon Tn/546 on a plasmid which was acquired from
vancomycin-resistant Enterococcus faecalis (Gardete and Tomasz 2014). Tn1546 is
composed of nine genes, out of which five genes including the VanRS regulatory
system, the VanH a-ketoacid dehydrogenase, the VanA ligase and the VanX
dipeptidase are involved in vancomycin resistance (Courvalin 2006). VanH reduces
pyruvate to D-lactate and VanA catalyzes ester bond formation between D-alanine
and D-lactate with the resulting D-Ala-D-Lac depsipeptide replacing the
D-Ala-D-Ala dipeptide in peptidoglycan synthesis. This substitution decreases the
affinity of the molecule for glycopeptides considerably and prevents vancomycin
binding (Arthur et al. 1996). By the end of 2013, VRSA strains have been isolated
from several countries in the world (Kos et al. 2012; Limbago et al. 2014; Saha
et al. 2008; Azimian et al. 2012; Melo-Cristino et al. 2013). Although dissemination
of VRSA has so far been limited and there has been no secondary transmission of
any of the VRSA strains to the patients family members or other contacts, the
multiple mechanisms of S. aureus to develop resistance to vancomycin represent a
warning for the public health system, and the potential for spread of such clinical
isolates should not be underestimated.

More recently, daptomycin, a cyclic lipopeptide derived from Streptomyces
roseosporus with bactericidal activity against a broad range of Gram-positive
bacteria (Tedesco and Rybak 2004; Steenbergen et al. 2005), has been used to treat
MRSA infections (Fowler et al. 2006; Moellering 2008). Daptomycin was approved
by the US Food and Drug Administration in 2003 for treatment of skin and soft
tissue infections and in 2006 for therapy of S. aureus bacteremia and endocarditis.
Daptomycin disrupts the function of the cytoplasmic membrane in Gram-positive
organisms, causing leakage of potassium and other ions, ultimately leading to loss
of membrane potential and cell death (Jung et al. 2004; Cotroneo et al. 2008;
Silverman et al. 2003). Because of its unique mechanism of action, it was assumed
that MRSA would not easily develop resistance to daptomycin. However, the first
case of daptomycin treatment failure was reported in 2005 (Vikram et al. 2005;
Hayden et al. 2005). To the current knowledge, the mechanisms of daptomycin
resistance seem to be very diverse, involving perturbations in the cell membrane as
well as in the cell wall (Bayer et al. 2013).
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2.1.2 Epidemiology

The first epidemic MRSA clone was identified in the UK in 1980 and was largely
limited to Europe. Novel lineages of MRSA have since then become a worldwide
pandemic in all continents, causing infections in both the health care setting and in
the community (Enright et al. 2002). Overall, the vast majority of MRSA isolated
worldwide belong to a limited number of clones, some of which are associated with
global epidemics. Globally disseminated MRSA strains causing outbreaks and
epidemics in health care facilities are of particular concern. For example, Epidemic
MRSA-15 (EMRSA-15) is currently the most successful healthcare-associated
MRSA clone spreading rapidly within and between hospitals, as well as to different
countries (Holden et al. 2013). EMRSA-15 which belongs to multilocus sequence
type ST22 and carries a type IV SCCmec element, was initially isolated in the UK in
1991 (Richardson and Reith 1993) and by 2000, it accounted for over 60 % of
MRSA nosocomial bacteremias in this country (Johnson et al. 2001). The devel-
opment of resistance to fluoroquinolone during the mid-1980s that was caused by
point mutations generating amino acid substitutions in topoisomerase IV and gyrase
A, has been suggested to be a key in the success of EMRSA-15 (Holden et al. 2013).

Although MRSA is nowadays the most common multidrug-resistant pathogen
causing nosocomial infections, the prevalence of hospital-acquired MRSA shows
considerable geographical variation (Sievert et al. 2013; Moellering 2012). For
example, the percentages of isolates reported as MRSA in Europe in 2013 ranged
from 0 % in Iceland to 64.5 % in Romania (European Centre for Disease Prevention
and Control 2013). Although MRSA infections have declined in recent years
(Meyer et al. 2014; Khatib et al. 2013; Wyllie et al. 2011a, b; Kallen et al. 2010),
seven out of 30 European countries from where data were available, reported
MRSA percentages above 25 % in 2013 (European Centre for Disease Prevention
and Control 2013). Hence, MRSA remains a public health priority in Europe. The
success of countries such as the Netherlands or the Scandinavian countries in the
prevention of MRSA transmission in healthcare facilities has been largely due to
the implementation of a stringent “Search and Destroy (S&D) policy” (Bootsma
et al. 2006). This policy involves the identification and isolation of MRSA carriers
and of patients at increased risk for MRSA carriage as well as minimization of the
risk of MRSA transmission to other individuals within the healthcare facility by
wearing of personal protective equipment and disinfection of the room after dis-
charge of these patients.

By the late 1990s, MRSA infections started to spread within the community and
affected patients without previous healthcare exposure (Herold et al. 1998; Deleo
et al. 2010; Vandenesch et al. 2003; Stegger et al. 2014). In contrast to
hospital-acquired MRSA (H-MRSA), which typically carry the SCCmec types I, I
and III, the initial community-acquired MRSA (CA-MRSA) strains in the USA
carried the SCCmec type IV and produced Panton-Valentine leukocidin
(PVL) (DeLeo et al. 2010; Ma et al. 2002), a potent pore-forming cytotoxin. These
strains of the ST1 lineage (also known as USA400) were promptly replaced by the
strain USA300 (STS lineage), which is currently the predominant CA-MRSA in the
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USA (DeLeo et al. 2010) and has spread throughout the world (Nimmo 2012).
Prevention and control of MRSA infections in non-clinical arenas may create a
bigger challenge compared to the reduction of the spread of MRSA in healthcare
settings. Strategies to prevent spreading of MRSA infections in the community
involve hand hygiene, avoiding sharing of personal items and adherence to contact
precautions during care of individuals with known MRSA infections.

2.2 MDR- and XDR-Mycobacterium tuberculosis

Mpycobacterium tuberculosis is the causal agent of tuberculosis, a devastating
infection of the lungs with an outsized burden of morbidity and mortality (Murray
et al. 2014). More than 50 years after the introduction of the first anti-tuberculosis
drugs, this infection remains still a leading cause of death. In 2013, about 9 million
people were infected with M. tuberculosis and 1.5 million succumbed to the
infection (World Health Organization 2014b). Furthermore, an estimated one third
of the world population is infected with M. tuberculosis that exists in a latent stage
and at risk of disease reactivation (World Health Organization 2014b; Wayne and
Sohaskey 2001). Chemotherapy of tuberculosis involves a combination of several
drugs including isoniazid, rifampicin, pyrazinamide, and either ethambutol or
streptomycin for several months (Keshavjee and Farmer 2012). In recent years, the
increased prevalence of multidrug-resistant tuberculosis (MDR-TB) caused by
strains which are resistant to at least two of the first-line anti-tuberculosis drugs i.e.
isoniazid and rifampicin (Iseman and Madsen 1989), has worsened the situation and
prompted the use of second line drugs with the subsequent emergence of exten-
sively drug-resistant M. tuberculosis (XDR-TB) (World Health Organization
2014b; Bastos et al. 2014; Abubakar et al. 2013). The XDR-TB strains, defined as
being resistant against isoniazid, rifampicin, fluoroquinolone and to at least one
second-line drug including kanamycin, capreomycin or amikacin (World Health
Organization 2014b; Bastos et al. 2014; Abubakar et al. 2013), have become a
major public health concern. It is estimated that about 5 % of tuberculosis patients
are infected with MDR strains and that 9 % of MDR-TB patients acquire or develop
XDR-TB (World Health Organization 2014b). In spite of the fact that global rates
of new tuberculosis infections are decreasing since 2005, MDR- and XDR-TB
cases have increased, with an estimated 450,000 new cases in 2012 (World Health
Organization 2014b).

2.2.1 Historical Background

Streptomycin became the standard treatment for tuberculosis in the 1940s (Hinshaw
et al. 1946; Daniel 2006). Although many patients receiving streptomycin had a
rapid clinical improvement, treatment failures were also common and
streptomycin-resistant M. tuberculosis strains could soon be isolated from
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non-responding patients (Crofton and Mitchison 1948). In the 1950s, isoniazid was
tested against tuberculosis with great success (Selikoff and Robitzek 1952) and was
followed by pyrazinamide (1952), cycloserine (1952), ethionamide (1956), rifam-
picin (1957), and ethambutol (1962) (Keshavjee and Farmer 2012). With the
introduction of new antibiotics to treat M. tuberculosis infections, new resistance
mechanism emerged. For example, resistance to rifampicin was detected soon after
the administration of the antibiotic to tuberculosis patients (Manten and Van
Wijngaarden 1969). The rapid development of resistance during monotherapy of
these antibiotics led to combination therapies including several antibiotics, which
remains the cornerstone of tuberculosis treatment. The first empirical treatment
consisted of a four-drugs regimen administered for one year (Mitchison and Davies
2012; Crofton 1959; Fox et al. 1999). This long therapy resulted in poor compliance
to treatment and the emergence of MDR-TB strains (Issman and Madsen 1989).
Even more disturbing was the emergence of XDR-TB. But it can always be worse
and the first case of totally drug-resistant tuberculosis (designated TDR-TB,
although this terminology need to be officially endorsed by the WHO) was
observed in Italy in 2003 (Migliori et al. 2007) and later in Iran (Velayati et al.
2009). TDR-TB strains exhibit in vitro resistance to all first- and second-line drugs
tested including isoniazid, rifampicin, streptomycin, ethambutol, pyrazinamide,
ethionamide, cycloserine, ofloxacin, amikacin, ciprofloxacin, capreomycin and
kanamycin (Parida et al. 2015). In 2012, new TDR-TB cases were reported in India
(Udwadia 2012). Recently, the three new drugs bedaquiline, delamanid and line-
zolid have been approved by the US Food and Drug Administration (FDA) and the
European Medicines Agency that may offer therapeutic solutions, at least tem-
porarily, for treatment of TDR-TB (Parida et al. 2015).

2.2.2 Mechanisms of Drug Resistance of MRD-TB Strains

Drug resistance in M. tuberculosis is generally caused by bacterial chromosomal
mutations arising during sub-optimal drug therapy (Almeida Da Silva and Palomino
2011). Isoniazid is a pro-drug that needs to be activated by the M. tuberculosis
KatG enzyme, a bifunctional enzyme with both catalase and peroxidase activity
(Metcalfe et al. 2008; Zhang et al. 1992). Isoniazid activation leads to inhibition of
the synthesis of mycolic acids, 2-alkyl-3-hydroxy long-chain fatty acids which are
major and specific components of the mycobacterial cell wall (Winder and Collins
1970). The target of the activated isoniazid, assumed to be an isonicotinic-acyl
radical (Rozwarski et al. 1998, 1999), is the long-chain enoyl-acyl carrier protein
reductase InhA, an enzyme essential for mycolic acid biosynthesis (Banerjee et al.
1994). Activated isoniazid binds covalently to the nicotinamide ring of the NADH
found within the active site of this enzyme, creating a highly effective inhibitor
(Rozwarski et al. 1998). Mutations in the genes encoding KatG and InhA or the
respective promoter regions (Ramaswamy et al. 2003; Hazbon et al. 2006) have
been shown to be typically responsible for the resistant phenotype. The S315T gene
mutation in katG is the most frequent in MDR-TB strains and is associated with
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high-levels of resistance (MIC > 1 pg/ml) (Hazbon et al. 2006). This mutant retains
peroxidase/catalase activity, however, it is highly deficient in forming an
isoniazid-NAD-adduct (Yu et al. 2003).

Rifampicin is one of the most effective antibiotics to treat tuberculosis and acts by
inhibiting transcription through the targeting of the DNA-dependent RNA poly-
merase. RNA polymerase consists of four different subunits encoded by the 7poA,
rpoB, rpoC and rpoD genes, respectively. Rifampicin binds to the B-subunit thereby
inhibiting the elongation of mRNA (Wehrli 1983). Resistance to rifampicin is con-
ferred by mutations in the rpoB gene that alter residues of the rifampicin-binding site
of the RNA polymerase -subunit, leading to low affinity binding (Telenti et al. 1993a,
b). Interestingly, more than 90 % of M. tuberculosis strains resistant to rifampicin are
also resistant to other antibiotics including isoniazid (Garcia de Viedma et al. 2002).
Therefore, rifampicin resistance is used as a surrogate marker for MDR-TB.

2.2.3 Epidemiology

The global incidence of M. tuberculosis infections slowly declined from 1997 to
2001, but an increase in the incidence rate was observed in 2001, most probably
fanned by the expansion of HIV pandemic (Sulis et al. 2014). Nevertheless, a
reduction in the number of tuberculosis infections has been observed since 2002,
reaching 2.2 % reduction between 2010 and 2011 (Sulis et al. 2014). The intro-
duction of the DOTS (Direct Observed Treatment Short-Course) by the WHO was
most probably the driven instrument responsible for this decline (Kochi 1997). This
program was introduced to overcome the poor adherence and premature interrup-
tion of tuberculosis treatment that was responsible for prolonged illness and
development of drug resistance. Key elements of this strategy are bacteriological
diagnosis and direct supervision of drug intake by patients (Kochi 1997). A total of
46 million of tuberculosis patients worldwide were treated in DOTS programs
between 1995 and 2010 with an overall rate of treatment success of 87 % in 2009
(Glaziou et al. 2011). With outbreaks of MDR-TB reported in the early 1990s,
mainly among HIV-infected individuals (Cohn et al. 1997), a new program called
DOTS-Plus was initiated as a more rigorous treatment strategy (World Health
Organization 2001). The prevalence of MDR-TB in several countries including
China, India, Russia and South Africa was 460,000-870,000 in 2010 and 58
countries reported at least one case of XDR-TB in 2011 (Lienhardt et al. 2012).

2.3 Emerging Extended-Spectrum f-Lactamase
Producing Pathogens (ESBLs)

Gram-negative bacteria, specifically Enterobacteriaceae and other y-Proteobacteria
such as Pseudomonas spp. are currently an important cause of hospital-acquired
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infections including pneumonia, surgical site infections, urinary tract infections and
bloodstream infections. Under antibiotic selection pressure, these organisms are
highly efficient at developing or acquiring genes that confer resistance to multiple
antibiotics and the emergence of multidrug-resistant strains, which are practically
resistant to all approved antibiotics, is currently an enormous public health concern
(Hawkey and Jones 2009). The excessive use of broad-spectrum, orally adminis-
tered PB-lactams antibiotics including ampicillin, amoxicillin or cephalexin has
provided a favorable context for the selection of extended-spectrum [3-
lactamases-producing (ESBLs) y-Proteobacteria in both hospital and community
settings. Whereas the resistance against B-lactams antibiotics in S. aureus as
described above is often mediated by modification of proteins that are the target of
B-lactams antibiotics (such as modified transpeptidases), P-lactam resistance in
Gram-negative organisms is largely mediated by the production of a diverse set of
B-lactamases. These enzymes hydrolyze the lactam ring and are often capable to
attack a broad spectrum of B-lactam antibiotics (Bush and Fisher 2011). The most
frequent ESBLs harboring bacteria are the Enterobacteriaceae E. coli and K.
pneumoniae as well as Pseudomonadales such as A. baumannii and P. aeruginosa
(Livermore 2012). In addition to B-lactams, ESBLs-producing pathogens are fre-
quently resistant also to non-fB-lactam antibiotics since the B-lactamases are encoded
on rapidly spreading mobile elements carrying resistance determinants for multiple
antimicrobial families including the aminoglycosides, tetracyclines, and fluoro-
quinolones (Paterson and Bonomo 2005). As a result, a large proportion of the
ESBLs-producing bacteria are indeed multidrug-resistant.

2.3.1 Historical Background

Different classification schemes have been used to discriminate between the vast
variety of B-lactamases. One of these schemes, based on phylogenetic analyses
proposed by Ambler (1980), uses a molecular classification and divides [-lacta-
mases into four classes, where classes A, C and D include enzymes that hydrolyze
their substrates by forming an acyl enzyme through an active site serine, whereas
class B enzymes are zinc-dependent metalloenzymes. The very first ESBLs seem to
have evolved from the narrow-spectrum B-lactamases of the so called TEM and
SHV lineages of E. coli and Klebsiella spp. (Turner 2005) which, like penicillinase
from S. aureus, belong to the class A B-lactamases. TEM-1 is the most commonly
encountered -lactamase in Pseudomonadales. Mutations in the active site of these
ancestor enzymes enlarged the number of substrates that the B-lactamases could
hydrolyze. Bacteria carrying these mutations were selected by antibiotic pressure
and the encoding genes rapidly spread via mobile genetic elements (Kliebe et al.
1985; Sirot et al. 1987; Sougakoff et al. 1988). TEM and SHV ESBLs comprise
several members conferring resistance not only to penicillins and first generation
cephalosporins (Turner 2005), but also to second generation cephalosporins and
monobactams. The CTX-M [-lactamase type seems to have originated from
chromosomally encoded enzymes of Kluyvera spp. from where the genes were then
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recruited onto plasmids and transferred especially to E. coli and K. pneumoniae
(Poirel et al. 2002). CTX-M-type ESBLs, characterized by their potent hydrolytic
activity against cefotaxime, were initially reported in the second half of the 1980s,
and their rate of spreading and prevalence in most parts of the world has increased
dramatically since 1995 (Bonnet 2004).

In addition to ESBL class A enzymes, class C enzymes, also termed extended
spectrum AmpC-type B-lactamases, can mediate resistance to a number of B-lactams
including third-generation cephalosporins (Jacoby 2009). AmpC B-lactamases were
known to be chromosomal encoded cephalosporinases in P. aeruginosa (Lodge et al.
1990) and many Enterobacteriaceae (Jaurin and Grundstrom 1981), but have been
then recruited on plasmids (Philippon et al. 2002) and spread among the
Enterobacteriaceae (Harris 2015; Munier et al. 2010). This development was
reported to coincide with a change from a chromosomal gene controlled by a weak
promoter to a plasmid with strong constitutive expression. Strains carrying this
plasmid have been isolated from nosocomial, community onset, and
healthcare-associated infections and are often associated with a high mortality rate
(Rodriguez-Bano et al. 2012). Plasmids carrying AmpC [-lactamases may also
frequently carry genes encoding for additional resistances including resistance to
aminoglycosides, chloramphenicol, quinolones, sulfonamide, tetracycline, and
trimethoprim as well as genes encoding for other B-lactamases (Jacoby 2009).

An additional element favoring the development of multiresistance is the per-
meability of the bacterial outer membrane to B-lactams, which is determined by the
presence of porin channels through which B-lactams penetrate as well as by the
presence of efflux pumps, which transport them out of the cell. Decreasing the
number of porin entry channels or increasing the expression of efflux pumps can
reduce the permeability of the bacterial outer membrane to certain antibiotics and
favor the acquisition of mutiresistance. For example, resistance to carbapenem in
P. aeruginosa involves the combination of overproduction of AmpC [-lactamase,
decreased production of the OprD porin channel for imipenem entry, and activation
of MexAB-OprM and other efflux systems (Lister et al. 2009).

The class D B-lactamases are typically also termed OXA-type B-lactamases
based on their high activity against cloxacillin and oxacillin (Bush et al. 1995).
They were originally observed predominantly in P. aeruginosa (Philippon et al.
2002) but have been detected in many 7y-Proteobacteria and are widespread in
E. coli strains (Livermore 1995). Even though most of these lactamases do not
hydrolyze second-generation cephalosporins at a significant rate, OXA-10 hydro-
lyzes some of them and its acquisition results in strains with a reduced susceptibility
to these antibiotics (Paterson and Bonomo 2005).

Enzymes termed carbapenemases are the most versatile f-lactamases, as many of
them recognize almost all hydrolyzable B-lactams (Livermore and Woodford 2006;
Queenan and Bush 2007). Carbapenemases have been identified inside the above
described class A, B, and D lactamases. The first described carbapenemases were
chromosomally encoded class A enzymes and described from Serratia marcescens
isolates (Yang et al. 1990) and thus termed SME (S. marcescens enzyme). Later on,
carbapenemases have often been identified on transferable plasmids and since the
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end of the 1990s, the K. pneumoniae carbapenemases (KPC), also identified as class
A lactamases, began to emerge (Yigit et al. 2001). In fact, KPC carbapenemases
hydrolyze B-lactams of all classes, and belong to the most wide-spread carbapen-
emases. Also widely disseminated became the carbapenemases of the class B
metalloenzyme type including the VIM (Verona integron-encoded metallo B-lac-
tamase) (Lauretti et al. 1999), IMP (metallo B-lactamase active on imipenem)
(Watanabe et al. 1991) and the NDM (New Delhi metallo-p-lactamase) (Dortet
et al. 2014) variants.

2.3.2 Epidemiology

The incidence of infections caused by ESBLs-producing bacteria has dramatically
increased in recent years (Peleg and Hooper 2010). ESBLs-producing K. pneu-
moniae can cause clonal outbreaks in healthcare facilities such as in intensive care
units of hospitals (Harris et al. 2007). These outbreaks are primarily caused by
TEM- or SHV-producing K. pneumoniae. On the other hand, E. coli strains car-
rying predominantly CTX-M p-lactamases generally cause community-acquired
infections (Rodriguez-Bano et al. 2006).

The epidemiology of ESBLs-producing pathogens is complex and the preva-
lence of bacteria producing ESBLs varies across the world (World Health
Organization 2014a). Data from the global surveillance program MYSTIC
(Meropenem Yearly Susceptibility Test Information Collection), which has col-
lected data for ESBL-producing pathogens in Europe (1997-2004) and the USA
(1999-2004), indicates a high prevalence of Klebsiella spp. among the
ESBL-producing isolates in both Europe and the USA (Goossens and Grabein
2005). However, the prevalence and types of ESBLs-producing pathogens found in
the USA are in strong contrast to the epidemiology observed in the rest of the
world. Thus, whereas strains producing CTX-M f-lactamase are becoming wide-
spread in Europe and Asia, they are still relatively uncommon in the USA
(Livermore and Hawkey Livermore and Hawkey 2005). Furthermore, whereas an
increased prevalence of E. coli and Klebsiella spp. was observed in Europe during
this time period, increased prevalence of Enterobacter spp. was seen in the USA
(Goossens and Grabein 2005). One representative example linked to
ESBL-producing Enterobacteriaceae is the recent and fast global dissemination of
the highly virulent ciprofloxacin-resistant clonal group of E. coli of sequence type
ST131 and surface O-antigen type O25:H4. These pathogens cause urinary tract
infections and carry the CTX-M variant CTX-M-15 B-lactamase (Clermont et al.
2008; Nicolas-Chanoine et al. 2008), which is now spread in all human and animal
compartments as well as the environment all over the world (Canton et al. 2012).

Carbapenemase-producing Enterobacteriaceae were only occasionally observed
until the 1990s, but since the late 1990s, KPC-producing K. preumoniae spread
globally and are endemic in the USA, Israel, Greece, and Italy, with a carbapenem
resistance prevalence of 60.5 % being recorded in 2012 in Greece (Doi and
Paterson 2015). In particular, K. pneumoniae ST258 and related strains are
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currently globally spread (Doi and Paterson 2015). A further group of carpapene-
mases of epidemiological interest are the class D OXA-type carpapenemases.
OXA-48 was first found in K. pneumoniae strain 11978 isolated in Turkey in 2001
(Poirel et al. 2004). Up to now, OXA-48 has been mainly observed in K. pneu-
moniae but could be potentially transferred to other Enterobacteriaceae (Poirel
et al. 2012).

NDM (New Delhi metallo-B-lactamase) was first identified in 2008 in a K.
pneumoniae isolate recovered from a patient previously hospitalized in New Delhi,
India (Yong et al. 2009). Since then, NDM carbapenemases came into focus
worldwide due to the rapid dissemination among Enterobacteriaceae as well as to
Acinetobacter spp. (Dortet et al. 2014). Recently, prevalence rates of
NDM-producing Enterobacteriaceae of up to 18 % were reported in hospitals in
India and Pakistan (Perry et al. 2011; Lascols et al. 2011). Importantly, the gene
encoding this enzyme was not only detected in Enterobacteriaceae isolated from
hospitals, but also in environmental samples (Walsh et al. 2011). In addition to
pathogenic Enteobacteriaceae, NDM was also observed in A. baumannii
(El-Sayed-Ahmed et al. 2015) and NDM producing A. baumannii are reported to be
on the top list of carbapenemase producers in Europe (Dortet et al. 2014).

2.4 “Pandrug-Resistant” (PDR) Pathogens: The Example
of Acinetobacter baumannii

Pandrug-resistant (PDR) pathogens are those that have become resistant against all
commercially available antimicrobial agents and remain susceptible only to older
and potentially more toxic agents such as colistin and tigecycline (Magiorakos et al.
2012; Poulikakos et al. 2014). Consequently, PDR pathogens cause infections for
which limited and suboptimal treatment options exist (Falagas et al. 2005).
Clinically relevant PDR bacteria include A. baumannii, P. aeruginosa and K.
pneumoniae.

During the last decade, multidrug-resistant A. baumannii has emerged as an
important cause of healthcare-associated infections worldwide (Peleg et al. 2008).
The remarkable success of A. baumannii as nosocomial pathogen is bestowed by its
extraordinary capacity to develop or acquire antibiotic resistance determinants and
by its capacity to adapt and survive for long periods in the hospital environment
(Bergogne-Berezin and Towner 1996; Fournier and Richet 2006). Critically-ill
patients with impaired host defenses are at high risk to acquire A. baumannii and can
develop a wide range of infections including pneumonia, bacteremia, meningitis,
urinary tract infections, and wound infections (Falagas et al. 2008). A. baumannii is
in the list of the most difficult-to-treat antimicrobial-resistant y-Proteobacteria
(Talbot et al. 2006). Prior to the 1970s, common antibiotics such as aminoglyco-
sides, B-lactams, and tetracyclines were still effective as therapy for A. baumannii
infections (Bergogne-Berezin and Towner 1996). A. baumannii is reported to
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possess an intrinsic class D oxacillinase belonging to the OXA-51-like enzymes
(Turton et al. 2006), which has only a weak activity against carbapenems and is not
active against second generation cephalosporins (Heritier et al. 2005). However,
strains of A. baumannii highly resistant to carbapenems and virtually to all B-lactams
started to emerge in the 1990s (Go et al. 1994; Evans et al. 2013). The first -
lactamases with carbapenemase activity termed ARI-1 (Acinetobacter resistant to
imipenem), a class D OXA-23 type enzyme, was described in 1993 from a strain
previously isolated in 1985. Since then, it has been asserted that the most widespread
carbapenemase activities in A. baumannii are due to carbapenem-hydrolysing class
D B-lactamase of the OXA-23, OXA-24 and OXA-58 lineages (Poirel and
Nordmann 2006). However, the carbapenem resistance level provided by these
enzymes in A. baumannii is assumed to be much lower compared to that of class B
metallo-B-lactamases (Poirel and Nordmann 2006). Until recently, three groups of
metallo-B-lactamases dominated in Acinetobacter, which are the VIM, IMP, and
SIM (Seoul imipenemase) groups (Queenan and Bush 2007) and a recent study
reported an increasing prevalence and identified 26.5 % of imipenem-resistant
Acinetobacter isolates carrying these lactamases in Korea (Yong et al. 2006).
Importantly, NDM-producing Acinetobacter strains are also known since a few years
(Pfeifer et al. 2011; Dortet et al. 2014), and analysis of the genetic environments of
the genes encoding NMD-1 indicated that Acinetobacter spp. has been a reservoir of
the respective lactamase encoding genes before they have been spread to
Enterobacteriaceae (Dortet et al. 2012). Interestingly, almost all NDM producers
including Enterobacteriaceae, Acinetobacter, and Pseudomonas, showed a simul-
taneous resistance to various other antibiotics such as aminoglycosides, quinolones,
and macrolides (Dolejska et al. 2013).

In addition to the acquisition of antimicrobial-inactivating enzymes, other
mechanisms of antimicrobial resistance in A. baumannii includes: (1) decreased
outer membrane permeability caused by the loss or reduced expression of porins;
(2) overexpression of multidrug efflux pumps; and (3) mutations that change targets
or cellular functions such as alterations in penicillin-binding proteins (Gordon and
Wareham 2010; Fernandez-Cuenca et al. 2003). The rapid global spread of A.
baumannii strains resistant to all first-line antimicrobials has posed an enormous
therapeutic challenge to clinicians (Peleg et al. 2008; Falagas and Bliziotis 2007,
Visca et al. 2011). The only antibiotics that remain effective against PDR A.
baumannii strains are colistin and tigecycline (Gordon and Wareham 2010). As
resistance to tigecycline has been already reported by many countries (Kulah et al.
2009; Navon-Venezia et al. 2007), the old drug colistin is currently the last resource
for the treatment of PDR A. baumannii infections (Falagas and Kasiakou 2005).
Colistin was introduced for clinical use in the 1950s and acts against Gram-negative
bacteria by interacting with the lipid A moiety of lipopolysaccharide
(LPS) molecules in the bacterial outer membrane resulting in increased membrane
permeability, leakage of cell contents and cell death (Davis et al. 1971). The use of
colistin was abandoned in the early 1970s due to its reported toxicity (Lim et al.
2010). However, the emergence of PDA A. baumannii strains has led to the
resurgence of colistin as last resource to treat these infections (Falagas and
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Kasiakou 2005). Unfortunately, the first colistin-resistant PDA A. baumannii was
reported in 1999 (Hejnar et al. 1999) and since then colistin-resistant strains have
been reported in several countries around the world, with the highest resistance rate
reported in Europe (Gales et al. 2006). The mechanism of resistance of
Acinetobacter strains to colistin remains unclear (Cai et al. 2012). Some studies
have suggested the loss of LPS after inactivation of a lipid A biosynthesis gene
resulting in an extensive alteration of the bacterial surface, including the expression
of transport systems (Moffatt et al. 2010; Henry et al. 2012). Other studies indicated
that mutations in the PmrAB two-component regulatory system that results in
modification of the LPS molecule are responsible for resistance against colistin
(Adams et al. 2009; Beceiro et al. 2011). The current worldwide emergence of PDR
A. baumannii strains resistant to colistin is distressing and highlights the need for
new approaches to control this dangerous pathogen.

3 Reversing the Global Trend of Antibiotic Resistance
in the Future

In order to win the battle against MDR pathogens, a concerted mass effort led by the
medical community, governments, pharmaceutical industry and social education is
necessary. The trend of physicians prescribing broad-spectrum antibiotics for any
inflammatory process needs to be reversed and fast actions needs to be taken to
reduce the use of antibiotics by the modern animal food industry. Control programs
against resistant pathogens will involve rational antibiotic prescription, reduced use
of antimicrobials as prophylaxis, compliance with antibiotic therapy and appro-
priate hospital hygiene. Furthermore, development of faster diagnostic tools and
rapid and more accurate antimicrobial profiling can lead to a more precise and
targeted antibiotic therapy. Therefore, to curb the global trend of antibiotic resis-
tance in the future will require a multifaceted approach including (1) prevention and
control of infections caused by antibiotic-resistant pathogens, (2) development of
new drugs, and (3) prolongation of the effectiveness of current and new antibiotics.

3.1 Prevention and Control of Infections Caused
by Antibiotic-Resistant Pathogens

Stringent monitoring of antimicrobial susceptibility trends by long-term surveil-
lance systems at a local, regional, or global level is required to assess and monitor
the scope and magnitude of antibiotic resistance. Surveillance data are critical for
implementing prevention efforts, selection of treatment and for guiding new drug
development. A deeper understanding of the molecular basis of antimicrobial
resistance is required to facilitate the development of new diagnostic molecular
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methods for the fast detection of specific resistance mechanisms. The fast detection
of pathogen resistance patterns can guarantee the implementation of the correct
therapeutic treatment, minimizing the need for broad-spectrum antibiotics and, in
turn, reduce the emergence of antimicrobial resistance. Prevention of spreading and
cross-transmission of antibiotic resistant pathogens must be based on a many-sided
strategy that should include appropriate screening policies to detect colonized
patients, improved hospital hygiene and specific contact precautions.

3.2 Development of New Drugs

Despite the urgent need for new antimicrobial drugs for clinical use, antibiotic
development has slowed dramatically over the past 30 years and many pharma-
ceutical companies have abandoned antibiotic discovery programs. Currently, the
are 36 new antibiotics in the development phase, eight in phase 1 clinical trails, 20
in phase 2, and 8 in phase 3 (The Pew Charitable Trusts 2015; Hesterkamp 2015).
As not all of them will be approved for clinical use, it is clear that the number of
new antibiotics in the development phase will not be enough to meet the current
needs. Furthermore, among the new drugs currently in the pipeline, only a few seem
to target specifically resistant pathogens (Cormican and Vellinga 2012; Spellberg
et al. 2013). For these reasons, various agencies and governmental organizations
have reiterated their calls for the development of novel antibiotics. For example, the
Infectious Diseases Society of America (IDSA) has recently launched a program
called “the ‘10 x 20" initiative” with the aim to develop ten new, safe and effective
antibiotics by 2020 (Infectious Diseases Society of America 2010). In the same line,
the European Innovative Medicine Initiative (http://www.imi.europa.eu), which
supports collaborative research projects between the pharmaceutical industry and
academic institutions, combines public and private funding to boost antimicrobial
drug research in Europe. The primary call-to-action of these initiatives is to increase
the number of promising antibiotics in development and to achieve one of the
century most important challenges, that is the effective treatment of all bacterial
infections in the coming years.

3.3 Prolongation of the Effectiveness of Current and New
Antibiotics by Preventing the Emergence of Antibiotic
Resistance

A bigger challenge than to generate new antimicrobial agents is the challenge of
preserving the beneficial lifetime of the current and newly generated antibiotics.
Several strategies can be pursued to prevent the emergence of antibiotic resistance.
In this regard, implementation of antibiotic stewardship programs is a critical issue
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for the preservation of antibiotics efficacy (Carlet et al. 2012). This involves optimal
selection of the antibiotic or antibiotic combination for each specific pathogen as
well as right dosage and duration of the antimicrobial treatment. Restricted use of
antibiotics with a broad spectrum of action would also help to curtail the devel-
opment of antibiotic resistance. As prolonged administration of antibiotics appears
to be a factor promoting the emergence of antibiotic resistance, recent efforts have
been made to implement shorter courses of antibiotic treatment (Schrag et al. 2001;
Pugh et al. 2010, 2015). In fact, the optimal duration of antibiotic therapy for
different infections may be uncertain and an optimized treatment time may result in
reduction of the selection pressure exerted on the pathogen being treated, with
concomitant decreased propensity for development of resistance.

One of the biggest problems in antibiotic resistance arises from the massive
amount of antibiotics released into the environment through their excessive use, not
only in human, but also in veterinary settings. Thus, the environment can be
regarded as an important breeding and selection reservoir for antibiotic resistance
genes (Canton 2009). Specifically, wastewater systems and effluents from the
pharmaceutical industry or animal husbandry may contain high bacterial loads and
antibiotics and thus may select for antibiotic resistances and favor the spread of
respective genes in the environment (Gullberg et al. 2011; Mira et al. 2015). Even
more concerning is the observation that the presence of multiple concentrations of
antibiotics in an environment may result in the selection of a high diversity of new
antibiotic-resistant genotypes within the microbial populations (Mira et al. 2015).
Obviously, the presence of antibiotic resistant bacteria in the environment repre-
sents a serious risk to humans and more efforts should be made to reduce the levels
of antibiotics contamination in this setting.

4 Conclusions

Antibiotic resistance is one of the most serious threats to human health today.
Believing that the increasing problem of antibiotic resistance can be solely solved
by the development of new antimicrobial drugs is illusory. The threat of resistance
will always accompany any new drug introduced for clinical use. The only possible,
sustainable solution is to keep pace with it. This will involve introducing profound
changes in the use of these drugs, including stewardship programs for rational use
and improve targeted therapy. Furthermore, implementation of adequate preventive
measures such as vaccines and faster diagnostic tools as well as improving hygiene
and reducing the use of antibiotics in animals, will be the only way for preserving
the usefulness of antibiotics for future generations and ensure a healthy future for
the world’s population. Finally, it is of critical importance to acquire a more
comprehensive understanding of the molecular, evolutionary and ecological
mechanisms governing the spread of antibiotic resistance.
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Emergence and Spread of Antimicrobial
Resistance: Recent Insights from Bacterial
Population Genomics

Ulrich Niibel

Abstract Driven by progress of DNA sequencing technologies, recent population
genomics studies have revealed that several bacterial pathogens constitute ‘mea-
surably evolving populations’. As a consequence, it was possible to reconstruct the
emergence and spatial spread of drug-resistant bacteria on the basis of temporally
structured samples of bacterial genome sequences. Based on currently available data,
some general inferences can be drawn across different bacterial species as follows:

(1) Resistance to various antibiotics evolved years to decades earlier than had
been anticipated on the basis of epidemiological surveillance data alone.

(2) Resistance traits are more rapidly acquired than lost and commonly persist in
bacterial populations for decades.

(3) Global populations of drug-resistant pathogens are dominated by very few
clones, yet the features enabling such spreading success have not been
revealed, aside from antibiotic resistance.

(4) Whole-genome sequencing proved very effective at identifying bacterial iso-
lates as parts of the same transmission networks.
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1 Introduction

Widespread antibiotic resistance among pathogenic bacteria threatens the achieve-
ments of modern medicine. Even routine surgery bears the risk of
healthcare-associated infections that are difficult to treat and outbreaks of
drug-resistant tuberculosis exhibit a mortality last seen in the pre-antibiotic era.
Antibiotic resistance has become a global crisis, because resistant pathogens move
across continents alongside their hosts. Recently, unprecedented insights into the
mechanisms and dynamics of the emergence, evolution, and spatial spread of
antibiotic-resistant bacterial pathogens were provided by large-scale bacterial
whole-genome sequence analyses. This progress was driven by advancements of
high-throughput sequencing technologies. In this review, I will highlight some of the
latest insights into the genomic epidemiology of several major antibiotic-resistant
bacterial pathogens and try to identify a number of general inferences. I will focus on
a limited number of examples where extensive genomic datasets exist.

2 Measurably Evolving Bacterial Populations

During the past ten years, progress in DNA sequencing technologies has improved
sequencing speed and throughput by several orders of magnitude, and, at the same
time, has caused a sharp decrease of sequencing costs (van Dijk et al. 2014). Thanks
to this development, datasets encompassing near-complete genome sequences from
multiple closely related bacterial isolates became available for several species of
bacterial pathogens, enabling studies into their ‘population genomics’, i.e., inves-
tigations of population genetics at genomic scale. One of the most remarkable
findings of early bacterial population genomics studies was that pathogenic bacteria
proved to have accumulated evolutionary change in their genomes over unex-
pectedly short time periods (Harris et al. 2010; Niibel et al. 2010). Novel sequence
variation was discovered in bacterial genomic sequences that had been sampled
only months to years apart, which meant that bacteria constituted ‘measurably
evolving populations’, similar to rapidly evolving RNA viruses (Drummond et al.
2003). Short-term evolutionary rates range from 6 base substitutions per genome
per year in Staphylococcus aureus to 0.4 base substitutions per genome per year in
Mycobacterium tuberculosis. Most other bacterial pathogens exhibit evolutionary
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rates within this range, and average rates commonly have been found to be largely
uniform among diverse strains within a given species (Didelot et al. 2012). These
findings have enabled time-calibrated phylogenetic analyses, which have provided
useful insights into the temporal dynamics of pathogen evolution and spread. On
the basis of appropriate sets of genomic sequences serially sampled through time, it
is now possible to date evolutionary events in the bacterial population, such as the
acquisition of mutations that confer antimicrobial drug resistance, to reconstruct the
temporal succession of a pathogen’s spatial dispersal, and to model past population
size changes (Holden et al. 2013; Bentley and Parkhill 2015; Biek et al. 2015).

3 Methicillin-Resistant Staphylococcus aureus

S. aureus is an important human pathogen causing opportunistic infections that
range from self-limiting skin infections to life-threatening pneumonia, bloodstream
infection, or endocarditis. S. aureus has demonstrated its ability to acquire resis-
tance to all classes of antibiotics. In particular, methicillin-resistant S. aureus
(MRSA) is a notorious cause of large outbreaks of infections in both health care and
community settings. The first MRSA was reported already in 1961 (Jevons 1961),
which was within a year after the introduction into clinical use of methicillin—a
penicillinase-stable beta-lactam antibiotic. Since then, MRSA have emerged mul-
tiple times through acquisition of variants of the transferable genetic element
SCCmec, which renders staphylococci resistant to all beta-lactams by encoding a
peptidoglycan transpeptidase enzyme with low affinity for beta-lactam antibiotics
(Robinson and Enright 2004; Niibel et al. 2008). A small number of healthcare-
associated MRSA clones are very widely disseminated internationally, such that
associated infections occur at pandemic scale (Crisdstomo et al. 2001; Chambers
and Deleo 2009). These healthcare-associated MRSA clones very rarely cause
infections outside of hospitals or nursing homes. In contrast, genetically unrelated,
community-associated MRSA strains exist that cause infections in otherwise
healthy individuals without contact to hospital patients or staff. Globally,
healthcare-associated MRSA infections by far outnumber those in the community,
even though outbreaks with one specific community-associated MRSA named
‘USA300’, have reached an epidemic level in the USA (David and Daum 2010;
DeLeo et al. 2010), and regions with low prevalence of healthcare-associated
MRSA exist (Johnson 2011). In addition, livestock-associated MRSA colonize
fattening pigs and broiler chickens at high frequency, and these MRSA strains
cause infections in humans occasionally (Cuny et al. 2013).

Population genomic analyses of major MRSA clonal lineages have provided
detailed records of their emergence, spatial spread, and continued evolution,
including the acquisition and loss of antibiotic resistance traits. One healthcare-
associated MRSA strain, dubbed ‘EMRSA-15’, has dominated MRSA populations
in Europe, Australia, and parts of Asia for the last twenty years. This strain was
reported for the first time in 1991 (Richardson and Reith 1993), yet datings based
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on genomic sequence variation later revealed that its emergence in the UK had
begun already during the mid-1970s, almost two decades before its first reported
discovery (Holden et al. 2013). Genome-based coalescent analyses further docu-
mented that EMRSA-15 had acquired resistance to fluoroquinolone drugs in the
early 1980s and traced the emergence of this trait to a region around the city of
Birmingham in the UK. This result suggested that resistance to fluoroquinolones
had emerged during clinical trials that were performed in several hospitals in the
area, prior to licensing of the drug (Holden et al. 2013). It is remarkable that
fluoroquinolone resistance seems to have been instrumental for the subsequent
spread of this MRSA over large geographic areas, within the UK and beyond.
Another, unrelated MRSA strain (EMRSA-16) emerged in the UK during the same
time period after acquisition of fluoroquinolone resistance on the basis of two
identical point mutations (McAdam et al. 2012). Indeed, all major healthcare-
associated MRSA are resistant to fluoroquinolones, and the rapid increase of
fluoroquinolone use during the 1990s apparently has promoted the dispersal of
these strains, even though this class of antibiotic is not applied for treating
staphylococcal infections. Rather, widespread application of fluoroquinolone drugs
appears to promote colonization with resistant MRSA due to skin secretion of the
antibiotic and suppression of the normal bacterial flora (Hawkey 1997; Weber et al.
2003). Genomic analyses further suggested that this development was paralleled in
the USA by community-associated MRSA USA300, which acquired fluoro-
quinolone resistance in the early 1990s, just prior to a strong population expansion
that occurred during a time of heavy outpatient usage of fluoroquinolone drugs
(Uhlemann et al. 2014; Alam et al. 2015).

The evolution of antibiotic resistance of MRSA is driven by selection pressure
from antibiotic usage. As outlined, resistance of S. aureus to various antibiotics
emerged very shortly after the introduction of novel drugs in several cases.
Accordingly, regional and country-specific differences among drug use regimens
are reflected by the geographic dissemination of resistance (Holden et al. 2013;
Reuter et al. 2016). Genome-based phylogenetic analyses further showed that
resistance traits generally are more rapidly acquired than lost in S. aureus. Once
acquired, genomic features causing resistance, including point mutations and intra
or extrachromosomal mobile genetic elements, commonly persist in the MRSA
population for decades (Holden et al. 2013). As a result, the average number of
resistance traits per isolate increases with isolation date (Holden et al. 2013;
Strommenger et al. 2014). In addition, the accumulation of point mutations in
specific core genes over time may result in reduced susceptibility to increasing
antibiotic concentrations. This was demonstrated for healthcare-associated MRSA
ST239, which is multidrug-resistant (MDR), globally distributed, and highly
prevalent in Asia and Australia (Baines et al. 2015).

In addition to a few pandemic MRSA, many other MRSA strains have evolved
that display similar resistance but have as yet not spread beyond local scales. There
has been a long-standing debate, as to which additional characteristics may deter-
mine the extraordinary spreading success of some MRSA strains, and if it would be
possible to predict it. Traits considered in this regard have been virulence (DeLeo
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and Chambers 2009), tolerance to desiccation and other stresses (Knight et al. 2012;
Baldan et al. 2015), resistance to antiseptics (Cooper et al. 2012), or growth rate
(Knight et al. 2012), among other factors. However, comparative Genomics has as
yet revealed little convergence of genomic traits among major MRSA strains aside
from antibiotic resistance. Therefore, it remains unclear to what extent those widely
disseminated strains have been favored by any selective edge. In addition to
selection, undoubtedly, stochasticity and genetic drift are dominant forces shaping
the population structure of S. aureus (Fraser et al. 2005). Prospective pathogen
surveillance applying bacterial whole-genome sequencing will enable early detec-
tion of newly emerging and spreading strains (‘high-risk clones’) that pose par-
ticular threats to public health (Aanensen et al. 2016; Reuter et al. 2016).

Genomic analyses also have provided detailed insights into MRSA spread over
local scales. Compared to more conventional typing techniques, including multi-
locus sequence typing, spa typing, or DNA macrorestriction (pulsed-field gel
electrophoresis), genome sequencing provides much better power to discriminate
related isolates (Niibel et al. 2011). Accordingly, the ability to delineate outbreaks
of infections proved superior to conventional typing, which is particularly useful in
hospital settings, where endemic strains of healthcare-associated MRSA commonly
predominate. Moreover, genome-based phylogenetic analyses enabled the inference
of the temporal progression of outbreaks (Kdser et al. 2012; Niibel et al. 2013; Tong
et al. 2015). While hospital patients and clinical staff provide the primary reservoir
for healthcare-associated MRSA, members of community households may be
asymptomatically colonized and represent a long-term reservoir for maintenance
and transmission of MRSA in the community (Uhlemann et al. 2014; Alam et al.
2015). Eradication of community-associated MRSA will therefore require decolo-
nization of household members in addition to those individuals suffering infections,
similar to the measures recommended for curbing MRSA spread in the healthcare
setting (Uhlemann et al. 2014; Alam et al. 2015).

A better understanding of within-host diversity will be required for the inference
of transmission pathways (Worby et al. 2014; Paterson et al. 2015; Tong et al. 2015).
Importantly, the common practice of analyzing single isolates from each case may
provide misleading information on genetic distances between pathogens from dif-
ferent hosts (Worby et al. 2014). This is because S. aureus isolates sampled from
individual hosts may exhibit multiple genomic differences despite their recent clonal
origin (Young et al. 2012; Golubchik et al. 2013; Paterson et al. 2015). Within-host
diversity may fluctuate temporally and the accumulation of mutations may accelerate
during the transition from nasal colonization to disease (Young et al. 2012).

4 Mycobacterium tuberculosis

M. tuberculosis (sensu stricto) is an obligate human pathogen causing pulmonary
disease, with no reservoir in other host species or the environment. As many as two
billion individuals worldwide are estimated to be latently infected with M.
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tuberculosis, and 1.5 million people die from tuberculosis every year (WHO 2015).
The current epidemic of tuberculosis is driven by coinfection with HIV and drug
resistance (Dippenaar and Warren 2015). Antimicrobial resistance in M. tubercu-
losis has been increasing for decades due to inefficient healthcare systems, poor
patient compliance with several-month chemotherapy, and between-patient phar-
macokinetic variability (Cegielski 2010; Srivastava et al. 2011). Outbreaks with
MDR M. tuberculosis, which is resistant to at least isoniazid and rifampicin, have
been reported in the USA since 1985 (Cegielski 2010). In 2014, approximately 8 %
of new tuberculosis cases worldwide were caused by MDR M. tuberculosis, and
10 % of MDR cases were extensively drug resistant (XDR), i.e., additionally
resistant to fluoroquinolones and at least one second-line antibiotic (kanamycin,
capreomycin, or amikacin) (WHO 2015).

The so-called Beijing strain of M. tuberculosis currently causes >25 % of
tuberculosis cases worldwide (Luo et al. 2015). Population genomic analyses have
pinpointed the geographic origin of Beijing to East Asia, where the strain is
endemic and shows greatest genomic diversity (Luo et al. 2015; Merker et al.
2015). While the Beijing strain has evolved long before the antibiotic era, two MDR
clones of Beijing have expanded massively throughout Central Asia and Russia
(Merker et al. 2015). In a recent study based on genome sequences from 1000 M.
tuberculosis isolates from the Samara region in Russia, 64 % of isolates were
affiliated to the Beijing lineage, and 87 % of these were MDR (Casali et al. 2014).
Alarmingly, 16 % of MDR isolates were XDR and, furthermore, 82 % of isolates
from the two epidemic MDR Beijing clones were already resistant to kanamycin,
hence, lacked resistance to fluoroquinolones only to qualify for the XDR pheno-
type. Genome-based phylogenetic analyses indicated that kanamycin resistance-
causing mutations had been acquired multiple times independently, reflecting the
strong selective pressure on M. tuberculosis that is caused by widespread kana-
mycin usage in the therapy of MDR tuberculosis in Russia (Casali et al. 2014). This
development was paralleled by an unrelated MDR strain (called the ‘M’ strain) in
Argentina, which had been discovered in the early 1990s as the causative agent of a
large tuberculosis outbreak among HIV patients in a hospital in Buenos Aires.
Time-calibrated phylogenetic analyses revealed that the M strain had acquired
resistance to ethambutol, pyrazinamide, and kanamycin already around 1979 (95 %
confidence intervals, 1975-1983), and that it had expanded and spread widely for
the thirty years to follow (Eldholm et al. 2015). From this pre-XDR strain, the XDR
phenotype evolved at least six times independently (Eldholm et al. 2015). Since
phylogenetic analyses indicated the explosive radiation and rapid spread of these
MDR and kanamycin-resistant strains, resistance-causing mutations do not seem to
impair their propensity to cause disease and transmit (Casali et al. 2014; Eldholm
et al. 2015; Merker et al. 2015). Rather, widespread antibiotic use provides a
selective advantage to drug-resistant strains and expedites their expansion. In
addition, resistance mutations in M. tuberculosis frequently are associated with
additional mutations in the same or interacting genes, which have been suggested to
compensate any deleterious effects of resistance (Comas et al. 2012; Casali et al.
2014).



Emergence and Spread of Antimicrobial Resistance ... 41

Whole-genome sequencing proved superior to conventional genotyping for dis-
criminating closely related M. tuberculosis strains. In conjunction with epidemio-
logical data, genomic analyses enabled the reconstruction of tuberculosis outbreaks.
A retrospective investigation of a tuberculosis outbreak in Northern Germany, which
had affected 86 people over 14 years, demonstrated that previous genotyping had
provided misleading results by clustering unrelated isolates (Roetzer et al. 2013). In
contrast, genome sequence data was in good accordance with epidemiological
contact tracing and identified a total of eight transmission chains, each consisting of
two to eight patients (Roetzer et al. 2013). A maximum of three SNP differences
were detected between the genomes from isolates that had been transmitted from one
patient to another. Genome analyses further revealed that this outbreak had led to the
expansion of a specific M. tuberculosis strain (dubbed the ‘Hamburg’ clone)
(Roetzer et al. 2013). During the expansion of the Hamburg clone, base substitutions
had been accumulated in its genome at a rate of 0.4 mutations per year. Similar
substitution rates have since been reported for other M. tuberculosis strains (Eldholm
et al. 2015; Guerra-Assunc¢do et al. 2015a, b). Considering an experimentally
determined per-generation mutation rate for M. tuberculosis (Ford et al. 2011), the
base substitution rate suggests that the Hamburg clone during the outbreak had
replicated at approximately 400 generations per year, which is similar to the max-
imum laboratory growth rate of M. tuberculosis (Gutierrez-Vazquez 1956). While
increased transmissibility apparently was independent from peculiarities in the
patients’ social environment, the specific genomic features that may have caused the
particular fitness of this strain could not be pinpointed (Roetzer et al. 2013).
Similarly, the integration of M. tuberculosis genome sequences from another out-
break in Malawi with disease onset dates enabled the construction of transmission
trees, which revealed striking differences in transmissibility among M. tuberculosis
clonal lineages that were independent from the host’s population structure or HIV
infection (Guerra-Assuncdo et al. 2015a, b). While the specific mechanistic reasons
for the differential spreading success of M. tuberculosis strains have remained futile,
it may be caused by differences in virulence (as transmission of tuberculosis requires
disease), aside from antimicrobial resistance (Brites and Gagneux 2015). In the
Malawi setting, in addition, M. tuberculosis genome sequencing enabled to distin-
guish relapse from reinfection in 54 % of cases of recurrent tuberculosis. Reinfection
turned out to be less frequent than relapse and associated with HIV infection
(Guerra-Assuncao et al. 2015a, b).

5 Multidrug-Resistant Escherichia coli and Klebsiella
pneumoniae

Several species of gram-negative bacteria are common causes of healthcare-
associated infections. The current trend of increasing drug resistance among these
pathogens severely limits therapeutic options for the treatment of infections.
Escherichia coli and Klebsiella pneumoniae are members of the Enterobacteriaceae
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family. They are natural constituents of the gut microbiome and may cause a variety
of opportunistic infections, including infections of the urinary tract, wounds, soft
tissues and the bloodstream, and pneumonia. Drug resistance spreads quickly among
these bacteria, as resistance-conferring genes are encoded on plasmids and other
mobile genetic elements, which can be transferred horizontally between bacterial
cells and shared even among distantly related bacterial species (Carattoli 2009).

Extended-spectrum beta-lactamases (ESBL) are enzymes that confer resistance
to most beta-lactam antibiotics, including third-generation cephalosporins. They
were first detected in the 1980s, shortly after the introduction of broad-spectrum
cephalosporins into clinical practice, and hundreds of variants have since been
reported. At a global scale, currently, CTX-M enzymes are the most prevalent type
of ESBL. For unknown reasons, these have largely supplanted TEM and SHV
enzymes since the turn of the millennium (Woerther et al. 2013). Of note, the fecal
carriage of ESBL-producing Enterobacteriaceae outside of healthcare institutions
has increased since and provides a reservoir for these pathogens (Woerther et al.
2013). The drugs of choice against ESBL-producing gram-negative pathogens are
carbapenems, which are beta-lactams that are inefficiently hydrolyzed by ESBL
enzymes. Soon after their introduction in the 1980s, the first carbapenem-resistant
Enterobacteriaceae were discovered, yet these did not spread widely. After the turn
of the millennium, however, Enterobacteriaceae producing carbapenemase
enzymes that efficiently hydrolyzed carbapenems caused multiple major outbreaks
of hospital-associated infections with high mortality in the USA and in Southern
Europe (Temkin et al. 2014). While several carbapenemase families have evolved
convergently, variants of four enzyme families (KPC, VIM, NDM, and OXA) have
spread widely and bacteria producing these are endemic in many countries today.
The therapy of infections with carbapenemase-producing enterobacteria usually is
based on colistin, even though this drug has poor effectivity and nephrotoxic side
effects (Temkin et al. 2014). Colistin resistance occasionally has been reported in
carbapenemase-producing bacteria (see below).

Some MDR clones of Enterobacteriaceae gained global distribution recently
(Woodford et al. 2011). Since 2008, E. coli ST131 producing the ESBL CTX-M-15
has increasingly been reported as a cause of urinary tract infections and bacteremia.
Population genomic analyses revealed that a single subclone of ST131—dubbed
H30-Rx—had acquired CTX-M-15 after it had become resistant to fluoro-
quinolones (Price et al. 2013; Petty et al. 2014). H30-Rx isolates collected in
Europe, North America, Australasia, and India were all very closely related, and
H30-Rx likely has spread globally within less than 25 years (Stoesser et al. 2016).
The gene encoding CTX-M-15 was part of a transposable element, which in the
different H30-Rx isolates was found to be inserted at several distinct positions on
the bacterial chromosome or on an extrachromosomal plasmid, respectively. Some
isolates even had two copies of the transposon on both the chromosome and the
plasmid, and several others had lost it together with the CTX-M-15 gene (Price
et al. 2013; Petty et al. 2014). While this finding documented the transposon’s
repeated intragenomic mobilization, it apparently got acquired by the predecessor
of H30-Rx only once, presumably through transfer from a plasmid. Hence, wide
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geographic dissemination of E. coli ST131 producing CTX-M-15 was driven by
clonal bacterial expansion from a single focus, rather than frequent lateral transfer,
which is quite remarkable, especially since bacterial genotyping by DNA
macrorestriction (pulsed-field gel electrophoresis) previously had suggested the
opposite (Price et al. 2013). It seems obvious that drug resistance has enabled this
expansion, even though it currently remains difficult to understand why other E. coli
strains with equal resistance do not proliferate at similar rates (Price et al. 2013).
Recently, carbapenem-resistant E. coli ST131 were reported that produced either
one carbapenemase of all four prevalent classes (Peirano et al. 2011; Morris et al.
2012; Accogli et al. 2014; Kutumbaka et al. 2014; Johnson et al. 2015). At least two
of these reported strains simultaneously produced CTX-M-15 (Accogli et al. 2014),
but their phylogenetic affiliations to the H30-Rx clone were not investigated. Even
more alarmingly, plasmid-encoded colistin resistance has also been detected in
E. coli ST131 (Hasman et al. 2015). While that particular ST131 strain, isolated
from chicken meat in Denmark, was still susceptible to carbapenems, the combi-
nation of colistin resistance and carbapenem resistance was found in another E. coli
isolate (unrelated to ST131) from a human infection, suggesting the potential for
‘pandrug-resistant’ E. coli that may cause untreatable infections (Falgenhauer et al.
2016).

K. pneumoniae ST258 producing the KPC-3 carbapenemase emerged in the
USA in the late 1990s and spread globally since (Adler and Carmeli 2011;
Munoz-Price et al. 2013). Commonly, this strain is susceptible only to colistin,
tigecycline, and gentamicin, but colistin-resistant variants have been reported
(Bogdanovich et al. 2011). Bloodstream infections with this MDR strain have high
attributable mortality (Munoz-Price et al. 2013). Comparative genomic analyses
indicated that ST258 is the result of a recombination event that caused the transfer
of a 1.1-Mbp fragment between two distantly related clonal complexes (Chen et al.
2014). A second recombination involving a 52-kilobase fragment replaced the gene
encoding the capsular antigen in one clade of the ST258 radiation (Chen et al.
2014). Two studies investigating genomic diversity across the entire species con-
firmed horizontal genetic transfer as a common mechanism for generating both
large-scale genomic variation and capsular diversity of K. pneumoniae (Holt et al.
2015; Wyres et al. 2015). Diversification of the antigenic profile through homol-
ogous recombination may be the pathogen’s strategy to evade host immunity,
similar to Streptococcus pneumoniae (Croucher and Klugman 2014). Extensive
capsule diversity and its rapid evolution may hinder novel pathogen control
strategies involving vaccination or phage-derived substances (Wyres et al. 2015).

The KPC-3 carbapenemase gene is located on a transposon that may be carried by
various plasmids, together with additional resistance traits (DeLeo et al. 2014; Temkin
etal. 2014). However, despite the proven motility of the transposon and the plasmids
through horizontal genetic transfer, the major driver of carbapenemase spread over
local and regional (i.e., countrywide) scales appears to be the clonal expansion
of a limited number of epidemic strains (Temkin et al. 2014; Adler et al. 2016).
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The distribution of other resistance genes in K. pneumoniae varies between different
regions (countries), however, presumably reflecting differences in antibiotic usage,
which suggests that the adaptation to local conditions through acquisition of resistance
is a faster process than long-distance spread (Holt et al. 2015).

Genomic sequencing in combination with detailed epidemiological data revealed
that an outbreak of infections with carbapenemase-producing K. pneumoniae
ST258 had spread more widely within a hospital than initially expected, explaining
a resurgence several weeks after its apparent eradication (Snitkin et al. 2012).
Another strain of carbapenem-resistant K. pneumoniae was revealed to have per-
sisted for months on several hospital units associated with neonatal care, causing
occasional clusters of infections (Stoesser et al. 2014). Similarly, a prolonged
outbreak with ESBL-producing K. pneumoniae on a neonatal ward could be
demonstrated by genome-based phylogenetic analyses to have lasted several years
before it was discovered and to have been more complex than suspected (Haller
et al. 2015). In all these settings, the unperceived spread likely had been driven by
repeated person-to-person transmission among silently colonized patients and/or
staff members which did not themselves develop any disease (Snitkin et al. 2012;
Stoesser et al. 2014; Haller et al. 2015). In addition, genomic data revealed that the
carbapenemase-producing strain had acquired colistin resistance during the course
of the outbreak on the basis of three independent evolutionary events in different
phylogenetic clades, which partially may explain therapeutic failure (Snitkin et al.
2012).

6 Emergence of Resistance

It has long been established that, in many cases, antimicrobial resistance emerged
very soon after novel drugs had been introduced to clinical use (Richardson and
Reith 1993; Chambers and Deleo 2009; Cegielski 2010; Woerther et al. 2013).
However, where analysis was feasible based on the availability of historic isolates,
population genomics invariably indicated that resistance had evolved even signif-
icantly earlier than anticipated from epidemiological surveillance data. Newly
emerging, resistant strains of M. tuberculosis, MRSA, and E. coli had spread for
more than 10 years and reached wide geographic distribution prior to their dis-
covery through molecular surveillance (Holden et al. 2013; Price et al. 2013;
Eldholm et al. 2015). One fluoroquinolone-resistant MRSA strain had emerged
already during clinical drug trials (Holden et al. 2013).

Across different bacterial species, populations of drug-resistant pathogens are
dominated by descendants from very few clones that have the ability to rapidly
spread over large areas. In genomic data, this is reflected by an extremely shallow
diversity among globally collected isolates, due to their common descent from a
recent, explosive evolutionary radiation (Holden et al. 2013; Price et al. 2013;
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Merker et al. 2015). Global spread of these ‘pandemic strains’ and the concomitant
displacement of locally preexisting competitors appears to succeed regularly every
few decades (Holden et al. 2013; Stoesser et al. 2016). This is a remarkable
commonality among antibiotic-resistant bacterial pathogens, in spite of striking
differences in terms of their biology and epidemiology. The reasons for the
spreading success of particular strains have remained elusive, however, despite a
great interest in this matter. Obviously, antimicrobial resistance may provide
selective advantages, and resistance to fluoroquinolones seems to have been par-
ticularly instrumental, since it often directly preceded expansions. Across different
species, however, only a small minority of equally resistant strains has spread
widely, and hence, additional selective features have been suspected to contribute to
the success of these strains (DeLLeo and Chambers 2009; Brites and Gagneux 2015;
Mathers et al. 2015). Despite the availability of considerably large genomic data-
sets, however, very little convergence has as yet been discovered among different
pandemic strains, aside from drug resistance (Holden et al. 2013; Brites and
Gagneux 2015).

Despite their rapid spatial spread, widely dispersed strains of MRSA, K. pneu-
moniae, and M. tuberculosis frequently have adapted to local conditions by
acquiring additional resistance traits even faster than spreading over long distance
(Casali et al. 2012; Holden et al. 2013; Eldholm et al. 2015; Holt et al. 2015).
Remarkably, a reversal of resistance has been observed much more rarely and,
hence, seems to be a comparatively slow process (Casali et al. 2012; Holden et al.
2013). This long-term trend among diverse species of pathogenic bacteria will need
to be considered when devising strategies to mitigate resistance, for example,
through combination therapy (Baym et al. 2016).

7 Detection of Outbreaks and Epidemics

Genome sequencing provides ultimate discriminatory power for genotyping of
bacterial strains and it is very effective at identifying isolates as part of the same
transmission network (Eyre et al. 2012; Snitkin et al. 2012; Niibel et al. 2013).
Moreover, and in contrast to conventional molecular typing, bacterial genome
sequences carry high-resolution phylogenetic signal that can reveal detailed insights
into the temporal progression of outbreaks and epidemics. By now, it has been
demonstrated for several species of bacterial pathogens—including those discussed
above—that genomic data can inform analyses of outbreaks at local scales, e.g.,
within single hospitals or local communities. Maximum insight was usually gained
when sequence data was integrated with epidemiological data, such as temporal
contact patterns among patients and medical staff (Snitkin et al. 2012; Niibel et al.
2013; Roetzer et al. 2013; Walker et al. 2013; Didelot et al. 2014; Haller et al.
2015). Genome sequencing may even enable the reconstruction of patient-to-patient
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transmission pathways at great detail (Morelli et al. 2012; Jombart et al. 2014;
Croucher and Didelot 2015). As, technically, results from such an analysis could be
provided over clinically relevant time scales, it would be very useful as a diagnostic
tool for informing infection control measures (Eyre et al. 2012; Sintchenko and
Holmes 2015). Clearly, however, inference of transmission will require an
improved understanding of bacterial diversity within individual hosts, which
available data suggests may vary between individuals, fluctuate with time, and be
costly to measure (Golubchik et al. 2013; Worby et al. 2014; Black et al. 2015;
Paterson et al. 2015; Stoesser et al. 2015). Critically, the current common practice
of sampling and characterizing single bacterial isolates per individual may obscure
transmission links (Worby et al. 2014; Stoesser et al. 2015).

8 Outlook

Genomic data enables the prediction of clinically relevant aspects of a strain’s
phenotype, including its antimicrobial resistance (Gordon et al. 2014; Bradley et al.
2015). Therefore, the genome-based surveillance of antibiotic-resistant bacteria
holds great potential for the early discovery of relevant outbreaks and of causative
bacterial strains, which would be of great value for their duly containment.
Fortunately, due to advancements of sequencing technology and the associated
decrease of sequencing costs, the integration of genomic approaches into diagnostic
microbiology is making progress, which foreseeably will result in the generation of
abundant microbial genome sequence data (Didelot et al. 2012; Reuter et al. 2013).
To benefit public health and to enable rapid responses to emerging threats, however,
effective early warning systems will require the rapid sharing of data beyond
individual laboratories, institutions, and nations. At the least, this data should
include the sequences and some minimum associated epidemiological information
(Aarestrup and Koopmans 2016). Web-based data repositories with open access to
data and analysis tools may facilitate data sharing and joint interpretation
(Aanensen et al. 2016; Aarestrup and Koopmans 2016).

Beyond applications to molecular epidemiology, however, rich sequence data-
sets allow for studies of the evolution of bacterial genomes at unprecedented detail
(Feil 2015). Integrating large genomic datasets with experimental and epidemio-
logical data recently enabled the identification of statistical associations between
genomic mutations and specific microbial phenotypes, including antibiotic resis-
tance (Farhat et al. 2013; Earle et al. 2016), toxicity (Laabei et al. 2014), and host
specificity (Sheppard et al. 2013). Future genome-wide association studies can be
expected to reveal abundant fundamental insights into bacterial genome function,
including the complexity of multifactorial traits and epistatic interactions (Cui et al.
2015; Laabei et al. 2015).
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Abstract Staphylococcus aureus (S. aureus) is a Gram-positive opportunistic
pathogen that colonizes frequently and asymptomatically the anterior nares of
humans and animals. It can cause different kinds of infections and is considered to
be an important nosocomial pathogen. Nasal carriage of S. aureus can be permanent
or intermittent and may build the reservoir for autogenous infections and
cross-transmission to other individuals. Most of the studies on the epidemiology of
S. aureus performed in the past were focused on the emergence and dissemination
of methicillin-resistant Staphylococcus aureus (MRSA) in healthcare settings.
There are, however, a number of more recent epidemiological studies have aimed at
analysing carriage patterns over time in the community settings providing new
insights on risk factors for colonization and important data for the development of
strategies to prevent infections. This chapter aims to give a review of current
epidemiological studies on S. aureus carriage patterns in the general community
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1 Introduction

Staphylococcus aureus (S. aureus) is a widely disseminated colonizer of the skin
and mucosa of mammals and birds which is also a frequently observed pathogen in
the community and hospital settings. Depending on predispositions of the host
affected and on particular virulence-associated traits of the bacterium, S. aureus is
able to cause a wide range of infections such as impetigo and exfoliative dermatitis
and deep seated skin and soft tissue infections (SSTI) such as furunculosis and
abscesses, osteomyelitis, pneumonia, sepsis, endocarditis, staphylococcal toxic
shock syndrome, or necrotizing fasciitis (Kluytmans et al. 1997; Yu et al. 1986;
Dufour et al. 2002; Wertheim et al. 2005a). Severe and invasive infections such as
pneumonia and sepsis can have a fatal outcome. A substantial proportion of these
infections are of endogenous origin (Wertheim et al. 2005b; von Eiff et al. 2001). In
many countries, S. aureus is still among the most frequent nosocomial pathogens
causing healthcare-associated infections and putting an extra burden on
healthcare-associated expenditures (Bereket et al. 2012). By the end of the 1870s, S.
aureus was identified as an important infectious agent yet its role as a colonizer of
healthy humans was only taken into account 50 years later (Williams 1963). In
humans and several animal species, it colonizes the skin and mucosae. The anterior
nares are the most frequent carriage site, and other less frequently colonized sites
are mucosa in the oropharynx, the skin in the frontotemporal region, the axillae, the
perineum, and the vagina (Williams 1963; Armstrong-Esther and Smith 1976;
Guinan et al. 1982). Whether real gastrointestinal carriage exists or not is still under
debate.

Different factors mediate adhesion of S. aureus to the epithelium of the anterior
nares like cell wall-associated factors and receptors of the epithelial cells. Cell
wall-associated factors include glycosylated teichoic acid and clumping factor B,
and receptors are cytokeratin-10 and loricin (Winstel et al. 2015; Walsh et al. 2004;
Mulcahy et al. 2012). Adhesion molecules on staphylococcus and receptor proteins
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at the site of infection in the human host are ubiquitous. Although it is biologically
plausible that certain bacterial genotypes are more likely associated with persistent
carriage than others, robust data on this association are scarce (Eriksen et al. 1995;
VandenBergh et al. 1999). There are limited data on genetic dispositions to nasal
carriage of S. aureus with respect to host compatibility antigens (HLA) and vitamin
D receptor polymorphisms (Kinsman et al. 1983; Messaritakis et al. 2014).

Nasal carriage is important for endogenous infections and for transmission to
other individuals, as colonization of extra nasal sites often originates from the nasal
reservoir (Wertheim et al. 2005b). In this regard, special attention was paid to
methicillin-resistant S. aureus (MRSA) which has become a public health issue
during the past three decades (Kock et al. 2014). This applies to hospital-associated
MRSA (HA-MRSA) as well as to community-associated MRSA (CA-MRSA), and
livestock-associated MRSA (LA-MRSA).

Already observations in the 1950s and 1960s indicated the importance of the
nasal reservoir of S. aureus for the development of nosocomial and community-
acquired infections (Williams 1963), which is now established by studies based on
molecular typing (Chow and Yu 1989; Corbella et al. 1997; Kluytmans et al. 1995;
Luzar et al. 1990). Numerous cross-sectional studies revealed that approximately
25-30 % of the healthy individuals are colonized with S. aureus (Williams 1963;
Casewell and Hill 1986; Kluytmans et al. 1997; Werthheim et al. 2005a; Kolata
etal. 2011). S. aureus carriage has been extensively studied in healthy adults and in
hospitalized patients by numerous studies (Wertheim et al. 2004). The early studies
described individuals carrying S. aureus in their nares as carriers or non-carriers,
dependent upon demonstration of this bacterium at the time of screening (Gould
and McKillop 1954). Later longitudinal studies showed that the carrier state
changes over time, which led to discrimination of three different S. aureus carriage
patterns: persistent carriage, transient carriage, and non-carriage (Williams 1963).
More recent studies confirm these observations (Eriksen et al. 1995; VandenBergh
et al. 1999; van Belkum et al. 2009). However, criteria used to identify these
carriage patterns differ among various studies conducted in community settings.

Persistent carriage poses the risk of severe infections in case of predisposing
conditions with high case fatality rates (Gupta et al. 2013). Higher colonization
density of persistent carriage can enhance transmission of S. aureus among indi-
viduals in the community. As nasal MRSA carriage is a major risk factor for
nosocomial MRSA infections, most of the guidelines and recommendations for
prevention of MRSA infections recommend nasal screening at the time of hospital
admission (Tacconelli and Johnson 2011; Humphreys 2008). Furthermore, the
number of surgical site infections with S. aureus acquired in hospitals can obvi-
ously be reduced by rapid screening and subsequent decolonization of nasal S.
aureus carriage on admission (Bode et al. 2010). Thus, active surveillance is an
important measure of infection control and prevention (Gupta et al. 2013).

Although risk factors for S. aureus nasal carriage patterns have been identified
by many of the earlier investigations, more comprehensive knowledge about risk
factors associated with S. aureus carriage, as well as about drug resistance patterns
and typing characteristics of the isolates, would be helpful for targeted screening
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and decolonization of patients (Kdck et al. 2014; McKinnell et al. 2013). Therefore,
epidemiological studies focusing on the dynamics of S. aureus carriage patterns will
be helpful for future designs of infection prevention, intervention measures, and
control strategies both in community and in hospital care settings.

2 Molecular Typing of S. aureus

Typing of isolates is essential for deeper insights into the dynamics of carriage
patterns; in the following, we give a short overview of typing methods.

The clonal relatedness among S. aureus strains is determined through many
different typing methods (Strommenger et al. 2006; Palavecino 2014). Among the
“fragment-based” procedures, Smal macrorestriction pattern analysis (pulsed-field
gel electrophoresis: PFGE) has the highest discriminatory power and is considered
most reliable and reproducible when performed in a standardized manner (Tenover
et al. 1995). Furthermore, amplified fragment length polymorphism (AFLP) is
revealed as discriminative and also as reproducible when performed with appro-
priate fragment separation (Melles et al. 2009). Older genotyping techniques
include restriction fragment length polymorphism (RFLP) analysis of the genes
which contain repetitive stretches and encode S. aureus proteins such as protein A
and coagulase (Frenay et al. 1996; Goh et al. 1992).

Macrorestriction pattern analysis suffers from several disadvantages with respect
to high workload, sometimes lack of interlaboratory comparability of the results and
lack of electronic portability. This was overcome by introduction of sequence-based
typing. Multilocus sequence typing is based on polymorphisms in seven house-
keeping genes, and these results allowed to discriminate clonal lineages and clonal
complexes and give evolutionary insights (Feil et al. 2003; Palavecino 2014).
During the past decade, spa typing based on polymorphisms in the (variable
number tandem repeat region) X-region of the spa gene became the most frequently
used tool for first-line typing (Frenay et al. 1994). In our study, we used Ridom
StaphType software for spa sequence analysis. Based upon repeat pattern (BURP)
algorithms can be used to attribute spa types into spa clonal complexes (spa-CCs)
(Harmsen et al. 2003; Mellmann et al. 2007). With a few exceptions due to
homoplasy, spa types can be mapped to the corresponding clonal lineages defined
by multilocus sequence typing (MLST) to a large extent. Therefore, MLST-based
clonal complexes (MLST CC) can be deduced from spa types (Strommenger et al.
2006 (see also www.spa.ridom.de/spatypes.shtml)). MRSA acquire resistance to
nearly all B-lactam antibiotics by acquisition of the mecA gene that is contained by
SCCmec elements. Typing of SCCmec elements can give first indications on
relatedness of MRSA attributed to the same clonal lineage (Palavecino 2014). The
analysis of whole genome single nucleotide polymorphisms revealed as extremely
fruitful for the studies on the evolution of MRSA clonal lineages and their phy-
logeography (Holden et al. 2013). Its usefulness for epidemiological typing was
also shown (Leopold et al. 2014). Further developments with respect to
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applicability to larger numbers of isolates and standardized analysis of the results in
the sense of definition of “types” will lead to broad use in molecular epidemiology
and surveillance.

3 Epidemiological Studies on S. aureus Carriage Patterns

Epidemiological studies reporting carriage patterns of S. aureus have defined per-
sistent nasal carriage in different ways. Variety of definitions probably has con-
tributed to differences in carriage proportions across the Europe. Generally, carriers
were categorized into two main categories as transient or intermittent carriers and
persistent or long-term carriers. These categories were explained by the duration of
the time period at which a carrier is colonized and by the number and percentage of
swabs that are positive for S. aureus at different sampling times during the study.
Furthermore, persistent carriers were characterized as a special group of individuals
participating in colonization studies as indicated from certain characteristics such as
clearance of S. aureus from nose and having certain host genetic factors (van
Belkum et al. 2009; van den Akker et al. 2006).

In previous studies, transient carriage has been reported in ranges from 9 to 69 %
and persistent carriage from 9 to 37 % in various non-hospitalized populations
(Miller et al. 1962; Hoeffler et al. 1978; Eriksen et al. 1995; VandenBergh et al.
1999; van den Akker et al. 2006; Nouwen et al. 2004; van Belkum et al. 2009;
Muthukrishnan et al. 2013). Most of these studies used various methods for ana-
lysing S. aureus carriage patterns and have reported different estimates of persistent
and transient carriage in their study population (details are provided in Table 1). In
the following, we will focus on keynote publications in this field.

The study performed in Denmark on healthy individuals in 1992 and 1993 over a
19-month period discriminated between different categories of carriage by means of
a carrier index which was defined as the number of positive swabs divided by the
number of total swabs for each person. Persons with less than six swabs (seven
persons) were excluded from the analysis. For persistent carriers, this index was
between 0.9 and 1.0, for transient carriers between 0.5 and 0.8, for occasional
carriers between 0.1 and 0.4, and O for non-carriers. In 12 swabbing rounds, a
median of 14 swabs (range 6-21) was obtained per participant. There were differ-
ences in the interval of swabbing and correspondingly the number of swabs (ranging
from 6 to 21) taken from each individual. Among the 104 persons enrolled in this
study, 14.4 % were categorized as persistent carriers, 16.3 % as intermittent carriers,
52.9 % as occasional carriers, and 16.3 % as non-carriers (Eriksen et al. 1995).

Of particular interest are the results from two consecutive studies performed in
the Netherlands in 1988 and 1995. In the first study on carriage among 91
healthcare workers, 10-12 nasal swabs were taken weekly over a three-month
period and individuals positive for S. aureus in >80 % swabs were classified as
persistent carriers. The study reported 36 % persistent carriers, 17 % transient
carriers, and 47 % non-carriers by using carrier index of 0.8 for defining persistent
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carriage (VandenBergh et al. 1999). In the second follow-up after eight years, the
persistent carriage was observed in 71 % of the same participants (12/17) who were
identified as persistent carriers in the first phase of the study.

Using the results of this study in the Netherlands as “derivation cohort”, a
second two-phased study was performed in the same country which included the
quantification of colony-forming units per swab. This study was aimed to dis-
criminate between persistent, intermittent, or non-carriers by means of the quantity
of colonization and thus to minimize the number of swabs (“culture rule” Nouwen
et al. 2004). The first study phase was based on 12 quantitative cultures of swabs
from 51 healthy volunteers. Individuals with 11 or 12 cultures positive for S. aureus
were classified as persistent carriers, and those with negative results in all cultures
were classified as non-carriers. All others were classified as intermittent carriers. By
means of logistic regression and receiver operating characteristic (ROC) curves, a
rule based on the quantities of colonization (“culture rule”) was derived. In a second
phase, this culture rule was subsequently validated in 106 participants of an
ongoing study in 3882 elderly persons, again with the use of 12 quantitative nasal
cultures taken during a three-month period. The positive predictive value for per-
sistent carriage by the use of two consecutive positive culture results was 79 % in
both cohorts. The number of positive culture results combined with the quantity of
S. aureus in these cultures provided the best differentiation between persistent and
intermittent or non-carriers. Area under the ROC curve was 0.98 (95 % confidence
interval [CI], 0.95-1.0) for the derivation cohort and 0.93 (95 % CI, 0.88-0.99) for
the validation cohort, by using two culture results (Nouwen et al. 2004). The
authors concluded that combining qualitative and quantitative results of the two
nasal swab cultures can accurately predict the persistent S. aureus carriage state.

This rule was used later on in a study in Rotterdam, Netherlands, on 51 vol-
unteers between the ages of 18—65. The study aimed for a deeper understanding of
carriage types based on eradication of existing colonization by topical application
of muprirocin. This antibiotic is preferentially used for nasal decolonization
(Casewell and Hill 1986). This study used subsequent inoculation with a mixture of
strains attributed to different clonal lineages and follow-up of recolonization (van
Belkum et al. 2009). Nasal swabs were taken at 1, 2, 4, 8, 16, and 22 weeks
post-inoculation. Among the participants, 24 % were persistent carriers, 47 %
transient carriers, and 29 % non-carriers. The median survival of S. aureus was
more than 154 days among persistent carriers compared to 14 days among inter-
mittent carriers and four days among non-carriers. Interestingly, this study found
that persistent carriers reselected their autologous strain from the inoculum. In
addition, among persistent carriers, immunoglobulin (Ig) A and G levels were
different from those in transient and non-carriers (van Belkum et al. 2009). These
findings underlined that S. aureus carriers can be divided into at least two types of
nasal carriers which include persistent carriers and others.

An algorithm based on one or two nasal swab samples and quantitative culture
was also reported from France (Verhoeven et al. 2012). A total of seven swabs were
obtained from 90 healthcare workers in Saint-Etienne. First three swabs were
collected every two days (days 0, 2, 4) and thereafter weekly (days 7, 15, 23, 31) for
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a five-week duration. Participants with >80 % positive swabs were considered
persistent carriers and all with negative culture non-carriers. Based on quantitative
results, an algorithm using one or two sampling times was built. Carriage was
classified as persistent if the first sample yielded 10* colony-forming units per swab
or >10% CFU/swab and <10*swab when a second sample was taken. Sensitivity
was 83.1 % and specificity 95.6 % in case of using one sampling. In cases of two
samplings, sensitivity and specificity were increased to 95.5 and 94.9 %, respec-
tively (Verhoeven et al. 2012). Verhoeven and colleagues considered this algorithm
accurate to identify persistent nasal carriers of S. aureus. They identified 24 %
persistent carrier, 15 % transient carriers, and 61 % non-carriers.

Another interesting study on carriage patterns conducted in Florida also used
carrier index and included spa typing in their analysis. A total of 109 healthy
individuals including 61 carriers and 48 non-carriers were followed up for a period
of three years. Swabs were collected at varying time intervals in the period of three
years with median 4 swabs (range 2—18). All persons with carrier index of exactly 0
and 1 were defined as persistent and non-carriers, respectively, while participants
with carrier index between O and 1 were considered intermittent carriers in this
study. They observed 24 % persistent carriers, 32 % transient carriers, and 44 %
non-carriers. However, there was no consistency observed in their sample collection
procedures as samples were collected at different time points and in varying
quantity (Muthukrishnan et al. 2013).

A more recent study conducted at Oxfordshire, UK, included typing of the
isolates into the definitions of persistent carriage (Miller et al. 2014). General
practitioners recruited 1123 adult participants, and S. aureus nasal carriage was
observed in 571 individuals from primary care and was investigated bimonthly for
up to a 36-month time period. In this study, 57 % of the participants carried S.
aureus consistently, and among this group, 49 % carried isolates exhibiting the
same spa type over the two-year study period. Highly transient carriage with new S.
aureus acquisitions was observed for a median of two years. As with an increasing
length of follow-up, the proportion of long-term carriers was continuously declined
throughout the study. Truly, persistent carriage seemed to be unlikely in this study
population.

Complementary to this approach, the Helmholtz Center for Infections Research
(HZI) conducted a prospective cohort study to determine carriage patterns in the
general population of Braunschweig, a city with 246,742 inhabitants in northern
Germany (Akmatov et al. 2014; Mehraj et al. 2014). The HZI randomly selected
2026 male and female inhabitants between the ages of 20—69, through the resident’s
registration office of the city, and asked them to send a self-collected nasal swab to
the HZI each month. The HZI applied user instructions for taking the swab and
respective validation of the self-collection procedure as reported previously
(Akmatov et al. 2014). The HZI observed 33 % transient carriers, 8 % persistent
carriers, and 59 % non-carriers among 360 participants in our study who provided
all seven self-collected nasal swabs in the period from July 2012 to January 2013
(unpublished results). Of 2520 swabs from 360 participants processed, S. aureus
was isolated in 564 and MRSA in 16 samples. Monthly point prevalence estimates
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ranged from 19 to 26 % for methicillin-sensitive S. aureus (MSSA) and 0.3 to
1.4 % for MRSA without indication of a trend. Of the 360 participants, 215 (60 %)
were negative in all swabs and 145 (40 %) positive for S. aureus at one or more
time points (unpublished results).

In this study, carrier index O described non-carriers (all of the 7 samples taken
monthly were negative for S. aureus), and carrier index 1 means that all of the 7
samples were positive. Transient carriers had scores between 0 and 1. The HZI also
used one category as “carrier” which includes all persistent and transient carriers
regardless of the number of positive swabs. The HZI checked all seven swabs for
persistence. It is recognized previously that more than or equal to 7 swabs are
required for differentiating non-carriers from transient carriers (Nouwen et al. 2004;
Verhoeven et al. 2012).

The large proportion of S. aureus carriers with a monthly average of 23 %
observed in the HZI study has also to be expected for individuals admitted to
healthcare settings even if they do not belong to a specific high-risk group. Forty
percent of the participants of this study carried S. aureus at different time points
over the six months. Screening of patients at hospital admission is important for
early detection of introduction of MRSA into hospitals (McKinnell et al. 2013;
Kock et al. 2014). These observations raise concern about the negative predictive
value of screening results from sampling at only one time. Previous studies were
mostly conducted among populations associated with healthcare settings, which
may explain why persistent carriage in our study population (8 %) was lower as
compared to previous estimates. The MRSA carriage among the study participants
was comparably low ranging from 0.3 to 1.3 % at each time of sampling and also
lower in comparison with more recent data from Germany for MRSA screening of
patients admitted to hospitals, e.g. 2.8 and 3.1 %, which is again likely due to the
fact that the HZI study population was less likely to have a selection bias for
carriage (Reich-Schupke et al. 2010; Herrmann et al. 2013).

4 Risk Factors Associated with S. aureus Carriage

Basically, we have to discriminate between (i) general preconditions such as male
sex, increasing age, alcoholism, and diabetes mellitus, (ii) healthcare-related
exposures such as hospital stay, surgery, and antibiotic intake, and (iii) occupational
exposition (healthcare workers, farmers, veterinarians). As already mentioned
above, there are very few studies which analysed risk factors associated with
specific carriage patterns and especially in the community. Those few studies
reported age, sex, and job categories but did not report details of other potential
clinical risk factors such as allergies, diabetes, animal contact, previous hospital-
ization or surgery, and antibiotic intake.

In one study conducted in Guildford, Surrey, UK, transient carriage was
observed frequently in the children of age group 10-19 years (Armstrong-Esther
and Smith 1976). Some studies observed no difference in age, profession, or job
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category (VandenBergh et al. 1999; Eriksen et al. 1995). Miller et al. (2014) also
could not identify particular risk factors of persistent carriage in a large longitudinal
study on S. aureus carriage. With respect to sex, one study performed in Europe
reported a higher proportion of persistent carriage among male participants (Eriksen
et al. 1995), while some studies performed in Nigeria, Africa, and UK did not
observe differences in carriage proportions among male and females (Lamikanra
and Olusanya 1988; Armstrong-Esther and Smith 1976). In other general precon-
ditions, smoking status was associated with reduced carriage in some cross-
sectional studies (Qu et al. 2010; Herwaldt et al. 2004; Olsen et al. 2012).

In order to investigate risk factors for different carriage patterns, we asked the
participants to complete a questionnaire on demographic characteristics as well as
selected exposures in the last 12 months prior to the study as described previously
(Mehraj et al. 2014). Upon completion of the study, we also requested participants
to complete a questionnaire on exposures during the last six months. We observed
that male person was significantly more frequently colonized as compared to female
participants and that colonization proportions were high in younger participants.
Persistent carriage was associated with male gender, presence of allergies, and
occupational animal contact, whereas transient carriage was associated with male
sex, antibiotic intake, and young age.

Previous studies indicated that antibiotic intake may increase the proportion of
transient carriage, as only temporarily suppresses S. aureus colonization (van
Belkum et al. 2009; Miller et al. 2014). Suppression of colonization can occur
through local antiseptics such as octenidine and lavasept, but only few systematic
antibiotics such as rifampicin eradicate S. aureus carriage. In our study, the asso-
ciation of occupational animal contact with persistent carriage is an important
observation. MRSA transmission from livestock to farmers as well as veterinarians
and from horses to veterinary personnel is well known (van Loo et al. 2007).
Studies performed at pig farms in the Netherlands and Germany reported nasal
colonization with LA-MRSA CC398 for more than 80 % of the farmers.
Co-colonization with methicillin-susceptible S. aureus (MSSA) was rare (Cuny
et al. 2009; van Cleef et al. 2011a). This observation suggests frequent replacement
of the original colonizer by LA-MRSA CC398, probably due to heavy exposure to
MRSA-contaminated dust particles in the staples. It was also observed that when
exposure to livestock was interrupted (e.g. by holidays), carriage persisted in about
50 % of the participants. Cases of colonization and infections in humans in North
Rhine Westphalia in Germany without occupational exposure such as farms and
slaughter houses as well as veterinary care centres suggest establishing of
LA-MRSA CC398 as nasal colonizer in the community (Deiters et al. 2015). There
are similar observations from other European countries (Cuny et al. 2015). As
LA-MRSA CC398 is not less virulent than human-adapted S. aureus in general
(isolates from SSTI and from septicaemia, (Becker et al. 2015), its role as nasal
colonizer independent from livestock exposure needs further attention.

As far as MSSA transmission between livestock and humans is concerned, there
is limited data available (Osadebe et al. 2013). The isolates from participants of our
study with occupational animal contact exhibited spa type t091 which attribute
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them to clonal lineage ST7. MRSA ST7 was recently reported from chicken and
chicken meat in Poland (Krupa et al. 2014). Further studies of MSSA isolates from
livestock in northern Germany would be desirable for a better interpretation of this
finding. Continuous exposure to high-risk environments such as working in hos-
pitals, nursing care, and occupational animal contact (as observed in our study) may
sustain persistent carriage by the host (Humphreys 2008; Garcia-Graells et al.
2013). Transmission of S. aureus between pet animals and their owners has also
been demonstrated. However, the prevalence of S. aureus colonization of pet
animals seems to be low as shown by studies in Germany and in the USA (Walther
et al. 2012; Kottler et al. 2010).

5 Spa Types and Clonal Complexes of S. aureus
Among Transient and Persistent Carriers

Generally, a diversity of strain types has been observed in community-based studies
previously although the population of S. aureus colonizing healthy humans is rather
clonal (Day et al. 2001; Feil et al. 2003; Sakwinska et al. 2009). Previous studies
observed clonal complexes (CC) 5, CC8, CC15, CC22, CC25, CC30, and CC45 in
the isolates of nasal colonization from different continents (Ko et al. 2008; Melles
et al. 2008; Ruimy et al. 2008; Day et al. 2001; Feil et al. 2003; Sakwinska et al.
2009; Rolo et al. 2012). Other clonal complexes such as CC7, CC9, CC12, CC59,
and CCl121 were rarely found in previous studies. A population analysis of S.
aureus nasal colonizers by means of molecular typing is especially meaningful for
recognizing the emergence of strains, with particular virulence and antibiotic
resistance traits as permanent colonizer in the community. Furthermore, changes of
colonization associated with antibiotic therapy of the carrier and with exposure of
humans to particular environments such as the nosocomial setting and livestock
farming need to be explored.

The dynamics of nasal carriage can be influenced by the population structure of
the colonizer with respect to clonal complexes as shown by a recently reported
study in Oxfordshire, UK (Miller et al. 2014). Isolates from this study were
attributed to CC 30, CC15, CC22, and CC8. S. aureus acquisition rates were higher
for CC 15 or CC8 compared to other CCs. CC22 (MRSA) was more prevalent in
long-term carriers than in intermittent carriers. It was reported that carriage of
different spa types/CCs was more frequent in long-term carrier individuals.
Persistent carriers were more likely to carry CC22 and less likely to carry partic-
ularly CC15 than intermittent carriers. Slow loss of isolates exhibiting particular
spa types was noted among long-term S. aureus carriers, over a 4- to 6-month time
period. Extending the follow-up period led to observation of decreasing persistent
carriage as carriers lost the strain or did not carry the same strain over time.

The authors observed that pre-existing colonization did not affect S. aureus loss
in general; co-carriage of isolates attributed to different clonal lineages was sig-
nificantly associated with subsequent loss of the original strain. This observation
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underlines the highly dynamic nature of carried populations and that nasal com-
petition of particular strains is an important factor in co-carriage in vivo. In this
study, 15 % of long-term carriers at species level did not carry the same spa type
consistently; in a study from Switzerland, this was observed for 8 % of the per-
sistent carriers.

In view of the results from our study mentioned above, data from an investi-
gation on temporal stability of S. aureus colonization of 267 healthy individuals
performed in Switzerland which was based on two times of sampling (Sakwinska
et al. 2010) should be interpreted with caution. At the time of the first sampling, 87
of the 89 carriers were colonized with the one strain, two carried two strains. After
on the average 6—15 months later, 53 individuals (60 %) were still colonized with
the same strain, 5 (6 %) carried a different strain, 1 (1.1 %) was colonized with a
different strain, and 2 (2.2 %) carried an additional strain; swabs from 27 (30 %)
were negative for S. aureus. The authors observed changes of the spa types in 6
from the above-mentioned 53 participants (one due to a point mutation, 5 due to
repeat deletion). These isolates exhibited the same AFLP pattern and MLST;
attribution to MLST-based clonal complexes did not change. We have to consider
these results when spa typing is used in longitudinal studies on S. aureus
colonization.

Co-colonization and replacement of the original colonizer strain is a significant
factor if the newcomer has particular virulence and antibiotic resistance traits such
as CA-MRSA. This might apply to the success of CA-MRSA USA 300 in the
United States of America for which nasal colonization was reported for a substantial
number of patients who were affected by deep SSTI (Hidron et al. 2005).

The situation seems to be different for S. aureus isolates from SSTI attributed to
CC121 and containing [uk-PV (coding for the Panton—Valentine toxin) which
represent a particular “pathotype” (Kurt et al. 2013). This subpopulation is rare
among nasal isolates in general, but in cases of nasal colonization, this reservoir is
associated with recurrent furunculosis (Demos et al. 2012), and decolonization is
important for the treatment (Davido et al. 2013).

Clonal complexes can share different proportion among carriage isolates in
different countries. There is a relatively little number of CCs which are worldwide
disseminated. Occasionally, clones may expand locally. A comparison of isolates
from nasal colonization from four countries France, Algeria, Moldova, and
Cambodia revealed global dissemination of certain clones as CC30, CC45, CC121,
CC15, CC5, and CC8 were observed in the samples of all four countries. Previous
reports have noted that CC30 frequently occurs in 20-25 % of the isolates
throughout the Europe (Ruimy et al. 2009, 2010).

Differences between European countries were shown by a large cross-sectional
study on S. aureus nasal carriage by den Heijer et al. (2013). That study was carried
out in the nationwide family doctor network APRES in Austria, Belgium, Croatia,
France, Hungary, Spain, Sweden, the Netherlands, and the UK (den Heijer et al.
2013). A total of 32,206 patients were recruited by family doctors in those coun-
tries. Identical or related spa types were exhibited by isolates from several patients
attending several practices in each country. They identified 53 different spa types
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from 91 MRSA isolates, and t002 and t008 were the most prevalent among them. In
few countries, one cluster predominated, while in majority of the countries,
heterogeneity remained prominent even after clustering strains into spa-CCs. More
than 60 % of the MRSA strains were clustered in spa clonal complex 022/032
(MRSA clonal complex 22 including EMRSA-15) in UK, and more than half of the
MRSA belonged to spa clonal complex 008 (corresponds to MRSA clonal complex
8) in France. These findings correspond to observations from a previous study on
geographic distribution of spa types among S. aureus isolates from invasive
infections in Europe (Grundmann et al. 2010).

LA-MRSA CC398 is more frequent as nasal colonizer and infectious agent in
countries with conventional livestock farming. Within these countries, their pro-
portion among all MRSA from humans is also significantly higher in areas with high
livestock density (van Rijen et al. 2008; van Cleef et al. 2011a, b; Kock et al. 2013).

We also observed differences in spa type distribution among isolates from tran-
sient and persistent carriers from our own study samples. From 145 carrier partici-
pants, 580 S. aureus strains were isolated at different time points during the study.
This includes 197 strains from 28 persistent carriers and 383 strains from 117
transient carriers. A total of 262 isolates were selected for spa typing which included
29 % (57/197) isolates from persistent carriers and 54 % (205/383) from transient
carriers. We randomly selected up to three isolates from persistent carriers and did
not find changes of the spa types. In the selection of strains from transient carriers,
we assumed that those participants who lost the carriage and become positive again
for S. aureus carriage may have acquired a new strain. Therefore, we selected strains
for spa typing before and after every negative swab culture. We selected all S. aureus
isolates from MRSA carriers in order to check which strain types replaced the
carriage of MRSA strains. Among 12.8 % (11/86) participants who were checked at
least two times in the whole study period, we observed different S. aureus spa types
at different time points during the study as shown in Table 2.

We applied BURP analysis in 157 isolates after removing the duplicate isolates
(in case of demonstration of the same type in the same individual). Among them, 82
different MSSA spa types were found that clustered into 12 distinct groups. Four
clusters had no founder. Among 157 isolates, 19 spa types (23.1 %) could not be
clustered into a spa-CC and classified as singletons. We observed spa types
belonging to CC45, CC15, CC30, CC8, and CC22, which are in line with similar
observations on S. aureus carriage patterns in Europe (Miller et al. 2014; Votintseva
et al. 2014; Sangvik et al. 2011). Most of MSSA spa types 14 (17.1 %) belonged to
MLST CC45 and 11 (13.4 %) to MLST CC15.

Among the MSSA, we also observed t091, t021, and t008 spa types among
participants who reported occupational animal contact.

Of particular interest is the finding of MSSA exhibiting spa type t571 (CC398)
from one of our study participants who was positive for S. aureus carriage in six out
of seven swabs. This spa type is indicative for the ancestral MSSA subpopulation
from which LA-MRSA CC398 has been evolved (Uhlemann et al. 2012a). MRSA
t571 and CC398 are reported from clusters of severe invasive infections in the
USA, France, and Belgium. Our observation is in accordance with a previous report
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Table 2 Distribution of Staphylococcus aureus spa types, spa clonal complexes, and MLST
clonal complexes during time period of six months among study participants of Braunschweig,
northern Germany

No.of  Jul12 Aug 12 Sep 12 Oct 12 Nov 12 Dec 12 Jan 13 ureus | spa types spa-CC
persons isolated obtained

P2

(continued)
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Table 2 (continued)
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(continued)
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Table 2 (continued)

056 No founder ST 101
spa-CC 012 CC30
Singletons
spa-CC 015 CcCc4s
spa-CC 005 CC22
spa-CC 499 CC15
spa-CC 499 cey
spa-CC 005 CcC22
spa-CC 304 ccy
spa-CC 005 CcC22
Excluded
spa-CC 002 CC22
spa-CC 012 CC30
No founder (CGEpS)
spa-CC 304 ccs
spa-CC 012 CC 30
No founder ST 101
spa-CC 304 Ccc8
No founder ST 101
spa-CC 304 CcCcs8
No founder ST 101
Singletons
spa-CC 012 CC30
spa-CC 304 CcC8
spa-CC 304 CcC8

1018,
114399

14400
17690

8909
091
005
1008

3002
1026
1002
275
1925
1008
021
056
008
13588
2427

1056

114398

012

@11
211
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e

*spa type change observed, {t330 is a MSSA. Total of 145 participants were positive for S. aureus
carriage, and three persons were positive for both MRSA and MSSA strains

Abbreviations: Spa-CC spa clonal complex, MLST CC Multilocus sequence typing-based clonal
complexes, ST Sequence type, NT Nontypeable, MSSA Methicillin-sensitive Staphylococcus

aureus, MRSA Methicillin-resistant Staphylococcus aureu
Color code MSSA Other bacteria

on a very low proportion among isolates from MSSA infections in Germany (Cuny
et al. 2013a, b).

Three participants were positive for S. aureus isolates with spa type t159 in swab
samples from different months. Isolates exhibiting spa type t159 (CCI121) are
mainly associated with two entities of skin and soft tissue infections (superficial:
impetigo, exfoliative dermatitis, and more invasive: furunculosis, more rarely
necrotizing pneumonia).

MRSA obtained in our study exhibited spa types t032 and t025. These are
attributed to CC22 which represents the second most frequent one among HA-MRSA
from Germany. This finding would be consistent with possible spread of MRSA from
healthcare settings into the community as observed in other studies (Miller et al. 2014;
Votintseva et al. 2014; Espadinha et al. 2013). There are also other CCs of HA-MRSA
found in Germany such as CCS5, STS (spa type t002) and CCS5, ST225 (spa type t003)
also known as Rhine-Hesse prototype/EMRSA-3/New York clone. In addition, CCS,
ST8 (spa type t008: northern German MRSA/USA300 cMRSA), CC22, ST22 (spa
types t022, t025, t032: Barnim MRSA/EMRSA-15), and CC45, ST45 (spa types
t004: Berlin MRSA prototype/USA600), ST228 (spa type t001: Southern German
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MRSA) were also identified in previous studies. In contrast to these, the occurrence of
CC8, ST239 (spa types t030 and t037) is rare in German hospitals. On the other hand,
CA-MRSA from Germany containing [uk-PV were mainly attributed to ST8 (spa type
t008 corresponds to CA-MRSA “USA300”) andST80 (spa type t044), whereas ST1
(spa type t127) and ST152 (spa type t355) were rarely found in the community (Witte
et al. 2008a; Chaberny et al. 2008; Pfingsten-Wiirzburg et al. 2011; Layer et al. 2012;
Herrmann et al. 2013). Diversity of MRSA spa types is also common in community
settings of other European countries. For example, t002 (CC5) was noted in France,
Hungary, Croatia, Spain, and UK; t008 in Austria, Belgium, and France; and t032
(ST22) found in Germany, Hungary, and UK (Mehraj et al. 2014; den Heijer et al.
2013; Andersen et al. 2012, 2013; Zanelli et al. 2002; Skramm et al. 2011).

Of particular interest in our findings are changes in spa types over time which
indicates replacements of the colonizing strains among carriers. The HZI study
identified a change in spa types of 12.8 % carriers at different sampling points. This
change could be due to multiple strain carriages in an individual or within-host
evolution during asymptomatic carriage (Votintseva et al. 2014; Golubchik et al.
2013; Uhlemann et al. 2012b). Most of the persistent carriers kept the same spa
type during the study period as also observed in previous studies (Miller et al. 2014;
Sangvik et al. 2011). We observed changes of clonally unrelated spa types in five
participants during the study period. Among these five, one participant had spa type
t032 (CC22) and t008 (CC8), which were replaced by t330 (CC45). Four partici-
pants had reported antibiotic use and their spa types changed as t3741 (No founder)
was replaced by t13450 (singleton), t008 (CC8) by t159 (singleton), t008 (CC8) by
t3283 (singleton), and t032 (CC22) by t021 (CC30). Interestingly in six other
participants, changes in spa type appeared only because of a single genetic event
(like repeat deletion/insertion). In a result, tO15 (CC45) replaced by t550 (CC45)
and t1974 (CC45) by t116 (CC45) and both reported antibiotic intake. In same way,
t002 (CCS5) was replaced by 2167 (CC5), t002 (CCS) by t1094 (CCS), or vice
versa. In this situation, the possibility of within-host evolution like micromutation
(point mutation and small insertions/deletions) cannot be over looked. Among these
11 participants, ten had an upper respiratory tract infection, eight visited outpatient
clinics, and six reported antibiotic intake in the last year.

In the HZI study, most of the isolates from transient carriers exhibited the same
spa type. Interestingly, in a study conducted in Norway, spa type t084 was asso-
ciated with transient carriage (Sangvik et al. 2011). Higher variations among col-
onizing strains in transient carriers were also reported previously (VandenBergh
et al. 1999). Exchange of S. aureus clones was observed significantly higher among
intermittent carriers than in persistent carriers (van Belkum et al. 2009). There could
be multiple factors behind this scenario. It is possible that some individuals more
likely carry identical or multiple S. aureus strain types, due to their genetic sus-
ceptibility to S. aureus carriage or due to a compromised immune system (Ruimy
et al. 2010; Quinn and Cole 2007). It is also possible that S. aureus went below the
detection level due to certain conditions such as antibiotic intake or co-colonization
with other competing microflora and became active again after some time when
these conditions resolved. Antibiotic pressure can induce a viable but
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non-culturable state in S. aureus (Pasquaroli et al. 2013; Zandri et al. 2012). Such
kind of situation may also apply to nasal decolonization by application of mupir-
ocin ointment and the observation of regrowth of S. aureus after some time (Bode
et al. 2010). A study performed in New York City estimated that multiple geno-
types of S. aureus are carried by 7 % of the participants on the basis of mathe-
matical modelling (Cespedes et al. 2005). Participants of this cohort were 121 drug
users as part of the hospital-associated methadone maintenance program in New
York and 28 hospital patients. Multiple strain carriage was also observed in a
multicentre cohort study conducted among intensive care unit (ICU) patients in six
different European countries (Bloemendaal et al. 2009). For strain typing, they used
spa typing and multilocus variable number of tandem repeat analysis (MLVA)
sequence types. In their analysis, they found that 1 % of participants carried at least
two genetically closely related isolates and 6 % carried genetically distinct strains
(Bloemendaal et al. 2009).

6 Antibiotic Resistance Patterns of S. aureus
from Nasal Colonization in the Community

The extent of antimicrobial resistance has become a global public health concern
during the last decade (ECDC 2014; WHO 2014; Kaplan and Laing 2004). Usually,
surveillance focuses on isolates from infections in hospital settings, and in part on
emergence and spread of particular pathogens (e.g. CA-MRSA, LA-MRSA) in the
community. Many bacterial infections, especially those associated with S. aureus,
are caused by the patients’ own commensal microbiota. Therefore, knowledge
about antibiotic resistance in these colonizers is highly important for the formula-
tion of strategies against resistance development.

Antibiotic resistance development is based on two major components: bacterial
strains containing appropriate antibiotic resistance genes (acquisition of genes
coding for resistance mechanisms and mutations in housekeeping genes conferring
resistance) and selective pressure exerted by antibiotic usage. Temporary colo-
nization with resistant bacterial strains and rare genetic events in a primarily sus-
ceptible bacterial population is a natural phenomenon. These genetic events can be
resistance mutations and transfer of mobile genetic elements. Resistance mutations
mostly affect the drug target sites, whereas mobile genetic elements contain genes
which are responsible for several kinds of resistance mechanisms. It largely
depends on the selective pressure of antibiotics that will lead to resistance devel-
opment in bacterial strains. Selective pressure of antibiotics affects not only the
pathogen at the site of infection but also commensal microbiome of the host,
particularly in the case, when the concentration of the particular antibiotic at the
colonization site is sufficient for suppressing growth of susceptible bacteria. Besides
direct selection, there is also co-selection for antibiotic resistance traits which do not
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correspond to the antibiotic used. In this case, multiresistant bacterial strains replace
the original susceptible colonizing strains. Multiresistance can be based on the
acquisition of mobile genetic elements containing several resistance genes or on
acquisition of a resistance gene coding for a mechanisms that confers resistance
against several antibiotic classes.

Acquisition of MRSA by S. aureus nasal carriers in the community was reported
from a longitudinal study over three years in the USA (Muthukrishnan et al. 2013).
Transfer of resistance genes can occur in the nasopharyngeal microbiome as shown
for transferable mupirocin resistance (Hurdle et al. 2005) for erythromycin resis-
tance (Nys et al. 2005). A more detailed study, based on inoculation of a mixture of
strains containing different transferable genetic elements in a gnotobiotic pig model,
was conducted by McCarthy et al. (2014). This study has shown extensive
exchange of transferable genetic elements in the nasal microbiome of pigs.

During the past decade, transferable resistance to oxazolidinones, lincosamides,
and streptogramin B compounds conferred by cfr emerged first in coagulase-
negative staphylococci (CoNS) from livestock (Witte and Cuny 2011). Later on, it
was detected in CoNS and also in MRSA from nosocomial infections in humans
(Mendes et al. 2014). In this situation, dissemination among staphylococci as
colonizers in the community isolates cannot be excluded (Cuny et al. 2016). In this
context, topical use of the recently introduced oxazolidinone retapamulin in der-
matology (McNeil et al. 2014) will require attention.

One of the important features of the studies on antibiotic resistance in S. aureus
strains (from infections and colonization) is their focus on isolates from nosocomial
infections. Studies on antibiotic resistance patterns of S. aureus as nasal colonizer
of humans in the community are infrequent so far. Most studies used the time
interval of less than 48 h after admission for S. aureus/MRSA isolation from
infection and colonization for the categorization as community origin. While, we
should keep in mind that hospital acquired MRSA carriage can persist over several
months (Mattner et al. 2010) independent from several risk factors (Sanford et al.
1994). Furthermore, MRSA are in the focus of most studies and surveillance
activities, and less attention is paid to MSSA and their resistance traits. Of particular
interest are observations of the dissemination of a Panton—Valentine leukocidin
(PVL) toxin-positive S. aureus subpopulation of CC121 clone that had acquired
resistance to fusidic acid (transferable, fus-B), a few isolates were also resistant to
mupirocin and to retapamulin (Rijnders et al. 2012).

Only a few epidemic virulent clonal lineages MRSA are widely disseminated
such as ST5, STS8, ST22, ST239 worldwide, and ST225 in Europe (Witte et al.
2008b; Lindsay 2013). So far, the reasons for this endemicity in the nosocomial
setting are unknown. The same applies to their comparatively weak capacity for
establishing as a competitive colonizer in the community.

During the past 15 years, the proportion of epidemic HA-MRSA exhibiting
broad antibiotic resistance phenotypes such as ST247 ST228 among all MRSA
from colonization and infections declined in most of the European countries. They
were replaced by less broad resistant epidemic clonal lineages (e.g. ST22, ST45,
and ST225). Whether this dynamics is associated with changes in the nasal
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microbiome that are associated with hospital stay needs to be shown in future. The
same applies to the success of particular CA-MRSA clonal lineages that are
examples for the evolution of an efficient combination of virulence and resistance
traits (Otto 2013).

Antibiotic susceptibility analysis of colonization isolates from the APRES net-
work mentioned above revealed 1.3 % MRSA isolates among a total of 6093
carriers. Highest frequency (2.1 %) of MRSA occurrence was observed in Belgium.
Among MSSA, 73 % of the isolates were resistant to benzylpenicillin as test
substance for all B-lactamase susceptible penicillins including aminopenicillins and
acylureidopenicillins when testing staphylococci. These penicillins were the most
frequently administered antibiotics in the countries enrolled in the study. Here, we
have to consider co-selection in case of treatment of infections caused by other
pathogens. The second most common resistance was 1.6 % on average for mac-
rolide with the highest frequency (16.9 %) in France. Frequencies of resistance to
other antibiotics remained below 10 % (van Bijnen et al. 2015). In Taiwan, MRSA
carriage was 3.8 % among screened patients at the time of hospital admission after
exclusion of previous hospital stay (Lu et al. 2011). A cross-sectional study carried
out in school children in Jordan revealed 7 % carriage of MRSA (Alzoubi et al.
2014). Typing of isolates in this study was attributed to the CC22 subpopulation
(spa type t223) which is prevalent in Jordan and Palestine.

In our prospective study reported here, we performed antibiotic susceptibility
testing of selected isolates. Antibiotic susceptibility was tested for 17 substances
from 15 antibiotic classes including antistaphylococcal B-lactams (penicillin, oxa-
cillin), macrolides (erythromycin), lincosamides (clindamycin), fluoroquinolones
(ciprofloxacin, moxifloxacin), phosphonic acids (fosfomycin), glycopeptides
(vancomycin), lipopeptides (daptomycin), and glycylcyclines (tigecycline). Results
from 157 S. aureus isolates revealed that 71 (45.2 %) isolates were sensitive to all
tested antibiotics, 75 (47.7 %) resistant to benzylpenicillin (test substance for all B-
lactamase susceptible penicillins), 16 (10.2 %) to fluoroquinolones, 10 (6.3 %) to
erythromycin, and 2 (1.3 %) to clindamycin (Table 3). High proportions of peni-
cillin resistance were already observed among MSSA colonization and infections in
Germany since decades (German reference centre for staphylococci and entero-
cocci, unpublished). It indicates the high volume of usage of B-lactam antibiotics
outside hospitals in Germany (GERMAP 2012) and corresponds to the results from
the APRES study (van Bijnen et al. 2015).

Resistance to fluoroquinolones also needs attention and could be explained by
co-selection of resistant S. aureus as nasal colonizer when these antibiotics are used
to treat infections caused by other bacterial pathogens. Fluoroquinolones reach
concentration levels in nasal secretions which are appropriate for selection of
resistant mutants (Darouiche et al. 1990; Blondeau et al. 2004). In Denmark,
resistance to erythromycin and clindamycin was less frequent among S. aureus
from nasal colonization 30 years ago than now (Eriksen et al. 1995). This is very
likely due to the increase of erythromycin consumption by the end of 1989 (Westh
et al. 1989; van Bijnen et al. 2014). In our study in Germany, we observed that all
seven MRSA were attributed to CC22 and resistant to penicillin and
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Table 3 .Antimigrobial Antibiotic resistance Frequency Percentage
susceptibility testing of PEN s 4777
selected 157 Staphylococcus :
aureus strains isolated from CIp 16 10.19
the nasal swabs of study MFL 15 9.55
participants of Braunschweig, gry 10 6.37
northern Germany OXA 7 446
TET 3 1.91
CLI 2 1.27
FUS 2 1.27
DAP 1 0.64
Sensitive 71 45.23

Abbreviations: CIP Ciprofloxacin, CLI Clindamycin, DAP
Daptomycin, ERY Erythromycin, FUS Fusidic acid, MFL
Moxifloxacin, OXA Oxacilin, PEN Penicillin, TET Tetracycline
All isolates tested were susceptible to vancomycin, tigecycline,
gentamicin, linezolid, fosfomycin, rifampicin, and trimethoprim/
sulphamethoxazole

fluoroquinolones. In addition to these antibiotics, one MRSA was also resistant to
erythromycin and clindamycin. Usually, HA-MRSA ST22 contains the
plasmid-located erm (C) gene which confers resistance to erythromycin and clin-
damycin when constitutively expressed. We have to assume that it was lost by
MRSA CCC22 from nasal colonization. In short, antibiotic resistance patterns
highlight that there are still sufficient treatment alternatives for S. aureus infections
originating from nasal colonization. MRSA dissemination and emergence of
resistance to newly introduced antimicrobial agents is a growing health concern. In
this scenario, screening for colonization in the community and surveillance pro-
grams is of important value at local, country, or international levels.

7 Limitations of the Studies on Carriage Patterns

A main limitation of the carriage pattern studies is that samples are only taken from
the nose neglecting other body sites for which colonization has been documented,
such as throat, intertriginous skin areas, and the upper vagina. In some studies,
sampling interval and duration of follow-up was either too short or too long or the
number of swab culture was too small. Furthermore, study populations were often
convenient samples (e.g. students or hospital personnel) or too small and thus not
representative for the general population (Eriksen et al. 1995; Hoeffler et al. 1978;
Hu et al. 1995; Manenschijn et al. 2012; Maxwell et al. 1969). There are very few
studies conducted for more than six-month duration which took samples at regular
intervals and systematically investigated S. aureus genotypes among persistent and
transient carriers (Muthukrishnan et al. 2013; Miller et al. 2014; Votintseva et al.
2014).
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The differences observed in carriage patterns can also be due to sampling and
culturing techniques, sample handling, etc. One study showed that the number of
carriers in a given population is also dependent on the swab material, transport
medium, the medium for cultivation, and incubation period (Eriksen et al. 1994).

Carrier index method can also increase or decrease persistent carriage with
changes in the cut-off of the index. For example, decrease in carrier index or
decrease in required proportion of positive swabs will ultimately lead to an increase
in the number of persistent carriers. Decreased proportion of persistent and
non-carriers is also possible if follow-up time is increased or interval of swab
samples is decreased. Intermittent carriers can be misclassified as persistent carriers
or non-carriers if follow-up time is short or swab culture interval is too long. In our
study, we tried to address these limitations through recruiting participants from
randomly selected population and defining persistence carriage with seven swabs
positive for S. aureus during six-month period.

8 Conclusion and Future Perspective

Studies on S. aureus carriage patterns have provided an important insight into the
dynamics of S. aureus carriage in the community. Most of the studies have tried to
define the persistence in an accurate way and its associated features in detail. At
same time, some studies were descriptive and the underlying biological conditions
are still poorly understood so far. Nevertheless, experiences and data from these
studies are important prerequisites to design target surveillance systems in order to
detect emerging strains with particular resistance or virulence such as HA-MRSA,
CA-MRSA, and LA-MRSA. Risk factors identified in carriage pattern studies will
be helpful in the formulation of public health policies and screening criteria.
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Diagnostics and Resistance Profiling
of Bacterial Pathogens

Klaus Hornischer and Susanne Hiulller

Abstract Worldwide infectious disease is one of the leading causes of death.
Despite improvements in technology and healthcare services, morbidity and mor-
tality due to infections have remained unchanged over the past few decades. The
high and increasing rate of antibiotic resistance is further aggravating the situation.
Growing resistance hampers the use of conventional antibiotics, and substantial
higher mortality rates are reported in patients given ineffective empiric therapy
mainly due to resistance to the agents used. These infections cause suffering,
incapacity, and death and impose an enormous financial burden on both healthcare
systems and on society in general. The accelerating development of multidrug
resistance is one of the greatest diagnostic and therapeutic challenges to modern
medicine. The lack of new antibiotic options underscores the need for optimization
of current diagnostics, therapies, and prevention of the spread of multidrug-resistant
organisms. The so-called -omics technologies (genomics, transcriptomics, pro-
teomics, and metabolomics) have yielded large-scale datasets that advanced the
search for biomarkers of infectious diseases in the last decade. One can imagine that
in the future the implementation of biomarker-driven molecular test systems will
transform diagnostics of infectious diseases and will significantly accelerate the
identification of the bacterial pathogens at the infected host site. Furthermore,
molecular tests based on the identification of markers of antibiotic resistance will
dramatically change resistance profiling. The replacement of culturing methods by
molecular test systems for early diagnosis will provide the basis not only for a
prompt and targeted therapy, but also for a much more effective stewardship of
antibiotic agents and a reduction of the spread of multidrug resistance as well as the
appearance of new antibiotic resistances.
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1 The Urgent Need for Early Diagnostics

Hospital-acquired infections caused by antibiotic-resistant opportunistic pathogens
are on the increase worldwide and pose one of the greatest challenges to modern
medicine. Multidrug resistance dramatically impacts on human health, public
health, and the principles and practice of clinical medicine.

Management of nosocomial infections, especially those caused by
multidrug-resistant Gram-negative bacteria, requires a multipronged strategy that
includes not only the development of new antimicrobial compounds and a rational
use of antimicrobial agents, but also early diagnosis for targeted treatment and the
implementation of effective infection control principles.

It is common knowledge that one of the best ways to fight cancer is to catch it in
the early stages, when it is more successfully treatable. Similarly, the prognosis of
infectious diseases can be dramatically improved by the administration of an early
and targeted antimicrobial therapy. Thus, early diagnosis is one of the most pow-
erful weapons in the battlefield of multidrug-resistant infections.

However, despite of the clinical need, diagnostics of infectious diseases have
experienced little fundamental change over the years. Many infectious diseases are
still diagnosed by their clinical presentation. Especially in the early phase of the
disease clinical symptoms and signs of clinical manifestations are often unspecific.
They can vary and retrieve a list of various differential diagnoses making definitive
diagnosis a challenge. As a consequence proper decisions for adequate treatment
are difficult. For example the detection of tuberculosis (TB), which is caused by the
Gram-positive Mycobacterium tuberculosis, remains complex, partly because of
inaccurate diagnostic methods. An estimated third of all new TB cases are still
being missed in spite of substantial efforts to increase case detection closer to the
point at which clinical disease symptoms become evident. This remains a major
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obstacle to global control of TB (Wallis et al. 2010; Zignol et al. 2012; Lawn et al.
2013).

The diagnosis of an infectious disease is confirmed by clinical evaluation and
microbiological testing for infectious agents. Bacterial species identification and
resistance testing still predominantly rely on culture-dependent methods. As a
consequence clinical microbiology is still labor-intensive and slow. Gains in terms
of turnaround times of culture for identification and susceptibility testing remain
limited.

The need for fast and reliable early diagnosis is most urgent in severe
life-threatening infections. Sepsis is one of the major complications in intensive
care units (ICUs). Mortality as a consequence of sepsis and septic shock is high
(Garnacho-Montero et al. 2003; MacArthur et al. 2004). The Surviving Sepsis
Campaign Guidelines Committee (2012) strongly recommends administering ade-
quate antimicrobial therapy within the first hour of hospital admission in patients
diagnosed with sepsis. It has been reported that 83 % of septic shock patients
survived if treated with adequate antibiotic therapy within the first 30 min from the
onset of shock symptoms. The survival rate was 6 % poorer when treatment started
within the next 30 min. Mortality then increased by 7 % for each additional hour of
delay until treatment started (Kumar et al. 2006).

For acute infections any delay of antibiotic treatment can be fatal. As a conse-
quence it is common practice to implement early treatment with antimicrobial
agents in serious infections, for which rapid killing is essential. Since the therapy
cannot be based on results from microbiological diagnostics, an “empiric” therapy
with broad-spectrum antibiotics is initiated. This therapeutic strategy usually fol-
lows general recommendations and the healthcare unit’s experience with infections
in the unit during the recent past (Fitousis et al. 2010).

However, the initial therapy, although frequently life-saving, may prove to be
overtreatment, because the patient’s symptoms are derived from a non-infectious
cause, or a more specific, narrow-spectrum antibiotic would have been sufficient to
treat the infection. Such an overtreatment is critical for various reasons. The neg-
ative consequences of a long-term treatment with broad-spectrum antibiotic agents
are severe side effects of the medication such as renal and hepatic dysfunction as
well as an impact on future resistance development. Therefore, the clinical guide-
lines in use suggest “de-escalation” approaches. This means that the initially
administered broad-spectrum antimicrobials should be—as soon as the results of
pathogen identification and characterization (especially susceptibility profiling) are
available—changed to a more narrowly focused regime (Soo Hoo et al. 2005).

The slowness of diagnosis not only increases antibiotic use but also hampers
antibiotic stewardship. “To combat antibiotic resistant infections, we must not only
develop new drugs, but also learn to use existing drugs more effectively” (Farhat
et al. 2013). A prerequisite for an effective antibiotic stewardship is detailed
knowledge of the infecting pathogen. Thus, fast and accurate diagnostic methods
have to be developed to also ensure implementation of rational strategies for
antibiotic use (Livermore and Wain 2013).
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In a publication of 2011 the Infectious Diseases Society of America (IDSA) calls
for a shift from the more conservative established repertoire of diagnostic methods
to molecular diagnostics. They argue that the century-old methods of culture on
solidified nutrients used for the identification and characterization of pathogens are
antiquated, too slow, and that they do not cover all possible pathogens compared to
the recently developed molecular methods.

However, although many predicted a dramatic impact of newly developed
molecular methods on routine medical microbiological diagnostics, these methods
have not made it into clinical application so far. Nevertheless, there is clearly a need
for clinical microbiology to change. Clinical microbiology needs to provide more
impact on the management of infectious diseases. This also includes an improved
antimicrobial stewardship which helps to reduce the spread and impact of antibiotic
resistance. Furthermore, future microbiological diagnostics should accommodate
the general drive toward a more cost-efficient medicine.

2 Biomarker Identification

The implementation of robust and cost-effective molecular diagnostic test systems
that reliably detect infectious diseases early and deliver detailed information on
pathogen determinants will be a groundbreaking advancement. Early and reliable
biomarker-driven diagnosis of infectious diseases that includes information on the
distribution of resistance markers as well as on the clonal relatedness of
multidrug-resistant bacteria has the potential to transform diagnostics and reduce
morbidity and mortality of the patients as it will enable new strategies for indi-
vidualized therapy and control of resistance.

A biomarker is defined as a biological characteristic which can be measured and
evaluated objectively. It can be molecular, anatomic, physiological, or biochemical.
Biomarkers act as indicators of normal biological processes, pathogenic processes,
or pharmacological responses to a therapeutic intervention (Biomarkers Definitions
Working Group 2001; European Commission 2010).

Biomarkers can be subdivided into diagnostic biomarkers, which detect a
specific disease, preferably in an early phase; susceptibility or risk biomarkers,
which are indicators of disease prognosis; prognostic biomarkers, which monitor
the development and the extent of a disease; and predictive biomarkers, which
monitor the clinical response and the toxicity to a given treatment (Biomarkers
Definitions Working Group 2001; European Commission 2010).

Biomarkers of infectious diseases can be characteristic of both host and patho-
gen. Biomarker molecules can be detected in the bloodstream and in other body
fluids such as urine and pus. They form a record of the physiological state of the
host organism (Liotta et al. 2003; Rai 2007).

In clinical applications biomarkers are used for the initial diagnosis of a disease,
they guide clinicians in the choice for a targeted treatment and deliver information
on the prognosis of disease development and outcome. Diagnostic markers are most
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effective if they detect disease in an early stage, preferentially in the asymptomatic
phase (Classen et al. 2008; Zolg and Langen 2004).

Biomarkers have to be highly specific for a certain disease condition. Only the
combination of a number of markers will produce the required reliability of an
“application-specific fingerprint” (Classen et al. 2008; Liotta et al. 2003; He and
Chiu 2003).

The development of biomarkers for clinical application is subdivided into a
phase for discovery and characterization (discovery phase), the development of an
appropriate assay (prototype developmental phase), and the implementation of
clinical laboratories (product development phase). The ideal biomarker assay is
sensitive, specific, and cost-effective, it is fast, and its outcome is not sensitive to
the operator or the laboratory in which it is conducted (Classen et al. 2008; Zolg and
Langen 2004).

Biomarkers are usually detected in the so-called case—control studies. The basic
principle underlying these studies is the comparison of a group of individuals
carrying a specific phenotype (the “case” group) against another group of indi-
viduals, which lack this phenotype (the “control” group). The phenotype, or trait, is
a disease, which the members of the case group are carrying, whereas the control
group members are healthy with respect to the disease in question. Another
example would be a number of bacterial strains in the case group, which carry a
resistance trait, whereas the members of the control group do not. The task of the
case—control study is to identify markers that are significantly different in these two
groups, for instance SNPs which are statistically overrepresented in one of the
groups, genes which are over- or under-expressed, and proteins, peptides, or
metabolites which are present in elevated concentration.

In the past many biomarkers have been identified as a by-product of research
trying to understand biological pathways or through the so-called candidate gene
approaches. In such an approach an a priori hypothesis is the basis for the attempt to
identify an association between the genetic variation within pre-specified genes and
a disease, or a phenotype. The high-throughput technologies developed recently
(the so-called -omics technologies)—genomics, transcriptomics, proteomics, and
metabolomics—generated a boost in biomarker development and identification.
The -omics technologies include large-scale methods for the purification, identifi-
cation, and characterization of DNA, RNA, proteins, and metabolites. The huge
amount of data produced in -omics experiments provide the foundation for sys-
tematic, comprehensive, and unbiased studies.

2.1 Genomic Markers

Most projects aiming at the identification of biomarkers through genomics
approaches use the so-called next-generation sequencing (NGS) or even
single-molecule DNA sequencing technology, which is sometimes referred to as
“third-generation sequencing” (Mardis 2008, 2013; van Dijk et al. 2014).
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Information on genome-wide data allows the search for the presence and/or the
absence of genes as well as for nucleotide polymorphisms, especially single
nucleotide polymorphisms (SNPs), insertions, deletions, and microsatellites which
are correlated with a specific phenotype.

The large-scale genome projects for biomarker identification are frequently
called genome-wide association studies (GWAS), or WGAS, for whole-genome
association studies. During such a study markers are tested for a non-random
distribution between cases and controls, i.e. genomic variations, which are over- or
under-represented in a case group compared to a control group. Although the
association of genomic variations with a disease or phenotype seems to be obvious,
case—control studies face several statistical problems which have to be properly
addressed. One of the major problems in the statistical evaluation of GWAS data is
the fact that frequently the population of interest includes subgroups of individuals
that are on average more related to each other than to other members of the wider
population (Balding 2006).

Here an association between a phenotype and a marker may be detected which is
not causative but rather based on relationship, a so-called spurious association.
Thus, a careful selection of cases and controls for a homogenous population
structure is important for a proper statistical analysis (Pritchard and Donnelly 2001).

Similarly in bacterial species which rarely recombine and thus are highly clonal,
the population structure has to be taken into account in GWAS (Read and Massey
2014; Chen and Shapiro 2015). A frequently applied approach to detect bacterial
subpopulations is the construction of a phylogenetic tree which is usually based on
sequence variations of housekeeping genes or the core genome of the given bac-
terial species (Leekitcharoenphon et al. 2014).

2.2 Transcriptomics Experiments

With transcriptomics a molecular pattern or transcriptional fingerprint is produced,
which can serve as an RNA-based biomarker. Clustering of gene expression pro-
files with significantly up- or down-regulated genes provides an efficient method for
the description and investigation of even complex phenotypes. Since today tran-
scriptomics experiments are based on sequencing RNA molecules, transcriptome
experiments also provide information about sequence variations of the transcribed
genes at the single nucleotide level.

2.3 Proteomic Biomarker Research

The term proteome refers to the entire set of proteins which are expressed by a cell,
tissue, or organism at a certain time point under defined conditions. Some peptides
and proteins are released from cells and tissues—in case of infection both from host



Diagnostics and Resistance Profiling of Bacterial Pathogens 95

and pathogen—into the surrounding matrix, either as mature proteins, or as prod-
ucts of cleavage and degradation. They can therefore be detected in body fluids,
such as blood, urine, cerebrospinal fluid, etc. Disease alters the composition of the
proteome in these body fluids, so that proteins can be used as biomarkers for the
diseased state. The predominant clinical sample for protein biomarker detection is
blood serum (Liotta et al. 2003).

Main technologies used for proteomics are especially high-resolution mass
spectrometry (MS) methods, but other techniques are also applied, such as
microarray technology (Rai 2007; Classen et al. 2008).

Quantification of protein levels is critical for the identification and measurement
of protein biomarkers, because a given protein or peptide usually is present in
samples of both healthy and diseased tissues. A single protein marker, however,
will usually not be sensitive and specific enough for a safe assessment. In most
cases a protein profile, a signature, will be used (He and Chiu 2003; Dittmar and
Selbach 2015). There are examples, though, in which single markers are success-
fully applied, such as procalcitonin, which is in clinical use as a marker for bacterial
infection and sepsis (Reinhart and Hartog 2010).

2.4 Metabolomics

The metabolome is defined as the complete set of small molecules which is found in
a biological sample. It contains endogenous metabolites and signaling molecules
such as amino acids, organic acids, fatty acids, nucleic acids, sugars, vitamins, and
others, but also exogenous chemicals introduced by diet, infecting organisms,
drugs, toxins, and antibiotics (Ackermann et al. 2006; Collino et al. 2013).

Metabolomics involves the identification of a metabolic fingerprint of a bio-
logical sample, such as in urine, blood, and exhaled breath (Banoei et al. 2014).
A special field is lipidomics, which is a lipid-targeted metabolomic approach,
elucidating molecular mechanisms which are involved in the disruption of lipid
metabolic pathways (Collino et al. 2013; Zhao et al. 2015).

Techniques used in metabolomics for the identification of biomarkers are usually
based on MS coupled to either gas (GC-MS) or liquid chromatography (LC-MS)
and proton nuclear magnetic resonance (‘"H NMR) spectroscopy (Collino et al.
2013; Banoei et al. 2014).

3 Pathogen Identification and Characterization

The responsibility of clinical microbiology laboratories is the detection and char-
acterization of the causal agent, to identify the bacterial species, to perform
antibiotic susceptibility testing, and to provide a surveillance infrastructure. The
diagnostic laboratories report to clinicians in the hospitals or to practitioners in
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order to guide them in their treatment choice or the implementation of hygiene
measures. Today antibiotic susceptibility testing involves phenotypic test methods
which mostly rely on semiautomated systems. There are only few molecular
resistance profiling assays on the market which provide rapid results. However,
those assays do not cover the entire “resistome” of the pathogens and are far too
expensive to be introduced into routine diagnostic microbiology. Thus, technical
advances in today’s routine diagnostic microbiology are still focussed on
culture-dependent methods. Nevertheless, there are continuous efforts to optimize
molecular genotyping assays.

3.1 Detection and Identification of Pathogens

The detection of most bacteria is commonly performed by the use of culture-based
methods. Organism culture can be performed at low cost. Although still the gold
standard for the identification of bacterial pathogens, with a turnaround time of at
least 12 hours the method is too time-consuming for early diagnosis of bacterial
infections (Koser et al. 2012). Furthermore, many microbes are difficult to cultivate.
These include important pathogens such as mycobacteria or chlamydia. Problems
also occur when the species composition of complex bacterial communities has to
be resolved, for instance in stool microbiota. Therefore many scientists propose to
shift pathogen detection from culture-based to molecular-based diagnostic methods
(Infectious Diseases Society of America 2011).

For the identification of microorganisms semiautomated systems are used in
clinical microbiology since the 1970s. They combine a number of phenotypic assays
and identify bacterial species by morphological and biochemical tests, supplemented
as needed by specialized tests such as serotyping and antibiotic inhibition patterns
(Endimiani et al. 2011). More recently a fast and reliable method for the identifi-
cation and differentiation of bacterial species has been introduced into clinical
microbiology. The development of matrix-assisted laser desorption ionization
time-of-flight MS (MALDI-TOF MS) devices has revolutionized the routine iden-
tification of microorganisms in clinical microbiology laboratories. The technique
generates characteristic mass spectral fingerprints as unique signatures for each
microbe. These biomarker peaks result from signals corresponding to highly
abundant conserved proteins (or typical fragments thereof), mostly ribosomal pro-
teins or proteins with housekeeping function (Croxatto et al. 2012). A small number
of unique peaks (5—10 markers) in a spectrum is usually enough to identify a microbe
at the genus and species level; larger numbers of characteristic peaks frequently even
serve subspecies identification and thus may be used for strain typing purposes.
Advantages of MS are the high-resolution speed of about one sample per minute and
a high degree of automation (Rodrigues Ribeiro Teles et al. 2010). Furthermore,
MS-based species identification is robust, cost-effective, fast, and does not require a
predefined target. This allows the identification of organisms from very diverse
groups, including fastidious bacteria, anaerobes, mycobacteria, fungi, viral
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pathogens, and even some kinds of pathogenic algae. The application of MS
methods to date still requires a single colony from culture, although work is in
progress to achieve bacterial identification directly from clinical samples (Croxatto
et al. 2012; Randell 2014; Kostrzewa et al. 2013).

For more than a decade PCR-based methods have been used for species iden-
tification through amplification of species-specific or strain-specific DNA sequen-
ces. The sequences targeted for such a PCR-based sequence typing are
housekeeping genes or the 16S rRNA gene and the 16S-23S rRNA gene spacer
region. Primer pairs specific for pathogenic microbes are used in multiplex PCR
assays. For the detection of uncharacterized or unknown species a pair of universal
primers can be used, most commonly designed to amplify the 16S rRNA gene
sequence (Cai et al. 2014).

3.2 Epidemiology

Next to hygienic measures the most powerful weapons against multidrug-resistant
infections are early diagnosis of antimicrobial resistance and the implementation of
effective surveillance and outbreak detection infrastructures. Investigations on the
epidemiology of the bacterial pathogens may uncover the spread and outbreak
reservoirs of multiresistant bacterial pathogens (Schiirch and Siezen 2010).

Molecular genotyping methods have provided new approaches for enhanced
surveillance and outbreak detection. These include multilocus sequence typing
(MLST, Maiden et al. 1998) that detects sequence variations within housekeeping
genes as universal discriminatory markers to infer genetic relationships between
various strains. The established sequence typing techniques such as MLST cannot,
however, produce the same discriminative power as whole-genome sequencing
(WGS) could (Koser et al. 2012).

3.3 Resistance Profiling

One of the key elements of pathogen characterization is antimicrobial resistance
profiling. The knowledge about resistances against and susceptibility to antimi-
crobial agents determines the course of patient treatment. Antibiotic susceptibility
test methods include agar and broth dilution as well as disk diffusion methods.
There are also commercial semiautomated antimicrobial susceptibility testing sys-
tems. These tests mostly detect the direct effect of antimicrobial drugs on growing
microorganisms. The disadvantage of conservative testing strategies is that they are
time-consuming.

The successful use of MS, especially MALDI-TOF MS, for the identification of
pathogens has encouraged further developments for pathogen characterization and
resistance profiling via MS. Rather than a direct detection of resistance conferring
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proteins, such as antibiotic-degrading enzymes, antimicrobial resistance can be
detected through characteristic peaks of antibiotic degradation products, that is
exemplified by the carbapenem antibiotics (Hrabak et al. 2011) and B-lactamase
antibiotics (Sparbier et al. 2012). The advantage of such an approach is that the
direct result of the antibiotic-degrading activity is traced.

Detection systems that are based on the identification of resistance conferring
genes by the use of DNA microarrays have been developed for more than a decade
(Call et al. 2003; Strauss et al. 2014). There are also PCR-based resistance tests
available. They test either for the presence of known resistance genes or for the
presence of point mutations that confer resistance. PCR-based testing methods
provide a fast time-to-result. This is particularly important for resistance profiling in
M. tuberculosis where culture-based resistance profiling may require several weeks
(Arnold et al. 2005). Other examples for molecular resistance profiling is the
identification of methicillin-resistant Staphylococcus aureus (MRSA) by the
detection of the mecA gene (van Belkum 2003) and the detection of carbapenemase
genes directly from blood culture bottles using real-time PCR (Francis et al. 2012).

Although already applied for susceptibility testing in a number of scientific
studies, whole genome sequencing (WGS) has not yet been introduced into clinical
microbiology. Reasons for this are high costs, long processing times, and the
requirement for trained and experienced personnel. A general problem for resis-
tance profiling based on sequence matching is that the prediction of antimicrobial
susceptibility is dependent upon the availability of a current and curated database of
reference sequences. Even if no known resistance gene or pathway is detected,
resistance against a particular antibiotic drug cannot be excluded. Thus, for at least
some time there will be a need for phenotypic verification of the results obtained by
genotypic resistance profiling (Dunne et al. 2012; Koser et al. 2012; Didelot et al.
2012). Transcriptome analysis provides information on the expression levels of
genes, and thus may aid the detection of resistance mechanisms that rely on the up-
or down-regulation of genes, as for instance the up-regulation of antibiotic efflux
pumps.

3.4 Virulence Factor Detection

A wide variety of virulence factors mediate bacterial pathogenicity and can cause
severe invasive infections. Knowledge of virulence factors and their mode of action
is important and can serve as prognostic markers at an early stage of the disease and
may provide information which is crucial to the decision for the treatment approach.
Virulence determinants might also be important targets for antimicrobial therapy:
Targeting bacterial virulence inhibits pathogenesis without placing a high selection
pressure on the target pathogen (Cegelski et al. 2008).
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4 Point-of-Care (POC) Testing

The majority of the infectious diseases are treatable, but simple, accurate, and stable
tests for their diagnosis are lacking. The challenge is to design tests for early
diagnosis, which are selective, specific, and fast on the one hand, but on the other
hand have to be easy-to-handle and technically robust.

The turnaround time of such diagnostic devices and tests has to be short. It is
important that the time which is required to perform a medical test is short enough
so that on the basis of the test results a safe decision of the required therapy can be
made and the patient can be send home with the proper medication.

A timely completion of testing with subsequent clinical decision and prompt
initiation of appropriate therapy is not only reducing morbidity and mortality in
patients, but also helps to slow down the emergence of virulent and resistant strains
(Myers et al. 2011; Pai et al. 2012) and reduces costs for healthcare system and
society.

For this reason the World Health Organization (WHO) has called for the
development of accurate and affordable diagnostic tests and describes the optimal
diagnostic test with the acronym ASSURED. The ASSURED criteria are
Affordable, Sensitive (yielding few false-negative results), Specific (yielding few
false-positive results), User-friendly (simply to perform and requiring minimal
training), Rapid (enabling treatment at first visit) and robust (not requiring storage
in a cold chain), Equipment-free, Deliverable (to those who need it) (WHO 2004).

5 Conclusions

Although the development of antibiotic drugs has to be urgently accelerated, the
development of fast and reliable diagnostic methods is of equal importance. A shift
from the traditional, established, but time-consuming methodologies of pathogen
identification to molecular biological test systems may be achieved in the next few
years. It seems obvious that molecular diagnostic methods are faster and offer much
more clinically relevant information about the pathogen than the traditional
culture-based methods, although comparative studies are required to prove this.
Several promising molecular methods for pathogen identification and charac-
terization are already in use, albeit yet rather in research laboratories, including
PCR- and microchip-based technologies and next generation sequencing (NGS).
Mass spectrometry (MS) has already made its way into diagnostic labs.
Whole-genome sequencing (WGS) has been introduced into clinical diagnostics
just recently. The potential of WGS for clinical microbiology is enormous, offering
possibilities not only for the identification of the species and clonal relatedness of
an organism, but also for the detection of resistance markers and virulence factors,
all in a single processing step. Genome-wide SNP detection, generation of
expression profiles via RNA-seq, and extraction of epidemiological data—features
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which cannot, or only to a limited extent, be produced by other analysis and
diagnostic techniques—are possible. As WGS does not require homogeneous
samples, metagenomics approaches will become applicable. Disadvantages are still
the high costs for the sequencing device, relatively high running costs and run
times, and the requirement of well-trained personnel to functionalize and interpret
the genome-wide data (Didelot et al. 2012; Dunne et al. 2012; Koser et al. 2012).

Nevertheless, the speed in the development of WGS techniques and the progress
made recently makes the vision of small easy-to-use tabletop WGS machines for
clinical use plausible. The development of hand-held sequencers such as the
MinION designed by Oxford Nanopore Technologies (Kilianski et al. 2015) or the
Freedom4 developed at Otago University demonstrates that there is a good chance
that WGS might develop into a gold standard for clinical microbiology in the next
few years.

References

Ackermann BL, Hale JE, Duffin KL (2006) The role of mass spectrometry in biomarker discovery
and measurement. Curr Drug Metab 5:525-539

Arnold C, Westland L, Mowat G et al (2005) Single-nucleotide polymorphism-based differen-
tiation and drug resistance detection in Mycobacterium tuberculosis from isolates or directly
from sputum. Clin Microbiol Infect 11:122-130

Balding DJ (2006) A tutorial on statistical methods for population association studies. Nat Rev
Genet 7:781-791

Banoei MM, Donnelly SJ, Mickiewicz B et al (2014) Metabolomics in critical care medicine: a
new approach to biomarker discovery. Clin Invest Med 37:E363-E376

Biomarkers Definitions Working Group (2001) Biomarkers and surrogate endpoints: preferred
definitions and conceptual framework. Clin Pharmacol Ther 69:89-95

Cai HY, Caswell JL, Prescott JF (2014) Nonculture molecular techniques for diagnosis of bacterial
disease in animals: a diagnostic laboratory perspective. Vet Pathol 51:341-350

Call DR, Bakko MK, Krug MJ et al (2003) Identifying antimicrobial resistance genes with DNA
microarrays. Antimicrob Agents Chemother 47:3290-3295

Cegelski L, Marshall GR, Eldridge GR et al (2008) The biology and future prospects of
antivirulence therapies. Nat Rev Microbiol 6:17-27

Chen PE, Shapiro BJ (2015) The advent of genome-wide association studies for bacteria. Curr
Opin Microbiol 25:17-24

Classen S, Staratschek-Jox A, Schultze JL (2008) Use of genome-wide high-throughput
technologies in biomarker development. Biomark Med 2:509-524

Collino S, Martin FP, Rezzi S (2013) Clinical metabolomics paves the way towards future
healthcare strategies. Br J Clin Pharmacol 75:619-629

Croxatto A, Prod’hom G, Greub G (2012) Applications of MALDI-TOF mass spectrometry in
clinical diagnostic microbiology. FEMS Microbiol Rev 36:380-407

Dellinger RP, Levy MM, Rhodes A et al, Surviving Sepsis Campaign Guidelines Committee
including the Pediatric Subgroup (2012) Surviving sepsis campaign: international guidelines
for management of severe sepsis and septic shock: 2012. Crit Care Med 41:580-637

Didelot X, Bowden R, Wilson DJ et al (2012) Transforming clinical microbiology with bacterial
genome sequencing. Nat Rev Genet 13:601-612

Dittmar G, Selbach M (2015) SILAC for biomarker discovery. Proteomics Clin Appl 9:301-306



Diagnostics and Resistance Profiling of Bacterial Pathogens 101

Dunne WM Jr, Westblade LF, Ford B (2012) Next-generation and whole-genome sequencing in
the diagnostic clinical microbiology laboratory. Eur J Clin Microbiol Infect Dis 31:1719-1726

Endimiani A, Hujer KM, Hujer AM et al (2011) Are we ready for novel detection methods to treat
respiratory pathogens in hospital-acquired pneumonia? Clin Infect Dis 52(Suppl 4):S373-S383

European Commission (2010) Biomarkers for patient stratification. http://ec.europa.eu/research/
health/pdf/biomarkers-for-patient-stratification_en.pdf

Farhat MR, Shapiro BJ, Kieser KJ et al (2013) Genomic analysis identifies targets of convergent
positive selection in drug-resistant Mycobacterium tuberculosis. Nat Genet 45:1183-1189

Fitousis K, Moore LJ, Hall J et al (2010) Evaluation of empiric antibiotic use in surgical sepsis.
Am J Surg 200:776-782

Francis RO, Wu F, Della-Latta P et al (2012) Rapid detection of Klebsiella pneumoniae
carbapenemase genes in enterobacteriaceae directly from blood culture bottles by real-time
PCR. Am J Clin Pathol 137:627-632

Garnacho-Montero J, Garcia-Garmendia JL, Barrero-Almodovar A et al (2003) Impact of adequate
empirical antibiotic therapy on the outcome of patients admitted to the intensive care unit with
sepsis. Crit Care Med 31:2742-2751

He QY, Chiu JF (2003) Proteomics in biomarker discovery and drug development. J Cell Biochem
89:868-886

Hrabak J, Walkova R, Studentova V et al (2011) Carbapenemase activity detection by
matrix-assisted laser desorption ionization-time of flight mass spectrometry. J Clin Microbiol
49:3222-3227

Infectious Diseases Society of America (2011) An unmet medical need: rapid molecular
diagnostics tests for respiratory tract infections. Clin Infect Dis 52(Suppl 4):S384-S395

Kilianski A, Haas JL, Corriveau EJ et al (2015) Bacterial and viral identification and differentiation
by amplicon sequencing on the MinION nanopore sequencer. Gigascience 4:12

Koéser CU, Ellington MJ, Cartwright EJ et al (2012) Routine use of microbial whole genome
sequencing in diagnostic and public health microbiology. PLoS Pathog 8:¢1002824

Kostrzewa M, Sparbier K, Maier T et al (2013) MALDI-TOF MS: an upcoming tool for rapid
detection of antibiotic resistance in microorganisms. Proteomics Clin Appl 7:767-778

Kumar A, Roberts D, Wood KE et al (2006) Duration of hypotension before initiation of effective
antimicrobial therapy is the critical determinant of survival in human septic shock. Crit Care
Med 34:1589-1596

Lawn SD, Mwaba P, Bates M et al (2013) Advances in tuberculosis diagnostics: the Xpert
MTB/RIF assay and future prospects for a point-of-care test. Lancet Infect Dis 13:349-361

Leekitcharoenphon P, Nielsen EM, Kaas RS et al (2014) Evaluation of whole genome sequencing
for outbreak detection of Salmonella enterica. PLoS ONE 9:e87991

Liotta LA, Ferrari M, Petricoin E (2003) Clinical proteomics: written in blood. Nature 425:905

Livermore DM, Wain J (2013) Revolutionising bacteriology to improve treatment outcomes and
antibiotic stewardship. Infect Chemother 45:1-10

MacArthur RD, Miller M, Albertson T et al (2004) Adequacy of early empiric antibiotic treatment
and survival in severe sepsis: experience from the MONARCS trial. Clin Infect Dis 38:284—
288

Maiden MC, Bygraves JA, Feil E et al (1998) Multilocus sequence typing: a portable approach to
the identification of clones within populations of pathogenic microorganisms. Proc Natl Acad
Sci USA 95:3140-3145

Mardis ER (2008) Next-generation DNA sequencing methods. Annu Rev Genomics Hum Genet
9:387-402

Mardis ER (2013) Next-generation sequencing platforms. Annu Rev Anal Chem 6:287-303

Myers FB, Henrikson RH, Xu L et al (2011) A point-of-care instrument for rapid multiplexed
pathogen genotyping. Conf Proc IEEE Eng Med Biol Soc 2011:3668-3671

Pai NP, Vadnais C, Denkinger C et al (2012) Point-of-care testing for infectious diseases:
diversity, complexity, and barriers in low- and middle-income countries. PLoS Med 9:
€1001306


http://ec.europa.eu/research/health/pdf/biomarkers-for-patient-stratification_en.pdf
http://ec.europa.eu/research/health/pdf/biomarkers-for-patient-stratification_en.pdf

102 K. Hornischer and S. HaufB3ler

Pritchard JK, Donnelly P (2001) Case-control studies of association in structured or admixed
populations. Theor Popul Biol 60:227-237

Rai AJ (2007) Biomarkers in translational research: focus on discovery, development and
translation of protein biomarkers to clinical immunoassays. Expert Rev Mol Diagn 7:545-553

Randell P (2014) It’s a MALDI but it’s a goodie: MALDI-TOF mass spectrometry for microbial
identification. Thorax 69:776-778

Read TD, Massey RC (2014) Characterizing the genetic basis of bacterial phenotypes using
genome-wide association studies: a new direction for bacteriology. Genome Med 6:109

Reinhart K, Hartog CS (2010) Biomarkers as a guide for antimicrobial therapy. Int J Antimicrob
Agents 36:517-S21

Rodrigues Ribeiro Teles FS, de Tavora Pires, Tavira LA, Pina da Fonseca LJ (2010) Biosensors as
rapid diagnostic tests for tropical diseases. Crit Rev Clin Lab Sci 47:139-169

Schiirch AC, Siezen RJ (2010) Genomic tracing of epidemics and disease outbreaks. Microb
Biotechnol 3:628-633

Soo Hoo GW, Wen YE, Nguyen TV et al (2005) Impact of clinical guidelines in the management
of severe hospital-acquired pneumonia. Chest 128:2778-2787

Sparbier K, Schubert S, Weller U et al (2012) Matrix-assisted laser desorption ionization-time of
flight mass spectrometry-based functional assay for rapid detection of resistance against
B-lactam antibiotics. J Clin Microbiol 50:927-937

Strauss C, Endimiani A, Perreten V (2014) A novel universal DNA labeling and amplification
system for rapid microarray-based detection of 117 antibiotic resistance genes in Gram-positive
bacteria. J Microbiol Methods 108:25-30

van Belkum A (2003) Molecular diagnostics in medical microbiology: yesterday, today and
tomorrow. Curr Opin Pharmacol 3:497-501

van Dijk EL, Auger H, Jaszczyszyn Y et al (2014) Ten years of next-generation sequencing
technology. Trends Genet 30:418-426

Wallis RS, Pai M, Menzies D et al (2010) Biomarkers and diagnostics for tuberculosis: progress,
needs, and translation into practice. Lancet 375:1920-1937

World Health Organization (2004) Mapping the landscape of diagnostics for sexually transmitted
infections. http://www.who.int/tdr/publications/documents/mapping-landscape-sti.pdf

Zhao YY, Cheng XL, Lin RC et al (2015) Lipidomics applications for disease biomarker discovery
in mammal models. Biomark Med 9:153-168

Zignol M, van Gemert W, Falzon D et al (2012) Surveillance of anti-tuberculosis drug resistance
in the world: an updated analysis, 2007-2010. Bull World Health Organ 90:111-119D

Zolg JW, Langen H (2004) How industry is approaching the search for new diagnostic markers
and biomarkers. Mol Cell Proteomics 3:345-354


http://www.who.int/tdr/publications/documents/mapping-landscape-sti.pdf

Use of Antibiotics and Antimicrobial
Resistance in Veterinary Medicine

as Exemplified by the Swine Pathogen
Streptococcus suis

Maren Seitz, Peter Valentin-Weigand and Jorg Willenborg

Abstract Use of antimicrobial agents in veterinary medicine is essential to control
infectious diseases, thereby keeping animals healthy and animal products safe for the
consumer. On the other hand, development and spread of antimicrobial resistance is
of major concern for public health. Streptococcus (S.) suis reflects a typical bacterial
pathogen in modern swine production due to its facultative pathogenic nature and
wide spread in the pig population. Thus, in the present review we focus on certain
current aspects and problems related to antimicrobial use and resistance in S. suis as
a paradigm for a bacterial pathogen affecting swine husbandry worldwide. The
review includes (i) general aspects of antimicrobial use and resistance in veterinary
medicine with emphasis on swine, (ii) genetic resistance mechanisms of S. suis
known to contribute to bacterial survival under antibiotic selection pressure, and
(iii) possible other factors which may contribute to problems in antimicrobial therapy
of S. suis infections, such as bacterial persister cell formation, biofilm production,
and co-infections. The latter shows that we hardly understand the complexity of
factors affecting the success of antimicrobial treatment of (porcine) infectious dis-
eases and underlines the need for further research in this field.

Contents

1 Introduction to the Use of Antimicrobial Agents in Swine Husbandry .........c..ccccceceeene 104
2 General Aspects of Antimicrobial Resistance in Veterinary Medicine............ccccccevevenenene 106
3 Streptococcus suis as a Major Pathogen in Swine

Antimicrobial ReSIStanCe i S. SULS.......cceeevieieeeireeeeeeeeeecte ettt ete e eae e eveeeaseeeaeens

IS

M. Seitz - P. Valentin-Weigand (D<) - J. Willenborg

Institute for Microbiology, University of Veterinary Medicine,
Bischofsholer Damm 15, 30173 Hannover, Germany

e-mail: Peter.Valentin@tiho-hannover.de

M. Seitz
e-mail: Maren.Seitz@tiho-hannover.de

J. Willenborg
e-mail: Joerg.Willenborg @tiho-hannover.de

Current Topics in Microbiology and Immunology (2016) 398: 103-121
DOI 10.1007/82_2016_506

© Springer International Publishing AG 2016

Published Online: 21 September 2016



104 M. Seitz et al.

5 Mechanisms and Spread of Antimicrobial Resistance in S. SUiS .......ccccccevvivirenieiicnnnnne. 110
6 Phenotypic Antimicrobial Tolerance Of S. SULS ......cccveerirerieiiririreeeee e 111
7 Possible Impact of Co-infections on Antimicrobial Therapy and Resistance of S. suis... 112
8 Conclusions and OULIOOK ..........ccciiiiiiiiiiiiii 115
References

1 Introduction to the Use of Antimicrobial Agents
in Swine Husbandry

Antimicrobial agents are widely used in the treatment of food-producing animals
(Wassenaar 2005), since they are important to control infectious diseases, thereby
allowing economic production of healthy animals and animal products which are
safe for the consumer. However, use of antimicrobials bear a risk for the devel-
opment of antimicrobial resistance in bacteria (Hao et al. 2014), which is of major
concern in public health. The “One-Health” concept should promote the integration
of public health, veterinary disease, food, and environmental surveillance to
strengthen the detection and control of bacterial resistance.

The enactment of several political restrictions on the use of antimicrobials is an
attempt to restrict the amount of antibiotics in veterinary medicine in order to reduce
the increase in antimicrobial resistance. In the EU the use of antimicrobials as growth
promotors was banned in 2006. Taiwan and Mexico have similar restrictions but
with some exceptions for several antibiotics. Nevertheless, in many countries,
including the USA, Australia, and many Asian countries, antimicrobials are still
frequently used for growth-enhancing purposes (Maron et al. 2013). Sweden was the
pioneer in antimicrobial control policies and restricted use as early as 1986, followed
by Denmark in 2000 (Aarestrup 2012). Following, the use of antimicrobials in
food-producing animals without veterinary prescriptions was prohibited in the EU,
Taiwan, Mexico, and also in Japan, Hong Kong, and Brazil. More recently, several
nationwide antibiotic resistance strategies and systems have been established to
monitor, control, and reduce antimicrobial use in food-producing animals more
efficiently, such as in Germany the Deutsche Antibiotika-Resistenzstrategie (DART)
(2010), the Swedish Veterinary Antimicrobial Resistance Monitoring (SVARM)
(2012), the Austrian report on antimicrobial resistance (AURES) (2012), the
Monitoring of Antimicrobial Resistance and Antibiotic Usage in Animals in the
Netherlands (MARAN) (2013), and the Danish Integrated Antimicrobial Resistance
Monitoring and Research Program (DANMAP) (2013), respectively (van Rennings
et al. 2014, 2015). Of note, in Germany veterinarians are allowed to dispense
medical products such as the delivery of antimicrobials to the animal owner for a
distinct purpose via self-administration, but consumption of antimicrobials has to be
documented by means of the German pharmaceutical law. On the other hand, in
contrast to some other (European) countries, prophylactic administration of
antimicrobials is prohibited in Germany.
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Nevertheless, a wide range of antibiotics are used in pig husbandry for targeted
prophylactic (individual pigs), metaphylactic (herd treatment), and therapeutic use
after veterinary prescription (Barton 2014). In a recent study on the antimicrobial
use on 495 pig farms in Germany by van Rennings et al. (2015), tetracyclines were
most commonly used, followed by beta-lactams and trimethoprim-sulfonamides
(van Rennings et al. 2014, 2015). According to the WHO (2011) highest priority
critically important antimicrobials used for specific infections in humans, like
fluochinolones, cephalosporins, glycopeptides, and aminoglycoside antimicrobials,
were infrequently used. In contrast, macrolides, which are also especially important
for human medicine, were still moderately used in 2011 in Germany and Austria
(Trauffler et al. 2014; van Rennings et al. 2014, 2015). In good agreement, sales
quantities of antimicrobial substances showed the same ranking in 2011 in
Germany (van Rennings et al. 2014, 2015). A similar distribution of antimicrobial
consumption was observed in 10 investigated European countries in 2007, in which
tetracyclines were most often sold in relation to the biomass of food-producing
animals (including pigs, poultry, and cattle). In all investigated countries, except for
Switzerland and the UK, beta-lactams were ranked second and
trimethoprim-sulfonamides third. Most of the antimicrobial substances were sold in
the Netherlands, followed by France. In the UK, Czech Republic, Switzerland, and
Germany sales volumes were comparable and at the third position, followed by
Denmark. Antimicrobials were less frequently used in Finland, Sweden, and
Norway, which reflects a less intensive pig industry in these countries (Grave et al.
2010). In the Australian and Canadian pig industry sulfonamides, tetracyclines, and
penicillines were the most widely used antimicrobial compounds in the recent years
(Jordan et al. 2009; Rajic et al. 2006). According to a statement by the German
“Federal Office of Consumer Protection and Food Safety” in 2014 the delivery
quantities of all antimicrobial substances in Germany were 15 % lower than in 2011
with penicillins being more frequently used than tetracyclines. However, the overall
decrease should be interpreted with care since quantities of third generation
cephalosporines and fluorchinolones increased. Especially fluorchinolones were
licensed for much lower dosages (2.5-10 mg per kg body weight) when compared
to, e.g., tetracyclines (up to 80 mg per kg body weight) in cases of antibiotic
therapy (Wallmann et al. 2015). This in an example how such data may be
underestimated in terms of effective antibiotic treatments that actually occurred in
the field. In order to more precisely interpret annual delivery quantities of antimi-
crobial substances in the future (also retrospectively), surveillance programs need to
define comparable standards. Good examples are the definitions ‘treatment unit’
(number of treatments per active ingredient per animal and per day) and ‘treatment
frequency’ (the number of treatment days per active ingredient per animal),
respectively, which allow to record the actual use of antimicrobial substances in
animal husbandry in a more comparable and reliable manner (van Rennings et al.
2015).

Based on projections more than 1300 tons of antimicrobial substances were used
in food-producing animals (pigs, broiler chicken, cattle) in Germany in 2011, of
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which the majority (974.5 tons) was administrated to pigs (van Rennings et al.
2014). On pig farms, respiratory diseases were by far the most reported indication
for the consumption of antimicrobials by pigs of all age groups. For piglets,
weaners, and fattening pigs, intestinal diseases are the second most indication for
antimicrobial use, whereas reproductive disorders are more important in sows (van
Rennings et al. 2015). Based on different age groups within the pig population,
piglets were treated on average most frequently with 14.7 of 100 days (standardized
period), followed by weaners (6.6/100), fatting pigs (3.7/100), and at least sows
(0.9/100) on German pig farms in 2011 (van Rennings et al. 2015). Most of the
antimicrobials were administrated via the oral route as feed components (98 %),
whereas only 2 % were applied by intramuscular injection (Callens et al. 2012;
Timmerman et al. 2006; van Rennings et al. 2015). For in-feed applications higher
doses are necessary to reach efficient treatment concentrations, leading to a con-
siderable higher antimicrobial consumption. Of importance, a study on consump-
tion of antimicrobial substances in Belgium revealed that 50-75 % of all orally
administrated antimicrobials were underdosed, whereas 90 % of injectable
antimicrobials were overdosed (Timmerman et al. 2006). Taken together, tetracy-
clines, beta-lactams, and trimethoprim-sulfonamides are the most commonly used
antimicrobial substances in pig husbandry, and piglets were most frequently treated,
at least in Germany.

2 General Aspects of Antimicrobial Resistance
in Veterinary Medicine

The use of antimicrobial substances and possibly associated increasing resistance of
bacteria is an emerging problem in animal husbandry worldwide. Resistant bacteria
are not only a major concern for animal health but have also been identified as a risk
factor for the development of antimicrobial resistance in human infections.
Consumption of animal products or exposure to resistant bacteria by direct contact
might function as a source of antimicrobial resistance. For each approved antimi-
crobial agent, an individual dosage (mg/kg body weight), application route,
application duration, and, if applicable, reapplications are defined, based on the
specific minimal inhibitory concentration (MIC, in pg/ml) breakpoints and phar-
macokinetic data of the respective antimicrobial substance. The Clinical and
Laboratory Standards Institute (CLSI) publishes MIC breakpoints of antimicrobials
commonly used in veterinary medicine for several, but not all pathogens. According
to the CLSI criteria, MIC breakpoints are interpreted by the laboratory as “sus-
ceptible,” “resistant,” or “intermediate.” A classification as “susceptible” indicates
that the respective antimicrobial substance used in the recommended dosage for the
particular animal and bacterial species is sufficient to inhibit bacterial growth at the
infected tissue site (Leekha et al. 2011). As an example, for tetracycline (which is
frequently used in pig husbandry) a “susceptible” MIC breakpoint of <0.5 pg/ml,
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an “intermediate” MIC breakpoint of 1 pug/ml, and a “resistant” breakpoint
of >2 pg/ml were defined for Streptococcus suis. Moreover, the MIC is commonly
used in diagnostic laboratories to determine resistance of bacteria for further
treatment advices (Andrews 2001). Nevertheless, the MIC has some limitations. For
instance, the required concentrations determined in vitro may be not sufficient to
inactivate the respective bacteria in vivo, or the achieved concentration of the
antimicrobial substance in the target tissue is too low to inhibit bacterial growth
efficiently. Furthermore, the MIC is always species-specific or even specific for an
individual bacterial strain, serotype, or isolate (Leekha et al. 2011). Gradually
increasing MIC values of bacterial isolates are of interest and may be indicative of
an emerging antimicrobial resistance phenotype of a bacterial species (Callens et al.
2013).

3 Streptococcus suis as a Major Pathogen in Swine

S. suis is the most important bacterial cause of meningitis in pigs worldwide and a
major porcine pathogen leading to high economical losses in pig husbandry.
Efficient treatment and prevention of S. suis infections is of crucial interest in pig
husbandry and, thus, contributes substantially to antimicrobial use in swine
(Goyette-Desjardins et al. 2014). The pathogen causes diseases in pigs of different
ages, including suckling and weaning piglets as well as growers. Importantly, S.
suis is a colonizer of mucosal surfaces, in particular the upper respiratory tract and,
thus, healthy carrier piglets are the major reservoir (Clifton-Hadley and Alexander
1980). Notably, S. suis might also cause zoonotic infections, such as meningitis,
septicemia, endocarditis and other diseases in humans. Close contact with pigs,
wild boars or pork is considered to be an important risk factor for this zoonosis
(Arends and Zanen 1988; Baums et al. 2007). In Asia, S. suis is classified as an
emerging zoonotic pathogen as it was involved in two large outbreaks of severe
human infections in 1998 and 2005 in China, and it is currently considered as one
of the most important causes of bacterial meningitis in adults (Mai et al. 2008;
Wertheim et al. 2009). For further details on the zoonotic potential of S. suis, the
reader is referred to recent reviews (Fulde and Valentin-Weigand 2013; Gottschalk
et al. 2007; Lun et al. 2007). Pigs of any age can be infected, but susceptibility
generally decreases with age following weaning. Outbreaks occur usually due to the
introduction of a carrier into the herd. Within a carrier herd, outbreaks occur
especially in young animals disposed to stress conditions. As S. suis is a facultative
pathogen, different biotic and abiotic factors such as virus infections, corrosive
gases, and crowding are thought to promote S. suis diseases in modern swine
production.

Several modes of transmission between animals in a herd have been suggested.
Piglets born to sows with genital infection may acquire the infection vertically
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(Amass et al. 1997). Transmission can also occur by contact (Berthelot-Herault
et al. 2001), or by infection through the navel, genital, or alimentary tract (Staats
et al. 1997). Colonized pigs will usually harbor the bacteria in their tonsils. Some
animals will remain healthy carriers, whilst other will sooner or later develop
clinical signs (Gottschalk and Segura 2000). Morbidity rarely exceeds 5 %,
although it can reach more than 50 % in cases of poor hygiene and concurrent
disease (Staats et al. 1997). With appropriate treatment mortality is usually low (ca.
5 %), but can be up to 20 % in untreated herds. The preferred antimicrobials used
for treatment of S. suis infections in pigs are beta-lactams (penicillin, ceftriaxone, or
ceftiofur) and fluoroquinolones (enrofloxacin) (Day et al. 2015; Yao et al. 2014). In
humans similar antimicrobial agents are used often in combination with dexam-
ethasone administration (Mai et al. 2008).

4 Antimicrobial Resistance in S. suis

A comprehensive review on the resistance patterns for S. suis isolates from various
countries of the most commonly use antimicrobial substances in the pig industry
was published in 2013 (Varela et al. 2013). This retrospective study includes
various data of different years and time periods (1992-2008) as well as different
isolates, serotypes, and sources, including porcine and human isolates from clini-
cally healthy as well as diseased individuals. For more detailed data the reader is
referred to this review (Varela et al. 2013).

Resistance of S. suis against tetracycline is common in all countries worldwide,
but geographical differences occur (Soares et al. 2014; Varela et al. 2013). High
levels of tetracycline resistance were found in North America, Asia, and some
European countries like Germany, Spain, and Portugal ranging from 86.9 up to
100 % resistance. In all other European countries a moderate tetracycline resistance
was reported (40.3-73.3 %). In contrast, due to early use prohibition, tetracycline
resistance is very low in Sweden (7.7 %) (Aarestrup et al. 1998). Nevertheless, up
to 90 % resistance for tetracycline was reported for human S. suis isolates, espe-
cially in Asia where a significant increase in resistance to tetracycline was found in
human patients suffering from meningitis (Hoa et al. 2011; Ma et al. 2008;
Strangmann et al. 2002). One hundred percent tetracycline resistance was also
reported in a recent study in S. suis strains isolated from a Chinese pig farm, and a
significant association between the prevalence of the ferO gene and sequence type 1
isolates was observed (Huang et al. 2015). Interestingly, resistance of S. suis to
beta-lactams, like penicillin and ampicillin, the second most frequently used
antimicrobial subclass, was relatively low in all investigated countries (0-27 and 0—
23 %, respectively). Likewise, all tested human isolates from clinically healthy and
diseased patients were susceptible to penicillin (Huang et al. 2015; Marie et al.
2002; Varela et al. 2013).
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Notably, increasing macrolide and lincosamide resistance rates were found
worldwide. Varela et al. 2013 observed a high prevalence of erythromycin (mac-
rolide) and clindamycin (lincosamide) resistance in North America (67.2-82 and
40-91 %, respectively). In European countries erythromycin resistance showed a
regional variation ranging from 8 up to 75 % resistance and clindamycin resistance
was only investigated in the Netherlands (8 %) and Spain (87.4 %). Nevertheless,
erythromycin as well as clindamycin resistance was low in human patients and
healthy carrier pigs in Germany (Varela et al. 2013). S. suis isolates from Asian pigs
and humans were moderately resistant (~20 %), except for Hong Kong where
more than 90 % of the tested isolates were resistant (Varela et al. 2013). Moreover,
a high level of resistance to tylosin was found in Spain (89.4 %) and the USA
(~80 %). Rapidly increasing resistant rates to macrolides (erythromycin, azi-
thromycin, tyosin, and tilmicosin) of S. suis strains isolated between 2005 and 2010
were also found in China and erythromycin resistance in S. suis sequence type 1
strains was significantly associated with the prevalence of the ermB gene (Huang
et al. 2015).

Moderate antimicrobial susceptibility of S. suis to trimethoprim-sulfonamides,
the third commonly used antimicrobial in pig industry, was found worldwide (0—
59.1 %) (Varela et al. 2013). In contrast all tested S. suis strains isolated from
clinically healthy pigs in Brazil between 2009 and 2010 were resistant to
trimethoprim-sulfonamides (Soares et al. 2014).

None of the studies revealed significant differences between the proportion of
resistant strains isolated from clinically diseased and clinically healthy pigs, thus
antimicrobial resistance seems not to be related to virulence (Huang et al. 2015;
Marie et al. 2002). Nevertheless, in a recent study on antimicrobial susceptibility of
S. suis isolates to commonly used antimicrobials it was found that among all tested
strains nearly all isolates (99.61 %) were classified as multidrug resistant (resistant
to >3 antimicrobial agents), of which 9 strains were resistant to all 16 tested
antimicrobial substances (Soares et al. 2014). Recently, the plasmid-born
multi-resistant genes cfr, which encodes a methyltransferase that modifies 23S
rRNA at A2503, and fexA a chloramphenicol/florfenicol efflux protein were iden-
tified in a S. suis isolate. These genes confer resistance to five chemically unrelated
antimicrobial classes, including phenicols, lincosamides, oxazolidinones, pleuro-
mutilins, and streptogramin. Likewise, this isolate exhibited high MIC values for
florfenicol, clindamycin, tiamulin, tetracycline, and erythromycin (Long et al. 2006;
Wang et al. 2013b). Such genetic elements may cause and transfer multi-resistant
phenotypes to S. suis.

Geographical variations of antimicrobial resistant patterns of S. suis may be due
to the use of different antimicrobial substances and/or regional different use pro-
hibition of several antibiotics. Furthermore, a various actual or investigated ser-
otype distribution has to be taken into consideration. Nevertheless, classification of
different resistotypes of S. suis did not correlate with specific S. suis serotypes
(Soares et al. 2014).
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5 Mechanisms and Spread of Antimicrobial Resistance
in S. suis

The different molecular mechanisms determining bacterial resistance can be
roughly divided into three groups according to their mode of action: (i) minimiza-
tion of the intracellular concentration of the antimicrobial due to intrinsic means
(for example antibiotics (e.g., vancomycin) that cannot cross the outer membranes
of Gram-negatives) or by active efflux of the compound, (ii) genetic or posttrans-
lational modification of the bacterial target attacked by the antibiotic, and (iii) in-
activation of the antibiotic itself by hydrolysis or modification (Blair et al. 2015).
Despite the emergence of (multi)-drug-resistant S. suis strains in the recent past (Ge
et al. 2012; Hu et al. 2011; Palmieri et al. 2011b), molecular mechanisms of
resistance have not been well documented for S. suis so far. Nevertheless, examples
for resistance determinants belonging to one of these groups have been described
for S. suis. Especially the high percentage of tetracycline and macrolide resistance
found in S. suis strains worldwide is attributed to genes encoding for ribosomal
modification reactions or efflux pumps. Examples are erm (macrolide), tet(M), tet
(0), tet(Q), tet(T), tet(W) (all for tetracycline resistance; capital letter code distin-
guishes different classes of respective tetracycline resistance genes) and mef
(macrolide), tet(K), tet(L) (all for tetracycline resistance) genes, respectively (Hoa
et al. 2011; Palmieri et al. 201 1a). Furthermore, S. suis may inactivate lincosamides
since a reconstituted Inu(E) gene product is able to catalyze the nucleotidylation of
lincomycin (Zhao et al. 2015). For further details on the molecular mechanisms
involved in antimicrobial resistance of S. suis to antimicrobial substances men-
tioned in the previous chapter the reader is referred to comprehensive review
articles (Palmieri et al. 2011b; Varela et al. 2013). Here, we focus on elements that
may be crucial for effective antibiotic treatment of S. suis infections or even spread
of antibiotic resistance genes in the future. Hence, Wang et al. (2013) identified a
multiresistance (cfr) gene in S. suis for which homologous genes of other patho-
genic bacteria have been reported to confer resistance to five chemically unrelated
antimicrobial classes, including phenicols, lincosamides, oxazolidinones, pleuro-
mutilins, and streptogramin A (Shen et al. 2013). The exogenous localisation of the
cfr gene on a plasmid, named pStrcfr, augments the probability of spreading among
other S. suis strains, although this has not yet been documented. Additional means
of rapid spread of antimicrobial resistance traits in S. suis are mobile genetic ele-
ments carrying resistance genes, such as transposons (Hoa et al. 2011; Takamatsu
et al. 2003) and integrative and conjugative elements (ICE) (Holden et al. 2009;
Palmieri et al. 2013, 2012). ICEs are self-transmissible, mobile genetic elements
that retain the ability to undergo excision of the bacterial nucleoid and transfer by
conjugation to other bacteria. For example, the S. suis ICESsu32457 element carries
tetracycline, erythromycin, and aminoglycoside resistance genes and is transferable
at high frequency within species and, even more alarming, between species
(Streptococcus agalactiae, Streptococcus pyogenes, and Streptococcus pneumo-
niae) level (Marini et al. 2015; Palmieri et al. 2012).



Use of Antibiotics and Antimicrobial Resistance in Veterinary ... 111

Taken together the existence of S. suis genes coding for resistance against
intensively used antimicrobials in veterinary medicine such as teracyclines, sul-
fonamides, and macrolides (van Rennings et al. 2015; Varela et al. 2013), as well as
the occurrence of a multiresistance gene and the possibility of rapid spread of
resistances by mobile genetic elements suggest that S. suis may serve as a ‘resis-
tance reservoir’ for other veterinary pathogens or even human pathogenic
streptococci.

6 Phenotypic Antimicrobial Tolerance of S. suis

As described above genetic resistance is accomplished by specific genes conferring
antimicrobial resistance. In contrast, phenotypic tolerance describes the phenomenon
that a certain bacterial subpopulation within a clonal but antibiotic sensitive bulk of a
bacterial population can survive antimicrobial concentrations vastly exceeding the
MIC. This subpopulation, predominately consisting of so-called persister cells, is
genetically identical but phenotypically heterogeneous. Physiologically, persisters
are thought to constitute a dormant or quiescent cell state that makes them temporally
tolerating comparatively high concentrations of antimicrobials. Nevertheless, per-
sisters can switch back from the dormant and antibiotic tolerating into a replicating
and antibiotic sensitive stage. Persister cell formation can occur in two ways. First,
bacterial cells can switch stochastically to a persistent state prior to any environ-
mental change (Balaban et al. 2013; Kussell and Leibler 2005). Second, environ-
mental sensing of a stochastically built subpopulation ensures the acquisition of an
antibiotic tolerating phenotype in response to an environmental trigger (phenotype
diversification), which resembles the mechanism of type I persisters (Balaban et al.
2004; Kotte et al. 2014). Since the first report by Bigger in 1944, bacterial persister
cells have been described for numerous pathogenic species, including Escherichia
coli, Staphylococcus aureus, Pseudomonas aeruginosa, Mycobacterium tuberculo-
sis, and S. suis (Lewis 2007, 2010; Willenborg et al. 2014). Although the clinical
relevance of S. suis persisters is yet speculative, persister cell formation and their
multidrug tolerance has been demonstrated in vitro (Willenborg et al. 2014). In line
with the observations of other persister studies, S. suis persisters were found to be
predominately formed in the stationary growth phase by a mechanism resembling
that of type I persisters. These persisters were able to tolerate, e.g., concentrations of
100-fold MIC amoxicillin, which is one of the mostly used antibiotics in pig hus-
bandry in Germany (van Rennings et al. 2015). Additional studies are needed to
characterize persister cells of S. suis in more detail and to evaluate their relevance for
antibiotic tolerance of S. suis in the pig.

In general, the mechanism of phenotypic heterogeneity is considered a
bet-hedging strategy and ensures survival of a bacterial population in adverse
conditions, such as antibiotic treatments (Veening et al. 2008). In line with this,
phenotypic heterogeneity might also help to explain the different subsets of
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bacterial cells, including persisters, found in antibiotic tolerating biofilms (Lewis
2008; Spoering and Lewis 2001; Stewart and Franklin 2008). Biofilms are
matrix-enclosed microbial populations that colonize biological or nonbiological
surfaces (Hall-Stoodley et al. 2004). Biofilm formation allows bacterial survival
under inhospitable conditions and can protect pathogenic bacteria from clearance by
the host immune system and/or by antibiotics. For many bacterial species persister
cells have been found in biofilms (Cohen et al. 2013; Keren et al. 2004; Lewis
2007, 2008; Shapiro et al. 2011; Singh et al. 2009; Spoering and Lewis 2001). This
indicates a clinical relevance of persister cells and their impact on persistent and/or
recurrent infections after antibiotic therapy (Lewis 2007; Shapiro et al. 2011;
Spoering and Lewis 2001). Although clinical data on recurrent S. suis infections or
in vivo biofilm formation in pigs are missing, biofilm formation has also been
shown for certain S. suis strains in vitro. In comparison to planktonic grown bac-
teria, biofilms exhibited strongly elevated MBC (minimal bactericidal concentra-
tion) values for penicillin G and ampicillin (Bonifait et al. 2008; Grenier et al.
2009a; Olson et al. 2002). In this regard, one may speculate that S. suis persister
cells within biofilm structures may contribute to the high drug tolerance of colo-
nizing biofilms, as has been described for Pseudomonas aeruginosa persister cells
(Spoering and Lewis 2001). To date, there is no experimental evidence for biofilm
formation of S. suis in vivo, but the observation that the S. suis colonization rate of
porcine tonsils is nearly 100 % suggests a contribution of streptococcal biofilm
formation to this phenotype (Brisebois et al. 1990; Maclnnes et al. 2008). Thus, a
study reporting unsuccessful elimination of the tonsillar carrier state of S. suis in
swine by antibiotic treatment with penicillin, ampicillin, or ceftiofur may be an
indirect hint for the formation of antibiotic-tolerating biofilms of S. suis (Amass
et al. 1996). Though more studies are needed to elucidate the role of S. suis biofilms
and persisters in vivo, we think that, in addition to genetic resistance, phenotypic
variations of S. suis conferring antibiotic tolerance should be considered as possible
explanations for noneffective antibiotic therapies.

7 Possible Impact of Co-infections on Antimicrobial
Therapy and Resistance of S. suis

Current studies on the failure of antibacterial therapy and resistance mechanisms of
bacteria are mainly focusing on mono-infections, i.e., single pathogens, though
patients are often co-infected with different pathogens. Furthermore, interactions of
pathogens with commensal microbiota have been shown to be involved in bacterial
colonization and pathogenicity. However, possible effects of interactions between
different pathogens and between pathogens and commensal microorganisms on the
efficiency of antimicrobial therapy have just begun to be studied in more detail
(Birger et al. 2015).
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Regarding S. suis infections in pigs, the upper respiratory tract is a reservoir for a
heterogeneous community of (potentially) pathogenic microorganisms and com-
mensals. Pneumonia often represents a multifactorial disease complex caused by
polymicrobial infections, thus termed porcine respiratory disease complex (PRDC)
(Opriessnig et al. 2011). Often primary viral agents, such as porcine reproductive
and respiratory syndrome virus (PRRSV), porcine circovirus type 2 and swine
influenza virus (SIV), predispose pigs to secondary infections and pneumonia by
opportunistic bacterial pathogens, such as Pasteurella multocida, Mycoplasma
hyopneumoniae, and S. suis (Fablet et al. 2011). Until now, co-infection studies of
S. suis mainly focused on the interaction of S. suis with two common viruses,
namely PRRSV and SIV. However, very little is known about co-infections of S.
suis with other pathogens in general and the role of such co-infections in antimi-
crobial treatment success of associated diseases.

Recently, a comprehensive review on the potential impact of co-infections on the
antimicrobial therapy and resistance in humans was published, providing an over-
view of potential mechanisms of interactions during co-infections (Birger et al.
2015). Interactions of co-infecting pathogens can be either synergistic, thereby
promoting evolution of antibiotic resistance, or they are antagonistic, impeding
resistance development (Birger et al. 2015). These effects may be explained by
different mechanisms. First, modulation of the immune response by the primary
infecting agent may lead to an impaired antibacterial innate immune response
(Metzger and Sun 2013). For instance, impaired immune-control in HIV-positive
patients facilitates infection and persistence of antibiotic-resistant Mycobacterium
tuberculosis strains in humans (Bifani et al. 2008). Second, modulation of resources
like nutrients, the availability of basement membrane proteins/receptors, or the
presence of different host niches and cells can affect resistance development. This has
been reported for human influenza virus Streptococcus pneumoniae co-infection, in
which the “denudation” of the respiratory epithelial layer exposes fibronectin as a
bacterial adhesion receptor and supplies (cleaved) sialic acids as a carbon source for
rapid bacterial growth (Bosch et al. 2013; McCullers and Bartmess 2003). Both types
of mechanisms may facilitate the proliferation and persistence of co-infecting
pathogens including subpopulations of antibiotic-resistant bacteria. Furthermore,
secondary bacterial infections of virus-infected patients lead to an increased use of
antimicrobials, which may further contribute to a positive collateral selection and
better fitness of resistant bacteria.

In a study on antimicrobial treatment of nursery pigs co-infected by PRRSV and
S. suis, penicillin and ampicillin failed to minimize disease. Only administration of
ceftiofur appeared to be adequate to treat co-infected nursery pigs (Day et al. 2015;
Tantituvanont et al. 2009). A main characteristic of PRRSV infection is its dam-
aging effect on the host immune system, which facilitates the spread of S. suis
(Thanawongnuwech et al. 2000). Enhanced bacterial proliferation may lead to an
increase in antibiotic-tolerant bacteria thus promoting resistance development. We



114 M. Seitz et al.

and others recently showed that pre-infection of respiratory epithelial cells by SIV
is also beneficial for S. suis, since bacterial adherence, colonization, and invasion of
deeper tissues was efficiently promoted (Meng et al. 2015; Wang et al. 2013a; Wu
et al. 2015). S. suis is to some extent able to invade different types of host cells like
epithelial and endothelial cells as well as phagocytic cells. An intracellular stage
might serve as a niche for antibiotic escape as discussed for intracellular persisting
Staphylococcus aureus (Thwaites and Gant 2011). As a consequence of viral
propagation along the respiratory tract, ciliostatic effects occur, resulting in a
reduced muco-ciliary clearance and a concerted damage of the respiratory epithe-
lium (Meng et al. 2015). Such cell degrading processes may allow access to cellular
basement receptors like integrins for S. suis adherence and may provide nutrients
for better growth.

As mentioned in the previous paragraph, a further mechanism for antibiotic
resistance propagation is the formation of biofilms, in which bacteria might, at least
partially, be protected from antimicrobial substances. Limited penetration of sub-
stances in biofilms and/or a reduced growth rate of biofilm-forming bacteria may
lead to a lowered antimicrobial sensitivity of the bacteria. These biofilms are formed
by one bacterial species or can consist of a multispecies community in the case of
co-infections (Elias and Banin 2012). S. suis has the ability to form biofilms and
was found to be more resistant to beta-lactams in mono-species biofilms than in
planktonic cultures (Bonifait et al. 2008; Grenier et al. 2009b). However, whether
or not S. suis can be a constituent of a multispecies biofilm is not known yet.

A key mechanism of the acquisition and spread of antimicrobial resistance is the
exchange of resistance genes by horizontal gene transfer (Palmieri et al. 2011a, c).
Resistance can be transferred within one species, between co-colonizing pathogens or
between the pathogen and members of the microbiota. Additionally, the production
and release of substances inhibiting antimicrobial agents, e.g., beta-lactamases, by
co-infecting or commensal bacteria might protect otherwise susceptible bacteria
against certain antimicrobials, e.g., beta-lactams (Weimer et al. 2011).

In addition to direct interactions of co-infecting pathogens, polymicrobial
infections can increase the inflammatory response, resulting in a pH change in the
inflamed tissue and a decreased tissue perfusion. This might affect the antimicrobial
absorption leading to an inefficient antimicrobial concentration at the infection site,
thus facilitating development of resistant bacteria. Such significant changes in the
pharmacokinetic properties were found for ceftiofur in S. suis-PRRSV co-infected
pigs (McCullers and Bartmess 2003).

It is yet unknown how the described mechanisms are involved in positive
selection and the spread of antibiotic-resistant S. suis strains and/or the development
of de novo resistance in co-infected pigs. Nevertheless, co-infections and the role of
the microbiota should be taken into account in treatment strategies and the devel-
opment of new antimicrobial substances.
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8 Conclusions and Outlook

In the present review, we focused on certain known and putative factors, which may
contribute to problems in the control of porcine S. suis infections by antimicrobial
therapy (depicted in Fig. 1). The pathogen is well-suited as an example for live-
stock husbandry and antimicrobial resistance in veterinary medicine for several
reasons; first, it is a paradigm for a bacterial pathogen of global importance in swine
husbandry, second, S. suis infections are widely controlled by antimicrobial treat-
ments, and third, it can also be transmitted to and cause diseases in humans. From
the pathogen point of view, genetic resistance mechanisms, such as efflux pumps,

S. suis

health status

host

Fig. 1 Factors possibly involved in survival of S. suis exposed to antimicrobial therapy. From the
pathogen point of view, genetic resistance mechanisms such as efflux pumps, inactivation of the
antibiotic or modification of an antimicrobial target are the main proven factors that contribute to S.
suis survival under certain antibiotic selection pressure. In addition, tolerance to antibiotic
treatments by phenotypic alterations, such as biofilm production or formation of persister cell
subpopulations have been shown in vitro. A possible intracellular transition stage, even of a very
low number of bacteria, may protect S. suis from sufficient antibacterial concentrations, thus
reflecting a putative escape mechanism. Overall, the health status of the host may affect efficient
antibiotic therapy, e.g., an impaired immune response due to co-infections can lower antimicrobial
effectivity. Certain environmental factors may not only influence the host health and immune
status but may also trigger the development of phenotypic tolerance and/or genetic resistance of S.
suis
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inactivation of the antibiotic agent or modification of an antimicrobial target, surely
contribute to bacterial survival under antibiotic selection pressure. However,
problems in antibiotic therapy cannot be explained solely by the presence of
resistance genes and/or the detection of in vitro resistance to antimicrobials. Most
likely, additional factors play a role in vivo. For example, though yet only shown
in vitro, tolerance to antibiotic treatment by phenotypic alterations such as forma-
tion of persister cells and biofilm production may well be of importance and, thus,
should be further investigated in the future. Another unresolved question is the
relevance of a possible intracellular stage of S. suis in host cells, as a mean for the
pathogens to escape from antimicrobial agents which usually target extracellular
bacteria. Finally, host factors, such as competing commensal microorganisms or
other co-infecting pathogens may affect not only morbidity and mortality of S. suis
infections, but also the efficacy of antibiotic treatment.

At present we just begin to understand the complex mechanisms that limit the
success of antimicrobial treatment, in general and also of S. suis infections in
veterinary medicine. In the future, a combined multidisciplinary effort is needed to
develop improved antimicrobial strategies and to better control the spread of
antimicrobial resistance.
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Antibiotics and the Intestinal Microbiome:
Individual Responses, Resilience

of the Ecosystem, and the Susceptibility
to Infections

Sophie Thiemann, Nathiana Smit and Till Strowig

Abstract The intestinal microbiota is a diverse ecosystem containing thousands of
microbial species, whose metabolic activity affects many aspects of human phys-
iology. Large-scale surveys have demonstrated that an individual’s microbiota
composition is shaped by factors such as diet and the use of medications, including
antibiotics. Loss of overall diversity and in some cases loss of single groups of
bacteria as a consequence of antibiotic treatment in humans has been associated
with enhanced susceptibility toward gastrointestinal infections and with enhanced
weight gain and obesity in young children. Moreover, the extensive use of
antibiotics has led to an increased abundance of antibiotic resistance genes (ARGs)
within commensal bacteria that can be transferred to invading pathogens, which
complicates the treatment of bacterial infections. In this review, we provide insight
into the complex interplay between the microbiota and antibiotics focussing on
(1) the effect of antibiotics on the composition of the microbiota, (ii) the impact of
antibiotics on gastrointestinal infections, and (iii) finally the role of the microbiota
as reservoir for ARGs. We also discuss how targeted manipulation of the micro-
biota may be used as an innovative therapeutic approach to reduce the incidence of
bacterial infections as well as resulting complications.
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1 Introduction

All plants and animals including humans are colonized by complex microbial
ecosystems, also termed microbiota or microbiome, comprising thousands of dif-
ferent species and strains of bacteria, archaea and eukaryotes (Leu et al. 2008;
Bulgarelli et al. 2013). At this point, it has been widely recognized that these
communities contribute significantly to the physiology of their host and that dis-
turbances in the composition of the microbiota may lead or contribute to disease of
the host. High-throughput surveys of these communities using next-generation
sequencing (NGS) approaches have revealed tremendous biodiversity within the
microbiota that reflect the multidimensional interactions between the host, micro-
bial communities, and environmental factors (Lozupone et al. 2012). In parallel,
numerous factors that shape the microbiome have been identified including the
exposure to microbes, diet composition, and medications including antibiotics. In
this review, we will focus on the influence of antibiotic treatment on the micro-
biome of humans and model organisms. Specifically, we will describe how
antibiotics affect the composition of the microbiome and how they affect the
function of the microbiome in preventing infection with pathogens. Finally, we will
discuss the role of the microbiome in the spread of antibiotic resistance genes
(ARGsS).

2 The Impact of Antibiotics on the Composition
of the Microbiota

Humans and their microbiota are exposed to antibiotics directly due to their use as
medications, but also indirectly through their use as drugs and growth promotion
factor in food-producing animals. If how a specific antibiotic will act on the
microbiota is determined by a multitude of factors including the administration
route, pharmacokinetics and excretion route of the specific antibiotic, but also the
site of the microbial community, e.g., oral, skin, or intestinal microbiome. Initial
studies employing NGS-based methods for community assessment demonstrated
that the abundance of up to 30 % of bacterial species was affected in the intestine of
healthy adults after being treated with the broad-spectrum antibiotic ciprofloxacin
(Dethlefsen et al. 2008). This was associated with decreases in taxonomic richness,
i.e., the number of species, and diversity, i.e., the structure of the community, that
largely recovered within a month after treatment. Notably, the short-term loss of
microbial diversity was not associated with any reported immediate gross impair-
ment of intestinal function in healthy subjects suggesting that the functional
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repertoire after limited antibiotic exposure was not equally affected. Comparable
short-term effects on the composition and diversity of the microbiome were
observed in two other early studies focusing on amoxicillin and clindamycin (De La
Cochetiére et al. 2005; Jernberg et al. 2007). Beyond the short-term effects, mea-
surable long-term shifts (up to 1-2 years post antibiotic exposure) in the compo-
sition of the intestinal microbiome were reported for cephalosporin and
clindamycin, although these studies included relatively few patients and alterations
in microbiome composition were variable between individuals (Dethlefsen and
Relman 2011; Jernberg et al. 2007). A recent randomized placebo-controlled
clinical trial following 66 healthy individuals for one year after receiving a standard
course of either ciprofloxacin, clindamycin, amoxicillin, minocycline, or a placebo
was published (Zaura et al. 2015). They provided strong support for short-term
effects (up to one month), yet only clindamycin had statistically significant effects 4
months after treatment. After 1 year, no significant changes in the intestinal com-
munity were detected for any of the antibiotics compared to the placebo control
group. Notably, in the same study communities in the saliva were only affected
briefly (after 1 week), but recovered rapidly to their original state after 1 month.
This highlights the fact that communities at different sites have potentially distinct
resilience to disturbances, i.e., their ability to return to their original state (Fig. 1).
In another study, specific compositions of the microbiome and particular diversity
of the ecosystem were found to be predictive for the expansion of the opportunistic
pathogen Enterobacter cloacae in the intestine after treatment with cephalosporin
(Raymond et al. 2016). Overall, differences in the dynamic behavior and resilience
of the microbiota between the mentioned studies likely reflect the tremendous
variability within the intestinal ecosystem between individuals leading to differ-
ences in the impact of antibiotics on the microbiota (Lozupone et al. 2012). While
these studies have been performed in healthy adults, which had not received an-
tibiotics for at least 3 months, the behavior of the microbiota is likely to be different
and distinct in populations that have intrinsically a more instable microbiome such
as individuals that received multiple courses of antibiotics within short periods of
time as well as infants, young children, and elderly individuals.

Indeed, epidemiological studies have suggested that early-life use of antibiotics,
in particular the class of macrolides, is associated with increased risk of asthma and
weight gain leading to obesity and metabolic diseases (Cox and Blaser 2015; Saari
et al. 2015). A recent study involving 142 children in Finland provided first support
that early childhood antibiotic use is linked to clinical phenotypes via alterations of
the intestinal microbiota composition (Korpela et al. 2016). This study demon-
strated that use of macrolides such as azithromycin and clarithromycin are asso-
ciated with larger and long-lasting impact on the composition of the microbiome
than use of penicillin correlating with enhanced risks of asthma and obesity. These
antibiotic-induced perturbations are likely stronger in (young) children than in
adults, since this is a phase in which the microbiome assembles and displays lower
resilience (Lozupone et al. 2012). Several studies suggest that already the first
colonization in newborns may be impacted by antibiotics as intrapartum antibiotic
prophylaxis in expecting mothers to prevent Group B Streptococcal disease has
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Fig. 1 Impact of antibiotics on microbial diversity. The gut microbiota develops during the first
years of life and affects the maturation of the immune system. Antibiotic treatment in childhood
and adulthood may lead in some individuals to long-lasting disruption of the ecosystem reducing
bacterial diversity resulting in an instable community and negative impact on host physiology. In
other individuals with a resilient microbiome, microbial species recover to form a stable microbial
community

been demonstrated to result in reduced abundance of Bifidobacteria, typically found
in high frequency in newborns, and to decrease overall diversity (Aloisio et al.
2014). Similarly, treatment with antibiotics within the first week of life has been
reported to cause reduced abundances of Bifidobacteria and Lactobacillus and in
turn, increased frequencies of the opportunistic pathogens Enterococcus and
Enterobacteriaceae for at least 8 weeks (latest time point investigated) (Tanaka et al.
2009; Fouhy et al. 2012).These studies typically included small numbers of patients
and limited follow-up; hence, it is impossible to draw long-term conclusions of how
use of antibiotics directly after birth impacts the microbiome. Since most children
have received at least one course of antibiotics by age 5, larger longitudinal studies
that include frequent microbiota monitoring, documentation of antibiotic use and
multiple other clinical parameters are required to firmly demonstrate the effect
different classes of antibiotics have on their microbiome (Rutten et al. 2015; Zoch
et al. 2015). Albeit these limitations, it has already been recommended by some
researchers that macrolides should be avoided in pediatric patients to prevent
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harming the microbiome if feasible and safe according to the clinical indication
(Korpela et al. 2016).

Similar to young children, elderly individuals (>65 years old) represent another
population group that have potentially higher susceptibility to antibiotic-induced
disturbances of the microbiome. Overall, it has been found that individuals living in
long-term care facilities are characterized by reduced diversity of the microbiome
compared to individuals, which do not require assistance (Claesson et al. 2012;
Jeffery et al. 2016). While antibiotic use in the latter group induced stronger
changes, their microbiome also recovered better than the one of individuals in
long-term care facilities (Jeffery et al. 2016). Since individuals in these facilities
face an increased risk to nosocomial infections, the impaired or delayed recovery of
the microbiome may affect its function preventing infections with opportunistic
pathogens (further discussed below).

3 The Influence of the Gut Microbiota
on Antibiotic-Resistant Gastrointestinal Pathogens

Besides its role in modulating the metabolic state of the host, one of the most
important functions of the mammalian microbiota is to protect the host of exoge-
nous pathogens in a process called colonization resistance (Bohnhoff and Miller
1962). The phenomenon was already described five decades ago when Bohnhoff
and Miller (1962) showed that mice treated with antibiotics have a 10,000-fold
higher susceptibility to Salmonella enterica serovar Typhimurium. It is thought that
colonization resistance in the classical sense is largely mediated by direct inhibition
of invading pathogens by commensal bacteria and their metabolites, e.g., the
competition for nutrients or release of inhibitory substances such as bacteriocins by
the commensal microbiota (Fig. 2a). For example, it has been demonstrated that the
Lactococcus lactis-produced nisin (class I bacteriocin) targets a wide range of
Gram-negative bacteria including Clostridium difficile (Le Lay et al. 2016)
(Fig. 2a). Other bacteria such as Bifidobacterium bifidum secrete soluble inhibitory
factors as galactooligosaccharides, which inhibit the growth of Salmonella (Searle
et al. 2009). However, through culture-independent techniques we are now
beginning to understand that protection of the host is not only mediated by direct
inhibition of the pathogens but also through the priming of protective components
of the immune system by commensals, i.e., immune-mediated colonization resis-
tance (Buffie and Pamer 2013). A well-studied example is a group of bacteria,
called segmented filamentous bacteria (SFB), which are able to induce T helper
(Tul7) cell differentiation (Fig. 2a). During infection these cells provide the
cytokine IL-17, which in turn leads to the production of antimicrobial peptides and
the recruitment of neutrophils (Ivanov et al. 2009; Cua and Tato 2010). This
mechanism contributes to the protection of mice against the enteropathogen
Citrobacter  rodentium, a mouse model of enterohaemorrhagic and
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enteropathogenic Escherichia coli infection, EHEC and EPEC, respectively (Ivanov
et al. 2009). Moreover, SFBs induce specific and nonspecific IgA production by B
cells enhancing opsonization and bactericidal elimination to prevent pathogen
translocation (Talham et al. 1999). Another important mechanism of how the gut
microbiota prevents the infection of pathogens is contributing to the maintenance of
the intestinal barrier, specifically the mucus layer, separating luminal bacteria and
intestinal epithelial cells (IECs) (Fig. 2a). Mucus is mainly composed of different
glycoproteins, collectively termed mucins, which are produced and secreted by
goblet cells. While the mucus layer consists of a single layer in the small intestine, it
is composed in the stomach and the colon of two layers. The inner layer is a
compact dense layer, firmly attached to the epithelial cells and considered largely
sterile (Johansson et al. 2008). In contrast to the inner layer, the outer layer is
looser, which allows endogenous bacteria to enter, forming a distinct microbial
niche that serves as a carbon source for specific intestinal bacteria (Johansson et al.
2011; Li et al. 2015). Specifically, the enzyme 2-a-L-fucosyltransferase 2 (FUT2),
expressed by goblet cells, adds fucose residues to intestinal mucins (Hurd et al.
2005). Mucin-bound fucose serves then as a substrate for protective bacteria of the
gut microbiota, therefore enriching bacterial diversity that in turn, prevent out-
growth of invading pathogens (Pickard et al. 2014). The microbiota is not only
influenced by the mucus layer, but is also important for proper development of the
mucus layer. Germ-free mice have a thinner mucus layer in the small intestine and
in the colon it is more penetrable by bacteria than in conventional raised mice.
Transfer of a diverse microbiota to germ-free mice restores normal mucus prop-
erties to levels observed in conventional raised mice, but this process takes several
weeks (Johansson et al. 2015). Moreover, bacterial products such as lipopolysac-
charides (LPS), a major component of the outer membrane of Gram-negative
bacteria, are by itself sufficient to increase the thickness of the mucus layer in
germ-free mice (Petersson et al. 2011). Disruption of the intestinal ecosystem as a
result of antibiotic treatment leads to impairment of the mucosal barrier, which
increases the chance of pathogens to invade (Wlodarska et al. 2011) (Fig. 2b).
Similarly, it was demonstrated in mice that the fucosylation status of mucin is
furthermore depended on the microbiota, as SFB or LPS induce secretion of IL-22
by type 3 innate lymphoid cells (ILCs), which is required for FUT2 expression
(Goto et al. 2014). Accordingly, mice lacking Fur2 show a higher susceptibility
toward Salmonella Typhimurium and C. rodentium (Goto et al. 2014; Pickard et al.
2014). In addition, administration of fucosylated molecules to C. rodentium infected
I122ral™" mice restored richness and diversity of the intestinal community, which
attenuated enteric infection (Pham et al. 2014).

In summary, microbiota-mediated protection of the host is achieved by pre-
venting outgrowth of gastrointestinal pathogens (direct/classical colonization
resistance) and by inducing the mucus layer as well as by stimulating multiple
protective immune pathways (indirect/immune-mediated colonization resistance).
However, the use of antibiotics changes the situation dramatically: The main issue
is that antibiotic treatment targets not only pathogenic bacteria, but also a broad
range of commensals. The microbial composition is shifted in a way that direct and
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<« Fig. 2 The effects of antibiotic treatment on colonization resistance toward enteric infections.
a Commensal intestinal bacteria protect the host against invading pathogens via different ways of
defense mechanisms. Direct mechanisms are for example when commensals produce inhibitory
substances such as bacteriocins (e.g., L. lactis-produced nisin), which inhibit the growth of specific
pathogenic bacteria. Another way is the maintenance of the epithelial barrier: Commensal bacteria
can induce the expression of Fut2 by the activation of ILC3 and therefore IL-22, which in turn
affects the bacterial diversity conferring resistance against Salmonella spp. infection. In addition,
activating of the immune system by the gut microbiota may lead to resistance. For example, SFB
induce IL-17 and IL-22 via SAA that activates the expression of antimicrobial peptides by paneth
cells, which in turn targets Citrobacter rodentium. Fut2 Fucosyltransferase 2, IL Interleukin, ILC
Innate lymphoid cells, LPS Lipopolysaccharide, SAA Serum amyloid A, SFB Segmented
filamentous bacteria. b A healthy gut microbiota is characterized by the presence of diverse
bacteria supporting a tight and protective epithelial barrier. Antibiotic treatment affects diversity by
inducing the loss of antibiotic-sensitive commensal bacteria and the outgrowth of resistant bacteria
with altered functionality resulting in disruption of the epithelial barrier (e.g., decreased mucus
production, enhanced epithelial permeability). Altered colonization resistance enables invasion of
pathogens, induction of inflammatory responses, and intestinal and/or systemic pathology.
Repeated use of antibiotics may lead to an unstable microbiota with a different microbial structure
and function, predisposing the host to chronic infections. M@ Macrophage, tiDC Tissue residing
dendritic cells

immune-mediated colonization resistance is decreased. Furthermore, antibiotic
treatment not only has an impact on the composition of the community, but also
alters the functions of specific commensal bacteria (Maurice et al. 2013). As a
consequence, antibiotic-resistant pathogens, which are commonly encountered in
hospital settings, take advantage of the reduced colonization resistance to expand in
the lumen and then penetrate the intestinal barrier, which may result in bacteremia
and sepsis (Ubeda et al. 2010). Antibiotic-resistant bacterial strains of C. difficile,
vancomycin-resistant Enterococcus (VRE), and Gram-negative Enterobacteriaceae
nowadays cause the most common nosocomial infections. In the past years, studies
shed light on the impact of the intestinal microbiota on different bacterial infections,
which will be discussed in the next sections.

3.1 Clostridium difficile

Clostridium difficile is a Gram-positive, anaerobic, rod-shaped bacterium that is
able to form endospores. It was first described in 1935 as a member of the
microbiota in healthy neonates (Hall and O’Toole 1935). Today, Clostridium dif-
ficile infection (CDI) is estimated to be the most common infectious cause of
antibiotic-related diarrhea as well as the most common healthcare-associated
infection, which occurs after hospitalization or antibiotic treatment (Larentis et al.
2015; Lessa et al. 2015; Khanna et al. 2015).

Specifically, most patients acquire CDI in hospitals and other health care
facilities after receiving antibiotics for other indications such as urinary tract in-
fections. Administration of antibiotics influences the abundance of distinct
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commensal members (see below) creating an environment in which C. difficile can
colonize and expand (Buffie et al. 2012; Lewis et al. 2015). After germination of
transmitted spores, C. difficile produces two exotoxins, TcdA and TcdB, in the
vegetative state. These toxins break the intestinal barrier by targeting host GTPases
Rho, Rac, and Cdc42 that influence polymerization of actin required for many
cellular processes including maintenance of tight junctions between IECs (Hecht
et al. 1988; Just et al. 1994). That leads to a mild or severe diarrhea and may result
in a life-threatening toxic megacolon. Standard treatment against CDI is the
administration of antibiotics like metronidazole or vancomycin (Cohen et al. 2010),
but 10-35 % of patients develop recurrent CDI causing significant clinical com-
plications and mortality. Notably, increasing numbers of severe CDI cases are
caused by a strain (NAP1/027/B1) that is associated with increased virulence and
has acquired different antimicrobial resistances against clindamycin, cephalospor-
ins, and fluoroquinolones representing a novel threat to public health (Loo et al.
2005; Redelings et al. 2007; O’Connor et al. 2009; Archbald-Pannone et al. 2014).
As an alternative to antibiotic treatment, fecal transplantation (FT) was shown to be
efficient in treating even recurring antibiotic-resistant CDI highlighting the potential
of FT to treat infections (see Sect. 5).

To explore the mechanisms of pathogenicity, host defense, and the role of the
microbiota, CDI is widely studied using mouse models (Best et al. 2012). As in
patients mice seem to require a pre-exposure to antibiotics for colonization of C.
difficile (Chen et al. 2008). Interestingly, it was shown that disease severity cor-
relates with the loss of Lachnospiraceae and an increase in the abundance of
Enterobacteriaceae (Reeves et al. 2011). Monocolonization of germ-free mice with
isolates from the genus Lachnospiraceae shows a decrease of C. difficile colo-
nization demonstrating that specific species of commensal bacteria are sufficient to
exert strong colonization resistance towards C. difficile (Reeves et al. 2012). Recent
studies have shown that this resistance is mediated by the conversion of
host-derived primary to secondary bile acids by commensals inhibiting vegetative
growth of C. difficile (Wilson 1983; Sorg and Sonenshein 2008). Clostridium
scindens was identified as a key microbe that confers resistance to CDI by pro-
ducing secondary bile acids (Buffie et al. 2015).

Besides direct colonization resistance, C. difficile colonization is also inhibited
by immune-mediated mechanisms: Undefined commensal bacteria activate NOD1,
MYDS8S8 and interleukin-13 (IL-1B) signaling which increase the recruitment of
neutrophils enhancing bactericidal activity (Jarchum et al. 2012; Hasegawa et al.
2012). Stimulation of Toll-like receptor 5 (TLRS) by commensal-derived flagellin
also contributes to defense against C. difficile by inducing production of antimi-
crobial peptides (Jarchum et al. 2011). Along these lines, the potential of
microbiome-targeted approaches to combat C. difficile is high and sound evidence
exists that transfer of the microbiota from a healthy individual to a diseased indi-
vidual is able to cure recurrent CDI (Kelly et al. 2012; Brandt et al. 2012).
However, transplantation of bulk communities that potentially include opportunistic
pathogens poses significant risk factors. Additional studies are required to under-
stand the dynamic changes in microbial communities as a consequence of antibiotic
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treatment and identify specific members of the intestinal microbiota, which are
highly effective against CDI eventually replacing experimental fecal
transplantation.

3.2 Vancomycin-Resistant Enterococcus Spp.

Enterococcus spp. are Gram-positive cocci and some species are members of the
commensal microbiota. Among them E. faecalis and E. faecium are the two most
prevalent enterococci in the human intestine (Gilmore et al. 2014). Under healthy
conditions, they are nonpathogenic bacteria, which compromise less than 1 % of
the intestinal microbiota (Sghir et al. 2000). However, administration of antibiotics
to treat unrelated infections in humans can facilitate the expansion of
antibiotic-resistant Enterococcus spp., which can then translocate into the tissue and
cause bloodstream infections. Enterococcus spp. are considered very robust bac-
teria, which can survive high temperatures (60 °C, up to 30 min), live in salty
conditions (6.5 % NaCl) as well as in a broad pH range (4.5-10.0) (Fisher and
Phillips 2009). Their robustness as well as intrinsic and acquired antibiotic resis-
tances to broad-spectrum antibiotics such as penicillins, cephalosporins, or van-
comycin renders them difficult to treat. Consequently, Enterococcus spp. have
become a significant nosocomial pathogen worldwide, particularly in older or
immune-compromised patients (Sievert et al. 2013). The acquisition of vancomycin
resistance by enterococci (VRE), in particular by E. faecalis and E. faecium, was
first described in 1986 and has steadily rising infection rates (Uttley et al. 1988).
Today, in the United States more than 80 % of E. faecium isolates from hospitals
carry a vancomycin resistance (Hidron et al. 2008). Subsequent disruption of the
microbiota by antibiotics in patients carrying antibiotic-resistant Enterococcus
spp. predisposes them to their expansion (Ubeda et al. 2010). In order to understand
how antibiotics enhance the risk of complications caused by VRE, mouse models
are currently employed. In mice, antibiotic treatment decreases the expression of
regenerating islet-derived protein 3 gamma (Regllly), a potent antimicrobial peptide
with anti-VRE activity whose production in Paneth cells is regulated by the com-
mensal microbiota (Brandl et al. 2008). Regllly expression can be restored by
TLRS5 agonist flagellin in antibiotic treated mice eliminating VRE from mice
(Kinnebrew et al. 2010). In light of these findings, attention has turned to manip-
ulating the microbiota to interfere with VRE colonization. Studies in mice have
demonstrated that commensal bacteria of the Barnesiella genus are associated
suppressing VRE (Ubeda et al. 2013), but it is not known which Barnesiella species
protect against VRE colonization and if the protection is linked to inducing Regllly
production. The high hurdles to develop probiotic-based therapies against VRE
were demonstrated by a recent clinical trial showing that Lactobacillus rham-
nosous, a probiotic intestinal bacterium with anti-VRE activity in vitro, failed to
interfere with VRE colonization in patients (Doron et al. 2015). In summary, further
studies in animal models will be required to develop microbiota-based strategies to
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interfere with VRE colonization to eventually reduce Enterococcus spp.-induced
complications in hospitalized patients.

3.3 Enterobacteriaceae

In the past decades Gram-negative bacteria, especially of the family
Enterobacteriaceae, have acquired multiple antibiotic resistances including resis-
tances to third generation cephalosporins resulting in so-called “multidrug resistant
Gram-negative rods.” Advanced resistances are in part mediated by extended
spectrum beta-lactamases (ESBL), which enable bacteria to cleave distinct
beta-lactam antibiotics, such as penicillins and cephalosporins. Importantly, ESBLs
are found worldwide in nosocomial infection-causing Klebsiella pneumoniae and
E. coli. Additionally to ESBL, in the past years Enterobacteriaceae could achieve
also resistances to carbapeneme or/and fluoroquinolones. Especially, further com-
plications are observed due the increasing prevalence of carbapenem-resistant
Enterobacteriaceae. Carbapenemases not only cleave as ESBLs beta-lactam
antibiotics, but also carbapenem antibiotics, which currently are used to treat
ESBL-expressing bacteria. In particular, carbapenemase-positive K. pneumoniae
are causing “difficult to treat” infections and its infections are particularly prob-
lematic to handle in hospitalized patients with comorbidities (Nordmann et al.
2011). Notably, the intestinal microbiota is considered the main reservoir of
Carbapenemases-positive Enterobacteriaceae in humans (Nordmann et al. 2011).
Consequently, beyond its classical role of entry site for enteropathogenic
Enterobacteriaceae such as Salmonella spp. and Campylobacter spp., the intestine
and the associated microbiota are gaining intensified attention to devise strategies
that interfere with colonization of multiple antibiotic-resistant bacteria (see next
section).

Using different mouse models, recent studies shed light on the influence of the gut
microbiota on infections with Gram-negative Enterobacteriaceae, such as E. coli, K.
pneumoniae, and S. enterica serovar Typhimurium. Disruption of the intestinal
microbiota caused by different antibiotic treatments, as mentioned above, alters host
susceptibility to the aforementioned pathogens just as in the case of C. difficile or
VRE (Bohnhoff and Miller 1962; Sekirov et al. 2008). In case of S. Typhimurium,
members of the phylum Bacteroidetes, family Porphyromonadaceae, are associated
with colonization resistance toward infection (Ferreira et al. 2011). Also
immune-mediated mechanism of colonization resistance against S. Typhimurium are
known: Undefined commensal bacteria are able to stimulate Paneth cell-specific
Myd88 dependent activation of antimicrobial peptides such as Regllly (Vaishnava
et al. 2008). Furthermore, commensal bacteria can activate transepithelial dendrites,
which capture Enterobacteriaceae as S. Typhimurium in the lumen (Niess et al.
2005). In both cases it is still unclear, which commensal bacteria are responsible for
the immune-mediated protection. The colonization of the mouse-restricted pathogen
C. rodentium, an in vivo model for EPEC and EHEC, was also reported to be
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dependent on the intestinal microbiota. Activation of IL-22 by the mouse commensal
SFB was associated with enhanced resistance to C. rodentium through the produc-
tion of the antimicrobial peptides ReglIIf and ReglIly (Ivanov et al. 2009; Willing
et al. 2011). Furthermore, increases in the abundances of Bacteroidaceae,
Lachnospiraceae, and an unclassified family of Clostridiales show a higher resis-
tance to C. rodentium (Willing et al. 2011). In case of K. pneumoniae, germ-free
mice are significantly higher colonized in their gastrointestinal tract than specific
pathogen-free (SPF) mice, suggesting that colonization is dependent of the intestinal
microbiota (Lau et al. 2008). In addition, antibiotic treatment leads to higher colo-
nization of K. pneumoniae in mice compared to untreated controls (Caballero et al.
2015). It remains elusive which intestinal members regulate the colonization of K.
pneumoniae and how they interact with each other. Further complications may arise
if two antibiotic-resistant bacteria such as VRE and carbapenem-resistant K. pneu-
moniae encounter each other after antibiotic treatment. In mouse models, the high
colonization levels of both pathogens is unaffected by the presence of the other
species since they occupy different niches (Caballero et al. 2015). Hence,
co-infection with multiple antibiotic-resistant bacteria highlights even more the need
to identify specific commensal members, which could confer resistance to bacterial
infections, in particular with antibiotic-resistant pathogens.

In summary, administration of antibiotics leads to a dramatic change in the
bacterial composition in the intestine, shifting the microbiota to an imbalance in
which pathogens have an increased chance to colonize and expand within the
gastrointestinal tract causing in severe cases systemic bacteremia. Especially, an-
tibiotic-resistant bacteria demonstrate a major problem due to reduced treatment
options for infected patients. The complex interplay between host and microbiota as
well as pathogens is far from understood and it is still under investigation, which
clinically relevant bacterial infections, besides the mentioned ones, are regulated by
commensal bacteria. To translate these findings into new therapies the next step will
be to identify the specific bacteria and responsible metabolites important for col-
onization resistance.

4 The Gut Microbiota as a Reservoir of Antibiotic
Resistance Genes

The relationship between bacteria and antibiotics can be interpreted as a molecular
arms race in which the introduction of novel antibiotics is inevitably followed by
the evolution, selection, and spread of ARGs. Already shortly after the discovery of
antibiotics and their introduction into clinical practice, resistant bacteria were
described (Fleming 2001; Aminov 2010). Indeed, the current widespread and often
little regulated use of antibiotics in many countries has caused a rampant spread of
ARG against many classes of antibiotics. That may even cause problems in treating
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common bacterial infections, e.g., urinary tract infection caused by
Enterobacteriaceae expressing extended spectrum B-lactamase that confers resis-
tance against penicillins and cephalosporins. Moreover, bacteria that are resistant
against multiple classes of antibiotics, like some strains of C. difficile and S.
enterica, are more frequently encountered in the hospital setting (Sebaihia et al.
20006; Pokharel et al. 2006; Wani et al. 2009).

Numerous studies over the past years have revealed that the intestinal microbiota
serves as reservoir for ARGs, which can be transferred to pathogens that enter the
intestines via contaminated food or water (Salyers et al. 2004; Sommer et al. 2009;
Hu et al. 2013) (Table 1). While ARGs can be initially acquired by mutations in
specific genes, e.g., in those that encode for an increased efflux or a decreased
intake of a specific antibiotic (Oethinger et al. 2000; Webber and Piddock 2003),
they can be subsequently transferred from bacteria to bacteria using horizontal gene
transfer (HGT). A high cell density as observed in the intestinal ecosystem is
favorable for HGT (Aminov 2011). Notably, the bacteria within the microbiota of
an individual contain a pool of related ARGs, although the encoding bacteria are
not closely related to each other. This supports that there is an high incidence of
HGT between members of the microbiota; moreover, even bacteria that are taxo-
nomically distinct can still share a group of related ARGs (Dobrindt et al. 2010;
Frye et al. 2011; Broaders et al. 2013). There are multiple mechanisms to obtain
DNA via HGT: conjugation (by plasmids, conjugative transposons, and conjugative
integrons), transduction (bacteriophages), and transformation (naked DNA) (Choi
and Kim 2009; Harrison and Brockhurst 2012; Arutyunov and Frost 2013;
Huddleston 2014). Bacteria can express special genes specifically for absorbing
DNA for instance during stress situations which bacteria may face on a regular
basis in the intestine. Identified stress situation include antibiotic treatment itself,
nutrient-limited conditions or DNA damage in the bacterial genome (Michod et al.
1988; Chandler 1992; Finkel and Kolter 2001; Saleeby et al. 2003; Bushman et al.
2011; Stecher et al. 2012; Huddleston et al. 2013).

In a large study in 2013, a comparison of the intestinal metagenomes of 275
individuals revealed the presence of ARGs against 53 different antibiotics (Ghosh
et al. 2013). Notably, there were differences in the detected abundances of ARGs in
different countries corresponding partly to the spectrum of antibiotics dominantly
prescribed in a country. A study comparing the presence of ARGs of Chinese,
Danish, and Spanish participants showed that Chinese participants harbor more
resistance genes than seen in other participants correlating with frequency of an-
tibiotic use within this population (Ghosh et al. 2013). But even in Amerindians, a
group of people who have presumably never been in contact with the developed
world and synthetic antibiotics before, a significant presence of ARGs was found in
their microbiota, i.e., 28 different functional ARGs conferring resistance against,
among others, cephaolosporins (Clemente et al. 2015). In developed countries, the
relative abundances of ARGs are the highest for antibiotics that have been used the
longest and also for ones used in veterinary medicine as well as for growth pro-
motion providing a rationale in which higher exposure to antibiotics results in
increased selection pressure to acquire ARG by the microbiota (Hu et al. 2013;
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Table 1 Examples of bacteria with acquired ARGs, which can interact with commensal bacteria
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Bacteria Mechanism Resistance
Escherichia coli Plasmids and MD
(Machado and Sommer 2014; Singh et al. 2005) conjugative

integrons
Enterococcus faecalis, Enterococcus faecium Conjugative van
(Garnier et al. 2000) transposons
Lactobacilli, Streptococci (Gevers et al. 2003; Conjugation tet, ery, pen,
Mathur and Singh 2005; Milazzo et al. 2006) chl, van, kan
Campylobacter jejuni Transformation tet, met, MD
(De Boer et al. 2002; Jeon et al. 2008)
Salmonella enterica serovar Typhimurium Bacteriophages amp, tet, chl,
(Schmieger and Schicklmaier 1999; Threlfall 2000) str, spe, sul
Helicobacter pylori Transformation cla, ery

(Taylor and Chau 1997)

Klebsiella pneumonia (Ramirez et al. 2014; Plasmids, cep, car, ami,
Tolmasky et al. 1988; Woloj et al. 1986) conjugative flu, amik
transposons
Citrobacter freundii, Enterobacter cloacae (Conlan Plasmids, car
et al. 2014) conjugative
transposons
Clostridium difficile (Mullany et al. 2015, 1996; Conjugative tet, chl, mac,
Sebaihia et al. 2006) transposons lin, strg
Staphyloccocus aureus (Hachler et al. 1987) Conjugative ery, mac, lin,
transposons strg
Bacteroides fragilis (Husain et al. 2014) Conjugative MD
transposons
Acinetobacter baumannii (Nigro et al. 2015) Plasmids car, amik

Note that not all strains of a bacterial species contain these resistance genes
Abbreviations:  ami aminoglycosides, amik amikacin, amp ampicillin,
cep cephalosporins, chl chloramphenicol, cla clarithromycin, ery erythromycin,
flu fluoroquinolone,  kan kanamycin,  [lin lincomycin, = mac macrolide, =MD multidrug,
met methicillin, pen penicillin, spe spectinomycin, str streptomycin, strg streptogramin B,
sul sulphonamides, tet tetracyclin, van vancomycin

car carbapenems,

Forslund et al. 2013). Yet, the occurrence of ARGs in humans with no previous
contact with synthetic antibiotics such as the Amerindians can be explained either
by consumption of foods that contain natural antibiotics as defense against bacteria
or by exchanging genes with bacteria that are in contact with antibiotic-producing
soil microbes (D’Costa et al. 2011; Forsberg et al. 2012). Similarly, also children
with no prior exposure to antibiotics already harbor ARGs in their microbiota.
While these may be partly passed on from the mother, also ARGs, which were not
present in the mother, were found potentially having been acquired from the
environment shortly after birth (Gosalbes et al. 2016; Gueimonde et al. 2006; Zhang
et al. 2011). Finally, elderly, especially those living in a nursing home, harbor large
pools of ARGs, likely caused by a large number of antibiotic treatments, which the
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individuals had been subjected during their lifetime (Neuhauser et al. 2003;
Lautenbach et al. 2009).

Moreover, globalization and increased international travel are also impacting the
spread of ARG via the microbiome. In multiple studies, it has been found that
individuals that travel to countries in which endemic antibiotic-resistant bacteria
circulate, can return with these ARGs in their microbiota. For instance, a study
found that three individuals who traveled from France to India acquired
carbapenem-resistant Enterobacteriaceae, but cleared them within 1-3 months after
return (Ruppe et al. 2014). A larger scaled study found that 113 of 370 Dutch
travelers (of which 92 % traveled to Asia or Africa) acquired multidrug-resistant
Enterobacteriaceae (Paltansing et al. 2013). Importantly, 19 individuals still carried
the bacteria after 6 months providing evidence for the hypothesis that the micro-
biota is a reservoir, but also highlighting that comparative studies are needed to
understand why some individuals clear these bacteria. Another study investigated
the acquisition of quinolone resistance in the microbiota and found in Swedish
travelers returning from developing countries an increased abundance of bacteria
carrying resistance genes (Johnning et al. 2015).

Besides the human microbiome, other tremendous reservoirs for ARG are ani-
mals, particularly livestock. Over several decades antibiotics were given to large
groups of animals in agriculture and aquaculture not only to treat and prevent
diseases, but also to enhance their growth (Cabello 2006; Frye et al. 2011). Indeed,
the microbiota of animals from farms who are using antibiotics for growth pro-
motion has an higher amount of ARG. Already in 1976 a study found proof of the
transfer of a resistance gene in E. coli from poultry to humans (Levy et al. 1976).
Similarly, increased abundances of resistant bacteria are found in the microbiota of
farmers who are using antibiotics for growth promotion (Howells and Joynson
1975; Gorbach 2001; Wenzel 2002). Other studies also show the transfer of
fluoroquinolone and ciprofloxacin resistance genes from animals to humans through
food ingestion (Endtz et al. 1991; Bertrand et al. 2006). Consequently, since 2006
there has been a total ban on growth promoting antibiotics for food animals in the
European Union, whereas antibiotics to treat diseases are still allowed. A significant
decline in tetracycline and vancomycin resistance in the animals as well as in
humans has been observed since (Pantosti et al. 1999; Aarestrup et al. 2001;
Accountability NSUG 2011). As part of the concept of “One Health” recognizing
environmental factors as being important modulators of human health incorporating
knowledge from veterinary sciences will be essential to curtail the threat of ARG
globally.
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5 Further Directions: Fecal Transplantation to Cure
Enteric Infections and Correct Antibiotic-Induced
Disturbances of the Microbiota?

The discovery of the numerous effects that the microbiota and specific commensal
bacteria have on the human physiology has generated an increasing interest in
exploring manipulations of the microbiota for therapeutic purposes. While this is
not a new idea, already more than 50 years ago, Hentges and Freter (1962) sug-
gested the need for the intestinal manipulation to fight against enteric infections,
culture-independent surveys and advanced model systems provide now solid evi-
dence to drive preclinical as well as clinical development and testing. Different
directions are currently explored that are either based on transfer of complex
communities from one individual to another (— fecal transplantation/transfer: FT)
or providing novel types of prebiotics/probiotics. Much attention focuses now on
developing options to prevent recurrent CDI, which is strongly linked to disturbed
states of the microbiota induced by antibiotics. Transplant of fresh or frozen
complex communities to individuals with recurrent CDI has response rates of
roughly 90 %, at least as high if not higher than what is seen with antibiotics
(Gough et al. 2011; Landy et al. 2011). Moreover, the development of frozen “stool
banks” (in analogy to blood banks) has been pioneered, which promises to largely
simplify the screening of feces samples for potential bacterial and viral pathogens
(Paramsothy et al. 2015). Yet, much is still unknown about why in some patients
with recurrent CDI FT fails. One general concern for FT is that the community
within every fecal sample is distinct and difficult to fully identify even using
NGS-based approaches. Besides, it is even possible that a bacterium completely
changes its behavior after transplantation into a new environment because of the
host genotype, its diet, or the residual microbiota, turning form a beneficial bac-
terium to a pro-inflammatory pathobiont. Therefore, many efforts are underway to
identify a mixture of beneficial bacteria, which can help to fight against enteric
infections, by administering small consortia of cultivable bacteria rather to transfer
the whole unidentified microbiota. In small-scale studies, it was shown that a
mixture of 10 isolated bacteria including anaerobes and aerobes was effective to
cure CDI in 5 patients (Tvede and Rask-Madsen 1989). In addition, a more recent
study showed that a group of 33 bacteria can cure CDI (Petrof et al. 2013). In the
meantime several companies already have started clinical trials with
“semi-standardized” donor material to treat recurrent CDI including a successful
phase II trial by Rebiotix (Orenstein et al. 2016). Notably, Rebiotix is now planning
a clinical trial for microbiota restoration therapy to prevent CDI. Moreover, they
have provided evidence that administration of their product promotes clearance of
VRE, which is beneficial for CDI patients. Therefore, manipulation of the micro-
biota might be an approach to “decolonize” an individual from antibiotic-resistant
opportunistic pathogens. This is supported by studies, which showed that species of
a mixture of donor bacteria are lost over time or do not fully colonize (Lawley et al.
2012; Petrof et al. 2013), alteration through addition of microbes increase the
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microbial diversity in the recipients and may occupy niches, which are normally
taken by the enteric pathogen.

In summary, we are just starting to identify which intestinal members can cure or
prevent enteric infections, but fecal transplantation is an effective intermediate
treatment option for some indications until the development of probiotics with
defined consortia of beneficial bacteria.

6 Conclusions

Antibiotics have a tremendous impact on the composition of the microbiome
imprinting in some, but not all, individuals long-term taxonomic and functional
changes. Firm evidence has linked antibiotic-induced disturbances in specific
functions of microbiome to enhanced susceptibility to gastrointestinal infections
such as CDI. In the meantime numerous clinical studies are being conducted to
understand how the microbiota affects and contributes to other human diseases such
as metabolic syndrome or IBD and whether they are modulated or induced in these
cases by antibiotics. Generally, well-adjusted global antibiotic stewardship in
human and veterinary medicine is an essential mean for the future to prevent the
spread of antibiotic resistances, but also to prevent damage to the microbiome.
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Anti-virulence Strategies to Target
Bacterial Infections

Sabrina Miihlen and Petra Dersch

Abstract Resistance of important bacterial pathogens to common antimicrobial
therapies and the emergence of multidrug-resistant bacteria are increasing at an
alarming rate and constitute one of our greatest challenges in the combat of bacterial
infection and accompanied diseases. The current shortage of effective drugs, lack of
successful prevention measures and only a few new antibiotics in the clinical
pipeline demand the development of novel treatment options and alternative
antimicrobial therapies. Our increasing understanding of bacterial virulence strate-
gies and the induced molecular pathways of the infectious disease provides novel
opportunities to target and interfere with crucial pathogenicity factors or virulence-
associated traits of the bacteria while bypassing the evolutionary pressure on the
bacterium to develop resistance. In the past decade, numerous new bacterial targets
for anti-virulence therapies have been identified, and structure-based tailoring of
intervention strategies and screening assays for small-molecule inhibitors of such
pathways were successfully established. In this chapter, we will take a closer look at
the bacterial virulence-related factors and processes that present promising targets
for anti-virulence therapies, recently discovered inhibitory substances and their
promises and discuss the challenges, and problems that have to be faced.
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1 Introduction—Challenges in Fighting Bacterial
Infections

Although prevention and treatment of infectious diseases have improved over the
last decades due to the widespread use of vaccines and anti-infectives and the
development of infection control measurements, bacterial infections are still a major
cause of morbidity and mortality worldwide. In particular, global spreading of
antibiotic resistance genes and their acquisition by clinically relevant bacterial
pathogens constitute a serious public health problem. In the European Union alone,
about 3 million healthcare-associated infections were reported in 2004 leading to an
approximate 50,000 deaths (McHugh et al. 2010). A report published by the Centre
for Disease Control and Prevention (CDC) in 2013 estimates that more than 2
million infections and 23,000 deaths annually are caused by antibiotic-resistant
bacteria in the USA alone and lists the top 18 drug-resistant pathogens considered a
threat in the USA (Control 2013). These pathogens are categorized into three threat
classes, urgent, serious and concerning, and include the clinically most relevant
pathogens Enterococcus faecium, Staphylococcus aureus, Acinetobacter bauman-
nii, Pseudomonas aeruginosa, and Enterobacter species summarized as ESKAPE
pathogens (Rice 2008) to emphasize that they efficiently “escape” the effects
of common antibacterial drugs. This list also includes Clostridium difficile,
Neisseria gonorrhoeae, carbapenem- and Extended Spectrum f-Lactam-resistant
Enterobacteriaceae (ESBL), drug-resistant Campylobacter, Salmonella and
Shigella, and Streptococcus pneumoniae (Control 2013).

At a time, when antibiotic and multidrug resistance is becoming increasingly
common in the clinic, new treatments are urgently needed to circumvent high
mortality rates due to untreatable infections. Increasing effort is currently being put
into the discovery and development of new resistance-breaking antibiotics, and
some novel antimicrobial agents are currently in the preclinical and clinical pipeline
(Hesterkamp 2015). However, we do not yet know whether this classical approach
will succeed to identify new agents with activities against these pan-resistant
pathogens in the foreseeable future. Recent work on the occurrence of antibiotic
resistance determinants in bacterial populations further demonstrated that
non-pathogenic bacteria can be identified in the environment that are already
resistant to recently developed antimicrobial drugs (D’Costa et al. 2006; Martinez
et al. 2009). For instance, many antibiotic-producing microorganisms encode
resistance genes to the antibiotics they synthesize for self-protection (Hopwood
2007). In addition, many of the acquired antibiotic resistance genes are catried on
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mobile genetic elements such as transposons, integrons, and plasmids, which are
frequently transferred to other bacteria of the same or related species by horizontal
gene transfer. Evidence exists that the transfer of resistance determinants between
commensal bacteria and pathogens, in particular in the intestinal tract, is extensive,
leading to the rapid spread of resistance in bacterial populations and communities
(Aarestrup 2005; Allen et al. 2010; Salyers et al. 2004). Moreover, an alarmingly
high prevalence of antibiotic-resistant bacterial strains has been reported both in
domestic and wild animals and in the environment. Prophylactic use of antibiotics
in agricultural settings and in feed/water in the animal food production has sig-
nificantly enhanced the evolution and global spread of antibiotic resistances (Allen
et al. 2010; Berendonk et al. 2015; Canton 2009). These findings are daunting as
bacteria can rapidly catch up or are even on par with the development of new
chemical entities and the danger that we re-enter an apocalyptic preantibiotic era is
looming on the horizon.

Consequently, novel intervention strategies are required to respond to current
antimicrobial resistance and anticipate evolving resistance mechanisms. One
compelling approach to antibiotic therapy is the development of anti-virulence
strategies, by which only virulence-associated, but not survival/fitness-relevant
traits are targeted. In other words, the anti-infective drug interferes with
pathogenicity mechanisms, in particular properties of the bacteria that cause dis-
ease. This targeted intervention effectively disarms the pathogen and enables its
clearance by the host immune system, but contrary to common antibiotic therapies,
it is not bacteriostatic (inhibiting bacterial growth) or bacteriocidal (killing bacte-
ria). Active agents acting in this fashion, the so-called patho- or virulence
blockers, alleviate the pressure on the pathogen to develop resistance by solely
affecting pathogens expressing the targeted pathogenicity factor (Baron 2010;
Beckham and Roe 2014; Cegelski et al. 2008; Clatworthy et al. 2007; Escaich
2008; Lee and Boucher 2015; Lynch and Wiener-Kronish 2008; O’Connell et al.
2013; Rasko and Sperandio 2010; Zambelloni et al. 2015). Consequently, they
neither damage nor modify the composition of the natural host microbiota, a pro-
cess, which is increasingly recognized to facilitate the development, progress, and
persistence of chronic inflammatory diseases and other morbidities such as diabetes.

2 Potential Virulence Targets and Strategies

Recent efforts in the development of anti-virulence therapies are directed to target
various factors or mechanisms of pathogens that are crucial to initiate an infection
and cause disease. This includes interference with various pathogenicity factors
promoting cell adhesion, cell invasion, intracellular replication and damage of host
tissues, biofilm formation and maintenance (Fig. 1), stress adaptation and metabolic
functions important to adapt to the different host environments, mechanisms to
evade or overcome the host immune defense, and control systems regulating the
expression of virulence-relevant genes.



150 S. Miihlen and P. Dersch

R

Adhesion Invasion Uptake and intracellular replication
v
.
° ® ® ¥
o ° ® Sy LIRS
[} = v S
°
Toxin secretion and trafficking Effector translocation Biofilm formation and maintenance

Fig. 1 Schematic representation of the infection processes that can be targeted by anti-virulence
drugs. Bacterial pathogens coordinate highly complex and organized temporal and spatial events to
colonize and to disseminate to different sites within the host. They produce special pathogenicity
factors to adhere to, invade, persist, and in some cases replicate within host cells. Many pathogens
are also able to form and replicate with a biofilm-like bacterial community on and/or within cells.
Knowledge about the molecular mechanisms will allow the interference with colonization by the
(i) inhibition of adhesin biosynthesis and function and (ii) inhibition of invasion, persistence, and
proliferation in cells or outside cells in distinct host tissues

The development of novel technologies, such as in vivo transcriptome analysis
by RNA-Seq (dual RNA-Seq) and transposon-directed insertion site sequencing
(TraDIS), now enables us to identify in vivo active genes and gene functions that
are crucial for the survival of pathogens in certain tissues (Chaudhuri et al. 2013;
Langridge et al. 2009; Westermann et al. 2012). The discovery of the bottlenecks of
an infection will allow us to develop anti-infectives that particularly target funda-
mental virulence mechanisms (the Achilles heel) of a pathogen. Particularly,
approaches that (i) target classical virulence factors, such as adhesins/invasins,
(ii) inhibit pathogen-induced host signaling disruption by toxins, effectors, and
immune modulators, (iii) manipulate microbial signal transduction and regulation,
or (iv) interfere with functions required for bacterial survival and/or persistence
during the infection appear promising for the development of new therapeutics
against infections (Fig. 2).
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Fig. 2 Schematic overview of the targets of current anti-virulence strategies designed for
Gram-negative bacterial pathogens. Pathoblockers can target toxin function, quorum and
environmental parameter sensing, gene regulation by global or specific regulators, sensory or
regulatory RNAs, cell adhesion and invasion-promoting surface structures, and bacterial secretion
systems (i.e., T3SS, T4SS)

2.1 Denying Access: Adherence and Invasion Inhibitors

Upon entering the host, bacterial pathogens must travel to their respective site of
infection in order to initialize the disease process. Once the bacteria reach the site of
infection, bacterial cell surface structures and appendages such as pili/fimbriae and
afimbrial adhesins detect and interact tightly with specific host cell receptors to
adhere to the host cell (Thanassi et al. 2012). Cell attachment enables bacteria to
withstand host mechanical and immunological clearance and is crucial for the
initiation of an infection. Furthermore, adhesion is essential for the pathogen to get
into close proximity with the host cell surface, a process required for the formation
and activation of secretion systems (Thanassi et al. 2012). Agents targeting bacterial
adherence, e.g., by the inhibition of pili/fimbriae or adhesin formation would not
only deny access to host tissues, but would also promote rapid clearance of the
bacteria and avoid the release and translocation of tissue-damaging factors (e.g.,
toxins) (Krachler and Orth 2013). As the adhesion structures are further specific to
the pathogen and will mediate only attachment to host cells that express the cor-
responding receptor, they are potential targets for new anti-infectives.
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Pili or fimbriae are hairlike, multi-subunit bacterial cell surface protrusions that
facilitate bacterial adhesion and aid colonization. They are important virulence
factors in a wide range of bacterial pathogens, including E. coli, Salmonella,
Yersinia, Haemophilus, Pseudomonas, and Klebsiella (Krachler and Orth 2013).
Many pili structures are assembled in the bacterial cell via the chaperone—usher
pathway. In this pathway, the pilin subunits reach the periplasm via the Sec
pathway, where they interact with the chaperone, which aids the folding of the pilin
subunit’s immunoglobulin fold (Li et al. 2004). The chaperone—pilin complex
traffics to bacterial outer membrane usher proteins, where the pilus is formed by the
incorporation of the pilin subunit into the growing pilin fiber resulting in the lib-
eration of the chaperone (Barnhart et al. 2003).

Bicyclic 2-pyridones and N-substituted amino acid derivatives were discovered
as potential pilicides (inhibitors of pili formation/biogenesis) that target conserved
regions on the chaperone and competitively inhibit the binding of the chaperone to
the pilin subunits. They were shown to inhibit biogenesis of type 1 and P pili of
uropathogenic E. coli (UPEC), the major cause of urinary tract infections, which
decrease UPEC binding to bladder cells by 90 % (Pinkner et al. 2006). Furthermore,
they also inhibit hemagglutination and biofilm formation in E. coli strains (Pinkner
et al. 2006). While none of the substances affect bacterial growth, pilicides may
have broad-spectrum activity as both the chaperone structure and the chaperone—
usher pathway are highly conserved among bacteria.

The interaction of pili or fimbriae with host cell surface receptors is often
mediated through binding of the terminal pilin subunits and usually involves
specific sugar or peptide moieties at the receptor (Ofek et al. 2003). Therefore,
competitive inhibition of bacterial binding by tailoring anti-adhesive compounds to
the specific receptor can be a promising strategy for anti-adhesion therapies. For
instance, FimH or PapG are bacterial lectins that are located at the tip of type 1 or P
pili of UPEC and they are one of the bacterium’s main virulence factors, respon-
sible for colonization, invasion of host bladder epithelial cells, and biofilm for-
mation (Wright and Hultgren 2006). FimH recognizes mannosylated receptors on
the host cell surface. Initial studies showed that monovalent mannose derivatives
display rather weak inhibitory effects (Firon et al. 1987), but recent use of multi-
valent compounds with increased binding activity is promising success (Han et al.
2010). Biphenyl mannosides were shown to be 200,000-fold more potent than the
originally tested monovalent mannose. The substances are orally available and
demonstrate an overall low toxicity (Han et al. 2012; Hartmann et al. 2012).
Additionally, mouse models indicate that biphenyl mannosides decrease coloniza-
tion levels significantly (Klein et al. 2010). Alternatively, adhesin binding to
glycosylated receptor proteins can be inhibited by mucins. Mucins are glycopro-
teins of the mucus that mimic the glycosylation pattern found on host cell receptors.
Purified Mucl, a mucin derived from cow milk that is highly glycosylated, can
selectively inhibit binding of Gram-negative pathogens such as E. coli and
Salmonella (Parker et al. 2010). It can also limit infection with Helicobacter pylori
(Linden et al. 2009). Mucl does, however, have a less pronounced effect on
Gram-positive bacteria (Parker et al. 2010). Another very effective option to block
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cell adhesion by a particular bacterial adhesin is the application of synthetic
peptides that mimic the epitope or use of monoclonal antibodies raised against the
binding epitope that interacts with the host cell receptor. This strategy has been
successfully applied to the streptococcal antigen (SA) I/II, an adhesin of
Streptococcus mutants responsible for bacterial binding to host salivary receptors.
A synthetic peptide and an antibody directed against a binding epitope of SA I/II
have been shown to prevent colonization of the oral cavity by S. mutans (Lehner
et al. 1985; Ma et al. 1989).

Another option to inhibit bacterial adhesion is interference with the biogenesis
and presentation of the host receptor. Many bacterial adhesins and toxins bind to
host glycosphingolipids. Blocking of the ceramide-specific glycosyltransferase that
catalyzes the formation of a glycosphingolipid precursor has been used to suc-
cessfully diminish the amount of colonization of UPEC in cell culture and mouse
studies (Svensson et al. 2003). Also, depletion of glycosphingolipids using enzyme
replacement therapy was successfully used to treat systemic salmonellosis (Margalit
et al. 2002).

2.2 Fighting Biofilms and Chronic Infections

More than 80 % of all microbial infectious diseases, which are difficult to treat,
involve the formation of biofilms (Romling and Balsalobre 2012). Therefore,
biofilms and quorum sensing implicated in the control of biofilm formation
constitute other important treatment targets.

2.2.1 Interference with Cell-Cell Communication—Quorum Sensing

Quorum sensing was discovered in the early 1970s as a means of cell—cell com-
munication between bacteria of a species. It allows the cells to react to environ-
mental changes/stresses as a group by coordinating gene expression according to
the local cell population density (LaSarre and Federle 2013). Quorum sensing is a
three-step process, in which the bacteria produce small signal molecules, so-called
autoinducers that are released from the cell and detected by membrane-bound or
cytoplasmic receptors (Ng and Bassler 2009). When bacterial numbers are low, the
concentration of autoinducers is also low and the molecules dissipate in the envi-
ronment. If, however, the concentration of bacteria reaches a threshold level, they
come into contact with the released autoinducer molecules, inferring that they have
neighbors. This, in turn, induces the formation of biofilms, antibiotic resistance, and
expression of multiple pathogenicity factors (Deep et al. 2011). By regulating genes
that are mainly associated with virulence and persistence, quorum sensing poses an
important target for anti-virulence therapies. Different strategies identified for its
inhibition include the blockage of signal production, interference with or
degradation of signal molecules (signal dissemination), and disruption of the
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signal reception and response (Hentzer and Givskov 2003; LaSarre and Federle
2013; Lu et al. 2014a, b).

One important strategy to interfere with quorum sensing is to prevent the pro-
duction of autoinducers. Gram-negative bacteria generate autoinducer molecules
such as acyl-homoserine lactone (AHL) from S-adenosyl methionine (SAM) by
proteins homologous to LuxI of Vibrio fischeri. This knowledge was exploited for
the generation of quorum sensing inhibitors. For instance, analogues of SAM (e.g.,
S-adenosyl-homocysteine) were shown to inhibit AHL synthesis in P. aeruginosa
(Parsek et al. 1999), and analogues of AHLs resulted in the inhibition of the
expression of quorum sensing-regulated genes (Smith et al. 2003b) and, subse-
quently, biofilm formation (Smith et al. 2003a). Furthermore, substances blocking
regulators of AHL synthesis were identified (Park et al. 2015; Soheili et al. 2015;
Lu et al. 2014a, b). Gram-positive bacteria such as S. aureus produce autoinducing
peptides that require cleaving for activation and recognition. Administration of
inhibitory autoinducer peptides to mice during the initial stages of S. aureus
infection was shown to inhibit S. aureus-induced abscess formation (Wright et al.
2005). In addition, diverse small-molecule inhibitors of biofilm formation have
been identified. These include hydnocarpin-type flavonolignans and streptorubin B
for S. aureus and cyclosporine and valspodar for Streptococcus biofilm inhibition
(Aggarwal et al. 2015; Suzuki et al. 2015; Vimberg et al. 2015).

Several species of bacteria also produce enzymes that are capable of inactivating
AHL molecules. Bacillus subtilis produces an acyl-homoserine lactonase, which
hydrolyzes the lactone ring of AHL molecules, resulting in the ablation of AHL
function (Dong et al. 2000). Interestingly, tobacco plants expressing this
AHL-lactonase show an enhanced resistance to Erwinia infection suggesting at a
broad spectrum function of these enzymes (Dong et al. 2001, 2002). Moreover,
AHL-acylases, which cleave AHL after the N-terminal acyl, inactivating AHL
molecules in a substrate-specific manner have been identified in different strains of
Pseudomonas and Ralstonia (LaSarre and Federle 2013) and are also of interest as
anti-quorum sensing agents.

Another possibility is the blockage of AHL signaling by competitive inhibitors
that prevent AHL binding to its LuxR-type receptor (Hentzer and Givskov 2003).
Several AHL analogues with modified acyl side chains were identified with ago-
nistic activities (Chhabra et al. 1993; Kline et al. 1999; Smith et al. 2003b), and
halogenated furanones of marine algae were shown to modulate quorum sensing
regulators at a post-transcriptional level (Hentzer and Givskov 2003; Hentzer et al.
2002; Manefield et al. 1999).

Cyclic-di-GMP (c-di-GMP) is a widely used second messenger that plays a
crucial role in bacterial biofilm formation as it stimulates the biosynthesis of
adhesins and exopolysaccharide matrix components and prevents bacterial motility.
C-di-GMP is synthesized by diguanylate cyclase (DGC), which is considered to be
an attractive drug target. Recent research led to the identification of a
catechol-containing sulfonohydrazide compound that inhibits the DGC PleD
(Fernicola et al. 2015).
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2.2.2 Prevention and Resolution of Biofilms

Biofilms form once bacteria sense a sufficiently high population density in their
vicinity. This alters their gene expression and induces the secretion of a mix of
polysaccharides, proteins, and extracellular DNA. These secreted substances
interact to form an extracellular matrix for the pathogens. Once the biofilm has been
formed and bacteria are embedded in the matrix, the targeting of these bacteria
becomes difficult. The formation of a biofilm increases bacterial resistance to
exogenous stresses such as antibiotics, UV damage, acidity, metal toxicity, and to
host immune clearance and phagocytosis (Costerton et al. 1999; Hall-Stoodley et al.
2004; Romling and Balsalobre 2012). An additional disadvantage of biofilm for-
mation in terms of treatment is that growth in biofilms aids the occurrence of
processes that lead to the acquisition of inheritable resistance traits, such as hori-
zontal gene transfer and adaptive mutations (Madsen et al. 2012). Growth within
biofilms also raises the probability of bacterial persistence and antibiotic tolerance
as bacteria within the biofilm alter their metabolism (Lewis 2005, 2008). This may
lead to resistance to bacterial clearance, enabling the bacteria to regrowth within the
host when the conditions become more hospitable. To target biofilm formation to
inhibit persistence and recurrent infection, substances are being investigated that
can inhibit secretion of biofilm components and biofilm matrix formation or destroy
or resolve existing biofilm matrices.

Strategies to target bacteria within the context of a mature biofilm or to prevent
biofilms from forming include the induction of bacterial motility, inhibition of host
cell adhesion (see also 2.1), and/or the initiation of cell dispersal. Under natural
circumstances, molecules inducing cell dispersal are produced by bacteria within
the biofilm, allowing some cells to detach and infect new cells or surfaces. B.
subtilis produces D-amino acids that result in the disruption of amyloid fibers,
which link bacteria within the biofilm (Kolodkin-Gal et al. 2010). Exogenous
treatment of biofilms with low levels of D-amino acids results in the disruption of
mature biofilms and inhibition of biofilm formation by B. subtilis (Kolodkin-Gal
et al. 2010). Norspermidine is another molecule produced by bacteria and plants
that targets polysaccharides present in the matrix. It disperses biofilms formed by B.
subtilis and was further shown to inhibit the formation of biofilms by E. coli and S.
aureus. Administration of a combination of D-amino acids and norspermidine
enhances their activity against mature biofilms (Kolodkin-Gal et al. 2012).
Moreover, nitric oxide or the addition of the nitric oxide donor sodium nitroprus-
side (SNP) induces the dispersion of P. aeruginosa biofilms, and cotreatment of
biofilms with SNP and antibiotics increases the efficacy of the antibiotics (Barraud
et al. 2006). Nitric oxide was suggested to reduce biofilms by stimulating
c-di-GMP-degrading phosphodiesterases, decreasing local c-di-GMP levels
(Barraud et al. 2009). Furthermore, DNase I can degrade the extracellular DNA
present in the biofilm matrix (Okshevsky et al. 2015; Qin et al. 2007), interfering
with its formation and stability as shown for Bordetella pertussis (Conover et al.
2011), Listeria monocytogenes (Harmsen et al. 2010), and Campylobacter jejuni
(Brown et al. 2015). A bacterial glycoside hydrolase, named Dispersin B, has been
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isolated from Actinobacillus actinomycetemcomitans, which was shown to disrupt
mature Actinobacillus biofilms (Kaplan et al. 2004) and to inhibit S. aureus biofilms
when added exogenously to the cells (Izano et al. 2008). Furthermore, the use of
Iytic bacteriophages to treat bacteria within a biofilm has been investigated, and it
was shown that using a phage engineered to express Dispersin B could lead to
complete dispersal of E. coli biofilms (Lu and Collins 2007) targeting even
potential persister cells.

2.3 Interference with Global Virulence Control (Regulation
of Virulence Gene Expression)

Bacteria tightly control the production of energy-consuming pathogenicity factors
and virulence-associated traits to avoid unnecessary energy expenses and optimize
their biological fitness. Recent advances in our understanding of virulence regu-
lation have identified many control circuits and networks implicating many different
often conserved sensory and regulatory components acting at the transcriptional or
post-transcriptional level that could be targeted. This includes bacterial sensory and
signal transduction molecules, global and specific transcriptional regulators, and
RNA-based regulatory mechanisms. A major advantage of targeting signal
transduction and regulatory mechanism is that these control systems are specific
for bacteria and not present in eukaryotic host cells.

2.3.1 Two-Component Systems Involved in Virulence

Environmental cues, which are important for the pathogenesis and the biological
fitness of bacterial pathogens during infection, are sensed by ubiquitous, highly
conserved two-component systems. They constitute a membrane-bound histidine
sensor kinase, which activates a corresponding cytoplasmic response regulator by
phosphorylation. In particular, the two-component systems EnvZ/OmpR,
RecsB/ResC, PhoP/PhoQ, BarA/SirA, CpxR/CpxS, AgrC/AgrA, and QseC/QseB of
bacterial pathogens have been well characterized and shown to control complex gene
networks important for virulence in response to temperature, osmolarity, nutrients,
secondary metabolites, and ions (Altier et al. 2000; Arya and Princy 2013; Clarke
2010; Forst and Roberts 1994; Groisman and Mouslim 2006; Vogt and Raivio 2012;
Weigel and Demuth 2015). Moreover, studies exist that inhibitors of bacterial
two-component systems worked in animal models and blocked pathogenesis of
important pathogens (Rasko et al. 2008; Stephenson et al. 2000; Wilke et al. 2015;
Worthington et al. 2013). One prominent example is the small-molecule inhibitor
savirin, which reduces the expression of AgrCA-regulated genes in S. aureus,
affecting its virulence, but not its survival and has no impact on the commensal
Staphylococcus epidermidis (Sully et al. 2014). Another promising approach has



Anti-virulence Strategies to Target Bacterial Infections 157

identified a small-molecule LED209, which prevents the autophosphorylation of the
sensor kinase QseC without influencing bacterial growth or inducing cell cytotox-
icity. The QseC kinase contributes to virulence in a number of Gram-negative
pathogens and has been studied extensively in enterohemorrhagic E. coli. Here,
QseC phosphorylates three transcription factors, QseB (regulates flagella and
motility genes by binding the master regulator fIlhDC), QseF (activates Stx pro-
duction), and KdpE (binds to ler, the regulator of the main EHEC pathogenicity
island LEE). Furthermore, QseC knockout strains of Salmonella and Francisella
were shown to be attenuated in animal models. Strikingly, the inhibitor LED209
prevents the expression of the EHEC pathogenicity island LEE and Shiga toxin 2
without triggering an SOS response in EHEC, a reaction, which has been shown to
result in the activation of Shiga toxin expression. On the contrary, a decrease in Stx2
expression could be observed (Curtis et al. 2014; Rasko et al. 2008).

2.3.2 Global Transcriptional Regulators of Virulence

A growing number and range of global transcriptional regulators of virulence
have been identified which are highly conserved among bacteria, but specific for
prokaryotic gene expression control, and which adjust coexpression of host-adapted
metabolic processes, adaptation to host stresses, and virulence factors. Targeting of
these regulators is an attractive concept as rapid adjustment to continuously
changing environments during the course of an infection is a prerequisite for
successful persistence in the host and the development of the infectious disease.
Among the most promising drug targets are transcriptional regulators, such as the
cAMP repressor protein (Crp) of Gram-negative bacteria, the equivalent catabolite
control protein (CcpA) of Gram-positive bacteria, the carbon storage regulator
(CsrA/RsmA, see also below), and AraC-type activators (e.g., RhaR). They are
produced by both Gram-negative and Gram-positive bacteria which all adjust
expression of important virulence-relevant processes (e.g., toxin production) in
response to available nutrients in the infected tissues (Brautaset et al. 2009;
Bruckner and Titgemeyer 2002; Deutscher et al. 2005; Heroven et al. 2012; Romeo
et al. 2013; Skredenske et al. 2013; Vakulskas et al. 2015). The strength of this
approach is supported by a recent study demonstrating that the phenylpropanoid
anethole, which influences the virulence regulatory cascade by overproduction of
Crp suppressed toxigenic V. cholerae-mediated fluid accumulation in ligate ileum
of rabbits (Zahid et al. 2015).

2.3.3 Regulatory and Sensory RNAs

Novel deep-sequencing-based strategies have discovered an unprecedented level of
complexity of transcriptional networks by the identification of small frans-acting
regulatory RNAs (sRNAs), antisense RNAs, and sensory RNAs, such as RNA
thermometers and riboswitches. Many of these RNA-based control elements were
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shown to influence the expression of virulence-relevant processes (Oliva et al.
2015; Papenfort and Vogel 2014). Several regulatory RNAs (e.g., Qrr RNAs,
CsrB/C, and RsmZ/Y RNAs) have redundant functions and are used to fine-tune the
regulation of pathogenicity, stress adaptation, and/or metabolic genes by seques-
tration of regulatory proteins, hindrance of translation, and/or control of RNA
degradation (Feng et al. 2015; Heroven et al. 2012; Vakulskas et al. 2015).
Redundancy and distinct regulatory mechanisms hamper the development of
anti-regulatory RNA inhibitors. However, mechanistic insights further revealed that
the function of many regulatory RNAs is governed by highly conserved, global
RNA-binding proteins, such as the RNA chaperone Hfq and CsrA/RsmA (Heroven
et al. 2012; Lucchetti-Miganeh et al. 2008; Oliva et al. 2015; Papenfort and Vogel
2014; Vakulskas et al. 2015). Hfq is known as the central mediator of SRNA-based
gene regulation in bacteria as it establishes dynamic interactions of a wide range of
RNA molecules and manipulates translation and degradation of many mRNAs
important for pathogenesis (Chao and Vogel 2010; Vogel and Luisi 2011). In fact,
hfg knockout derivatives of many important pathogens (e.g., Francisella, Neisseria,
Legionella, Salmonella, Yersinia, and Listeria) showed a severe growth defect and
were drastically attenuated in animal infection models (Oliva et al. 2015). Another
well-characterized RNA-binding protein implicated in the control of multiple reg-
ulatory RNAs and a large set of virulence-linked traits is the CsrA/RsmA protein.
This RNA-binding regulator is highly conserved among bacteria, but it is not
produced in archaea and eukaryotes. It predominantly controls RNA translation and
degradation by binding to A(N)GGA motifs within the 5’-untranslated region of the
mRNA targets (Duss et al. 2014). The CsrA/RsmA-controlled network is very
versatile and includes target mRNAs implicated in the control of cell morphology,
motility, biofilm formation, multiple stress responses, and crucial virulence
factors/regulators (i.e., secretion systems and secreted effectors, adhesins, and
invasins). Accordingly, csrA/rsmA mutants of many pathogens are avirulent or
strongly attenuated (Heroven et al. 2012; Lucchetti-Miganeh et al. 2008; Vakulskas
et al. 2015). Furthermore, multiple regulatory RNAs of pathogenic
Enterobacteriaceae implicated in the control of virulence functions are controlled
by the global transcriptional regulator Crp (see above) in response to the available
nutrients in the medium. Strikingly, transcriptional profiling using RNA-Seq
recently revealed Crp as a master regulator of 50 % of all identified small RNAs in
Y. pseudotuberculosis which are reprogrammed by Crp in response to temperature
(Nuss et al. 2015). The major impact of Hfq, CsrA/RsmA, and Crp on the
expression of the virulence phenotype of many pathogens makes these global
regulators also to promising targets for anti-virulence strategies.

RNA riboswitches and thermometers represent another type of regulatory RNA
elements. They are predominantly located in the 5'-untranslated regions of target
mRNAs and comprise complex RNA structures (e.g., stem loops, which include the
ribosome-binding site and/or the start codon in base-pairing of the stem structure)
that sense and react to thermal or biochemical signals by conformational changes,
which mainly affect translation of the downstream gene(s) (Kortmann and
Narberhaus 2012). Prominent examples are the RNA thermometers controlling the
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expression of major virulence regulators, such as PrfA of Listeria monocytogenes
(Johansson et al. 2002), LcrF/VirF of Yersinia (Bohme et al. 2012), and the cholera
toxin regulator ToxT of Vibrio cholerae (Weber et al. 2014). Additionally, three
RNA thermosensors were described to be essential for Neisseria meningitidis
resistance against immune killing (Loh et al. 2013).

Several virulence-related metabolic functions are also controlled by riboswitches
—metabolite-binding mRNA or part of regulatory RNA structures (Mellin et al.
2014; Peselis and Serganov 2014; Serganov and Nudler 2013). Utilization of
ethanolamine and propanediol, by-products of rhamnose and fucose fermentation
by the intestinal microbiota, is controlled by riboswitches in response to vitamin
B12 binding. This leads to the synthesis of short or longer regulatory RNAs, which
differentially modulate transcription of the pdu and eut genes (Mellin et al. 2013,
2014; Toledo-Arana et al. 2009). Moreover, trans-regulatory riboswitches can
function as small regulatory RNAs to link metabolic and virulence control. Several
potential S-adenosylmethionine (SAM)-binding riboswitches were identified in
enteric pathogens and two of them—SreA and SreB—were shown to bind the 5'-
untranslated region of the prfA transcript encoding the master virulence regulator of
L. monocytogenes (Toledo-Arana et al. 2009). Rapidly increasing numbers of
crucial RNA thermometers and riboswitches involved in virulence control may
warrant the design of potential RNA-based inhibitors, e.g., RNA fragments that
interfere with these crucial RNA elements or show perfect complementarities to the
ribosomal binding site and the start codon of crucial virulence regulators.

2.4 Preventing Host Damage and Development
of the Disease

Toxin-producing pathogens exhibit the severest effect on their host. The most
serious clinical symptoms associated with infectious diseases are the results of
severe tissue damage, cellular malfunction, or destruction caused by bacterial
exotoxins such as botulinum, cholera, diphtheria, anthrax, tetanus, and Shiga toxins
(Henkel et al. 2010; Schmitt et al. 1999). A deletion of the toxin gene(s) generally
disarms the bacteria and results in avirulence without harming their overall bio-
logical fitness. This makes these virulence factors ideal targets for new inhibitors,
and multiple approaches are currently being followed to prevent toxin-mediated
damages of the host.

2.4.1 Targeting Exotoxin Trafficking or Function
Exotoxins are bacterial virulence factors that are actively released into the sur-

rounding environment from the bacterium during its growth, commonly via bac-
terial type II secretion systems (Henkel et al. 2010) and/or outer membrane vesicles
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(Kulp and Kuehn 2010; Kunsmann et al. 2015). As toxins remain outside the cell
for a period of time prior to binding of their specific target cells, the toxins
themselves make for good therapeutic targets, for example for competitive inhi-
bitors or neutralizing antibodies. Once released into the environment, the toxins
traffic through the host until they recognize and bind to specific host cell receptors.
Interaction of the toxin with its receptor induces the uptake of the receptor from the
cell surface by endocytosis. Once inside the host cell cytosol, the trafficking and
destination of toxins varies according to their specificity. Some toxins are activated
at neutral pH, while others require the acidification of the endosome for activation
or trafficking to a particular compartment (Henkel et al. 2010; Schmitt et al. 1999).
Knowledge of the route of action of a specific toxin now enables us to develop new
toxin-trafficking inhibitors.

For many exotoxins, screening assays have been designed to identify
small-molecule compounds that inhibit the action of the particular exotoxin. For
instance, several potent inhibitors have been identified for the Bacillus anthracis-
encoded anthrax toxin, a multimeric toxin consisting of three proteins, the protective
antigen (PA), the edema factor (EF), and the lethal factor (LF) (Montecucco et al.
2004; Nestorovich and Bezrukov 2014; Tonello et al. 2002). The PA binds to the
host cell surface, where it gets cleaved and forms multimeric channels in the host cell
membrane through which the EF and the LF can enter the cell. The EF, an adenylate
cyclase, raises the level of cAMP within the host cell, leading to edema (Baldari et al.
2006; Dell’ Aica et al. 2004). The LF, a zinc metalloprotease, which has been shown
to be critical for infection, disrupts host MAP kinase signaling pathways. Initial
screening of a library of known zinc metalloprotease inhibitors identified a potent
sulfonamide derivative, anthrax LF inhibitor 40 ((2R)-2-[(4-fluoro-3-methylphenyl)
sulfonylamino]-N-hydroxy-2-(tetrahydro-2H-pyran-4-yl)acetamide), which was
further shown to be effective in several animal models (Xiong et al. 2006). The
compound binds competitively within the active site of LF and was found to be
efficient in prophylactic therapy as well as for therapeutic treatment when used in
combination with classic antibiotics (Shoop et al. 2005). Other screening assays
using small-molecule libraries and application of a mixture-based peptide library
approach identified additional small-molecule inhibitors and peptide analogues,
which show competitive inhibition of anthrax LF (Bannwarth et al. 2012; Goldman
et al. 2006; Kim et al. 2011; Panchal et al. 2004; Shoop et al. 2005; Turk et al. 2004).
Furthermore, some polyphenols such as catechin gallate (CG) and
epigallocatechin-3-gallate (EGCG) abundantly identified in green tea were found to
exert a strong inhibition of the LF proteolytic activity (Dell’ Aica et al. 2004). Several
non-competitive/exosite-targeting inhibitors that prevent LF function were also
identified (Bannwarth et al. 2012; Kuzmic et al. 2006). Similarly, antitoxins tar-
geting the EF enzymatic activity have been identified of which the most potent
inhibitors interact with the catalytic site of the protein (Nestorovich and Bezrukov
2014).

As the PA subunit of the anthrax toxin is responsible for LF and EF delivery and
represents the major antigen for toxin-neutralizing antibodies, it has been the most
important target for preventive and therapeutic measures. Several attempts have



Anti-virulence Strategies to Target Bacterial Infections 161

been made to (i) prevent PA binding to its host cell receptors (ATR/TEMS, CMG2)
by blocking the receptor-binding domain of PA or the cell receptors or by the
design of soluble polyvalent peptide analogues which compete with the natural
receptors for PA binding (Cryan et al. 2013; Cryan and Rogers 2011; Rogers et al.
2012; Scobie et al. 2005), (ii) to prevent endocytosis of the toxin by blocking
pH-dependent cell entry and endosomal trafficking, or (iii) to prevent PA-promoted
translocation of the LF and the EF. The most potent inhibitors include
liposome-functionalized multiple copies of the AWPLSQLDHSYN peptide that
binds and neutralizes the LF (Basha et al. 2006), dominant negative derivatives of
the PA that coassemble with wild-type PA, and the small-molecule inhibitor
(3-aminopropylthio)-B-cyclodextrin, which disrupts proper PA channel formation
and/or blocks its activity to translocate the LF and the EF (Karginov et al. 2006;
Nestorovich and Bezrukov 2014).

Shiga toxin and Shiga-like toxin are found in Shigella and Shiga
toxin-producing E. coli strains (EHEC). In EHEC pathogenesis, Shiga toxin has
been identified as the main virulence factor responsible for bloody diarrhea,
destruction of red blood cells and platelets, and the development of hemolytic
uremic syndrome (HUS) resulting in severe kidney and neurological damage
(Greener 2000; Kaplan et al. 1998; Tarr et al. 2005). Shiga toxin is an AB5 toxin, of
which the B subunit promotes binding to Gb3 glycolipid receptors most commonly
found on kidney cells, but also on thrombocytes and neuronal cells (Boyd and
Lingwood 1989; Kaplan et al. 1998). Several groups have designed strategies to
interfere with receptor binding of the Shiga toxin. Sugars mimicking the Gb3
receptor have been designed in previous studies with varying success at neutralizing
the free toxin (Kitov et al. 2000; Nishikawa et al. 2005; Trachtman et al. 2003).
Despite toxin binding and removal, clinical symptoms were not significantly
reduced. In another approach, glycan-encapsulated gold nanoparticles have been
used to display ligands for Shiga toxin in an attempt to bind the free toxin. The
nanoparticles were able to limit Vero cell cytotoxicity in response to Shiga toxins 1
and 2, but were unable to neutralize certain Shiga toxin 2 variants (Kulkarni et al.
2010). Furthermore, C-9, an inhibitor of glucosylceramide synthase, was applied to
downregulate Gb3 expression and prevented the cytotoxic effect of Stx2 on Vero
cells (Silberstein et al. 2011). Using a rat model of infection, C-9 protected animals
against Shiga toxin 2-associated disease and both prophylactic and therapeutic
treatment of rats with C-9 decreased expression of Gb3 receptors and the devel-
opment of a disease phenotype (Kulkarni et al. 2010).

2.4.2 Inhibition of Exotoxin Synthesis

The two main virulence factors of V. cholerae are cholera toxin (CT) and toxin
coregulated pilus (TCP). CT is another AB;5 toxin of which the catalytically active
A subunit activates host cell G proteins upon uptake into the host cell. This in turn
leads to the activation of adenylate cyclase, increasing the concentration of cAMP
in intestinal epithelial cells, inducing strong secretory diarrhea (Field 2003).
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The specific transcription factor ToxT is known to directly activate the expression
of both cholera toxin (czxAB) and zcp genes. The small-molecule virstatin was found
to interfere with the homodimerization of the ToxT N-termini and thus blocks CT
and TCP production resulting in reduced colonization of V. cholerae in mice (Hung
et al. 2005; Shakhnovich et al. 2007). Unfortunately, virstatin-resistant toxT
mutants containing a single amino acid substitution in the N-terminus have already
been isolated (Hung et al. 2005).

2.4.3 Antibody-Mediated Exotoxin Neutralization

A very effective strategy to block toxin function and prevent the deleterious effect
of very aggressive exotoxins is the treatment with antibodies that specifically bind
and neutralize the toxin. One example for a highly potent neurotoxin that can be
efficiently treated with neutralizing antibodies is the Clostridium botulinum-pro-
duced botulinum toxin. In the case of infections of adults, the US Centers for
Disease Control supply an antitoxin that contains horse antibodies raised against
type A, B, and/or E strains of the neurotoxin. For the treatment of children, the FDA
approved a drug containing anti-botulinum toxin antibodies produced from human
[marketed as human botulism immune globulin (BabyBIG)] (Arnon et al. 2006).
Due to the high cost of the antibodies, a new equine alternative of the antibody is
being tested (Vanella de Cuetos et al. 2011).

In addition, monoclonal antibodies binding directly to the PA subunit of the
anthrax toxin and thus preventing its interaction with host cells were developed,
which were shown to protect rats and chimpanzees against B. anthracis infections
(Chen et al. 2011).

Furthermore, antibodies targeting Shiga toxin have been isolated from rabbits
immunized with a fusion protein consisting of an epitope of the B subunit of
heat-labile toxin (LT) of enterotoxic E. coli (ETEC) and the A subunit of Shiga
toxin (Stx) fused to the fimbrial protein FaeG. The produced antibodies were able to
inhibit the adhesion of E. coli to enterocytes and neutralize Shiga toxin (Zhang and
Zhang 2010). Similarly, a fusion protein of two different Shiga toxin antigens as
well as the bacterial cell surface protein intimin was used to immunize mice and
shown to result in the production of anti-Stx and anti-intimin antibodies. Mice
immunized with this fusion protein were immune to lethal doses of EHEC (Gu et al.
2011).

2.4.4 Targeting of Secretion Systems

Secretion systems are used by the bacterium to translocate virulence factors (ef-
fectors) directly into the host cytosol. Several types of secretion systems have a
strong association with disease. The secretion systems most innately connected to
pathogenesis are the type III (T3SS) and type IV (T4SS) secretion systems. T3SSs
are needle-like structures with a high similarity to flagella, and T4SSs are
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evolutionary related to bacterial conjugation systems. Both secretion systems are
highly conserved in structure between the pathogens that employ them. They span
the bacterial inner and outer membrane and connect to the host cell. Here, they form
a pore in the host cell membrane enabling the pathogen to translocate virulence
proteins directly into the host cell cytosol in which they can interfere with cell
signaling pathways in favor of bacterial persistence (Chandran 2013; Galan and
Wolf-Watz 2006; Hueck 1998; Trokter et al. 2014; Waksman and Orlova 2014).

The genes for T3SSs and T4SSs are only found in pathogenic bacteria and are
usually encoded within mobile genetic regions that are associated with virulence
(pathogenicity islands). T3SSs are found in more than 25 species of Gram-negative
pathogens including pathogenic Chlamydia, E. coli, Salmonella, Shigella, Yersinia,
and Pseudomonas (Coburn et al. 2007; Galan and Wolf-Watz 2006; Schroeder and
Hilbi 2008). T4SSs are associated with virulence in pathogens such as Legionella,
Bartonella, Helicobacter, Coxiella, and Brucella (Nagai and Kubori 2011; Voth
et al. 2012). As the structures and functions of the secretion systems themselves
show a high conservation between the different strains of bacteria, so does their
synthesis and assembly. Furthermore, the proteins that make up the secretion
systems are exposed on the bacterial cell surface, making them accessible. Taken
everything into consideration, a number of different potential targets present
themselves: synthesis of needle components, assembly of the secretion system,
interaction with the host cell, and secretion/translocation of the substrates. Due to
the high similarity of the secretion systems, it is likely that inhibitors can be found
which target not only one but also several different pathogens at once. Furthermore,
as only pathogenic bacteria express these types of secretion systems,
non-pathogenic bacteria will not be targeted. Additionally, as secretion system
inhibition does not influence the overall survival of the bacterium, the selective
pressure to develop resistance is low.

The design and use of special secretion test assays, i.e., fusion of the f-lactamase
gene to the translocation signal of effectors secreted by T3SSs, GFP-labeled
chaperone, and tagged effector labeling, allowed the identification of different
natural compounds and chemical inhibitors that block the function of T3SSs of
different important pathogens (Baron 2010; Izore et al. 2011; Keyser et al. 2008;
Marshall and Finlay 2014; McShan and De Guzman 2015; Pan et al. 2009; Tsou
et al. 2013). The glycolipids caminoside A, B, and C isolated from the marine
sponge Caminus sphaeroconia were the first T3SS inhibitors. They block the
secretion of the effector EspB, a protein that makes up part of the translocon of the
E. coli T3SS, by varying degrees. Caminoside B appears to be the most potent
inhibitor of this class; however, the cellular target remains unknown (Linington
et al. 2002). The kirromycin derivative aurodox, isolated from Streptomyces,
inhibited T3SS-mediated hemolysis of red blood cells in response to incubation
with enteropathogenic E. coli (EPEC). It was further shown to decrease the
secretion of the effectors EspB, EspF, and Map without affecting bacterial growth.
Furthermore, aurodox protected mice against infection with a lethal dose of
Citrobacter rodentium, the mouse homologue of EPEC. The mode of action of
aurodox is still unknown; however, it was suggested that it might interact with
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transcriptional regulators (Kimura et al. 2011). Guadinomines A and B are
Streptomyces-produced natural compounds with a strong activity against the T3SS
of EPEC as shown by the inhibition of T3S-induced hemolysis. The mode of action
of these compounds is also unknown (Duncan et al. 2014; Iwatsuki et al. 2008). The
insecticidal, actinomycete-derived respiratory chain inhibitor piericidin Al and its
closely related derivative Mer-A2026B were also shown to act against T3SS of Y.
pseudotuberculosis, inhibiting the secretion and translocation of the Yersinia vir-
ulence proteins (Yops) into host cells (Duncan et al. 2014). A series of thiazo-
lidinone inhibitors were discovered to inhibit both the Salmonella and the Yersinia
T3SSs. However, they seem to also block T2SS and type IV pili, most likely due to
an inhibition of the common outer membrane protein secretin (Felise et al. 2008).
The polyphenol (-)-hopeaphenol is a natural product that also decreases Yop
secretion in Y. pseudotuberculosis without affecting Yop expression. The com-
pound is also active against Pseudomonas, but the exact target of (-)-hopeaphenol is
still unknown (Zetterstrom et al. 2013). The salicylidene acylhydrazides (SAHs) are
by far the best-studied chemical substances targeting T3SSs. They are effective
against the T3SS of a range of pathogens including Salmonella Typhimurium
(Hudson et al. 2007; Negrea et al. 2007), Y. pseudotuberculosis (Nordfelth et al.
2005), Chlamydia (Bailey et al. 2007; Muschiol et al. 2006; Slepenkin et al. 2007,
Wolf et al. 20006), E. coli (Tree et al. 2009), and Shigella (Veenendaal et al. 2009).
The mode of action seems to be via the inhibition of needle subunit secretion or
assembly, but recent analysis further demonstrated that SAHs significantly
repressed the expression of main regulators of the T3SS machinery and modulate
the function or activity of several protein targets (Layton et al. 2010; Tree et al.
2009; Wang et al. 2011). An involvement in iron chelation (Layton et al. 2010;
Slepenkin et al. 2007) and a role for the metabolism (Wang et al. 2011) are also
debated. In addition to these inhibitors, several other virulence blockers have been
identified that inhibit transcription factors important for the expression of the T3SS
in different pathogens. For instance, N-hydroxybenzimidazole derivatives block
T3SS expression in Pseudomonas and were found to prevent T3SS expression of
Yersinia by the inhibition of the MarA-type transcriptional activator LcrF/VirF of
Yersinia and ExsA of Pseudomonas (Bowser et al. 2007; Garrity-Ryan et al. 2010;
Harmon et al. 2010; Kim et al. 2009). Furthermore, salicylanilides were identified
as inhibitors of LcrF expression (Kauppi et al. 2003), and the small-molecule
inhibitor SE-1 inhibits the master T3SS regulator VirF of Shigella (Koppolu et al.
2013).

Another very promising approach includes the use of antibodies directed against
the tip complex of the secretion systems, e.g., PcrV for the Pseudomonas T3SS.
A PcrV-specific antibody of KaloBios Pharmaceuticals is in clinical phase II and
already showed that it is non-immunogenic and safe in pharmacokinetic studies
(Francois et al. 2012).

The Brucella abortus protein VirB8 is an essential component of the T4SS and
indispensable for its assembly. B8I-2 was identified to inhibit the dimerization of
VirB8 as well as the interaction with other VirB proteins (Paschos et al. 2011). The
compound markedly reduced virB transcription and subsequently VirB protein



Anti-virulence Strategies to Target Bacterial Infections 165

levels, but it also strongly reduced the intracellular survival of Brucella in
macrophages (Paschos et al. 2011). Another study identified three substances to
inhibit VirB11, the crucial ATPase of the T4SS of H. pylori, which were named
CHIR-1, CHIR-2, and CHIR-3. All were shown to inhibit the secretion of CagA
into cells in vitro which resulted in a strong reduction of H. pylori colonization in
mice (Hilleringmann et al. 2006).

2.4.5 Sortases

Gram-positive bacteria use enzymes named sortases to present proteins such as
pilins or glycoproteins on their surface. In addition, pathogens such as S. aureus use
these proteins to display their virulence factors (Cascioferro et al. 2014). This
presentation is essential, as sortase A (srtA) mutant strains are impaired in their
ability to cause infection in the mouse model (Jonsson et al. 2002). Sortase A
mutants in Streptococcus suis and L. monocytogenes also show a marked reduction
in pathogenicity (Bierne et al. 2002; Vanier et al. 2008). The conservation,
essentiality, and widespread use of sortase by pathogens suggest that compounds,
which inhibit their activity, will function as potent anti-infective agents (Cascioferro
et al. 2015). The surface proteins anchored to the cell wall by S. aureus SrtA
include virulence factors that play key roles in the infection process by promoting
nutrient acquisition from the host, bacterial adhesion, and immune evasion. Among
the first sortase inhibitors were peptidomimetic molecules, the small-molecule
inhibitor diarylacrylonitriles, and flavonols such as morin (Cascioferro et al. 2015).
More recently, the compound (2-(2,3-dihydro-1H-perimidin-2-yl)-phenoxy)-acetic
acid was found to inhibit SrtA without affecting bacterial growth (Chan et al. 2013;
Zhang et al. 2014). It also protects mice from bacteremia (Zhang et al. 2014).
Furthermore, aryl beta-amino(ethyl) ketone (AAEK) was identified as a sortase
inhibitor in a high-throughput screen and selected for further investigation on the
basis of its marked effect on sortases of staphylococci and bacilli (Maresso et al.
2007).

2.5 Antfi-resistance Drugs

The development and use of anti-resistance drugs that are administered together
with known antibiotics, to circumvent acquired resistance mechanisms of bacterial
pathogens, opens a door to extending the life span of known antibiotics.
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2.5.1 Resistance Against Antibiotics

B-lactamase Inhibitors

B-lactam antibiotics have been widely used for almost 80 years. They are bacteri-
cidal compounds that act by inhibiting cell wall-synthesizing enzymes found only
in bacteria (Kong et al. 2010). The continuous use of this family of antibiotics has
given rise to the extensive proliferation of bacterial B-lactamases, which hydrolyze
the B-lactam ring of the antibiotic, rendering the bacteria resistant to antibiotics of
the carbapenem family (Palzkill 2013). A combination therapy of B-lactamase
inhibitors as an adjuvant to suppress resistance with a B-lactam antibiotic increases
the efficacy and the spectrum of the antibiotic. Successful combinations of antibi-
otics and f-lactamase inhibitors include clavulanic acid, sulbactam or tazobactam,
and penicillins (Carlier et al. 2014; Totir et al. 2007). Avibactam, a non-beta-lactam
bicyclic diazabicyclooctane with no antibiotic activity, forms reversible bonds with
several beta-lactamases including K. pneumoniae carbapenemase and ESBL- or
AmpC-overexpressing strains (Castanheira et al. 2014; Coleman et al. 2014).
Similar modes of action have been described for Merck MK-7655, a piperidine
analogue used with imipenem (Blizzard et al. 2014).

Efflux Pump Inhibitors
Overexpression of efflux pumps to expel toxic compounds such as antibiotics from
the cell is a common resistance strategy found in bacteria. With the added
advantage that uptake of antibiotics into Gram-negative bacteria is slowed down by
decreased permeability of the bacterial outer membrane, the bacteria are less sus-
ceptible to efflux pump substrates even those with poor affinity, as the rate of efflux
usually exceeds that of influx (Nikaido and Pages 2012). Discovering compounds
that selectively inhibit the bacterial efflux pumps may lead to the development of
therapies that could restore sensitivity to antibiotics. Several bacterial efflux pumps
have been studied in detail and would make for promising therapeutic targets.
Resistance—nodulation—division (RND) efflux pumps are encoded by Gram-
negative Enterobacteriaceae and Pseudomonas. They transport a variety of toxic
substances from the bacterial cell, including antibiotics such as fluoroquinolones,
B-lactams, tetracyclines, and oxazolidines, mediating intrinsic resistance of the
bacteria to these substances (Nikaido and Pages 2012). Phenylalanyl arginyl
B-naphthylamide (PABN) was discovered in a high-throughput screen for molecules
that sensitize efflux pump-overexpressing P. aeruginosa to levofloxacin (Renau
et al. 1999). PAPBN inhibits the efflux pumps of several bacterial pathogens such as
E. coli, S. Typhimurium, K. pneumoniae, and Campylobacter sp. with divergent
efficacy. It was shown that while PABN sensitizes Pseudomonas to antibiotics such
as levofloxacin, erythromycin, and chloramphenicol, it showed little effect for
enhancing the susceptibility to carbenicillin, suggesting that its activity is strongly
dependent on the antibiotic (Lomovskaya et al. 2001). It was therefore suggested
that PABN is a competitive inhibitor that binds within the substrate-binding pocket
used by a specific set of antibiotics. PABN was found to increase the permeability of
the cellular membrane (Lomovskaya et al. 2001) in addition to its function as an
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efflux pump. Increased uptake into the bacterial cell increases its potency.
Naphtylpiperazines (NMPs) were identified as potentiators of levofloxacin in RND
efflux pump-overexpressing E. coli (Bohnert and Kern 2005). Addition of NMP to
cells increases the intracellular concentration of levofloxacin. It further affects the
susceptibility of the bacteria to other antibiotic substances such as rifampicin and
chloramphenicol. NMP is able to reverse multidrug resistance in clinical E. coli
isolates (Kern et al. 2006) and shows some effects against multidrug-resistant K.
pneumoniae (Schumacher et al. 2006) and A. baumannii (Pannek et al. 2006).
However, NMP is ineffective in increasing antibiotic susceptibility of P. aeruginosa
(Coban et al. 2009). Notably, antisense peptide nucleic acids (PNAs) are synthetic
homologues of nucleic acids that bind complementary DNA and RNA sequences
with very high specificity (Paulasova and Pellestor 2004). They can be used as
antisense peptides to specifically inhibit the gene expression of efflux pump genes.
This approach was employed to decrease the expression of the C. jejuni RND efflux
pump CmeABC, resulting in a significant increase of susceptibility to antibiotic
treatment (Jeon and Zhang 2009; Mu et al. 2013). NorA efflux pumps are found in
Gram-positive pathogens such as S. aureus. They confer resistance to antibiotics
including those of the family of fluoroquinolones. Capsaicin, an alkaloid, has
recently been shown to potently reduce the resistance of S. aureus to ciprofloxacin
and inhibit the efflux of ethidium bromide in vitro (Kalia et al. 2012).

2.5.2 Environmental Stress Resistance

Depletion of Iron

Pathogenic bacteria are exposed to multiple host-associated stresses directed to
prevent proliferation and eliminate the invaders. Among the most important stresses
is the depletion of iron from the blood and lymph systems by specific
iron-complexing molecules. To overcome this problem, bacteria synthesize a ple-
thora of iron-chelating siderophores for iron uptake, which are essential for viru-
lence (Miethke and Marahiel 2007). Several attempts were made to identify
compounds that prevent siderophore synthesis and transport. A salicylsulfamoyl
adenosine and other nucleoside bisubstrate analogues were found to prevent the
early step of siderophore synthesis of Yersinia and Mycobacterium (Ferreras et al.
2005; Miethke and Marahiel 2007; Neres et al. 2008).
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2.5.3 Resistance Against Reactive Oxygen and Nitrogen
Species (ROS, NOS)

In a similar manner, virulence factors can be targeted which are essential to promote
resistance against reactive oxygen or nitrogen species used by innate immune cells
to destroy bacteria. Enzymes that have been successfully targeted by inhibitors are
staphyloxanthin, a S. aureus pigment with antioxidant activity, which is blocked by
phosphosulfonate, and the Mycobacterium tuberculosis factor DlaT essential to
resist NOS intermediates which are targeted by rhodanine analogues (Escaich
2010).

2.5.4 Interference with Bacterial Host Resistance Mechanisms

Components of the innate immunity, such as complement factors, antimicrobial
peptides (e.g., defensins), and professional phagocytes (e.g., neutrophils, macro-
phages) circulating in the blood, lymph system, and tissues, are able to efficiently
eliminate invading pathogens. Lipopolysaccharides (LPSs) of the outer membrane
of Gram-negative bacteria are required for the resistance to complement and
cationic antimicrobial peptides (CAMPs). Modification of LPS to decrease surface
charges (e.g., by the addition of aminoarabinose or heptoses) and inhibition of
several enzymes of LPS biosynthesis have been identified as treatment strategies
(Desroy et al. 2013; Escaich 2010). Bacterial resistance to CAMPs is linked to an
increase in D-alanylation of the lipoteichoic acids in the cell wall of staphylococci
and streptococci (Peschel et al. 1999; Saar-Dover et al. 2012). Furthermore, inhi-
bitors of D-alanylation enzymes have been identified, some of which were also
shown to reduce bacteremia (Escaich 2010; Santa Maria et al. 2014).

3 Challenges and Problems Associated
with Virulence Blockers

The large variety of newly identified natural compounds, structural analogues,
mimetic peptides, and antibodies that act as inhibitors of crucial virulence traits over
the last ten years has demonstrated that anti-virulence strategies can be successfully
applied to combat bacterial infections. However, there are still many challenges and
problems for the development of anti-virulence drugs, which will have to be
addressed in the near future.

Recent development of target-based high-throughput screening or rational drug
design with chemical and natural compound libraries or structural analogues has
furthered the field and facilitated the identification of inhibitors. However, for many
inhibitors, the demonstration that inhibition of a particular virulence strategy leads
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to an inhibition of the bacterial infection in vitro and the validation of inhibitor
activities in animal models is still missing.

Another important issue concerns the mode of action of many compounds.
Although several effective inhibitors of certain virulence traits (e.g., T3SS-mediated
translocation of bacterial effectors) have been identified, the precise molecular
mechanism of the inhibition and the exact targets are often unclear. Moreover, some
of the identified inhibitor classes (i.e., SAHs) seem to have multiple molecular
targets, which contribute to the inhibitory effect of the compounds, and other
inhibitors are active on more than one species.

One major challenge in the development of successful anti-virulence strategies is
the general redundancy of many crucial virulence mechanisms of pathogens.
Bacterial pathogens usually expose multiple adhesive surface structures with dis-
tinct cell receptor specificities, which allow binding and colonization of different
tissues during the infection cycle. Furthermore, alternative infection routes are used
by several pathogens to disseminate into deeper tissues. Hence, the development of
a successful universal adherence inhibitor is rather difficult. Nonetheless, certain
adhesion structures have been identified as hallmark requirements for specific
pathogens, which are promising targets for drug discovery and development. Other
examples are bacterial effector proteins, which are injected into host cells by T3SS
or T4SSs to manipulate host cells and circumvent immune responses. Many bac-
teria that cannot evade detection by the receptors encode multiple effector proteins,
which are able to specifically modify the host innate immune response in their
favor. Pathogenic Yersinia species encode 5 effector proteins YopH, YopE,
Yopl/YopP, YopT, and YopM (Bliska et al. 2013), and in EPEC and enterohem-
orrhagic E. coli (EHEC), at least seven translocated effector proteins (NleB1, NleC,
NleD, NIeE, NleF, NleH2, and Tir) are known to modulate different aspects of the
proinflammatory and apoptotic cell signaling pathways (Wong et al. 2011). In
Legionalla pneumophila, which encodes a staggering amount of at least 300
effector proteins, the redundancy of effector function is consequently much higher
(Pearson et al. 2015). In addition, many host-adapted metabolic processes,
ion/nutrient uptake systems, and regulatory circuits are redundant, and elimination
of one is almost fully compensated by the upregulation or activation of (an) alter-
native pathway(s).

Crucial pathogenicity traits are often only expressed at distinct sites and at
certain time points when they are required during the infection to prevent immune
responses and balance their energy budget to optimize their fitness. Hence, detailed
knowledge about the tempo-spatial expression pattern and the role of the potential
targets is required for the design/development of effective anti-virulence drugs.

Over the past years, an increasing number of reports demonstrated that certain
crucial virulence traits are only expressed by a certain ratio of the bacterial popu-
lation at any time during the infection (Burton et al. 2014; Claudi et al. 2014; Diard
et al. 2013; Helaine et al. 2014; Manina et al. 2015; Putrins et al. 2015; Sturm et al.
2011). The presence of genetically identical but phenotypically heterogeneous
subpopulations is advantageous for a pathogen to survive within a fluctuating
environment with varying nutrient, ion, and stress conditions. It allows the bacteria
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to prepare themselves for uncertainties (bet-hedging) and to divide a biological task
into different subtasks executed by the different subpopulations (division of labor)
(Ackermann 2015; Avery 2006; Smits et al. 2006). Furthermore, certain pathogen
subsets reside in diverse tissue microenvironments and biofilms as a response to
local conditions and molecular interactions, and this has disparate consequences on
the expression of virulence-relevant traits. Differential expression of certain viru-
lence traits in individual subpopulations can result in a failure to control the
infection foci by identified inhibitors or in selective targeting of pathogen subsets.

Even if the selective pressure of virulence blockers is less than that induced by
antibiotics, the appearance of resistance against anti-virulence drugs may result in
pathogens that have an advantage over the remaining population. This allows for
(involuntary) selection for these better-adapted pathogens over time. Many crucial
virulence factors are located on mobilizable DNA elements, such as plasmids and
phages. Rapid exchange of mutated gene variants of a targeted virulence trait by
horizontal DNA transfer could result in the rapid evolution of drug-resistant bac-
terial populations. Application of combinational therapies may be a good option to
suppress these better-adapted pathogens at the moment they appear.

4 Conclusions and Outlook

The present review takes a close look at current anti-virulence strategies and
identified classes of novel virulence blockers and illustrates the promising advances
made in our attempts to develop alternatives to antibiotic therapies. To fully exploit
this strategy, it is imperative that we improve our understanding of the molecular
mechanisms and the consequences of host—pathogen interactions, as many crucial
virulence-associated processes remain unclear. Future research in this field will also
be aided by the increasing number of crystal structures of crucial pathogenicity
factors allowing directed drug design for high-throughput screening assays. This
will not only facilitate structure—function analyses and optimization of identified
inhibitors, but also allow an exploitation of other less well-characterized adhesion
structures and secretion systems (T6SS, T7SS).

The loss of interest in antimicrobial drug development by large pharmaceutical
companies and the urgent need for alternatives have triggered science funding
agencies around the world to support projects that advance the development of
alternatives to antibiotics. This generated a boost for academic researchers and
small biotechnology enterprises to pursue different strategies with the goal to find
alternative solutions for future applications. However, the following pipeline for the
development of novel antibiotics is often not available. There is an urgent task to
provide test systems to study pharmacokinetics/dynamics parameters and evaluate
the efficacy in animal models. In particular, the specificity, safety, and tolerability of
the compounds need to be assessed, an appropriate formulation for delivery must be
developed, and setups must be installed that help transfer successful virulence
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blockers into broad-scale clinical trials. A major task will be to convince the
pharmaceutical industry to participate and support this mission early on.

Another important aspect is that an effective application of virulence blockers
requires a rapid and precise diagnosis of infectious agents in the clinics. This will
include a more detailed profiling of the pathogen and its virulence traits and
demands a more patient-specific, personalized analysis of the responsible disease
agent. Such advancements are not only attractive due to their potential to combat
resistant pathogens, but also help to improve the use of standard antibiotics and
offer the possibility to use both antibiotics and virulence blockers in a synergistic
therapy approach to minimize the selection of resistant variants.
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Strategies to Block Bacterial Pathogenesis
by Interference with Motility
and Chemotaxis

Marc Erhardt

Abstract Infections by motile, pathogenic bacteria, such as Campylobacter spe-
cies, Clostridium species, Escherichia coli, Helicobacter pylori, Listeria monocy-
togenes, Neisseria gonorrhoeae, Pseudomonas aeruginosa, Salmonella species,
Vibrio cholerae, and Yersinia species, represent a severe economic and health
problem worldwide. Of special importance in this context is the increasing emer-
gence and spread of multidrug-resistant bacteria. Due to the shortage of effective
antibiotics for the treatment of infections caused by multidrug-resistant, pathogenic
bacteria, the targeting of novel, virulence-relevant factors constitutes a promising,
alternative approach. Bacteria have evolved distinct motility structures for move-
ment across surfaces and in aqueous environments. In this review, I will focus on
the bacterial flagellum, the associated chemosensory system, and the type-IV pilus
as motility devices, which are crucial for bacterial pathogens to reach a preferred
site of infection, facilitate biofilm formation, and adhere to surfaces or host cells.
Thus, those nanomachines constitute potential targets for the development of novel
anti-infectives that are urgently needed at a time of spreading antibiotic resistance.
Both bacterial flagella and type-IV pili (T4P) are intricate macromolecular com-
plexes made of dozens of different proteins and their motility function relies on the
correct spatial and temporal assembly of various substructures. Specific type-III and
type-IV secretion systems power the export of substrate proteins of the bacterial
flagellum and type-IV pilus, respectively, and are homologous to
virulence-associated type-III and type-II secretion systems. Accordingly, bacterial
flagella and T4P represent attractive targets for novel antivirulence drugs interfering
with synthesis, assembly, and function of these motility structures.
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1 Introduction—Bacterial Motility and Chemotaxis
Systems

Prokaryotic organisms have evolved different mechanisms for movement through
liquid or across solid environments, which are categorized into swimming,
swarming, gliding, or twitching motility. Many bacterial pathogens utilize various
forms of motility during some stage of the infection cycle in order to reach the site
of infection, facilitate pathogen—host interactions, and promote biofilm formation.

The different forms of motility are mediated by a diverse set of motility struc-
tures—extracellular appendages as well as intracellular motors—in addition to
complex chemosensory systems, which together allow for active and directed
movement.

1.1 Flagella-Mediated Motility and Chemotactic Behavior

The best-studied motility structure is the flagellum of Gram-positive and
Gram-negative bacteria (Fig. 1a). Flagella are rigid motility organelles, and rotation
of flagellar filaments provides the bacteria with propulsion forces for chemotactic
movement through liquids (swimming) and highly viscous environments or sur-
faces (swarming) (Berg and Anderson 1973; Chevance and Hughes 2008). For
many pathogens, flagella play also a crucial role in bacterial pathogenesis by
promoting bacteria—host interactions and biofilm formation.

The term “swimming motility” is used for movement through aqueous envi-
ronments by the means of flagella and has been extensively studied in the peritri-
chously flagellated enteric bacteria E. coli and Salmonella enterica serovar
Typhimurium (Chevance and Hughes 2008).
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Fig. 1 Schematic drawings of the bacterial flagellum, the virulence-associated injectisome, and
T4P. a Schematic overview of the bacterial flagellum. The structure of the flagellum consists of
three parts: (i) a basal body with a f-T3SS within the inner membrane ring; (ii) a flexible hook
acting as a universal joint to (iii) the rigid filament. b Schematic overview of the
virulence-associated injectisome. Many components of the flagellum and injectisome are
structurally and/or functionally related, including the T3SS. ¢ Schematic overview of the T4P
complex consisting of a flexible pilus (PilA), a channel in the outer membrane (secretin, PilQ), a
membrane complex (PilC), an assembly platform (PilM, PilN, and PilO), and ATPase proteins
driving pilus assembly (PilB) or retraction (PilT, PilU). The prepilin peptidase PilD processes PilA
prior to export. OM outer membrane; PG peptidoglycan (cell wall); IM inner membrane

Many other bacteria move also through liquid environments using a wide variety
of polar, lateral, or—in case of spirochetes—periplasmic flagella. In addition,
Archaea swim using flagella-like organelles, but the so-called archaellum evolved
convergently to the flagellum of eubacteria.

Movement across solid surfaces—termed “swarming motility”—is also powered
by bacterial flagella (Harshey 2003; Kearns 2010). The transition from a planktonic
to a surface-associated form of motility is frequently associated with changes in cell
morphology and number of flagella per cell or even mediated by another, distinct
set of flagella, such as in the case of Vibrio parahaemolyticus (Jarrell and McBride
2008; Merino et al. 2006).

The different forms of flagella-mediated motility allow for directed movement in
concert with sensing of environmental signals by a battery of chemoreceptors. This
chemotactic behavior enables motile bacteria to move toward favorable chemicals
(attractants) and away from harmful substances (repellents) and thus facilitates
survival in rapidly changing environments. The information about attractant and
repellent concentrations is sensed by membrane-bound chemoreceptors and for-
warded via a two-component phosphorelay system to the flagellar motor
(Hazelbauer et al. 2008). Depending on the phosphorylation state of the response
regulator, the forwarded signal determines the rotational direction of the flagellar
motor. Counterclockwise (CCW) rotation of all flagella of a cell allows the for-
mation of a flagellar bundle at one cell pole that functions as a propeller and pushes
the cell forward. In the absence of attractant or in the presence of repellent, the
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response regulator is phosphorylated and binds to the flagellar motor to change
rotational direction. The change in rotational direction toward clockwise of one or
more flagella disrupts the flagellar bundle and causes the cell to tumble. A random
reorientation of the cell pole during the tumble event results in a change in direction
on the subsequent run cycle. The flagellar motor rotates in the presence of attractant
or the absence of repellent in a CCW direction, and thus, the system is biased
toward the run phase. For a directed chemotactic movement, a sequence of run and
tumble events result in a random walk in the direction of a chemical gradient of
attractant (Macnab and Koshland 1972; Tsang et al. 1973; Brown and Berg 1974).
Importantly, such chemotactic behavior plays a crucial role in virulence of many
pathogenic bacteria, including P. aeruginosa and H. pylori (Williams et al. 2007;
Garvis et al. 2009).

1.2 Structure and Function of the Bacterial Flagellum

The flagellum of E. coli and S. Typhimurium is a sophisticated nanomachine made
of more than 30 different proteins and composed of three main parts: (i) a basal
body that is embedded in the cytoplasmic membrane and traverses the periplasm
and cell wall up to the outer membrane (the motor); (ii) a long external filament (the
propeller); and (iii) a flexible, curved structure that connects the basal body and the
rigid filament (the hook) (Chevance and Hughes 2008) (Fig. 1a). Most components
of the flagellum self-assemble outside the cytoplasm in a tightly structured process.
The self-assembly of the flagellum relies on multiple mechanisms to achieve the
accurate size and subunit composition, including spatiotemporal coordination of
gene expression, hierarchical sorting and export of substrates, and length control of
substructures.

The structural subunits of the flagellum need to be exported through a narrow
channel within the flagellar structure. This protein secretion process depends on a
flagella-specific type-III secretion system (f-T3SS) embedded within the basal body
structure that uses energy derived from the proton-motive force (pmf) and ATP
hydrolysis for the protein secretion process (Paul et al. 2008; Minamino and Namba
2008). Structurally and functionally closely related to the f-T3SS is the
virulence-associated type-III secretion system (v-T3SS) of the injectisome devices
employed by many Gram-negative pathogens to invade host cells (Abby and Rocha
2012) (Fig. 1b).

The assembly of a flagellum initiates with the formation of the inner membrane
(MS-ring) and cytoplasmic C-ring components (Zhao et al. 1996a, b). The C-ring
interacts with phosphorylated CheY response regulator of the chemosensory system
to switch rotational direction of the flagellar motor dependent on the input of
environmental stimuli (Toker and Macnab 1997) and with both the MS-ring and the
stator proteins to generate the torque for flagellar rotation (Francis et al. 1992;
Lloyd et al. 1996; Kubori et al. 1997). The membrane-embedded components of the
f-T3SS assemble within the central pore of the MS-ring. The associated,
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flagella-specific cytoplasmic ATPase interacts with both inner membrane compo-
nents of the f-T3SS and the C-ring, presumably to energize export substrate
unfolding and/or chaperone release (Aizawa 1996; Hara et al. 2012; Ibuki et al.
2013; Abrusci et al. 2013). Pmf-dependent secretion of substrates occurs through a
narrow 2.5-nm-wide channel, indicating that substrate proteins are translocated in
an unfolded or partially folded state (Yonekura et al. 2003; Paul et al. 2008;
Minamino and Namba 2008). While being essential under physiological conditions,
the requirement of ATPase activity for the export process can be overcome by an
increase in pmf or enhanced substrate protein levels, indicating that flagellar protein
export has evolved for maximal speed and efficiency (Erhardt et al. 2014).

Assembly of the flagellum is dependent on self-assembly of subunits at the
growing tip of the structure after traversing the narrow secretion channel (Chevance
and Hughes 2008). The {-T3SS secretes most extracytoplasmic components of the
flagellum, starting with components of the rod that spans the periplasmic space.
After the formation of the PL-rings in the periplasmic space/outer membrane, the
extracellular hook structure assembles. A molecular ruler protein controls the final
length of the hook structure (Erhardt et al. 2010, 2011) and induces a switch in
secretion specificity from early (rod—hook-type) substrates to late (filament-type)
secretion substrates upon measuring the final hook length (Ferris and Minamino
2006; Minamino et al. 2006). Only after the switch in secretion specificity, the
f-T3SS commences export of late substrates. The class of late secretion substrates
includes the anti-628 factor, FIgM, and thereby couples the assembly state of the
flagellum to gene expression (Hughes et al. 1993). The filament subunits are also
only made and secreted after a completed hook basal body complex exists, onto top
of which they can assembly to complete a functional flagellum (Chevance and
Hughes 2008). Needed for pmf-dependent rotation of the flagellum are the stator
protein complexes, which assemble in the inner membrane, attach non-covalently to
the peptidoglycan layer, and interact with the C-ring for torque generation (Manson
et al. 1977; Chun and Parkinson 1988; Blair and Berg 1990).

1.3 Twitching Motility and Gliding Motility

Twitching motility and gliding motility are other forms of motility across solid
surfaces, which are independent of bacterial flagella, but are mediated instead by
type-IV pili (T4P) and the less characterized gliding machinery.

“Twitching motility’ is a form of movement across solid surfaces powered by
extension, attachment, and retraction of T4P in diverse bacteria, including
Myxococcus xanthus, cyanobacteria, and pathogenic bacteria such as
N. gonorrhoeae, P. aeruginosa, Clostridium perfringens, and other Clostridium
species (Mattick 2002; Varga et al. 20006; Jarrell and McBride 2008). The retraction
of pili can be in a smooth or jerky motion, which originated the term “twitching
motility.” Motility mediated by a smooth retraction of pili has originally been
described as “gliding motility”’; however, there are several examples of bacteria that
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move in a gliding motion across surfaces in the absence of T4P. Therefore, the term
“gliding motility” is now used to describe the movement across solid surfaces by
distinct and less characterized motility structures. This form of motility is mediated
by pmf-powered motors that are embedded in the cell envelope and propel cell
surface adhesins (Nakane et al. 2013). Interestingly, the T4P-independent form of
gliding motility is characteristic for many Bacteroidetes species (McBride 2001;
McBride and Zhu 2013).

The T4P machinery is also implicated in translocation of virulence effector
proteins across the bacterial cell envelope and/or into host cells in many pathogens,
such as Agrobacterium tumefaciens, Brucella, H. pylori, and Legionella pneu-
mophila. T4P further mediate DNA uptake by the process of transformation, as well
as conjugative DNA transfer, and thus contribute to the spread of antibiotic resis-
tances (Fronzes et al. 2009).

It is also important to note that the type-II secretion system used for secretion of
virulence factors by many bacterial pathogens, including pathogenic E. coli,
Klebsiella, P. aeruginosa, and V. cholerae, is evolutionary and functionally closely
related to the T4P machinery (Peabody et al. 2003; Johnson et al. 2006; Fronzes
et al. 2009).

2 The Importance of Bacterial Motility and Chemotaxis
in Virulence

Flagella-mediated motility plays an important role for Salmonella and other bac-
terial pathogens at various stages of the infection. In case of S. Typhimurium,
flagella-mediated movement in the intestinal lumen is required for efficient colo-
nization and induction of colitis in the murine gastroenteritis model by allowing the
pathogen to benefit from the increased nutrient availability in the inflamed intestine
(Stecher et al. 2004, 2008). The chemotactic behavior is also an important virulence
factor for colonization of other hosts, including chicken and rabbit (Allen-Vercoe
and Woodward 1999; Marchetti et al. 2004). In addition, a majority of Salmonella
clinical isolates displayed increased motility if compared to a laboratory strain
(Martins et al. 2013). Salmonella Typhi is known to require motility for virulence
(Ottemann and Miller 1997), and non-motile mutants of S. Typhimurium have a
reduced efficiency to invade cultured epithelial cells in vitro, unless the bacteria are
brought into contact with eukaryotic cells by centrifugation (Finlay and Falkow
1989). Flagellum-mediated motility is also important for pathogenicity of
Campylobacter jejuni (Black et al. 1988), Yersinia enterocolitica virulence and
biofilm formation (Young et al. 2000; Kim et al. 2008), mucus colonization by
V. cholerae (Krukonis and DiRita 2003), and wound infection by P. aeruginosa
(Arora et al. 2005).

Flagella-mediated motility does not only play an important role in reaching a
preferred site of infection, but has also other functions during pathogenicity, in
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particular in adherence, biofilm formation, and immune system modulation (Rossez
et al. 2015).

In this context, flagellin—the major component of the bacterial flagellum—is a
prime target for recognition by the immune system. Therefore, interactions between
invading bacteria and its cognate host lead to the development of protective
immunity against the pathogens. Initially, the innate immune system deals with an
infection by alarming the cellular and molecular defense mechanisms of the host
and facilitating the transition to adaptive immunity (Iwasaki and Medzhitov 2010).
Infection is sensed by discriminating “non-self” from “self”; therefore, the innate
immune system is equipped with a series of germline-encoded receptors recog-
nizing the conserved pathogen-associated molecular patterns (PAMPs) that are
present in microorganisms but not in host cells. Among these pattern recognition
receptors (PRRs), the Toll-like receptor (TLR) family is best characterized and able
to recognize lipids, lipoproteins, proteins, and nucleic acids derived from a wide
range of microorganisms (Kawai and Akira 2010). In this context, TLRS recognizes
conserved regions in the flagellar protein FliC (flagellin) (Andersen-Nissen et al.
2005).

In addition, another set of receptors exists in the intracellular compartment that
senses a microbial threat from the inside. Among these receptors, the NOD-like
protein NLRC4 is able to recognize flagellin, which has been secreted directly into
host cells by Salmonella (Miao et al. 2006). This interaction leads to the formation
of the proinflammatory multiprotein inflammasome complex and results in the
activation of caspase-1 and the subsequent maturation of IL-1B and IL-18
(Mariathasan and Monack 2007). Caspase-1 activation can also lead to inflamma-
tory cell death called pyroptosis, which contributes to the control of bacterial
infection (Miao et al. 20006). Finally, it was demonstrated that NLRC4 discriminates
between pathogenic Salmonella and commensal microbiota to promote immunity
against infectious agents but not against the intestinal microflora (Franchi et al.
2012). Thus, components of the flagellum are not only central to bacterial move-
ment and host cell invasion, but are also essential for immune recognition and
control of bacterial infection.

In addition to the chemotactic behavior used for a directed movement toward the
site of infection and modulation of the immune system response, flagellar motility
contributes to pathogenesis by promoting adherence to host cell tissue and biofilm
formation (Haiko and Westerlund-Wikstrom 2013; Rossez et al. 2015). Flagella are
needed for adherence, colonization, and subsequent invasion of host cell tissue for
several bacterial pathogens. For instance, invasion of Caco-2 cells by
L. monocytogenes or S. Enteritidis is dependent on the presence of flagella (Dons
et al. 2004; van Asten et al. 2004), flagella purified from enteropathogenic E. coli
(EPEC) bind directly to HeLa cells (Giron et al. 2002), and flagellin of entero-
toxigenic E. coli (ETEC) interacts with the two-partner secretion adhesins EtpA to
mediate adherence and colonization (Roy et al. 2009).

The presence of flagella and the initial interaction of flagella with surface
structures are crucial for the formation of biofilms and to maintain microcolony
structures via physical interactions (Pratt and Kolter 1998). In addition, flagella are
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able to reach into crevices and thereby allow bacteria to access and probe surface
structures during the biofilm formation by enabling attachment to unfavorable
surfaces (Friedlander et al. 2013).

3 Strategies to Interfere with Assembly and Function
of Motility Structures

Motility structures of bacteria are complex, multicomponent nanomachines.
Assembly of both bacterial flagella and T4P are processes of great complexity,
which are dependent on the correct spatial and temporal expression and export of a
large number of building blocks. The directed movement in various environments
depends on signal transduction by a complex chemotaxis machinery. Accordingly,
a number of crucial mechanisms are attractive targets to inhibit the ability of
bacteria to move in a directed manner by interfering with chemotaxis, synthesis,
assembly, and function of various motility structures.

3.1 General Strategies to Inhibit Bacterial Motility
and Chemotaxis

High-throughput screens for compounds that generally inhibit motility or chemo-
taxis functions could be based on reporting swimming, swarming, or twitching
motility phenotypes of various pathogenic bacteria of interest. Screens for com-
pounds that specifically inhibit swarming motility have been performed for
P. aeruginosa, and hits included branched-chain fatty acids, hydroxyindoles, and
naphthalene derivatives (Inoue et al. 2008; Oura et al. 2015).
Quinazoline-2,4-diamino analogs were identified as inhibitors of the Na®-driven
flagellar motor of V. cholerae in another high-throughput screen for compounds
interfering with motility (Rasmussen et al. 2011).

Compounds that affect chemotaxis, but not assembly or function of the motility
structures, could be identified by microscopic analyses of moving bacteria in the
presence of inhibitor to analyze the chemotactic behavior. In this respect, it would
also be feasible to design screens that would directly target the chemosensory
system. For instance, compounds could be designed that block the
membrane-bound chemoreceptors at the periplasmic substrate binding domains and
thereby mimic either attractant- or repellent-bound states. The resulting inhibition
of the signal transduction cascade would lead to a loss of chemotactic movement by
locking the flagellar motor in either counterclockwise or clockwise rotation,
respectively.

Such broad-range approaches to inhibit bacterial motility might yield interesting
compounds; however, it is reasonable to assume that many hits would generally
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target cellular functions and would not be specific for assembly or function of the
motility structures. Accordingly, I will describe in the following paragraphs
strategies that are designed to specifically interfere with the assembly of motility
structures on the level of (i) regulation of gene expression; (ii) posttranslational
regulation; and (iii) activity of protein export systems.

3.2 Interfering with Flagellar Assembly at the Level of Gene
Regulation

The correct spatiotemporal assembly of the flagellum is a complex process. In
S. Typhimurium and E. coli, this process involves the temporal regulation of more
than 60 genes organized into a transcriptional hierarchy of three promoter classes
(Kutsukake et al. 1990; Chevance and Hughes 2008). Assembly of the flagellar
structure constitutes a significant metabolic burden for the bacterium, and thus, a
myriad of negative and positive regulation has been described.

On top of the transcriptional hierarchy, many environmental stimuli are inte-
grated on the level of the flagellar master regulatory operon, flhDC, which is
expressed from a 670-dependent flagellar class 1 promoter (Yanagihara et al. 1999).
The FlhD,C, heteromultimeric complex (FIhDC) directs 670-RNA polymerase
(RNAP) to transcribe from flagellar class 2 promoters (Liu and Matsumura 1994;
Wang et al. 2006). Gene products transcribed from class 2 promoters assemble the
flagellar hook basal body (HBB) complex including the f-T3SS components. Other
class 2 gene products include a flagella-specific, alternative o factor, 628 (encoded
by fliA), and its cognate anti-c factor, FIgM. Transcription from flagellar class 3
promoters is specific for 628-RNAP and occurs only after a functional HBB
structure has been assembled (Ohnishi et al. 1992; Chadsey et al. 1998; Karlinsey
et al. 2000). Gene products transcribed from class 3 promoters include structural
components of the filament, motor force generators, and components of the
chemotaxis machinery.

Many environmental signals are integrated on the level of flhDC gene expres-
sion, translation, and FIhDC complex stability that ultimately decide the com-
mencement of flagellar biosynthesis. Regulation occurs in Salmonella on the level
of flhDC gene transcription by a myriad of transcription factors, including the global
regulator cAMP-CRP (Komeda et al. 1976; Yanagihara et al. 1999; Mouslim and
Hughes 2014), nucleoid-associated proteins Fur and Fis (Stojiljkovic et al. 1994;
Kelly et al. 2004), the virulence regulator HilD (Singer et al. 2014), the phos-
phorelay system RcsCDB (Francez-Charlot et al. 2003; Wang et al. 2007), the
EnvZ-OmpR two-component system (Shin and Park 1995), and many more
(Erhardt and Dersch 2015).

As described above, negative regulation of the flhDC master regulatory operon
occurs by action of the conserved two-component regulatory systems RcsCDB and
EnvZ-OmpR. Accordingly, screening assays for small molecules could be devised
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that activate the respective membrane-bound sensor kinases, which would result in
the activation of the corresponding response regulators and repression of flagellar
synthesis. The Rcs phosphorelay system might be an attractive candidate for such a
screen since RcsB is a potent repressor of flhDC operon transcription, and in
addition, the Rcs system is broadly conserved in many Enterobacteriaceae and
required for virulence (Mouslim et al. 2004).

An alternative approach to the activation of repressors could be the inhibition of
global activators of flagellar gene expression. Expression of flhDC is dependent on
the activity of cAMP-CRP and the presence of the nucleoid-associated proteins Fis
and Fur. Interestingly, crp mutants of Salmonella and Yersinia have previously been
shown to be strongly attenuated (Zhang et al. 1997; Heroven et al. 2012).

Specific for Salmonella is the activation of flagellar gene expression by a major
regulatory protein of virulence genes, HilD. Inhibition of the transcriptional activity
of HilD would have a twofold effect on virulence of Salmonella, affecting both
expression of fIhDC and simultaneously inhibiting virulence gene expression.

3.3 Inhibition of Posttranslational Mechanisms Regulating
Flagellar Assembly

Posttranscriptional regulation occurs at the level of FIhDC protein translation and
FIhDC complex stability. CsrA protects flhiDC mRNA from RNase E cleavage by
binding to the 5’ segment of the flhDC transcript (Wei et al. 2001; Yakhnin et al.
2013). Proteolysis of FIhD,C, complex is mediated by the adapter proteins FliT and
YdiV, which target FIhDC to ClpXP-dependent degradation (Takaya et al. 2012;
Sato et al. 2014).

As noted, several regulatory mechanisms that affect protein translation, protein
activity, or turnover are important for flagellar assembly. In particular, the inter-
action of the anti-c factor FIgM with the flagella-specific 628 factor provides a
mechanism to couple expression of late flagellar genes to the assembly state of the
flagellum. Interestingly, an inactivation of flgM results in the overexpression of
flagellin due to a premature release of 628 and thereby attenuates Salmonella
virulence (Schmitt et al. 1994, 1996; Yang et al. 2012). Accordingly, a screen could
be designed to disrupt the tight interaction of the anti-c factor FlgM with its target,
628. A compound specifically affecting the FigM-628 interaction would result in
upregulation of flagella and presumably rapid clearance of flagellin-overproducing
bacteria by the immune system.

Further posttranslational regulation mechanisms at the level of FIhDC protein
translation and FIhDC complex stability could be used for the development of
screens affecting flagellar assembly. Such screens could target the RNA-binding
activity of CsrA, which protects flhiDC mRNA from degradation (Wei et al. 2001;
Yakhnin et al. 2013), or modulate the activity of adapter proteins such as YdiV or
FIiT that target the FIhDC master regulatory complex to proteolytic degradation
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(Takaya et al. 2012; Sato et al. 2014). For instance, compounds could be designed
that disrupt the FIiT-FliD interaction, thereby freeing FIiT to initiate
ClpXP-dependent proteolytic degradation of FIhDC.

3.4 Strategies to Interfere with Protein Export of Bacterial
Flagella and Type-1V Pili (T4P)

3.4.1 The Type-III Secretion System (T3SS)

The T3SS is conserved in both the bacterial flagellum and injectisome needle
complex and is an essential virulence factor of many enterobacterial pathogens.
Thus, the T3SS constitutes an excellent target for the development of novel
broad-spectrum antivirulence drugs (see also concurrent paper on antivirulence
strategies; Miihlen and Dersch 2016).

Several screenings for T3SS inhibitors have been performed in
Y. pseudotuberculosis (Kauppi et al. 2003; Nordfelth et al. 2005), enteropathogenic
E. coli (Gauthier et al. 2005), and S. Typhimurium (Felise et al. 2008). Initial
screens reported transcription of late v-T3SS genes or secretion of effector proteins
into the culture supernatant as readout (Kauppi et al. 2003; Gauthier et al. 2005;
Nordfelth et al. 2005). Any compound that affected the function and assembly of
the v-T3SS at some stage would have a negative effect on reporter gene expression
or secretion of the reporter substrate. Hits included acylated salicylaldehyde
hydrazones, a halogenated salicylaldehyde molecule, and salicylidene anilines.
While also inhibiting intracellular replication of Chlamydia trachomatis (Muschiol
et al. 2006), this promising class of compounds was recently shown to have global
cellular effects and does not specifically target the T3SS export machinery
(Martinez-Argudo et al. 2013).

Another class of broad-range inhibitors of T3SS function was identified in a
screen for compounds that inhibited secretion of an effector protein in
S. Typhimurium (Felise et al. 2008). This class of molecules—thiazolidinones—
was further shown to have broad-range activity against both the v-T3SS and the
type-1I secretion system of P. aeruginosa and Francisella novicida, indicating that
these compounds might not directly target the type-III protein secretion function.

Accordingly, novel approaches for reporter systems are required to screen and
identify compounds that specifically target the protein translocation step of bacterial
T3SS independent of the assembly of any distal structural components or changes
in gene expression. Based on the fact that the components of the T3SS are con-
served and functionally interchangeable, such a class of compounds would be
expected to generally inhibit all T3SS of enterobacterial pathogens, including the
f-T3SS of the bacterial flagellum and v-T3SS of injectisome devices.

The f-T3SS would be uniquely suited to develop such a novel in vivo screening
system since assembly and function of the f-T3SS does not require any
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extracytoplasmic structures. Beta-lactamase fused to a f~T3SS secretion substrate is
exported into the periplasm in a strain deleted for the proximal rod components and
confers ampicillin resistance dependent on the presence of a functional f-T3SS (Lee
and Hughes 20006). Therefore, a high-throughput screen could be designed that
would use the f-T3SS-dependent secretion of a reporter protein into the periplasmic
space in reporter strain missing the rod subunits as readout, thereby enabling to
screen for f-T3SS inhibitors independent on the assembly of any other structural
components.

An in vitro screen for inhibitors that specifically target the protein export process
could also be devised using purified T3SS components. For instance, it might proof
feasible to purify functional f-T3SS export apparatus complexes or reconstitute
functional T3SS in vitro in artificial lipid bilayers. Such in vitro systems to monitor
T3SS-dependent protein translocation could be used to screen libraries of small
molecules for specific compounds that inhibit the pmf-dependent function of the
export apparatus. Another in vitro screen could be based on the ATP hydrolysis
activity of the T3SS-associated ATPase, which also is an important component for
T3SS function. Several flagella- and virulence T3SS-associated ATPases of
Salmonella (InvC, Flil), Yersinia (YscN), and E. coli (EscN) can be recombinantly
produced and retain function (Claret et al. 2003; Akeda and Galan 2005; Zarivach
et al. 2007; Swietnicki et al. 2011).

Structure-based Approach to Design-Specific T3SS Inhibitors

Several structures of T3SS export apparatus components have been elucidated and
could be used to design and screen for specific inhibitors against conserved,
essential mechanisms of the protein translocation step.

In particular, several structures of T3SS-associated ATPases are known. ATP
hydrolysis by the T3SS-associated ATPase is required for the protein translocation
function of the export apparatus. Structures of the injectisome v-T3SS-associated
ATPase EscN of E. coli (PDB 20BL) and the f-T3SS ATPase Flil of Salmonella
(PDB 2DPY) have been determined (Imada et al. 2007; Zarivach et al. 2007).
Structure-based, computer-aided approaches could be employed to design
small-molecule inhibitors that specifically bind to the active site of T3SS ATPases,
thereby inhibiting the type-III protein secretion process.

Interfering with Substrate Specificity Switching

The T3SS export apparatus undergoes an essential switch in substrate specificity
that is dependent on a posttranslational, autocatalytic cleavage event of the cyto-
plasmic domain of a conserved membrane protein of the export gate. Late secretion
substrates, which include the filament protein of bacterial flagella and translocated
effector proteins, are recognized and secreted by the T3SS only after the switch in
secretion specificity.

Structures of the cytoplasmic domain of the T3SS membrane protein that is
responsible for the substrate specificity switch are known for several enterobacterial
species: the E. coli EPEC injectisome component EscU (PDB 3BZO), the
Salmonella injectisome protein SpaS (PDB 3COl), the Yersinia injectisome
component YscU (PDB 2JLI), and the Salmonella flagellar T3SS protein FIhB
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(PDB 3B0Z) (Zarivach et al. 2008; Lountos et al. 2009; Meshcheryakov et al.
2013). The cyclization of a conserved Asn residue is essential for the autocleavage
event, and a structure-based approach could be used to design molecules inhibiting
the cyclization event or the subsequent conformational change of the cytoplasmic
domain.

In case of the f-T3SS of Salmonella, activation of late substrate gene expression
is dependent on the substrate specificity switch of the FIhB component of the export
gate. Thus, an in vivo screen could monitor expression of GFP or other reporter
proteins from a late substrate promoter. Complementary, for the injectisome
v-T3SS of Salmonella, an ELISA-based assay could be designed that monitors
secretion of a late-type substrate into the culture supernatant.

3.4.2 The Type-IV Secretion System (T4SS)

T4P consist of several-micrometer-long flexible filaments and a complex
membrane-embedded protein export machinery used for pili assembly and retrac-
tion (Fig. lc).

A core set of 12-14 proteins is needed for assembly and function of a T4P
machine (Jarrell and McBride 2008). Recently, the in situ structure of a T4P
machinery has been determined using electron cryotomography and revealed the
true complexity of this nanomachine (Gold et al. 2015). The assembly and disas-
sembly of a pilus made of the pilin protein is energized by different cytoplasmic
ATPases. The ATPase PilB (PilF in Neisseria) is needed for the addition of new
pilin subunits to the base during pilus extension and the ATPases PilT and PilU
(PilT2) for removal of subunits during retraction (Burrows 2005; Salzer et al.
2014). Rapid retraction of the pilus enables adherence and is needed for motility
(Hahn 1997; Merz et al. 2000). A large oligomeric outer membrane secretin
complex functions as a central dynamic component of T4P and allows the passage
of the pilus (Gold et al. 2015). The remaining components form the pilus assembly
platform and a central inner membrane complex (Karuppiah et al. 2013).

Targeting the assembly and function of T4SS with specifically inhibiting com-
pounds would contribute to control bacterial pathogenicity on several levels:
(1) T4P are needed for twitching motility of many bacterial pathogens; (ii) T4SS are
used to secrete effector proteins in host cells; and (iii) T4SS mediate DNA uptake
from and release into the extracellular milieu and the conjugative transfer of
plasmid DNA or transposons into recipient cells.

Several screens have been performed to identify inhibitors of the assembly of an
essential membrane component of T4SS or activity of the associated ATPase
(Hilleringmann et al. 2006; Paschos et al. 2011). To specifically inhibit the
twitching motility function of T4P, the ATPase activity of the different ATPase
proteins that are needed for pilus extension or retraction, respectively, could be an
attractive target for high-throughput screens.
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Based on the recently published in situ structure of a T4P system,
structure-based approaches could be devised to design compounds that affect
assembly or function of the complex macromolecular machinery, such as the
dynamic movement of the secretin component. An alternative approach could target
the activity of transcription factors needed for expression of T4SSs.

Finally, the option to inhibit DNA uptake or DNA transfer via T4SSs has not
been extensively explored. Atypical unsaturated fatty acids were previously iden-
tified as potential inhibitors interfering with conjugative transfer of plasmid DNA
between bacteria (Fernandez-Lopez et al. 2005). However, it remains unclear
whether those compounds act specifically or unspecifically.

4 Conclusions

The increasing emergence and spread of multidrug-resistant bacteria are cause of
great concern and require the development of novel antibiotics against pathogenic
bacteria. Many bacterial pathogens use motility to reach a preferred site of infec-
tion, initiate biofilm formation, or adhere to host cells. The function of the
best-studied motility organelles, the bacterial flagellum, and the type-IV pilus
depends on the correct spatial and temporal assembly of a complex macromolecular
structure. Thus, these motility devices and the corresponding protein secretion
systems constitute attractive targets for the development of specific inhibitors that
could be used as antivirulence drugs. Inhibition of bacterial motility does not
directly reduce viability of the bacterial pathogens during infection, and therefore, it
can be assumed that resistance mechanisms will not or will only slowly evolve.
Further, the protein export systems needed for assembly of bacterial flagella
(f-T3SS) and T4P (T4SS) are homologous to the related v-T3SS of injectisome
devices or type-II secretion systems, respectively. Thus, a compound that would
interfere with the motility function by inhibiting the protein secretion process might
also simultaneously target the related virulence-associated secretion system.
Importantly, many structures of components of the bacterial flagellum, the T3SS,
and T4P are known, and thus, the development of high-throughput screens using
purified components of the secretion systems might be an attractive approach,
which has not been extensively explored in the past.

An important bottleneck for the development and optimization of novel antivir-
ulence drugs is the identification of the molecular target of the compound. A specific,
cellular target has not yet been identified for previously published inhibitors of the
type-III secretion process. Exploiting the bacterial motility and chemotaxis
machinery for the development of novel antivirulence compounds has the important
additional advantage that any inhibition of motility provides at the same time the
opportunity to positively select for restored motility using genetic screens. The
isolation of spontaneous or induced mutations that restore some motility function in
the presence of an inhibiting compound would enable target identification.
Knowledge about the cellular target(s) would greatly facilitate further modification
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and optimization of inhibitors of bacterial motility and allow for the development of
such inhibiting compounds into novel, highly potent antivirulence drugs.
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New Horizons in the Development of Novel
Needle-Free Immunization Strategies
to Increase Vaccination Efficacy

Kai Schulze, Thomas Ebensen, Peggy Riese, Blair Prochnow,
Claus-Michael Lehr and Carlos A. Guzman

Abstract The young twenty-first century has already brought several medical
advances, such as a functional artificial human liver created from stem cells,
improved antiviral (e.g., against HIV) and cancer (e.g., against breast cancer)
therapies, interventions controlling cardiovascular diseases, and development of
new and optimized vaccines (e.g., HPV vaccine). However, despite this substantial
progress and the achievements of the last century, humans still suffer considerably
from diseases, especially from infectious diseases. Thus, almost one-fourth of all
deaths worldwide are caused directly or indirectly by infectious agents. Although
vaccination has led to the control of many diseases, including smallpox, diphtheria,
and tetanus, emerging diseases are still not completely contained. Furthermore,
pathogens such as Bordetella pertussis undergo alterations making adaptation of the
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respective vaccine necessary. Moreover, insufficient implementation of vaccination
campaigns leads to re-emergence of diseases which were believed to be already
under control (e.g., poliomyelitis). Therefore, novel vaccination strategies need to
be developed in order to meet the current challenges including lack of compliance,
safety issues, and logistic constraints. In this context, mucosal and transdermal
approaches constitute promising noninvasive vaccination strategies able to match
these demands.

Abbreviation

aGalCer Alpha galactosylceramide

APCs Antigen-presenting cells

c-di-AMP  Bis-(3',5")-cyclic dimeric adenosine monophosphate
CNS Central nervous system

CT Cholera toxin

CTB Cholera toxin B subunit

CTL Cytotoxic T lymphocyte

cVDPV Circulating vaccine-derived polioviruses
DCs Dendritic cells

EMA European Medicines Agency

ETEC Enterotoxigenic Escherichia coli

FDA Food and Drug Administration

GRAS Generally regarded as safe

HIV Human immunodeficiency virus

id. Intradermal

im. Intramuscular

IMSG NPs Inverse micellar sugar glass nanoparticles
in. Intranasal

it. Intratracheal

1Lv. Intravenous

i.vag. Intravaginal

LAIV Live attenuated influenza virus vaccines
LCs Langerhans cells

LPS Lipopolysaccharide

LT Heat-labile toxin

MALP-2 TLR2/6-binding macrophage-activating lipopeptide-2
MCTs Medium-chain triglycerides

MPL Monophosphoryl lipid A

NALT Nasal-associated lymphoid tissue
PAMPs Pathogen-associated molecular patterns
PEMs Polyelectrolyte multiple layers

PLA Polylactic acid

PLA NPs  Polylactic acid nanoparticles
PLGA Polylactic-co-glycolic acid
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PLGA NPs Polylactic-co-glycolic acid nanoparticles

PRRs Pattern recognition receptors

SC Stratum corneum

s.C. Subcutaneous

s.L. Sublingual

STING Stimulator of interferon genes

TCV Transcutaneous vaccination

t.f. Transfollicular

TLR Toll-like receptor
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1 Introduction

Infectious diseases remain a major worldwide health problem. Vaccination is
probably the most valuable intervention tool, since it helps to prevent the onset of a
subsequent disease (Riese et al. 2013, 2014). However, for many infectious diseases
causing disability and death, vaccines are still not available. Furthermore, the
performance of some of the existing vaccines can be further improved in terms of
efficacy, safety, and cost. During the last decade, significant progress has been made
in the generation of efficient vaccines based on well-defined antigens, which exhibit
an enhanced safety profile. However, irrespective of the type of vaccine (e.g.,
inactivated, attenuated, subunit), they have to be administered by an appropriate
route, since this can affect the overall safety, immunogenicity, efficacy, and logistic
feasibility. In this context, the injection/application technique, inductive site
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reached by the antigen included in the vaccine formulation, and type of adjuvant, as
well as age, sex, and race/ethnicity of the vaccinee, have a strong impact on the
tolerability and immunogenicity of specific vaccines. Today, most of the vaccines
are administered by parenteral route, i.e., intramuscular (i.m.), subcutaneous (s.c.),
or intradermal (i.d). However, there are many disadvantages associated with con-
ventional injection, which in turn hamper broad acceptance and access to vacci-
nation, in particular in developing countries. In this context, easy-to-use vaccination
methods would be able to overcome certain issues associated with injectable vac-
cinations. Thus, there is increasing interest in the discovery of novel approaches and
technologies to develop noninvasive and needle-free vaccines. Easy-to-implement
needle-free vaccination methods encompass the administration of vaccine formu-
lations by either the mucosal or transdermal route by using different delivery sys-
tems and/or application devices.

1.1 Needle-Free Vaccines

Vaccines are usually administered using syringes. This approach is associated with
numerous disadvantages, such as lack of patient comfort that leads to reduced
compliance, requirement of trained personnel, and potential safety risks (e.g.,
needle-stick accidents, needle reuse, and wound infection). In order to overcome
these limitations, various needle-free methods have been developed, which either
focus on mucosal or on transcutaneous vaccination (TCV) (Fig. 1).

Mucosal approaches aim to deliver vaccines to the mucosa of eyes, nose, lung,
vagina, gut, and rectum, whereas TCV targets the immune cells within the skin
(Mitragotri 2005). One major advantage of mucosal vaccination is the stimulation
of both systemic and mucosal immune responses, as compared to needle-based
parenteral vaccination. The mucosa is the major port of entry for infectious agents.
Thus, stimulation of efficient mucosal immune responses not only protects against
disease but also promotes protection already against infection (i.e., colonization).
This in turn minimizes the risk of horizontal transfer to susceptible contacts and
disease spread, especially of mucosally transmitted infections, such as respiratory,
gastrointestinal, and sexually transmitted infections (Anjuere et al. 2012; Ruffin
et al. 2012; Yu and Vajdy 2010). Besides the mucosa, also the skin represents a
particularly attractive target for noninvasive vaccination, since it constitutes both an
easily accessible administration site and a natural infection route (via insect bites,
superficial or deeper wounds, etc.). Like the mucosa, the skin is equipped with a
rich pool of immune cells able to initiate adaptive immune responses, the so-called
antigen-presenting cells (APCs), which are capable of antigen detection, uptake,
processing, and finally presentation to naive T cells (Levin et al. 2015). Depending
on the particular subset of APCs the vaccine is interacting with, the stimulation of
different types of immune responses is favored.
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Fig. 1 New vaccination strategies across the mucosal and skin barriers using novel mucosal
adjuvants and needle-free devices result in the elicitation of protective responses at both local and
systemic levels. ¢cLN cervical lymph node, Pie charts indicate mono- (light grey), bi- (grey) and
tri-functional (black) IFNg+ CD4+ T cells

2 Mucosal Vaccines

Mucosal vaccines offer several physiological and practical advantages over par-
enteral immunization. Among others, the most important ones are (i) easy admin-
istration logistics (i.e., decreased costs due to lack of requirement for qualified
personal), (ii) needle-free, (iii) high compliance, and (iv) suitability for mass vac-
cination (Allison 1997; Lamichhane et al. 2014; Wang and Wang 2015). However,
despite these benefits, only few mucosal vaccines have been approved for human
use, such as the live attenuated oral vaccine against polioviruses and the live
attenuated intranasal vaccine against the influenza virus. Challenges associated with
the development of an effective mucosal vaccine are the efficient antigen delivery
across the mucosal barrier and the need for a strong safety profile. For instance, the
use of well-defined antigens for the generation of subunit vaccines has led to
products with an improved safety profile but at the same time resulted in usually
only poorly immunogenic vaccines. Today, several strategies have been developed
to overcome the poor immunogenicity of mucosal vaccines. One of the major
approaches focuses on the coadministration of antigens with mucosal adjuvants,
which generate a local microenvironment conductive toward antigen processing
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and presentation (Vajdy et al. 2004). Unfortunately, there is no mucosal adjuvant
available for human use yet. The most promising candidates tested so far (e.g.,
derivatives of bacterial toxins) were associated with concerning neurological side
effects (Mutsch et al. 2004). Furthermore, vaccine formulations can be (i) cleared by
non-specific mechanisms (e.g., ciliary activity, mucous entrapment, and peristalsis),
(ii) degraded by enzymes, and (iii) affected by extreme pH, before having the
chance to interact with immune cells of the host (Bennett et al. 2009; Davitt and
Lavelle 2015; des Rieux et al. 2006). To overcome these hurdles, there are attempts
focusing on the use of nanoparticle-based delivery systems, which not only protect
antigens against degradation but can also target vaccine antigens to the inductive
site, thereby promoting the elicitation of robust responses at both local and systemic
levels (Honma et al. 2004). Accordingly, there is still an urgent need for new and
safe strategies to stimulate mucosal immunity.

2.1 Mucosal Administration Routes

As mentioned before, almost all pathogens enter the body through mucosal surfaces
by ingestion, inhalation, or sexual contact. In this regard, vaccines mimicking the
natural primary exposure to a pathogen that induces the production of a strong
protective immune response are at the base of vaccinology (Dlugonska and
Grzybowski 2012). Mucosal vaccines under investigation make use of various
routes of immunization including intranasal (i.n.), sublingual (s.l.), intratracheal
(i.t.), oral, rectal, or intravaginal (i.vag.). All the different routes induce
antigen-specific immune responses both at local mucosal sites (portal of pathogen
entry) but also at systemic level (Stevceva and Strober 2004). Interestingly, despite
a certain degree of compartmentalization within the mucosal immune system,
vaccination at a certain inductive site can also promote local responses at distant
mucosal territories (Holmgren and Czerkinsky 2005).

Mucosal vaccines can be intrinsically more powerful than their systemic coun-
terparts. As an example, i.n. administration of influenza vaccines showed distinct
features compared with the parenteral administration (i.e., intramuscular) such as
(i) providing protection at the pathogen’s entry site, (ii) higher levels of mucosal
antibodies, (iii) cross-protection, and (iv) needle-free application (Rose et al. 2012;
Srivastava et al. 2015). However, this kind of administration strategy poses the risk
of antigen or adjuvant delivery into the central nervous system (CNS) when A-B
moiety toxins or their derivatives were used as adjuvants. An alternative approach
circumventing this problem focuses on the s.l. route. Whereas oral, i.n., and i.t.
vaccine delivery strategies have been described extensively in the past, the s.1. route
is now receiving considerably more attention (Kraan et al. 2014; Pedersen and Cox
2012). Recent studies demonstrated the potential of the s.l. route for delivering
vaccines capable of inducing both mucosal and systemic immune responses. It was
shown that similar to administration via i.n. route, s.l. immunization is also able to
stimulate efficient immune responses at both local and distinct mucosal areas, such
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as in the vaginal mucosa. Thus, s.I. immunization was able to induce not only an
effective protection against a lethal challenge with influenza virus (HIN1) but also
against genital papillomavirus (Kweon 2011). This is of great interest, since in
many countries more than 100 million new cases of sexually transmitted bacterial
infections, such as Chlamydia, are estimated annually. These acute infections
translate into significant downstream healthcare costs, particularly for women
(Hafner et al. 2014). In this regard, mucosal vaccination provides a promising tool
to increase the overall immunization rate by enhancing public acceptance due to
painless application (Caetano et al. 2014; van den Dobbelsteen and van Rees 1995).

2.2 Mucosal Delivery System

Recent advances in our understanding of mucosal immunity as well as the identi-
fication of correlates of protective immunity against specific mucosal pathogens
have set the agenda for developing efficient delivery strategies (Woodrow et al.
2012). In this context, polymeric nanocarriers have been developed that are able to
encapsulate vaccine components (i.e., protection of sensitive payload), including
mucosal adjuvants, resulting in an improved antigen delivery to the targeted immune
cells of the mucosal immune system and the subsequent stimulation of efficient
immune responses (Chadwick et al. 2009; Sharma et al. 2015). This kind of
nanocarrier-based delivery system offers the versatility of being formulated with
multiple adjuvants and antigenic cargo which can be tailored effectively to prime
immune responses across the mucosal barrier (Jia et al. 2015). Effective and stable
vaccine delivery systems allowing painless mucosal vaccination even by
self-administration can encompass biocompatible materials in the form of a matrix or
formulated micro/nanoparticles, liposomes, polylactic acid (PLA)/polylactic-co-
glycolic acid (PLGA)/chitosan nanoparticles, hydrogels, polyelectrolyte multiple
layers (PEMs), and virosomes (Wang and Wang 2015). For example, chitosan
polymer-based nanoparticles efficiently stimulated mucosal secretory IgA and IgG
antibodies, pro-inflammatory TNF-a and IL-6 cytokines, and IFN-y production in
nasal-associated lymphoid tissue (NALT) by the stimulation of Toll-like receptor
(TLR)2- or TLRS5-mediated innate responses, thus making them a very attractive
antigen delivery system for mucosal vaccines (Baaten et al. 2010; Bolhassani et al.
2014; Read et al. 2005). Another particle-based approach focuses on the mucosal
delivery of dry powder vaccine formulations given to the respiratory tract by i.t.
route. These dry powder vaccines offer the potential to provide a needle-free and
cold chain-independent vaccination strategy for the induction of protective immu-
nity against either systemic or mucosal pathogens (Wang et al. 2012).

An important role in protection and cross-protection against a variety of infec-
tious agents plays the secretory IgA antibodies which are mainly stimulated when
vaccines are given by mucosal routes (Brandtzaeg 2007). However, only a few
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Table 1 Mucosal vaccines under clinical development or licensed to the vaccine market (2005—
2015)

Vaccine Mucosal Vaccine market
route

FluMist® [live attenuated influenza Intranasal USA (children and adults)
virus vaccines (LAIV)]
Fluenz™ [live attenuated influenza Intranasal Europe (children)
virus vaccines (LAIV)]
NasoVac® (live attenuated influenza Intranasal India
trivalent intranasal vaccine)
Polio vaccine (monovalent, bivalent, Oral Poliomyelitis endemic countries
and trivalent)
Vivotif® (live attenuated vaccine Oral 27 countries worldwide (children
against typhoid fever) over 5 years and adults)
Dukoral® (cholera vaccine) Oral Over 60 countries worldwide

(children over 2 years and adults)
RotaTeq® (pentavalent) Oral USA/Europe (children from 6 to
Rotarix® (monovalent) (live 24/32 weeks old)

attenuated vaccine against rotavirus)

mucosal vaccines have been approved for human use (see Table 1), and more basic
work is needed in areas of delivery systems and adjuvants to design or further refine
effective mucosal vaccines.

2.3 Mucosal Adjuvants

Whereas the enhancement of the immunogenicity of antigens by adjuvants for
parenteral vaccines started already more than 80 years ago (Rappuoli et al. 2011),
the exploration of potent mucosal adjuvants is just emerging. This research is driven
by the necessity to increase the immune responses to antigens that are poorly
immunogenic at the mucosal sites. Although mucosal vaccines are simpler to
administer and show a reduced risk of transmitting infections when compared with
injection strategies, the number of mucosal vaccines developed over the past decade
and licensed today (Table 1) is small. More specifically, oral vaccines have been
developed against cholera, typhoid fever, polio, and rotavirus, and one nasal vac-
cine exists which protects against influenza (FluMist®).

Mucosal adjuvants often behave like pathogen-associated molecular patterns
(PAMPs) that are recognized by innate immune system pattern recognition recep-
tors (PRR) and act on APCs by altering their cytokine production potential.
However, the chemical nature of the adjuvants and their mode of action are
extremely variable. Potential mechanisms by which they exert their biological
activity are the (i) “depot” effect, (ii) antigen targeting to APC, (iii) improvement of
antigen processing and presentation, and (iv) immune activation or modulation
through the upregulated expression of cellular mediators. Today, mucosal adjuvants
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mainly consist of TLR agonists (e.g., Ampligen® poly(I:C;,U), a synthetic ana-
logue of poly(I:C), lipopolysaccharide (LPS), or (CpG-ODN) that enhance adaptive
immune responses by promoting APC activation and maturation with enhanced
expression of MHC class II and costimulatory molecules (Savelkoul et al. 2015).

However, it is also important to consider that their biological activities may not
only favor the elicitation of adaptive responses, but also the appearance of
unwanted side effects. A strong stimulation may result in local or general inflam-
mation and tissue destruction, resulting in distress for the vaccinees. On the other
hand, the stimulation of vigorous responses is insufficient to protect against a
specific pathogen. It is essential to stimulate an adequate type of response to pro-
mote efficient clearance, but simultaneously prevent immune pathological reactions
which can in turn lead to a more severe course of infection. Thus, the identification
of adjuvants able to promote predictable responses is a major issue in vaccinology.
Unfortunately, most of the molecules identified until now exhibiting these prop-
erties are also associated with strong reactogenicity in humans. Therefore, the
choice of a specific adjuvant for a formulation reflects a compromise between the
required immune modulatory effect and an acceptable level of mild side effects
(e.g., fever), which might be needed to induce a protective immune response. For
example, the use of live attenuated vaccines, such as the HIN1 influenza strain
A/17/CA/2009/38, induced effective protective immunity, but also
mild-to-moderate adverse effects (Phonrat et al. 2013).

2.4 Development of Mucosal Adjuvants for Human Vaccine
Market

Nowadays, there are only a few parenteral adjuvants that are included in licensed
human and veterinary vaccines. These are Alum (Petrovsky 2006; Schmidt et al.
2007), MF59 (Ott et al. 1995; Podda and Del Giudice 2003), monophosphoryl lipid
A (MPL) (De Vendittis et al. 1981; Kundi 2007; Patel and Salapatek 2006; Persing
et al. 2002), a squalene-based adjuvant system 03 (AS03®), and a combination of
MPL and Alum (AS04®) (Savelkoul et al. 2015). Although severe side effects are
rare, even Alum has the potential to cause sterile abscesses, eosinophilia, and
myofascitis and exhibits a potential role in neurodegenerative diseases (Petrovsky
and Aguilar 2004). Alum induces strong antibody and Th2 responses, whereas the
availability of adjuvants promoting Thl and cytotoxic T lymphocyte
(CTL) responses is still a major need. Interestingly, the combination of Alum with
IL-2 is able to redirect Th2-dominated responses into a Thl-dominant response
(Holmgren et al. 2005). MF59 promotes both humoral and cellular immune
responses (Mesa and Fernandez 2004; O’Hagan et al. 1997; Ott et al. 1995; Podda
and Del Giudice 2003). Such squalene or squalane emulsions are efficient adjuvants
which can be stabilized by microfluidization, so that the emulsions can be frozen or
kept for years at room temperature, allowing also their sterilization by terminal
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filtration, thereby enabling vaccination strategies in the third world where a cold
chain is sometimes problematic (Ott et al. 1995). Antigens are added after emul-
sification, so denaturation of conformational epitopes can be avoided (Hisert et al.
2005; O’Hagan 1998). Clinical trials of MF59-adjuvanted vaccines which were
performed in different age groups (i.e., newborns and elderly) have demonstrated
their safety and immunogenicity (Kuroda et al. 2004). However, the strong adjuvant
activity of MF59 demonstrated for parenteral administration is completely absent
when tested by the intranasal route, suggesting that MF59 is not efficient for
mucosal use (Boyce et al. 2000). Furthermore, phase IV studies are mandatory,
since the use of oil-based adjuvants may be associated with a higher risk of
autoimmunity, which is defined as “adjuvant disease” (Israeli et al. 2009).

Newly developed mucosal adjuvants are still in preclinical or clinical develop-
ment. One reason for this delay, at least in part, is the potential toxicity of these
molecules, representing important safety issues (O’Hagan and Rappuoli 2004). The
lack of an effective mucosal adjuvant is even more significant as none of the
licensed adjuvants revealed a strong enhancement in immune response when given
by mucosal administration route (Newsted et al. 2015). The most commonly used
mucosal adjuvants in the preclinical studies are (a) ganglioside receptor-binding
toxins and their derivatives (cholera toxin [CT], heat-labile toxin from E. coli [LT]),
(b) surface immunoglobulin-binding complex CTA1-DD, (c) TLR4-binding
lipopolysaccharide, (d) TLR2-binding muramyl dipeptide, (e¢) Mannose
receptor-binding mannan, (f) Dectin-1-binding glucans, (g) TLR9-binding
CpG-oligodeoxynucleotides, (h) chemokines, (i) APC-targeting ISCOMATRIX
and ISCOM, (j) TLR2/6-binding macrophage-activating lipopeptide-2 (MALP-2)
(Becker et al. 2006; Borsutzky et al. 2003; Link et al. 2004; Rharbaoui et al. 2002),
(k) CD1d-binding alpha galactosylceramide (aGalCer) (Ebensen et al. 2007a, b),
(1) STING-binding cyclic dinucleotides (c-di-AMP, c-di-GMP, cGAMP) (Ebensen
et al. 2011; Sanchez et al. 2014; Skrnjug et al. 2014), and (m) an adjuvant com-
bination including a cationic formulation (CAF01) containing a cationic liposome
as delivery system and a synthetic mycobacterial cord factor as adjuvant (Agger
et al. 2008; ClinicalTrials.gov 2012; Cox et al. 2006). In addition, also
pro-inflammatory cytokines, such as IL-la, IL-4, IL-6, 1L-12, IL-13, IL-15, and
IL-18, are broadly used as mucosal adjuvants (Ranasinghe et al. 2014). These
molecules activate innate immunity and polarize the adaptive immunity by inducing
vaccine-specific cellular (e.g., mucosal CD8+ CTL) and humoral (e.g., IgA anti-
body production) immune responses (Rhee et al. 2012; Wang and Meng 2015). CT
and LT are powerful mucosal adjuvants when coadministered with soluble antigens.
Another type of mucosal adjuvant is represented by synthetic oligodeoxynu-
cleotides containing CpG motifs linked to cholera toxin B subunit (CTB) and has
been found to effectively stimulate both innate and adaptive mucosal immune
responses (Holmgren et al. 2005). However, their use in humans is hindered by
their extremely high toxicity (e.g., diarrhea, fever, weight loss). During the past
years, a new generation of LT and CT mutants (e.g., LTK63 and LTR72) with
reduced toxicity, but retained strong adjuvanticity at the mucosal level, was
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developed (Beignon et al. 2002; Pizza et al. 2000, 2001). However, they were
shown to be associated with the appearance of concerning side effects in human
trials (e.g., Bell’s palsy). Another interesting molecule showing mucosal adjuvant
properties is chitosan and its derivatives, such as the thermo-sensitive chitosan
system (Xia et al. 2015).

2.5 Approved Mucosal Vaccines

Currently, all intranasal-delivered vaccines approved for human use are based on
live attenuated influenza virus vaccines (LAIV). The US Food and Drug
Administration (FDA)-approved quadrivalent vaccine FluMist® for children and
adults (2—49 years of age) consists of the influenza A strains HIN1 and H3N2 and
two influenza B strains. The European equivalents approved by the European
Medicines Agency (EMA) for children (2-17 years of age) are represented by the
trivalent Fluenz™ and the quadrivalent Fluenz™ Tetra (Carter and Curran 2011).
NasoVac®, a trivalent intranasal vaccine licensed for India and under the approval
process by the EMA, contains live attenuated strains of HIN1 and H3N2 and
influenza B (Dhere et al. 2011). The currently existing live attenuated intranasal
vaccines are cold adapted but heat sensitive, thereby allowing the viral replication
in the nostrils but preventing viral spread to the lungs or downstream. The local
replication results in a prolonged antigen presentation by APCs, thus inducing
efficient protective immune responses as indicated by increased levels of locally
secreted IgA and T cell-derived IFNy (He et al. 2006). All intranasal influenza
vaccines are administered annually and contain the seasonal adapted antigens.
Nevertheless, in comparison with inactivated influenza vaccine, the LAIV displayed
only poor performance in terms of efficacy (relative efficacy 52 %), as shown in a
study by Ambrose et al. (Ambrose et al. 2014).

Oral vaccines are mainly intended to prevent gastrointestinal infections. The first
vaccine delivered by the oral route was developed against poliomyelitis, a paralytic
disease due to neuron destruction in the CNS, and approved in 1961. The trivalent
oral polio vaccine generated by Albert Sabin consists of a mixture of three live,
attenuated poliovirus strains. Following oral vaccination, the virus persists in the
gastrointestinal tract for 4-6 weeks, thereby inducing antipolio-specific IgA anti-
bodies in the serum and the mucosa. The generation of neutralizing antibodies,
which results in reduced viral shedding and transmission following re-exposure, is
considered as a correlate of protection. Currently, the oral vaccine is mainly used in
developing countries due to its high efficacy, low production costs, and easy
administration. However, in very rare cases of immune deficiencies, the live
attenuated vaccine can cause paralysis. Therefore, the oral polio vaccine is not
suitable for use in immune-compromised individuals. Since 1998, the oral polio
vaccine is no longer recommended in Europe and was substituted by an intra-
muscularly delivered inactivated polio vaccine generated by Jonas Salk in 1955.
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Thus, under conditions of insufficient population immunity, viruses can circulate in
the population (circulating vaccine-derived polioviruses; cVDPV) and due to
genetic mutation can even cause polio epidemics (e.g., Hispaniola, Philippines). As
the number of wild-type virus-caused polio cases becomes rare, the risk of cVDPV
epidemics increases. In order to prevent cVDPV epidemics, inactivated polio
vaccines have been implemented (Minor 2009). Although the inactivated vaccine
cannot induce paralytic polio and is therefore considered to be safe, it cannot elicit
mucosal immunity at the site of viral replication. In addition to the trivalent oral
polio vaccine, a monovalent oral polio vaccine and a bivalent oral polio vaccine
were licensed in 2005 and 2009, respectively. Both vaccines are mainly used for
mass vaccination campaigns in poliomyelitis endemic countries. Clinical trials
evaluating the seroconversion rates and neutralizing antibody titers demonstrated
superiority of the monovalent and bivalent vaccines over the trivalent vaccine
(el-Sayed et al. 2008, Sutter et al. 2010).

Another orally delivered vaccine, Vivotif® (PaxVax Berna, Switzerland), is a
live attenuated vaccine against typhoid fever, a disease caused by the highly vir-
ulent and invasive enteric bacterium Salmonella enterica serovar Typhi. The vac-
cine was generated by chemical mutagenesis of the wild-type strain Ty21, and it is
delivered as lyophilized live bacteria in an enteric coated capsule. Vivotif® was
approved in 1989 by the FDA and is indicated for children over 5 years and adults.
It is currently used in over 27 countries. Beside the capsule vaccine Vivotif®, a
liquid formulation of the Ty21a vaccine was licensed in 1997. In two clinical trials,
the liquid formulation was found to be superior in terms of protection 3 years after
vaccination and equally protective 7 years after administration when compared to
the capsule formulation. However, this vaccine formulation was not well accepted
by travelers from industrialized countries, and therefore, its manufacturing was
discontinued. The oral Ty21la vaccine was demonstrated to elicit antigen-specific
serum IgG and mucosal IgA against the O-polysaccharide as well as Th1 and CTL.
Further, studies comparing typhoid vaccines delivered by the oral or parenteral
route revealed the generation of circulating antibody-secreting cells bearing the gut
mucosa homing marker a4f7 in the oral vaccinated individuals but not in the
parenteral group. Unfortunately, Vivotif® requires the administration of 3—4 doses,
one every other day, to generate efficient immunogenicity. Thus, a single-dose
mucosal vaccine against typhoid fever is highly desired.

Different types of orally delivered cholera vaccines are available on the inter-
national market. Cholera, a severe diarrheic disease, is caused by the waterborne
bacterium Vibrio cholerae which colonizes the epithelial gut layer where it secretes
the CT. Of the 200 serogroups, only 2 (O1 and O139) can cause the disease. The
most commonly used oral cholera vaccine is Dukoral™ (SBL Vaccin), which was
developed in Sweden and licensed in 1991 for children over 2 years and adults.
Currently, it is used internationally in over 60 countries, mainly for travelers to
endemic regions. In contrast to most of the other mucosal vaccines which are based
on live attenuation, Dukoral™ consists of the inactivated V. cholerae serotypes Ol
and O139 and the recombinant non-toxic B subunit. Dukoral™ was demonstrated
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to induce intestinal antibacterial and antitoxin IgA antibodies. Interestingly,
Dukoral™ can induce 86 % cross-protection against clinically severe episodes of
enterotoxigenic Escherichia coli (ETEC) infection, most probably due to the
structural and functional similarities of the cholera toxin B to the heat-labile toxin of
ETEC. The immunization schedule for children older than 5 years and adults
consists of two oral doses 7 days apart. Another inactivated oral cholera vaccine
was licensed in 2009, named mORCVAX in Vietnam where it is only intended for
local use and called Shanchol™ in India for international application. It contains the
serotypes O1 and O139 but not the cholera non-toxic subunit B. This vaccine was
shown to induce longer term protection in children under 5 years against cholera,
but not ETEC as compared to Dukoral™. The third internationally approved oral
cholera vaccine CVD 103-HgR (Orochol, Bern, SSVI) consists of the live atten-
uated Ol strain with a deletion of the cholera toxin gene. Despite showing an
efficacy of approximately 72 % in clinical trials in healthy individuals from
developed countries, in endemic areas, e.g., Indonesia, the vaccine CVD 103-HgR
failed to induce sufficient protection. Currently, this vaccine is not available on the
market.

Oral vaccines also exist against rotavirus, the infectious agent of severe gas-
troenteritis in infants and young children. Of the two currently licensed, the live
pentavalent vaccine RotaTeq® (Merck & Co, Inc) was approved in 2006 by the
EMA and FDA. RotaTeq® contains five human-bovine monoreassortant rotaviruses
encoding G1, G2, G3, G4, and P1A [8] outer capsid proteins of human rotaviruses
on a bovine rotavirus background. The rotavirus G1 serotype is the most prevalent
strain worldwide, and the genotype P [8] is shared by most of the common cir-
culating rotavirus strains. Given as a three-dose vaccine to infants between the ages
of 6-32 weeks, RotaTeq® was demonstrated to be protective against the G1, G3,
G4, and P1A [8] rotavirus serotypes. Placebo-controlled phase III studies revealed a
primary efficacy of 68 % against any grade of severity and approximately 98 %
against severe rotavirus-induced gastroenteritis in the first two rotavirus seasons
after vaccination. The hospitalization rate was reduced by 94.5 % (Vesikari et al.
2009). The live attenuated monovalent vaccine Rotarix® (GSK) represents the
second oral vaccine against rotavirus infection and was approved in 2008 by the
FDA. Rotarix® is administered in a two-dose regimen to children from 6 to
24 weeks of age. The vaccine is based on the human 89-12 strain which belongs to
the G1 serotype and P [8] genotype. Rotarix® was shown to be effective against the
G1, G3, G4, and G9 strains. In clinical trials including phase I, II, and III performed
in different countries, Rotarix® conferred 85-96 % protection against severe gas-
troenteritis and reduced hospitalization by 40-75 % (O’Ryan and Linhares 2009;
Ruiz-Palacios et al. 2006). Both live attenuated rotavirus vaccine strains are sug-
gested to replicate in the small intestine, thereby leading to the generation of
intestinal and serum IgA as well as neutralizing antibodies, which might mediate
long-term immunity (Franco et al. 2006; Vesikari et al. 2006). However, the
mechanism of protection is still not completely understood.
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3 Transcutaneous Vaccines

3.1 Transdermal and Transfollicular Vaccines

In the context of noninvasive vaccination strategies meeting the current challenges
in vaccine delivery (e.g., lack of compliance, safety issues, and logistic constraints),
TCV seems to be a valid alternative to mucosal approaches (Karande and Mitragotri
2010). The skin has been used for vaccination purposes from the very beginning
when Jenner was implementing his vaccinations against smallpox in 1796 (Stern
and Markel 2005). While Jenner was using a lancet to immunize by s.c. inoculation,
nowadays needle-free jet injectors and bifurcated needles for i.d. vaccine delivery
are used (Kendall 2010; Pattanayak et al. 1970). Thus, the skin has been known for
centuries to be an attractive site for immunization, and recent developments in
needle-free systems have renewed the interest in its exploitation as inductive site.
TCV offers an attractive approach for the development of highly accepted and
needle- or pain-free vaccines, which are not only safe but also effective due to the
presence of abundant professional APCs, such as dendritic cells (DCs) and
Langerhans cells (LCs), in different layers of the skin (Bangert et al. 2011). Thus,
several studies reported on the stimulation of efficient immune responses encom-
passing strong humoral as well as cellular responses (Frenck et al. 2011; Icardi et al.
2012; Kim et al. 2010). In some cases, even low vaccine doses could be used,
which would be especially important for pandemics in which vaccines become
scarce goods and dose reduction is necessary (Bramson et al. 2003; Chen et al.
2004).

However, the main challenge for TCV is to enhance the transport of antigens
across the stratum corneum (SC) barrier (Kaurav et al. 2016). To this end, reversible
barrier disruption methods are often applied, such as chemical permeation enhan-
cers, abrasion (e.g., tape stripping), electroporation, microneedles, laser-assisted
generation of micropores, PowderJect, and gene gun (Bal et al. 2010). The dis-
ruption of the skin usually lasts for a significant time and also promotes an acti-
vation of the innate immune system that results in enhanced immune responses
(Karande and Mitragotri 2010; Mittal et al. 2013; Rancan et al. 2013). When using
polylactic acid nanoparticles (PLA NPs) as antigen delivery system, activation of
LCs and subsequently CD8+ effector cells has been observed following TCV via
cyanoacrylate-stripped skin (Liard et al. 2011; Rancan et al. 2013). Nevertheless,
barrier disruption considerably increases the risk of infection, making these meth-
ods suboptimal for mass vaccination campaigns in countries with critical hygienic
conditions or vaccination of immune-compromised individuals, elderly, young
children, or people with poor wound healing (Kugelberg et al. 2005; Wanke et al.
2013). Thus, even though some of these methods are needle-free or pain-free, they
are, to a certain extent, still invasive. Furthermore, for many of these approaches,
such as gene gun, PowderJect, laser-assisted generation of micropores, and ultra-
sound, special devices are needed and make necessary application by trained per-
sonal. Recently, an alternative pathway has been reported targeting the skin
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immune system via the hair follicles without skin disruption by using nanoparticles.
This transfollicular (t.f.) route is very attractive for vaccine delivery as LCs and
DCs accumulate around the hair follicles and antigens are cleared only slowly by
hair growth and sebum production. Thus, hair follicles represent an excellent
antigen reservoir. Furthermore, antigens entering the follicles (e.g., glycoproteins
and pro-inflammatory fatty acids) were shown to (i) very rapidly cross the
sebum-filled follicle, (ii) be ingested by the present APCs, and (iii) promote
immune responses (Mahe et al. 2009). While LCs are mainly present in the epi-
dermis and responsible for the stimulation of Th2, Th17, and Treg cells, different
subsets of DCs are found in the dermis. The main DC population is characterized by
the expression of CDI11b but not CDI103 and langerin. These cells are
non-migratory residing in the skin, and they play a major role in the stimulation of
CD4™ T cells including not only Thl and Th2 but also Treg cells (Heath and
Carbone 2013; McLachlan et al. 2009). The other DC subset is characterized by the
expression of CD103 and langerin as well as Clec9A and seems to be important
with regard to the stimulation of cytotoxic CD8+ T cell responses (Bedoui et al.
2009; Caminschi et al. 2008; Heath and Carbone 2013; McLachlan et al. 2009;
Shortman and Heath 2010). However, antigen delivery into the hair follicles
without disrupting the skin barrier is difficult, since most of the material remains on
the skin surface (Mittal et al. 2015a, b). Furthermore, pure antigens are usually only
poorly immunogenic, and therefore, they are not properly recognized by the innate
immune cells of the skin. In this context, nano- or microsized carriers, such as
polylactic-co-glycolic acid nanoparticles (PLGA NPs) or inverse micellar sugar
glass nanoparticles (IMSG NPs), designed for the delivery of vaccine antigens and
adjuvants to the hair follicles have been shown not only to increase the amount of
antigen reaching deeper areas of the hair follicle (i.e., the infundibulum) by a factor
of three, but also to significantly increase the strength of the stimulated
antigen-specific immune responses without the necessity of prior skin disruption
(Mittal et al. 2013, 2015a, b). Thus, beside the stimulation of strong humoral
immune responses, also efficient cellular responses have been obtained following
t.f. immunization, as indicated by the stimulation of antigen-specific multifunctional
T cells (Mittal et al. 2015a, b). There is a general consensus that efficient immunity
to infection depends to a substantial part on the functional properties of
antigen-specific T cells. In this regard, there is increasing evidence that T cells
which produce several key cytokines at one time are more potent in their effector
functions as compared to single producers (Almeida et al. 2007; Darrah et al. 2007,
2010; Graw and Regoes 2014; Kannanganat et al. 2007, Seder et al. 2008a, b).
While IFNy mediates the effector function of T cells, TNFa enhances their pro-
liferation capacity and IL-2 is needed for maintaining the immune response (re-
viewed in Seder et al. 2008a, b). T cells which produce both IFNy and TNFo were
shown to mediate more efficient killing, as compared with cells expressing either
cytokine alone, whereas those expressing IL-2 and TNFa seem to serve as a
reservoir of memory T cells (reviewed in Seder et al. 2008a, b).

Although the use of NPs as a carrier system for vaccine antigens already
increases the efficacy of vaccination via the t.f. route in a way that makes it
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unnecessary to destroy the skin barrier, incorporation of a suitable adjuvant seems
to be required in order to promote strong immune responses. The adjuvants used so
far encompass TLR agonists (e.g., CpG, Poly I:C), A/B moiety toxins or their
derivatives (e.g., CT, LT), STING agonists (e.g., c-di-AMP), and others (e.g.,
polyphosphazenes, saponins) (reviewed in Engelke et al. 2015). For example, TCV
with a CTL epitope using the imidazoquinoline derivative imiquimod as adjuvant
induces potent CTL responses (Stein et al. 2014). Strong Th2 responses have also
been observed by using bacterial toxins as adjuvant applied on shaved skin (Glenn
et al. 2007; McKenzie et al. 2007). However, often it is not clear from the studies
whether the skin of the treated animals was actually intact. For example, immu-
nizations were either performed only shortly after the shaving when microtrauma
might have not been healed or the skin was hydrated prior to immunization, thereby
increasing its permeability (Glenn et al. 2007; Mondoulet et al. 2012). In contrast,
t.f. vaccination with antigen and c-di-AMP-loaded NPs 48 h after hair depilation,
when skin integrity reached basal level again, resulted in strong humoral and cel-
lular responses (Mittal et al. 2015a, b). The c-di-AMP originates from prokaryotes,
in which it acts as second messenger (Schaap 2013). Several studies have shown
that c-di-AMP exhibits strong adjuvant properties regardless of the administration
route (Ebensen et al. 2007a, b, 2011; Sanchez et al. 2014). The transmembrane
protein STING (stimulator of IFN genes) was identified as an innate sensor of
cyclic dinucleotides. Interaction with STING activates the TBK1-IRF3 signaling
pathway, subsequently resulting in the production of type I IFN and TNFa
(Blaauboer et al. 2014; Burdette et al. 2011; McWhirter et al. 2009; Shu et al.
2012).

Nevertheless, generation of antigen-loaded NPs still has some limitations. The
use of chemical solvents and physical stresses during the production process can
negatively affect antigen and/or adjuvant stability. Also, the involvement of com-
plex multistep generation processes leads to increased production costs (De Geest
et al. 2012). Some of those problems can be overcome by using, for example,
simplified approaches based on inverse micelles. Micelles can be prepared using
pharmaceutical excipients, such as medium-chain triglycerides (MCTs) and phos-
pholipids (e.g., lectins), which are generally regarded as safe (GRAS listed), bio-
compatible, and biodegradable. MCTs are broadly used for parenteral nutrition or
as a readily digestible energy source for neonates. The production process of these
kinds of micelles is gentler compared to the formation of antigen-loaded PLGA
NPs, resulting in an improved integrity of the encapsulated antigen as compared to
PLGA NPs. This in turn secures the stimulation of efficient immune responses
tailored to the specific needs (Mittal et al. 2015a, b). However, although the
encapsulation efficiency of these NPs is about 100 %, the amount of antigen and
adjuvant needed for NP formulation is still considerable. Therefore, new optimized
particle preparation techniques need to be developed (e.g., “hydrophobic ion
pairing—(HIP-) and reverse micelle-hybridized o/w emulsion technique”) in order
to minimize the amount of antigen and adjuvant needed (reviewed in Sah and Sah
2015). Besides optimizing the NP formulation process, the follicular uptake of the
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particles as well as the subsequent interaction with dermal APCs needs to be
improved when the SC barrier remains intact. Aljuffali and coworkers developed
nanoparticles formed from sebum-derived lipids, i.e., squalene and fatty esters,
resulting in an up to sevenfold higher follicular uptake compared to the
non-particulate drug formulation (Aljuffali et al. 2014). Another approach aims at
improved targeting of the antigen-loaded NPs to the dermal APCs by conjugation
of DC-directed antibodies (e.g., anti-Clec9A, DEC205) or DC receptor-ligands,
such as chitosan or mannose (Demoulins et al. 2014; He et al. 2007,
Thomann-Harwood et al. 2013; Tsuji et al. 2011). Although DC-targeting seems to
be sufficient for stimulating humoral immune responses, elicitation of strong cel-
lular immunity, especially CTL responses, seems to require the incorporation of an
adjuvant (Badillo-Godinez et al. 2015; He et al. 2007; Sancho et al. 2008; van
Kooyk et al. 2013).

In any case, besides putting enormous efforts to develop efficient particle-based
carrier systems with increased loading, encapsulating and targeting efficacies,
immunogenicity, and antigenicity of the used particles as well as the incorporated
adjuvants need to be determined. Thus, particle- and/or adjuvant-specific immune
responses could result in decreased vaccine efficacy due to rapid clearance of the
carrier system and will hamper its repeated use for different vaccinations (Ilinskaya
and Dobrovolskaia 2016).

Taken together, a variety of novel approaches are currently under development
to allow for minimal-invasive, needle-free vaccination against infectious diseases.
In this context, NP-based immunization via the t.f. route constitutes a promising
approach to deliver antigens through the intact skin.

3.2 Approved Transcutaneous Vaccine

The first needle-free intramuscular-delivered vaccine is available on the market.
The seasonal trivalent inactivated influenza vaccine Afluria® (CSL Biotherapies),
consisting of the influenza A strains HIN1 and H3N2 and the B strain, which is
administered with a needle and syringe, was first approved in 2007 for children and
adults. In 2014, the FDA approved the delivery of Afluria® (CSL Biotherapies)
with the PharmaJet® Stratis® needle-free injection system for persons aged 18—
64 years. The PharmalJet® injector works with a precise fluid stream penetrating the
skin in about one-tenth of a second, thereby preventing potential needle-stick
injuries and cross-contamination. In a randomized phase IV trial in healthy adults, it
was clearly demonstrated that Afluria® delivered by jet injection met the criteria for
non-inferiority to that of the needle and syringe groups with regard to immuno-
genicity, as determined by the strain-specific geometric mean titer ratios and
seroconversion rates (McAllister et al. 2014). The majority of the study participants
provided a strong positive feedback and a preference for jet injection for their next
vaccination. The high acceptance in the public accompanied by the prevention of
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needle-stick-induced side effects renders needle-free vaccination a promising tool
for future vaccines. The following section will introduce some of the needle-free
vaccine candidates currently in the clinical development pipeline.

3.3 Needle-Free Transcutaneous Vaccine Candidates Under
Clinical Development

Several needle-free transcutaneous vaccine candidates against influenza are cur-
rently under investigation in clinical trials encompassing phase I-IV (e.g.,
ClinicalTrials.gov: NCTO00386542, NCT00694213, NCTO00987350) aimed to
evaluate the safety and efficacy of influenza vaccines that are delivered by
needle-free injector systems as compared to needle syringe administration. Beside
vaccines against influenza, a relatively low number of clinical trials study the effect
of needle-free administration against other infections.

The phase I study CUT*HIVACO001 is focused on assessing the safety and
immunogenicity of a GTU®-multi-HIV B clade DNA vaccine using different
invasive delivery strategies and one transcutaneous needle-free approach. The
experimental HIV vaccine is administered to healthy volunteers being at low risk of
HIV infection in a three-dose regimen over 12 weeks. For the needle-free approach,
the hairs of the volunteers are stripped away and a water-based solution containing
the vaccine is placed on the skin surface. The HIV DNA is intended to enter the body
through the hair follicles, thereby inducing anti-HIV immunity. This needle-free
approach will be compared with intramuscular and intradermal injections as well as
with an intramuscular approach amplified by electroporation, especially with regard
to the generation of HIV-specific CD8 T cell responses measured 2 weeks after the
last vaccination. Another phase I study performed in healthy adults compares the
immune response and side effects of an experimental adenovirus-based HIV vaccine
(VRC-HIVADVO014-00-VP) given by needle injection or by use of a needle-free
device called the Biojector 2000™. The single-dose vaccine comprises four aden-
oviral vectors coding for the HIV-1 gag/pol polyprotein from clade B and HIV-1 env
glycoproteins from clades A, B, and C. Blood samples are collected at weeks 2, 4,
12, and 24 and analyzed for HIV-specific humoral and cellular immune responses as
well as for adenovirus serotype 5 antibodies. An exploratory phase I b study
(ClinicalTrials.gov, NCT01765426) also evaluates the safety and immunogenicity
of a recombinant live attenuated tetravalent dengue vaccine (DENVax), comparing
intradermal administration by needle with the needle-free Pharmalet injector. The
vaccine is administered to healthy adults in a two-dose regimen at day O and 90.
Blood samples collected at days 0, 120, and 270 after vaccination will be used to
measure viremia encompassing all four dengue serotypes, the generation of neu-
tralizing antibodies and the induction of cellular immunity. A phase IV study
(ClinicalTrials.gov, NCT02409095) is aimed at assessing and comparing the
immunogenicity and reactogenicity of the DTP-HB-Hib vaccine (Serum Institute of
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India Ltd) against diphtheria, tetanus, pertussis, hepatitis B, and haemophilus
influenza type B administered either with a syringe jet injector or syringe needle in
children aged 6-8 weeks. Serum samples are taken at day 28 after administration of
the 3rd dose and will be used to look for seroconversion against each vaccine
component.

The usage of hydrogel patches represents another promising needle-free alter-
native for TCV. In a clinical phase I study, a TCV formulation consisting of a
hydrogel patch which contains tetanus toxoid and diphtheria toxoid was evaluated
for safety and efficacy. Vaccine delivery by hydrogel patches resulted in increased
levels of anti-tetanus toxoid and anti-diphtheria toxoid antibodies in most of the
volunteers measured at days 60 and 365 after application. A second vaccination of
the non-responders could in part increase the antibody titers, thereby indicating that
a repeated TCV can enhance vaccine efficacy. A passive challenge experiment
using sera of vaccinated volunteers to protect mice against a lethal challenge with
tetanus toxoid displayed the generation of neutralizing antibodies suggesting that
TCV induces protective immunity against bacterial toxins. The analysis of the skin
revealed increased water content in the SC, which suggests that antigen penetration
is associated with changes in the skin condition (Hirobe et al. 2012).

A phase III placebo-controlled field trail addressed the safety and efficacy of a
skin patch vaccine against ETEC which contains the LT in Europeans’ travelers.
Healthy volunteers aged between 18 and 64 years received 2 skin patch vaccine
doses 14 days apart prior to traveling (ClinicalTrials.gov, number NCT00993681).
The study revealed an antigen-specific induction of serum IgG but a vaccine effi-
cacy of only 34.6 %, as defined by the occurrence of moderate or severe
ETEC-induced diarrhea. Furthermore, 93 % of the participants of the vaccine patch
group displayed local adverse events including erythema, rash, pruritus, hyper-
pigmentation, hypopigmentation, pain, and edema, whereas in the placebo group
(i.e., same patch and application without the LT protein), 56 % showed these kinds
of adverse effects (Behrens et al. 2014). These findings further underline the
importance of developing TCV strategies with improved tolerability, while
avoiding methods associated with dermatitis. Interestingly, a similar previously
performed phase II study in healthy US participants demonstrated a vaccine efficacy
of 75 % without induction of side effects (ClinicalTrials.gov, number
NCT00516659, Frech et al. 2008) Nevertheless, this study was smaller with effi-
cacy results based on 59 participants in contrast to about 2000 in the study men-
tioned above.

A clinical phase I/I study using a vaccine against measles evaluated the safety
and efficacy of a skin patch delivery as compared to the subcutaneous route. Here,
healthy volunteers were vaccinated with the live attenuated measles vaccine
ROUVAX®. This study clearly showed an elevated induction of measles-specific
salivary IgA compared to subcutaneous vaccination and a slight increase of
IFNy-producing T cells. However, this study also revealed that in contrast to s.c.
vaccination, TCV failed to efficiently stimulate measles-specific neutralizing serum
antibody titers, most probably due to inefficient vaccine uptake by skin DCs
(Clinical Trials Registry, ISRCTN88861431, Etchart et al. 2007).
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Another phase I study focused on vaccine targeting to human hair follicle ducts.
This trial investigated the delivery of a conventional licensed tetanus/influenza
vaccine (TETAGRIP®) by TCV as compared to i.m. immunization in healthy adults
and HIV exposed individuals. TCV displayed superiority regarding the generation
of influenza-specific CD8 T cells in both healthy and HIV-infected volunteers,
whereas no differences were observed with respect to the induction of
influenza-specific CD4 T cells. Similar to other studies, only i.m. immunization
resulted in the induction of neutralizing antibodies (Clinicaltrials.gov
NCT00261001, Combadiere et al. 2010).

4 Conclusions and Outlook

Vaccination remains one of the most effective tools for preventing infectious dis-
eases. However, potential rare adverse events together with a decreased perception
of the real threat posed by infectious agents result in a certain degree of vaccination
fatigue among the general public. Thus, switching from injectable vaccines to
noninvasive needle-free vaccination strategies would not only increase vaccine
safety, especially in terms of mass vaccination campaigns in countries with low
hygiene standards, but also enhance the acceptance by the public due to painless
application, stilling the fear associated with needle injection. In this context,
mucosal as well as needle-free TCV approaches constitute promising strategies able
to stimulate not only systemic but already mucosal immunity toward protection
against infectious diseases. However, further effort needs to be taken in order to
improve vaccine performance following needle-free application. Thus, delivery
systems need to be developed allowing efficient transport of vaccine antigens across
the different mucosal and skin barriers. Furthermore, specific targeting of vaccine
antigens to those APCs activating the appropriate arms of the immune system
would further improve vaccine efficacy. Increased understanding of inflammation
processes, and innate and adaptive immune responses, has resulted in a better
understanding of the underlying principles for the mechanisms of adjuvant actions
and provides the base for the design of new vaccines with improved performance.
The development of new noninvasive vaccines could prove a windfall to vaccine
developers aiming at safer vaccines to improve public health. Vaccination strategies
might emerge as the defining trend in the foreseeable future allowing not only
immune enhancement along with a simultaneous dose sparing but also
self-administration, even in elderly patients with less responsive immune systems.
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