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Preface

Microbial virulence is a fast-moving field. From molecular genetics to cell biology
and signaling, from genomics to dynamic imaging of infectious processes both in
vitro and in vivo, from immunology to inflammation and cancer, few concepts and
techniques in life sciences have not been applied, over the last years, to better
decipher the detailed mechanisms of infections. A single volume could not account
for these amazing progresses that encompass both sub-cellular dissection of the
signals elicited by the engagement of cell targets by microbial effectors, and supra-
cellular integration of these microbe-cell cross-talks in a global scheme of tissue
or organ infection. This transition from cellular microbiology to tissue microbiol-
ogy is possibly one of the most striking recent trends in our discipline. It has been
made possible by the combination of improved animal models of infection, includ-
ing transgenic and KO mice and real time imaging methods such as two-photon
microscopy. Tissue microbiology, as it currently evolves, is also creating a very
fertile ground for collaborations between microbiologist and immunologists.
Interactions started with the deciphering of innate mechanisms of host defenses
in the presence of pathogens, particularly how the host can discriminate among
commensal microorganisms and true pathogens in order to initiate an inflamma-
tory response that is adapted to the level of the threat. Interactions continue with
the molecular and cellular analysis of interference mechanisms between patho-
gens and adaptive immune responses. A scheme emerges according to which, at
key anatomic barriers of the host body, sensing mechanisms discriminate patho-
gens from commensals, elicit an inflammatory response, both humoral and cel-
lular, that is aimed at eradicating the aggressive pathogen, possibly at the cost of
significant tissue damage and fatal rupture of this barrier. The pathogen itself
modulates this response, thereby achieving better colonization and invasion of this
barrier, thus of the host. This Yin and Yang strategy of pathogenic microbes
reflects a long co-evolution between the eukaryotic and prokaryotic kingdoms. It
can be read in the microbial genomes through recognition of pathogenicity genes
and islands reflecting the “construction” of these pathogens under the host selec-
tive pressure. Evolution of pathogens from their commensal ancestors is another
illustration of Darwin’s theory.

This volume gathers among the best experts in the field of bacterial pathogenesis
to illustrate the above statements. Following introductory chapters on the genetic

Bacterial Virulence: Basic Principles, Models and Global Approaches. Edited by Philippe Sansonetti
© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-32326-5
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Preface

identity of pathogens and new developments in the understanding of the antimi-
crobial strategies of a first-line defense cell, the neutrophil, the book goes on
describing paradigms of rupture, colonization - invasion and inflammatory injury
of major barriers of the body. These paradigms illustrate the integration of cellular
microbiology, tissue microbiology, and immunopathology in acute and chronic
modes of infection, the latter possibly leading to cancer as is the case of gastric
infection by Helicobacter pylori. Hopefully, this angle provides a very dynamic view
of infectious processes as they develop. The last part should be seen as an opening
on two novel developments that will be increasingly be part of the study of infec-
tions, i.e. the understanding of the mechanisms of tolerance of our commensal
microbiota and how the rupture of tolerogenic signals may participate to diseases,
and the molecular bases of species specificity of pathogens, the subversion of
which is central to the concept of emergence of new infectious diseases.

Paris, December 2009 Philippe Sansonetti
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1
How Bacterial Pathogens were Constructed
Ulrich Dobrindt and Jérg Hacker

1.1
Introduction

The complete genome sequences of multiple variants of almost all bacterial patho-
gens have already been published. There is large variation in size and content of
bacterial genomes between different genera and species but also among strains of
the same species. The adaptive capability (‘versatility’) of bacteria directly correlates
with genome size [1]. Genome optimization in bacteria with an intracellular para-
sitic lifestyle, for example, Chlamydia trachomatis and Rickettsia prowazeckii
(genome size 1.04 Mb and 1.11 Mb, respectively) which live in a constant and rich
environment, involves marked genome reduction due to the loss of genetic infor-
mation coding for traits and functions that could be obtained from the host.

Consequently, the genomes of such bacteria living in close association with their
host are much smaller than those of environmental bacteria that may be facultative
pathogens, e.g. Pseudomonas aeruginosa (genome size 6.3 Mb), as these organisms
have to live under different and variable growth conditions.

The analysis of these sequences revealed that genomes of pathogenic microbes,
but also of microbes from other sources, may comprise different numbers of
circular or linear chromosomes, extrachromosomal linear or circular replicons as
well as different combinations thereof. The genome of Vibrio cholerae, the causa-
tive agent of cholera, contains two chromosomes, both of them encode important
functions [2, 3]. Most prokaryotes, however, contain a single circular chromosome
which comprises genes providing the backbone of genetic information required
for essential cellular processes and which is not transferable per se. The arrange-
ment of genes on the chromosome is characterized by a frequently clustered
organization or a close link between functionally related genes. Genes located on
the ‘core’ part of the chromosome exhibit a relatively homogenous G+C content
and a specific codon usage. The genomic organization of closely related bacteria
is very similar [4].

The structure of the ‘core’ regions of the genome, however, is often interrupted
by the presence of DNA stretches harboring genes with a G+C content and a codon
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Plasmids

Bacteriophages

Genomic islands (GEI)

Integrative and conjugative elements (ICE)
Integrons (Int)

(Conjugative)Transposons (Tn), IS elements (IS)

Figure 1.1  Composition of a bacterial genome. The core genome is shown together with the
various elements of the flexible gene pool.

usage which differs from those of the ‘core’ genome. This ‘flexible’ gene pool
consists of strain-specific ‘assortments’ of genetic information mainly represented
by mobile genetic elements, such as plasmids, bacteriophages, genomic/patho-
genicity islands (GEIs/PAls), integrons, [S-elements and transposons (see Figure
1.1 and Table 1.1), which provide additional traits contributing to the adaptation
of microbes under certain environmental conditions, e.g. resistance to antibiotics,
production of toxic compounds as well as other virulence factors [5].

1.2
Composition of the Flexible Gene Pool

IS elements and transposons are considered to be ‘jumping genes’ as they can
frequently change their chromosomal localization. Generally, transposable ele-
ments fall into three groups: (i) insertion sequences (relatively small mobile
genetic entities that generally encode no functions other than those involved in
their mobility and exhibit short terminal inverted repeat sequences), (i) composite
transposons (flanked by insertion sequences at both ends), and (iii) non-composite
transposons (lack flanking insertion sequences). Many transposons carry antibi-
otic resistance genes [0].

Integrons can also jump and may carry determinants for antibiotic resistances
and other properties. They can be considered as a natural genetic engineering
system because they are assembly platforms, i.e. DNA elements that acquire genes
embedded in exogenous gene cassettes and convert them to functional genes by
ensuring their correct expression. They were initially identified because of their
important role in the spread of antibiotic-resistance determinants. Meanwhile,
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Table 1.1 Mobilizable and transferable accessory genetic elements of the flexible gene pool
that contribute to genome plasticity.

DNA element Size Characteristics

Pathogenicity/ 20-200kb Modular, mosaic-like composition,
Genomic Island site-specific insertion into tRNA genes
Plasmids 2-200kb Modular, mosaic-like composition,

sometimes chromosomal insertion possible,
can transfer transposons and IS elements

Integrative and 30-150kb Site-specific insertion into tRNA genes,

conjugative elements modular composition

Prophages 40-100kb Site-specific insertion frequently into tRNA
genes

(Conjugate) 20-100kb Mainly in Gram-positive bacteria

Transposons

(Super-)Integrons ~100kb Mainly in Gammaproteobacteria, many

promoter-less gene cassettes
Transposons 2.5-25kb Flanked by IS elements

Insertion sequences 0.7-2.5kb Encode only their integrase

larger integron structures, termed superintegrons, have been discovered which
further support their importance in bacterial genome evolution. The latter contain
hundreds of accessory genes and constitute a significant fraction of the genomes
of many bacterial species including important intestinal pathogens such as Vibrio
cholerae [7].

Transferable genetic elements such as bacteriophages and plasmids can func-
tion as vehicles laterally transporting genetic information, thus playing an impor-
tant role in bacterial evolution. Bacteriophages may carry genes that bring about
new functions or modify existing ones upon becoming part of the host genome.
Bacteriophages often carry toxin genes, e.g. the cholera toxin determinant, the
genes encoding diphtheria toxin or the Shiga toxins. Plasmids are circular, self-
replicating DNA molecules. They are autonomous molecules and exist in cells as
extrachromosomal genomes, although some plasmids can be inserted into a bacte-
rial chromosome. The role of transferable elements as vectors as well as the
constantly ongoing recombination between different mobilizable and transferable
DNA elements is exemplified for example by the description of the association of
multi-drug resistance and virulence determinants in form of a large virulence
plasmid in multi-drug-resistant Salmonella enterica serotype Typhimurium that
carries several virulence genes and two class 1 integrons [8] or a multi-resistance
plasmid of Kiebsiella pneumoniae that resembles enterobacterial integrative and
conjugative elements as well as plasmids found in Yersinia pestis [9, 10].
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Genomic islands (GEIs) are large chromosomal sectors which are part of the
flexible gene pool as they represent formerly transferred DNA regions. Pathogenic-
ity islands (PAIs) are particular GEIs present in pathogenic bacteria but absent in
the majority of closely related non-pathogenic variants. They carry one or more
virulence-associated gene(s) and are frequently associated with tRNA genes as well
as flanked by repeat structures. As PAls are often unstable and as they contain
mobility genes coding for integrases or transposases they contribute to the dynamic
character of chromosomes in pathogens [5, 11]. Certain conjugative and self-
transmissible genetic elements exhibit features of plasmids and bacteriophages as
they can be transferred by conjugation and can integrate into the bacterial chromo-
some. Such integrative and conjugative elements (ICEs) may function as progeni-
tors of some PAIs/GEls during genome evolution [12].

Accessory genetic elements like transposons, integrons, insertion elements and
genomic or pathogenicity islands (GEIs, PAIs) represent major constituents of
the flexible gene pool. The genomic islands are seldom fixed but rather bear the
potential for ongoing rearrangements, deletions and insertions. As a result, the
stable chromosomal backbone and the flexible gene pool are constantly undergo-
ing repeated insertions and deletions leading to new variants, pathotypes and over
a long-term process to new species. Thus, such genomes are composed of clonally
evolving DNA regions that are periodically disrupted due to exchange of already
existing gene blocks by homologous recombination, and insertion of horizontally
acquired DNA segments. The majority of strain- or pathotype-specific regions have
accumulated over time by repeated horizontal gene transfer, frequently with suc-
cessive transfers of different elements into identical loci of the core chromosome.
The existence of so many different horizontally-acquired sequences in genomic
islands differentiating closely related strains indicates that many of them are only
temporarily present in the genome or provide a specific advantage to the individual
lifestyle of particular strains.

1.3
Mechanisms Involved in Genome Dynamics

Different mechanisms contribute synergistically to dynamic bacterial genome
evolution: first, point mutations can be accumulated and result in the diversifica-
tion of genes. Second, variation in the bacterial genome organization results from
transposition, site-specific as well as homologous recombination of DNA regions.
Repeated sequences, notably mobile DNA elements, play a major role in the overall
genome plasticity as they facilitate recombination and these DNA rearrangements
may cause relocation or deletion of genomic regions. DNA recombination also
causes gene duplication. Duplicated genes can evolve as orthologues or by diver-
gent evolution as paralogues. Additionally, foreign genetic material is acquired by
horizontal gene transfer. This acquisition of genetic material results in extremely
dynamic genomes in which substantial amounts of DNA are introduced into and
deleted from the chromosome. The extent of gene acquisition in bacteria differs
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considerably between different genera and species and may be responsible for up
to 15% of the complete genome sequence [13]. The combination of such evolution-
ary mechanisms during prokaryotic genome evolution can be nicely illustrated by
the shuffling and disruption of operons in many bacteria due to rearrangements
and gene transfer [14].

1.4
Bacterial Genome Optimization Using Escherichia coli as a Model

The species Escherichia coli comprises pathogenic and non-pathogenic variants [5,
15, 16]. Pathogenic isolates may cause infections of the intestine as well as extrain-
testinal infections such as urinary tract infections, sepsis and meningitis. Com-
mensal E. coli have the capacity to colonize the intestine of humans and many
animals without causing any harm.

The pheno- and genotypic variability of pathogenic and commensal E. coli cor-
relate with their genome content. E. coli genomes vary in size from 4.6 to 5.6 Mb
[17]. These size differences among individual E. coli genomes indicate the presence
of different amounts of strain-specific genetic information, which may represent
up to 30% of the complete genome content. Genes for many virulence traits as
well as antibiotic resistance genes of IPEC (intestinal porcine epithelial cell line-1)
and ExPEC, especially those characteristic of the different pathotypes, may be
encoded on mobile and accessory genetic elements, e.g. genomic and pathogenic-
ity islands or transposons [5, 18-21], plasmids and bacteriophages [22-26].

Extraintestinal pathogenic E. coli (EXPEC) are epidemiologically and phylogeneti-
cally distinct from many commensal strains as well as from IPEC. A variety of
virulence factors directly contribute to pathotype-specific disease and their distri-
bution is thus restricted to the corresponding pathotypes. For instance, the ETT-1
type III secretion system and its translocated effectors are usually indicative of
enterohemorrhagic E. coli (EHEC) and enteropathogenic E. coli (EPEC). The heat-
stable or heat-labile enterotoxins are characteristic of enterotoxigenic E. coli (ETEC)
[16]. Certain invasion genes such as ibeA as well as the K1 capsule determinant
are frequently present in invasive ExPEC [27]. In many cases, however, EXPEC
and commensal E. coli share a large fraction of their genome [15, 28, 29]. There
are also many so-called virulence-associated factors in EXPEC such as colicins,
certain fimbriae, siderophore systems and toxins [15, 30-32] that have probably
evolved to enhance survival in the gut and/or transmission between hosts,
and therefore will be shared with some commensal strains and sometimes even
with IPEC.

As many E. coli virulence-associated genes may be located on transmissible
genetic elements such as bacteriophages, plasmids or transposons, individual
DNA regions can be exchanged between the chromosome and mobile genetic
elements with the capacity to integrate into and excise from the bacterial chromo-
some. Accordingly, several identical or closely related virulence determinants can
be found on the chromosome or on mobile DNA elements.
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So-called colicin plasmids represent an interesting example of such mobile ele-
ments which in large part exhibit considerable sequence similarity to PAls in E.
coli and contribute to PAI evolution and the spread of virulence traits among
individual strains. Large colicin plasmids are found primarily in virulent, mainly
septicemic E. coli strains and they seem to be a characteristic marker for avian
pathogenic E. coli (APEC), causing systemic infections in poultry for example. The
genetic structure of such plasmids from APEC highly resembles that of other large
colicin and related plasmids and several PAIs of E. coli [33] as they carry several
genes that have been previously associated with APEC virulence such as those
coding for colicins, toxins and factors involved in serum resistance. It also contains
several operons associated with iron acquisition including the aerobactin system
(iuc/iut), the iro determinant coding for salmochelin, the sit operon, coding for an
ABC transport system involved in iron and manganese transport and the eitA-D
genes that code for a putative iron transport system. The operons coding for the
siderophore systems sit, iut and iro as well as the iss gene involved in serum resist-
ance can be found on the bacterial chromosome as well as on the colicin plasmids
[34]. In APEC, these determinants are exclusively found on colicin plasmids
whereas in other pathogenic enterobacteria they are frequently located on chro-
mosomal PAIs [33, 35].

As already mentioned, many PAI regions exhibit notable homology to fragments
of mobile genetic elements such as bacteriophages and virulence plasmids. In
addition, multiple copies of accessory DNA elements in one genome facilitate
homologous recombination within one or between different islands or horizon-
tally-acquired DNA elements thus leading to rearrangements, deletions and acqui-
sition of ‘foreign’ DNA. Consequently, many PAIs have a mosaic-like modular
structure. Although many of them superficially resemble each other with respect
to the presence and/or genetic linkage of certain virulence determinants, PAI
composition, structural organization and chromosomal localization can be highly
variable even among strains of the same patho- or serotype [36, 37]. A recent
comparative genomic and phylogenetic analysis of 20 commensal and pathogenic
E. coli strains indicated that genome variability within the E. coli species is restricted
to a small number of conserved chromosomal positions. These hot spots of gene
acquisition and loss correspond to regions of abundant and parallel insertions and
deletions of DNA and can comprise between 10 and 157 genes [38]. Such large
genomic regions seem to be more permissive to the insertion/deletion of accessory
DNA elements as once they are chromosomally inserted they serve as preferred
regions for other insertion/deletion events. The resulting larger regions are then
distributed within E. coli by homologous recombination between their flanking
genes rather than by dissemination of the individual accessory elements compris-
ing these genomic hot spots [38].

It has been shown that the virulence features of pathogenic microbes may not
only vary between different strains, but also between different time points of infec-
tion within a single strain. To analyze the flexibility of PAIs, we used the method
of ‘island probing’ [39-41]. Using this method it was possible to calculate the dele-
tion rate of respective PAls. With a deletion rate of 10~ to 107, they can be excised
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from their respective genome. The integrases, which are encoded by the respective
PAIs are involved in this deletion processes. Generally they act highly specifically
at their respective target sites [42, 43], but may sometimes also have the capacity
to engage in ‘cross-talk’ and thus also to be involved in the excision of another
island. PAI deletion may be beneficial in the course of an infection as later stages
of infection may develop into chronic infections. Under these conditions, several
virulence-associated traits, especially toxins, may be disadvantageous.

1.5
Genome Plasticity during Infection

Variation in the bacterial genome organization results in large part from transposi-
tion and homologous recombination. Repeated sequences, notably mobile DNA
elements, play a major role in genome plasticity. Repeated DNA sequences play a
primordial role in the overall genome plasticity as they are frequently involved
in recombination events. It is postulated, and also frequently observed, that
‘useless’ or somehow deleterious genes are lost from bacterial genomes (genome
reduction). Without a positive selection pressure, a gene will be lost rapidly.
This loss will be even more rapid if the particular gene is part of a mobile DNA
element [44].

Recent studies suggest that genome plasticity seems to be accelerated under in
vivo conditions as it may facilitate adaptation to various host conditions. During
infection, a strong selection pressure is exerted on the pathogen, leading to vari-
ations in the clonal lineages. Pheno- and genotypic changes have been reported
for consecutive Escherichia coli isolates from recurrent bacteremia cases. In some
patients, E. coli isolates from consecutive recurrent bacteremia episodes exhibited
an alteres ability to express long chain LPS, capsule or flagella [45]. E. coli, the
major cause of urinary tract infections (UTI), may also cause asymptomatic bac-
teriuria (ABU), i.e. a carrier state without causing symptoms. This resembles a
state of commensalism with a bacterial monoculture rather than a complex flora.
Accordingly, ABU is an interesting model in which to study mechanisms of com-
mensalism and the driving forces within the pathogen and host. Geno- and
phenotypic analyses of ABU isolates demonstrated that many ABU strains arose
from virulent variants by gene loss. It has been suggested that attenuation
may constitute a general mechanism for mucosal pathogens to evolve towards
commensalism [46].

For example, phage mobilization contributes significantly to genome alteration
in Staphylococcus aureus cystic fibrosis isolates during infection. Such a genome
alteration could be linked to bacteriophage mobilization, phage conversion or
deletion. [47]. Similarly, a recent complete sequence and comparative analysis of
the genomes of two representative P. aeruginosa strains isolated from cystic fibrosis
(CF) patients with that of other P. aeruginosa isolates indicated that niche adapta-
tion is a major evolutionary force influencing the composition of bacterial genomes.
Unlike the genome reduction seen in host-adapted bacterial pathogens, the genetic

9
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capacity of P. aeruginosa is determined by the ability of individual strains to acquire
or discard genomic segments, giving rise to strains with customized genomic
repertoires [48].

The gastric pathogen Helicobacter pylori shows immense genetic variability in
gene content and at the sequence level within human populations [49-51]. Com-
parison of the genome content of 21 closely related pairs of isolates taken from
the same patient at different time points showed that the great majority of genetic
changes were due to homologous recombination. These results suggest that adap-
tation of H. pylori to the host individual may principally occur through sequence
changes rather than loss or gain of genes [52]. Nevertheless, comparative genomic
analysis of chronic atrophic gastritis (ChAG) H. pylori isolates also suggests that
certain genes may have been lost or gained during progression to adenocarcinoma.
Furthermore, adaptation to ChAG also includes alteration in the expression of
genes encoding components of metal uptake and utilization pathways, outer mem-
brane proteins and virulence factors [53].

1.6
Conclusions

Comparative genomics indicate that a permanent process of construction and
deconstruction of microbial genomes represents an important mechanism of
genome evolution, both in short-term intervals (microevolution) as well as in long-
term periods (macroevolution). These processes, which have been analyzed in
detail for E. coli, are also valid for other pathogenic as well as non-pathogenic
microbes. Pathogenicity or genomic islands, may exhibit a particular ‘life cycle’ of
deconstruction and reconstruction: accessory genetic elements can integrate into
the core genome preferentially in a site-specific manner (see Figure 1.2). Following
‘reduction’, particular islands lose gene clusters whose products do not contribute
to better survival and transmission of the strain. Following re-integration of addi-
tional transposons or IS-elements, classical PAIs will be generated. Islands can
delete from the chromosome, but they have the capacity to re-integrate and trans-
fer. It can therefore be concluded that the analysis of the mechanisms involved in
destruction and restructuring of bacterial genomes results in a model of the evo-
lutionary processes of microbes in general.
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2
Antimicrobial Mechanisms of Neutrophils
Catherine Chaput and Arturo Zychlinsky

2.1
Introduction

Around 1870, Paul Ehrlich developed staining techniques to study blood and bone
marrow. He first established that blood cells showed affinities for alkaline, acidic
and neutral dyes, discriminating between three kinds of granulated white blood
cells: normoblasts, megaloblasts and leukemic cells. In 1879, Ehrlich established
the neutral staining technique that was able to stain basophile leukocytes, acido-
phile leukocytes (also known as eosinophils) and a new group that he called
‘neutrophil’ leukocytes. Human neutrophils are also called polymorphonuclear
leukocytes (PMN) because of the multilobulated and segmented nuclei. They are
small cells, around 10um in diameter and contain many granules.

Neutrophils are the most abundant population of circulating white blood cells
in humans (70-55% of white blood cells). These myeloid cells originate and
mature in the bone marrow (Figure 2.1). Fourteen days after maturation, the
neutrophil is released into the bloodstream where its lifespan is 6 to 10h. Because
of their high numbers and short lifespan, the body must produce between 10 to
10" neutrophils/day. Mature neutrophils are the first immune cells recruited from
the bloodstream to the site of inflammation (Section 2.2) where the activated
neutrophils clear microbes through different processes: phagocytosis (Section 2.3),
degranulation (Section 2.4) and/or after binding to Neutrophil Extracellular
Traps (NETs, Section 2.5). The importance of neutrophils in inflammation is
demonstrated by the severe immunodeficiency and susceptibility to infections of
neutropenic patients (Section 2.6). When neutrophils are not recruited to an
inflammatory site, they are eliminated by resident macrophages mainly in the liver
and the spleen.
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BLOOD STREAM

Chemaotaxis

Diapedesis
Stem cell LP
hyper-IgE
Figure 2.1 Life and disorders of neutrophils.

The neutrophil matures in the bone marrow
and migrates to the blood circulation. In the
absence of recruitment, the neutrophil is
eliminated after 6-10h mainly in the liver and
the spleen. In the case of a lesion in a tissue,
the neutrophil is recruited from the blood-
stream by adhesion to endothelial cells and
diapedesis through the endothelium. Once at
the inflammation site, the neutrophil clears
microbes by phagocytosis, degranulation and/
or binding to neutrophil extracellular traps
(NETSs). Neutropenia occurs when neutrophil
maturation or migration from the bone

2.2
Recruitment to Infection Sites

Degranulation
NETs

Phagocytosis

G6PD

MPO Chediak-Higashi

marrow to the blood are counteracted, or
when the neutrophil is eliminated due to
autoantibodies against neutrophils. Other
functional disorders affect the neutrophil at
different stages: leukocyte adhesion deficiency
(LAD), localized juvenile periodontitis (LJP),
the hyperimmunoglobulin E (hyper-IgE)
syndrome, Chédiak-Higashi syndrome,
neutrophil-specific granule deficiency (SGD):
chronic granulomatous disease (CGD),
myeloperoxidase (MPO) deficiency and
glucose-6-phosphate dehydrogenase (G6PD)
deficiency.

Neutrophil recruitment is a complex and multi-step process, not all stages of which
are well understood (Figure 2.2). The recruitment of neutrophils requires interac-
tion and adhesion with an activated endothelium to facilitate the entry of the
neutrophil into the infected tissue. The sensing of microbes in a tissue, e.g. after
injury, is the first necessary step. It occurs at postcapillary venules, high endothe-
lial venules of lymphatic organs or atherosclerotic arteries. Contact between neu-
trophils and the endothelium is related to the shear stress generated by blood flow,
which is at its lowest in the postcapillary venules [1].
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Figure 2.2 Neutrophil recruitment from the  adhesion occurs mainly due to B2- integrins:
bloodstream to the site of infection. Primary ~ Lymphocyte Function Antigen-1 (LFA-1) and
neutrophil capture is mediated by adhesion Macrophage antigen-1 (Mac-1). The arrest of

to selectins. The weakness of the binding the neutrophil on the endothelial cell allows
gives a phenotype called ‘rolling’. After the transmigration or diapedesis through the
priming of the neutrophil, a stronger endothelium.

After activation of the endothelium, the first contact of the neutrophil with
activated endothelial cells requires at least two phenomena: (i) margination, which
consists of the movement of the neutrophil from the central stream to the periph-
ery of the vessel [2] and (ii) the expression of selectins (Table 2.1) [3]. This family
of cell adhesion molecules is expressed by activated endothelial cells to allow
the first contact with neutrophils. Selectins are expressed at the tips of microvilli
and bind with rapid rates of association and dissociation. This selectin-dependent
loose contact leads to the tethering and the rolling of the neutrophil on the
endothelium [1].

The transition from leukocyte rolling to arrest is due to stronger binding to
B2-integrins. B2-Integrins in a low affinity conformation are already present in the
membrane of the resting neutrophils. However, mechanotransduction signaling
via PSGL-1 binding of selectin(s) and stimulation of chemokines, for example with
IL-8, stimulate expression of B2-integrins which mediates stronger adhesions.
These P2-integrins are the Lymphocyte Function Antigen-1 (LFA-1, or CD18/
CD11a) and Macrophage antigen-1 (Mac-1, or CD18/CD11b). The shift to a high
affinity state and the clustering of B2-integrins leads to maximal endothelial-
neutrophil adhesion and arrest the neutrophil. During this arrest, the selectins are
shed [4, 5].

A second wave of stimulation is necessary for the transmigration (or diapedesis)
through the epithelium and toward the infection site. While it is known that a
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Table 2.1 Receptors and ligands involved in neutrophil recruitment.

Receptor Cell Ligand Cell Function
P-selectin Endothelium  PSGL-1 Neutrophil Rolling
L-selectin Neutrophil Sialylated Endothelium  Rolling
carbohydrate
(sLe?, sLe”)
E-selectin Endothelium  Sialylated Neutrophil Rolling
carbohydrate (sLe%)
PSGL-1
LAF-1 Neutrophil ICAM-1, -2 and -3 Endothelium  Firm adhesion
Mac-1 Neutrophil ICAM-1 Endothelium  Firm adhesion
iC3b (complement) — Phagocytosis
opsonin-dependent
CD11¢/CD18 Neutrophil iC3b (complement) — Phagocytosis
opsonin-dependent
CD31 Neutrophil PECAM-1 Endothelium  Diapedesis
Fcy receptors: Neutrophil Fc fragment - Phagocytosis
FcyRIIA (CD32) (antibodies) opsonin-dependent
FoyRIIIb (CD16)
FCyRT (CD64)

chemoattractant gradient, mainly maintained by IL-8, is required to complete the
process of transmigration, the actual mechanism remains unclear. The receptor
CD31 on neutrophils recognizes PECAM-1 and it is the only protein known to be
involved in this process [2]. At this point, Neutrophil Elastase (NE) is mobilized to
the membrane by degranulation (see Section 2.4) and is localized to the migrating
front of the cell. The exact function of NE in this process remains unclear, but
it is unlikely that NE disrupts the adherent junction. Two models have been
proposed for transmigration: a paracellular process consisting of neutrophil
migration between endothelial cells and a transcellular diapedesis where the
neutrophil moves through endothelial cells via pores. The paracellular transmigra-
tion is based on in vitro and in vivo experiments. Transcellular diapedesis has
been observed in vivo but not in vitro. The existence of pores in the endothelial cell
for transcellular migration might explain the speed in resealing the endothelial
lining [6].

After transmigration, the neutrophil is fully activated and shows enhanced bac-
tericidal activity. In this state the cell changes the expression of chemoattractant
receptors and, consequently, chemotaxis is altered. Interestingly, at this point
neutrophils become refractory to some cell death signals, for example Tumor
Necrosis Factor (TNF) [2].
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Phagosome Phagosome
formation maturation

Figure 2.3 Phagocytosis by neutrophils. After the neutrophil, the phagosome containing
recognition of a microbe, the Syk-dependent  the microbe fuses with granules. The microbe
signaling cascade activates the phospholipase is killed within the mature phagosome by

C (PLC) necessary for the engulfment of the  reactive oxygen species produced by NADPH
microbe and triggers protein kinase C (PKC)  oxidase and MPO, and by antimicrobial
leading to NADPH oxidase activation. Inside  peptides (AMP).
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Phagocytosis

Phagocytosis is the ingestion and clearance of microbes, cells or particles bigger
than 0.5um in diameter. This process has been studied mainly in macrophages
because of the availability of cell lines and the access to genetic tools. Phagocytosis
in neutrophils is similar but not identical to that in macrophages. Phagocytosis
occurs in two steps. First, upon recognition of microbes, phagosomes are formed
and the microbe is engulfed. During the second step, the phagosome matures and
eliminates the microbe intracellularly (Figure 2.3).

Phagosome formation in neutrophils and macrophages seems to be similar at
this stage. The interaction of the microbe with the neutrophil can be direct or
opsonin-dependent, the latter being more efficient. Opsonization is the interaction
of the microbe with the professional phagocyte via opsonins such as complement
and/or antibodies. The neutrophil opsonin receptors are the B2-integrin Mac-1 for
C3bi complement recognition and Fcy receptors, FcyRIIA (or CD32), FcyRIIIb (or
CD16) and FcyRI (CD64), for antibody recognition. Fcy receptors mainly recognize
the isotype IgG.
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It has been well established that in macrophages the first interaction between
microbes and the neutrophil initiates a complex signaling cascade through the
activation of the kinase Syk. In turn, Syk activates phosphoinositide kinases and
phospholipase C (PLC) which are required to finalize phagosome formation. PLC
generates diacylgycerol, which triggers protein kinase C (PKC), a protein involved
in the maturation but not in the formation of the phagosome. The initiation of
this cascade leads to actin polymerization and membrane remodeling, which
contribute to the formation of the phagosomal cup and its sealing [7].

Phagosome maturation in neutrophils is poorly studied and appears to be dif-
ferent than in other phagocytes. After internalization, the phagosome fuses with
secretory vesicles and granules by a mechanism known as degranulation (see
Section 2.4). Maturation in neutrophils consists of the acquisition of oxygen-
dependent and -independent antimicrobial activities that synergize. Oxygen-
independent killing depends on antimicrobial compounds that are contained in
the granules (Section 2.4). The oxygen-dependent mechanism is based on the
production of reactive oxygen species (ROS) in the phagosome by NADPH oxidase,
a complex that is recruited into the phagosomal membrane by vesicular fusion.
The current model for the assembly of the NADPH oxidase, proposes that flavo-
cytochrome b558 which is an integral membrane complex of Nox2 (also known
as gp917**) and p22P** first localize to the membrane. After the Syk-dependent
activation of PKC, p47°™* is phosphorylated allowing it to interact with p22P™* at
the membrane. When p47?** localizes to the membrane, the activator p67P"*
interacts with Nox2 and p40™, The p40P"* subunit was shown to be part of the
complex but its effect on the NADPH oxidase is unclear. Finally, the GTPase
protein Rac interacts with Nox2 and then with p67°™* [8].

Once assembled, the complex generates superoxide anion O; by transferring an
electron from the cytosolic NADPH to the oxygen in the lumen of the phagosome.
The superoxide can interact with phagosomal targets either directly or by dismuta-
tion into hydrogen peroxide (H,0,). In presence of chloride, Myeloperoxidase
(MPO) transforms H,0, into HOCI which has strong antimicrobial activity. In the
phagosome, HOCl is produced at high enough concentrations to mediate bacterial
killing and modify microbial and host molecules [7].

Interestingly, while the macrophage phagosome acidifies during its maturation,
it was shown that the neutrophil phagosome stays nearly neutral even though the
phagosome fuses with acidic granules. The neutrality of the neutrophil phagosome
is mainly due to the NADPH oxidase and MPO activities. The process of ROS
production consumes a lot of protons which are internalized in the phagosome
by V-ATPase and by other channel(s) [9].

24
Exocytosis of Secretory Vesicles and Degranulation

Degranulation consists of the exocytosis of granules which results in the delivery
of their membranes and soluble contents to the extracellular compartment. The
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exocytosis of secretory vesicles also plays an important role during migration and
phagocytosis.

2.4.1
Granules and Secretory Vesicles

Granules are vesicles containing membranes and soluble proteins essential to the
neutrophil. They store pre-synthesized antimicrobial components and/or recep-
tors. There are three types of granules which differ in size, morphology, electron
density and protein content: azurophil, specific and gelatinase granules, also
known as primary, secondary and tertiary granules, respectively. Granules are
made sequentially during maturation in the bone marrow. First, the azurophil
granules are generated, then specific and finally the gelatinase granules. Some
proteins are present in more than one type of granule while others are specific
markers for a particular subset. In fact, some proteins inactivate each other and
cannot coexist within the same vesicle.

Azurophilic granules are spherical or ellipsoid in shape and contain MPO. There
are two subpopulations: one is poor in defensins and is made early in myeloid
differentiation, while the second subpopulation is rich in defensins. Both
subpopulations contain MPO, o-defensins, bactericidal/permeability-increasing
protein (BPI), seprocidins and azurocidin. As mentioned earlier (Section 2.3),
MPO is a peroxidase which catalyzes the production of HOCI. o-Defensins are
small cationic peptides and represent 5% of the granule content. Four o-defensins
are found in primary granules: human neutrophil peptide -1, -2, -3 and -4 (HNP-1,
-2,-3 and -4). HNPs can kill bacteria and fungi and enveloped viruses and protozoa.
The killing mechanism of HNPs is proposed through the formation of a mul-
timeric transmembrane pore. BPI has antibacterial properties and can bind to the
lipopolysaccharides of Gram-negative bacteria and also enhance phagocytosis by
acting like an opsonin. Seprocodicins are serine proteases with microbicidal activ-
ity and proteolytic activity against the extracellular matrix (elastin, fibronectin,
laminin, collagen type IV and vitronectin). The three main seprocodicins present
in azurophil granules are proteinase-3 (PR-3), cathepsin G and neutrophil elastase
(NE). NE specifically degrades the virulence factors of Gram-negative bacteria [10].
Azurocidin, a seprocodicin that is proteotically inactive, is also present in these
granules.

Specific granules have irregular and elongated forms. They are large vesicles
rich in antibiotic substances: NADPH oxidase, lactoferrin, neutrophil gelatinase
associated lipocalin (NGAL), hCAP-18 and lysozyme. These granules carry 85% of
the cellular NADPH oxidase content which is crucial for antimicrobial activity.
Lactoferrin and NGAL are bacteriostatic because they chelate iron. Lactoferrin is
often used as a marker for this type of granule. hCAP-18 is cleaved, extracellularly
or inside the phagosome, by PR-3 (present in azurophil granules). This cleavage
releases the C-terminus fragment LL-37 which has antimicrobial activity against
Gram-negative and -positive bacteria. Finally, lysozyme cleaves peptidoglycan, an
essential cell wall component of almost all bacteria.
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Gelatinase granules are small and poor in antimicrobial substances. They are
however, a reservoir of membrane receptors (e.g. Mac-1 and fMLP-receptor) and
metalloproteases that are matrix-degrading enzymes (MMPs). The granular
MMPs are: MMP-8 (collagenase), MMP-9 (gelatinase) and MMP-25 (leukolysin).
MMPs are stored as inactive proforms that are proteolytically activated after
exocytosis.

Secretory vesicles are rich in 2-integrins (CD11b/CD18), complement receptor
1 (CR1) and receptor for formylated bacterial peptides (fMLP receptors). The
soluble content of these vesicles is plasmatic, indicating its endocytic origin. Upon
stimulation, the secretory vesicles are mobilized to the plasma membrane and
provide a new source of receptors and other functional proteins. The exocytosis of
these vesicles is important during rolling on an activated endothelium to establish
firm adhesion with B2-integrins [11, 12].

242
Mobilization and Fusion

Granules are spread throughout the cytoplasm and are recruited for fusion at
either the plasma membrane or the phagosome. The precise mechanism of
granule mobilization and delivery is not completely understood. Some key com-
ponents, however, have already been described.

The elevation of cytosolic calcium is the first stimulus that triggers granule
exocytosis. During phagocytosis, actin coats the phagosomal cup and rapidly disas-
sembles after sealing. It has been proposed that actin depolymerization is regu-
lated by the Ca* concentration to allow the docking and fusion of vesicles and
granules. Interestingly, fusion of granules at the plasma membrane seems to
occur near nascent phagosomes. This could explain why exocytosis at the plasma
membrane is calcium-dependent. There are different Ca** thresholds for exocyto-
sis of granules and vesicles. The Ca** concentration required for exocytosis, from
the highest to the lowest is: azurophil, specific, gelatinase granules and secretory
vesicles. This indicates that the first vesicles recruited are the secretory vesicles
which require the smallest changes in Ca* concentration.

The soluble N-ethylmaleimide-sensitive-fusion-protein attachment protein
receptor (SNARE) and Rab (GTPase) families of proteins are partially responsible
for secretion specificity. A SNARE on a donor membrane interacts with a cognate
SNARE on the target membrane to form a stable complex. This complex brings
the two membranes into contact and promotes their fusion. In the activated neu-
trophil, SNAP23 and VAMP-2, two SNARE proteins of the specific and gelatinase
granules, are translocated at the plasma membrane. Rab proteins, especially
Rab5a, also confer specificity for the docking of the donor to the target membrane.
Microtubules appear to be involved in the preferential delivery of granules to the
phagosome.

To summarize, upon stimulation, secretory vesicles are the first to be recruited
to the plasma membrane. Once fused, the exposed receptors modify the capacity
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of neutrophils to respond to stimuli like chemoattractants and allow firm adhesion
to the endothelial cells. Later, the neutrophil secretes matrix-degrading enzymes
from gelatinase granules for the transmigration through tissue. Finally, when the
neutrophil is in contact with microbes, it generates and releases antimicrobial
components through the last degranulations of specific and azurophilic granules
[13].

2.5
NETs

Neutrophils extracellular traps (NETSs) were first reported in 2004, based mainly
on microscopic observations. NETs and their formation are still poorly understood
but it appears that they represent a new extracellular antimicrobial activity for
neutrophils and other granulocytes [14]. NETs are composed of chromatin (DNA
and histones) and granular proteins. NETs have been observed in human appen-
dicitis, murine pneumococcal pneumonia, Shigella-induced experimental dysen-
tery in rabbits and bovine mastitis.

NET formation, also known as NETosis, follows a regulated process. Upon
stimulation, the neutrophils undergo at least four discrete and sequential morpho-
logical modifications. First, the multilobulated shape of the nucleus is lost, as well
as the characteristics of euchromatin (decondensed DNA) and heterochromatin
(condensed DNA). The nuclear envelope forms vesicles, allowing the nuclear and
cytoplasmic components to mix. Third, the granules dissolve, likely permitting the
interaction of granular proteins with chromatin. Finally, the cell membrane rup-
tures expelling the NET from the cell as it dies [15, 16].

Stimuli such as IL-8, lipopolysaccharides, bacteria, fungi, beads coated with
antibodies and activated platelets induce NETosis. These factors are also potent
stimuli for other neutrophil functions such as phagocytosis and chemotaxis. It is
not known how environmental conditions, the state of neutrophil activation
and the action(s) of microbes dictate NETosis or other functions. However, all
these stimuli activate the NADPH oxidase and the production of ROS through
the activation of PKC and inhibitors of ROS production block NETosis. Further-
more, neutrophils from patients with NADPH oxidase deficiencies cannot form
NETSs (Section 2.6). Hydrogen peroxide can compensate for a lack of NADPH
oxidase activity, indicating that this enzymatic activity is responsible for initiating
NETosis [15, 16].

NETs are able to trap and control the growth of bacteria and fungi (e.g. Candida
albicans), but the antimicrobial mechanism is unclear and probably results from
the synergy of different NET components [15]. Interestingly, James Hirsch,
described in the late 1950s the potent antimicrobial activity of histones [17]. Other
investigators confirmed Hirsch’s original observations. NETs might be the biologi-
cal process through which histones acn can be in contact with microbes.
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2.6
Neutrophil Function Deficiencies

Patients with a reduced number or malfunction of neutrophils suffer from recur-
rent bacterial or fungal infections, underscoring the importance of neutrophils in
the human immune defense system. The pathogens responsible for these recur-
rent infections are mainly opportunistic. This might reflect the type of microbes
that patients are exposed to since most of those described live in America, Europe
or Japan.

An abnormally reduced number of neutrophils, below 1.5 x 10° per liter of blood,
is called neutropenia. Neutropenia can be inherited or acquired as a result of drug
treatments, malnutrition, or infections. Interestingly, mutations in NE (ELA2) or
in NE target genes are the most prevalent form of inherited neutropenia. These
patients are often more susceptible to Staphylococcus aureus or Gram-negative
bacteria [18, 19].

Neutrophil dysfunctions occur at different stages depending on the component
affected. Known dysfunctions affect the binding of the neutrophil to the endothe-
lium, chemotaxis, ingestion of microbes, degranulation and/or antimicrobial activ-
ity [20] (Figure 2.1).

2.6.1
Disorders of Adhesion and Chemotaxis

Defective adhesion and/or chemotaxis results in impaired recruitment to infection
sites and neutrophil activation. There are three types of leukocyte adhesion defi-
ciencies (LAD): LAD I, LAD II and LAD III. LAD I, the most frequent of the three,
results from a genetic defect in CD18, the common chain of B2-integrins, which
is required for the formation of LFA-1 (CD18/CD11a), Mac-1 (CD18/CD11b) and
p150,95 (CD18/CD11c). Thus, neutrophils of LAD I patients are severely affected
in adhesion, but also in complement-dependent phagocytosis mainly through
Mac-1/C3bi binding f2-integrin recognition is also involved in the co-stimulatory
signal for adhesion, degranulation and activation of NADPH oxidase. A CD18
deficiency affects several stages of neutrophil function. LAD I patients succumb
to recurrent bacterial and fungal infections, with a high prevalence of Staphylococ-
cus aureus and Gram-negative enterobacteria. LAD II and III are rare disorders.
LAD II is due to a mutation in the membrane transporter for fucose, leading to a
loss of expression of fucosylated glycans on the cell surface. Fucosylated glycans,
like CD15s, are ligands for endothelial selectins. Fucosylated glycans, like CD15s,
are ligands for endothelial selectins. LAD II patients are affected in the selectin-
dependent step of neutrophil recruitment. LAD III patients are affected in the
activation of multiple classes of integrins, important for the switch from low- to
high-affinity B2-integrins. LAD I, II and III show similar clinical manifestations
but infections are less severe in LAD II patients.

Some neutrophil disorders result in defects in chemotaxis although adhesion is
normal. Non-inherited chemotaxis disorders have been reported in neonatal neu-
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trophils, burn victims and in patients with bacterial sepsis or diabetes. There are
two main inherited chemotaxis disorders, localized juvenile periodontitis (LJP) and
hyperimmunoglobulin E (hyper-IgE) syndrome. The etiology of both disorders is
unknown. LJP patients have chronic and recurrent periodontal infections and
severe alveolar bone loss in the mandibule. Hyper-IgE patients have a high serum
level of IgE and suffer from recurrent Staphylococcal infections of the skin and
lung or chronic candidiasis. Interestingly, they have a deficient inflammatory
response [20].

2.6.2
Disorders of Ingestion and Degranulation

Disorders of ingestion and degranulation are very rare and only two have been
described: Chédiak-Higashi syndrome and neutrophil-specific granule deficiency
(SGD). Chédiak-Higashi disorder is due to mutations in CHS1, a regulator of lyso-
somal and granule trafficking. These patients have an ineffective granulopoiesis,
moderate neutropenia, and incomplete and delayed degranulation. In these
patients, neutrophils, lymphocytes and natural killer cells contain giant granules.
In neutrophils, giant granules result from the fusion of azurophilic and specific
granules. Chédiak-Higashi patients are frequently infected by S. aureus (lung and
skin) and develop gingivitis and periodontitis.

The SGD neutrophil, in contrast, is characterized by the absence of specific
granules due to a defect in the myeloid transcription factor C/EBPe. These neu-
trophils are deficient in many microbicidal granular components, for example
lactoferrin and defensins. SGD neutrophils have abnormal bilobed nuclei and
chemotact poorly. These patients have recurrent bacterial and fungal infections
that are difficult to treat, notably S. aureus, enteric Gram-negative bacteria,
Pseudomonas aeruginosa and Candida albicans [20].

2.6.3
Disorders of Oxidative Metabolism

As mentioned in Section 2.3, oxidative metabolism in neutrophils is important for
microbial killing. Patients with a defect in ROS production develop recurrent and
severe infections. There are three inherited disorders of ROS production: chronic
granulomatous disease (CGD), MPO and glucose-6-phosphate dehydrogenase
(G6PD) deficiencies.

CGD is the most common inherited disorder of neutrophil function with clinical
significance. The incidence is estimated at about 1 in 200000 live births. CGD
patients have complete, or sometimes partial, loss of NADPH oxidase activity due
to genetic defects in one of the four critical subunits of the NADPH oxidase
complex: Nox2 (frequency ~70%), gp22P* (frequency ~5%), gp47?** (frequency
~25%) and gp67°™ (frequency ~5%). CGD patients are prone to infection mostly
by S. aureus, but also, Burkholderia cepacia, Serratia marscens, Aspergillus species
and Nocardia.
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MPO deficiency is due to mutations in the MPO gene and is the most common
inherited disorder with an estimated frequency of 1 in 4000 individuals. Interest-
ingly, it is rarely associated with clinical symptoms, unless the patient also suffers
from diabetes mellitus. In this case, the diabetic patient may develop disseminated
candidiasis or other fungal infections. In this last case, the diabetic patient can
develop disseminated candidiasis or other fungal infections. In vitro, MPO defi-
cient neutrophils kill C. albicans and Aspergillus fumigatus hyphae poorly.

G6PD deficiency is due to mutations in G6PD, and affects mainly erythrocytes.
Only in rare cases do these mutations lead to extremely low levels of G6PD in
erythrocytes and neutrophils, inducing chronic and severe hemolytic anemia and
CGD-like symptoms [20].

2.7
Conclusion

Neutrophils are crucial for host defense as demonstrated by the recurrent infec-
tions occuring in patients with neutrophil dysfunction. Neutrophils are the first
phagocytes recruited from the bloodstream after sensing a lesion and/or infection.
They switch very rapidly from resting to activated cells because they store pre-
synthesized receptors and antimicrobial components. Once at the infected site,
neutrophils clear microbes by three main mechanisms: phagocytosis, degranula-
tion and NETSs. These mechanisms are not fully understood, partially because of
a lack of tools to study mature neutrophils. In the future, the development of new
approaches might lead to a complete characterization of neutrophil antimicrobial
mechanisms.
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3
H. pylori Infection—The Route from Inflammation to Cancer

Tsutomu Chiba, Hiroyuki Marusawa, Hiroshi Seno, and Norihiko Watanabe

3.1
Introduction

Since the discovery of H. pylori in 1982, many epidemiological studies have proven
an association between H. pylori infection and the development gastric cancer
[1, 2]. Furthermore, recent retrospective and prospective studies have demon-
strated that H. pylori-positive subjects have a significantly higher risk of gastric
cancer than negative subjects [3-5]. In support of the human data, H. pylori infec-
tion was found to develop into gastric cancer in Mongolian gerbils [6, 7]. Thus,
H. pylori appears to be a strong causative factor for gastric cancer.

3.2
Pathways leading to H. pylori-induced Gastric Carcinogenesis

There are two major pathways by which H. pylori infection can develop into gastric
cancer: the indirect action of H. pylori on gastric epithelial cells causing inflam-
mation, and the direct action of the bacteria on epithelial cells (Table 3.1). Many
studies have shown the importance of gastritis in the development of gastric
cancer. On the other hand, H. pylori can directly modulate epithelial cell function
by bacterial agents such as CagA [8-10]. Both pathways appear to work in concert
to promote the development of gastric cancer.

3.2.1
Indirect Action of H. pylori on Gastric Epithelial Cells through Induction of Gastritis

Gastric cancer is invariably associated with gastritis, and a patient’s risk for gastric
cancer is proportional to the severity of gastritis, particularly chronic atrophic
gastritis of the corpus [11].

H. pylori-infected chronic gastritis is characterized by infiltration of a large
number of CDA4T cells [12]. CD4T cells are indispensable for the development of
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Table 3.1 Indirect and direct actions of H. pylori on gastric epithelial cells during
gastric carcinogenesis.

L. Indirect actions
(1) Induction of innate immunity
(a) Gastric mucosa: epithelial cells and immune cells
(b) Intestinal mucosa: Peyer’s patches
(2) Induction of adaptive immunity
(a) Intestinal mucosa: Peyer’s patches
II. Direct actions
(1) Modulation of cellular proteins (phosphorylation etc.)
(a) Activation of SHP2
(b) Hummingbird phenotype as a result of dephosphorylation of FAK
(c) Loss of polarity resulting from binding to PAR1/MARK
(d)Induction of cell scattering caused by binding to CrK
(e)Destabilization of E-cadherin/Bcatenin complex
(2) Modulation of DNA
(a) DNA methylation
(b) Gene mutation by AID

SHP2, Src homology 2-containing protein tyrosine phosphatase; FAK, focal adhesion kinase; PAR1/
MARK, partitioning-defective 1/microtubule affinity-regulating kinase.

gastritis since gastritis does not develop in CD4T cell-deficient mice [13]. T cells
in H. pylori-infected gastric mucosa produce a large concentration of IFN-y
together with a minute amount of IL-4 [12-15]. Moreover, the development of
gastritis by H. pylori is impaired in IFN-y-deficient mice, whereas IL-4 deficiency
enhances gastritis [15]. Thus, Th1-type CD4T cells and their product, IFN-y, appear
to have important roles in the development of gastritis.

How H. pylori induces the Thl-type response remains unknown. We and others
recently revealed that Peyer’s patches in the small intestine play a crucial role in
the production of H. pylori-specific CD4T cells, their migration into the gastric
mucosa and the development of gastritis [16, 17]. It was found that in the absence
of Peyer’s patches Helicobacter infection failed to lead to gastritis despite significant
colonization in the gastric mucosa. Moreover, although transfer of splenic T cells
of Helicobacter-infected mice to Helicobacter-infected Rag2 knockout mice induced
severe gastritis, splenic T cells from Helicobacter-infected Peyer’s patch-deficient
mice failed to produce gastritis in Rag2 knockout mice in spite of the presence
of a large number of Helicobacter in the gastric mucosa. These data clearly show
the importance of Peyer’s patches and also the adaptive immunity against Helico-
bacter in the development of gastritis.

In addition to infiltration of various inflammatory cells, H. pylori-induced gas-
tritis is characterized by enhanced production of a variety of cytokines in the gastric
mucosa, and several cytokines are suggested to play roles in the development of
cancer. Among them, many investigators have focused on interleukin-1B(IL-B) as
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the factor that links gastritis and gastric cancer. El-Omar et al. [18] first reported
an association between an IL-18 gene polymorphism and a risk of gastric cancer
by H. pylori infection. A recent study supporting their data, demonstrated the
development of gastric cancer in IL1P transgenic mice [19]. However, the data
from Asian countries, including our own, do not confirm their data, suggesting
that the importance of IL1f in the development of gastric cancer varies among
different ethnic groups [20-22].

In addition to IL1B, production of other cytokines is also enhanced in the
gastritis mucosa [23], and of note, in addition to IL13, TNFa enhances NFxB
activation. Recently, there has been much interest in the importance of the
roles of NFkB in inflammation-associated carcinogenesis [24]. Several possible
roles for NFxB are being considered in the development of gastric cancer.
NFkB in the epithelial cells may exert an anti-apoptotic action. NFkB activation
in the immune cells may accelerate gastric inflammation by enhancing the
production of various cytokine. Moreover, NFkB activation in epithelial, inflam-
matory and mesenchymal cells may enhance COX2 production. Finally, our
recent finding suggested the involvement of NFkB in H. pylori-induced mutagen-
esis [25].

Levels of IL-6 and IL-11 are also increased in the H. pylori-induced gastritis
mucosa. Giraud et al. demonstrated the development of gastric cancer as a result
of constitutive activation of STAT3 in mice, suggesting the importance of IL-6 and/
or IL-11 signaling in the development of gastric cancer [26, 27]. Indeed, STAT3
activation accelerates nuclear localization of B-catenin [28]. We found that H. pylori
infection induces Regloa production, a potent growth factor for gastric mucosa, in
the gastric epithelial cells [29]. Interestingly, Reglo. production in the gastric
mucosal cells is not stimulated directly by H. pylori but by IL-6 in a STAT3-
dependent manner [30]. Thus, IL-6/IL-11-STAT3 signaling appears to accelerate
epithelial cell growth not only directly but also indirectly by stimulating Reglo.
production in the epithelial cells. We also showed that in addition to IL-6, Reglo
production is enhanced by IFNY, a representative Th1 cytokine [31]. These cytokines
appear to be involved in the development of gastric cancer in a coordinated
manner.

Innate immunity is an indispensable step not only for the generation of adaptive
Th1 response against H. pylori infection but also for the production of various
cytokines and chemokines from both immune cells and epithelial cells. Indeed, a
recent study demonstrated that H. pylori-derived peptidoglycan is delivered to
epithelial cells via a type IV secretion apparatus, and activates NFxB by binding
to an intracellular pathogen-recognition molecule, NOD1 [32], leading to the pro-
duction of various cytokines. Moreover, Rad et al. showed that bone marrow-
derived dendritic cells from MyD88-deficient mice produced reduced levels of
cytokines upon stimulation with H. pylori, suggesting that some components
of H. pylori may stimulate Toll-like receptors [33]. Furthermore, recent studies
have shown that VacA directly modulates immune cell functions by various
mechanisms [34, 35].
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Figure 3.1 H. pylori-induced intracellular signaling events that are involved in gastric cancer
development. AID, activation-induced cytidine deaminase; NFkB, nuclear factor-kB; SHP2, Src
homology 2-containing protein tyrosine phosphatase.

3.2.2
Direct Action of H. pylori on Gastric Epithelial Cells

In addition to the indirect pathway of induction through inflammation, H. pylori
promotes gastric carcinogenesis by acting directly on gastric epithelial cells (Figure
3.1). Indeed, H. pylori infection or the introduction of various H. pylori genes into
the gastric epithelial cells modulates cellular growth, apoptosis, or cell migration,
and changes cell shape. H. pylori or products of H. pylori may act on cellular
membranes, and some of the effects may be mediated by cell surface receptors
such as Toll-like receptors (TLRs). However, several studies have shown that TLRs
are not important in epithelial cell responses to H. pylori. Instead, recent studies
have demonstrated that a bacterial type IV secretion apparatus, encoded by the H.
pylori cag pathogenicity island (cagPAI), plays an essential role in mediating many
of the direct actions of H. pylori on epithelial cells by delivering bacterial agents
into the cells. Indeed, CagA protein exerts its action on epithelial cells by entering
the cells through this structure [36, 37].

3.2.2.1 Roles of CagA in Gastric Carcinogenesis

H. pylori has been subdivided into cagA-positive and -negative strains. The
cagA-positive strains are more potent in the development of gastritis than the
cagA-negative strains [38]. Indeed, clinical studies have demonstrated a strong
association between infection with cagA-positive H. pylori and the development of
gastric cancer [39, 40]. Moreover, gastric cancer patients are almost invariably
infected with cagA-positive strains.



3.2 Pathways leading to H. pylori-induced Gastric Carcinogenesis

As described previously, CagA is delivered into gastric epithelial cells by the
bacterial type IV secretion apparatus, where it undergoes tyrosine phosphorylation
by Src family kinases or Abl kinase at the EPIYA motifs [8, 37, 41]. Subsequently,
CagA Dbinds to and activates Src homology 2-containing protein tyrosine phos-
phatase (SHP2) [10, 37], and the CagA-deregulated SHP2 exerts various actions
such as activation of the Erxk MAP kinase cascade [10], inhibition of focal adhesion
kinase (FAK) with the resulting induction of the hummingbird phenomenon [42],
and inhibition of Src family kinases by activating the C-terminal Src kinase (Csk)
generating a feedback regulation loop. CagA also binds to Crk to induce cell scat-
tering [43]. In contrast to the events involving tyrosine phosphorylation, CagA
influences Grb2 and c-Met in a phosphorylation-independent manner [44, 45].
Moreover, CagA has been shown to activate the nuclear factor of activated T cells
(NFAT) via stimulation of calcineurin [46]. More recently, CagA has been shown
to disturb cell adhesion independently of CagA phosphorylation by disrupting
tight junctions as a result of the inhibition of the kinase activity of partitioning-
defective 1 (PAR1)/microtubule affinity-regulating kinase (MARK) [47]. CagA
also destabilizes the E-cadherin—f-catenin complex with the resulting activation of
B-catenin [48]. All of these actions of CagA may contribute to the development
of gastric cancer by providing epithelial cells with a suitable environment for
neoplastic transformation.

However, it should be noted that almost all CagA-positive H. pylori also contain
cagPAI Importantly, the functional significance of cagA and cagPAI is different.
Indeed, in addition to CagA, other bacterial factors such as peptidoglycan are
introduced into the host cells via the type IV secretion apparatus which is com-
posed of the gene products encoded by cagPAI [32]. Thus, it is possible that some
of the actions of cagA/cagPAl-positive H. pylori are not exerted by CagA but by
some factors that are introduced into cells through the type IV secretion apparatus
which is the product of cagPAI. Indeed, although CagA translocation and its phos-
phorylation are required for the appearance of the hummingbird phenomenon,
these events do not play major roles in NFxB activation in epithelial cells, and it
has been reported that H. pylori-derived peptidoglycan delivered through the type
IV secretion apparatus is mainly responsible for NFxB activation [32].

Another point of interest is that many of the data relating to the direct actions
of CagA were obtained from in vitro studies in which the cagA gene was transfected
into epithelial cells, but not by H. pylori infection. Thus, the possibility remains
that some of the direct actions of CagA on epithelial cells as seen in the gene
transfection experiments are not physiological, and thus have been overestimated.
Accordingly, the roles of CagA should be examined by H. pylori infection in vitro.
In this regard, further discussion is required to determine whether or not the
development of cancer as observed in CagA transgenic mice represents a physi-
ological phenomenon [49].

3.2.2.2 Induction of Gene Mutations by H. pylori
Cancer development is characterized by the accumulation of various gene modula-
tions including mutations. A recent study reported the presence of approximately
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15 non-synonymous mutations in cancer-related genes in human colon cancers
as well as breast cancers [50]. Previous clinical studies have shown that mutations
of TP53 are already present in H. pylori-infected chronic gastritis mucosa [51, 52].
Moreover, animal experiments using Big-Blue mice revealed a high mutation
frequency in H. pylori-infected gastric mucosa [53]. Thus, H. pylori infection
appears to induce gene mutations in gastric mucosal cells. It is possible that H.
pylori-induced gastritis may enhance gene mutations by producing mutagens such
as radical oxygen species (ROS). However, whether H. pylori directly affects epi-
thelial cells to induce gene mutations is still unknown. Recently, we demonstrated
that H. pylori directly induces gene mutation by enhancing expression of activa-
tion-induced cytidine deaminase (AID) in the gastric mucosal cells [25]. AID, a
member of the cytidine-deaminase family that acts as an editor of DNA and RNA,
is essential for somatic hypermutation and class-switch recombination of immu-
noglobulin genes in B lymphocytes [54]. Importantly, AID is expressed exclusively
in B cells under physiological conditions. We first found that constitutive expres-
sion of AID in transgenic mice resulted in the development of gastric cancer with
high mutation frequencies, suggesting that AID played a role in gastric carcino-
genesis by inducing gene mutations. Surprisingly, we also found that AID was
ectopically expressed in H. pylori-induced gastritis mucosa as well as gastric cancer
tissues in humans and eradication of H. pylori reduced its expression. Moreover,
we showed that in the gastric mucosa of H. plori-infected subjects a significant
level of AID expression was associated with frequent TP53 mutations, whereas
in the gastric mucosa of H. pylori-negative subjects low or no expression of AID
was accompanied by low or no TP53 mutation frequency. Furthermore, H. pylori
infection in vitro elicited ectopic expression of AID in association with a
high mutation frequency of the TP53 gene in human gastric cancer cells [25].
AID expression in B cells is stimulated via an NFkB-dependent pathway [55].
Therefore, we also examined the NFxB dependency of H. pylori-induced AID
expression and found that H. pylori-induced AID expression in the gastric
epithelial cells is also mediated by NFkB activation. Indeed, AID expression in
gastric epithelial cells is elicited only by cagPAI-positive H. pylori that can activate
NFxB. Finally, we showed that H. pylori-induced TP53 mutation in vitro could
be inhibited by blocking AID using AID siRNA. Taken together, these data strongly
suggested that H. pylori directly induces gene mutations in epithelial cells by
enhancing AID expression as a result of NFxB activation in a cagPAI-dependent
manner (Figure 3.1). Since NF«B is activated by cytokines such as IL1f and TNFo.
[56], AID expression also appears to be induced by these cytokines in the gastritis
mucosa. Thus, our study proposes a novel role for NFkB in inflammation-
associated carcinogenesis.

It is noteworthy that the most prevalent base substitution observed in human
gastric cancer is a cytidine(C) to thymidine (T) transition [50, 57], and AID theoreti-
cally induces a C to T (G to A) transition. Interestingly, however, although the
frequency of C to T (G to A) transitions was highest in our in vitro experiments,
other mutations are also produced by H. pylori infection as well as by the introduc-
tion of AID. Although the reason for this unexpected observation is unknown, the
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involvement of a repair system associated with several error-prone DNA polymer-
ases of low fidelity may be a possibility [58]. Alternatively, this phenomenon might
have occurred because we used cancer cells instead of normal cells.

3.2.2.3 Induction of Aberrant DNA Methylation by H. pylori

In addition to the induction of gene mutations, recent studies have suggested that
H. pylori infection enhances aberrant DNA methylation in gastric mucosa and that
such methylation may participate in gastric carcinogenesis by silencing the tumor
suppressor genes. Ushijima et al. demonstrated enhanced DNA methylation in H.
pylori-infected non-cancerous gastritis mucosa [59]. Interestingly, they found that
H. pylori infection resulted in DNA methylation of the genes common in Mongo-
lian gerbils and in humans, suggesting gene specificity for aberrant DNA methyla-
tion by H. pylori infection (personal communication). Recently, Chan et al. [60]
reported that polymorphisms of IL-1p are associated with CpG island methylation
of CDH1 in gastric cancer. Moreover, H. pylori infection or IL-1f has been shown
to induce methylation of CDH1 in a human gastric cancer cell line [61]. However,
it is still unclear whether the aberrant DNA methylation results from the direct
action of H. pylori on epithelial cells or from H. pylori-induced inflammation.

3.23
Relationship between Direct and Indirect Actions of H. pylori on Epithelial Cells
in the Development of Gastric Cancer

At an early stage of gastritis, when a large number of H. pylori is present, the
bacteria have both direct and indirect effects on epithelial cells. H. pylori acceler-
ates gastritis not only by presenting bacterial antigens at Peyer’s patches of the
intestine but also by stimulating the innate immunity within the stomach. At the
same time, H. pylori acts directly on gastric epithelial cells to induce gene muta-
tions and enhance cell growth, to inhibit or promote apoptosis, and to modulate
cell adhesion and migration by bacterial agents. It should be emphasized that the
direct actions are probably targeted to the stem cells or to the progenitor cells in
the isthmus of the gastric gland, because it would be difficult for the differentiated
cells to be transformed into cancer cells. Thus, a large number of H. pylori may
be required to exert direct effects on undifferentiated cells located at the isthmus.
On the other hand, at a late stage of gastritis, the number of H. pylori decreases
with progression of atrophic gastritis. At this stage, the activity of gastritis becomes
less severe but the continuous supply of H. pylori-specific T cells from the intestine
may persist despite the decrease in the number of organisms, thus contributing
to the continuation of chronic gastritis. In contrast, with the decrease in the
number of H. pylori in the gastric mucosa, it is likely that the direct influence of
H. pylori on epithelial cells is reduced, and consequently the signal transduction
events in the epithelial cells evoked directly by H. pylori may be inhibited.
Thus, at a late stage of H. pylori infection, the direct actions of H. pylori on epi-
thelial cells do not appear to be important. However, once the cells, stem cells or
progenitor cells, acquire gene mutations as a result of the action of AID at an active
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stage of gastritis, the mutated cells persist until this stage and eventually become
malignant.
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Host-Pathogen Relationship in Skin and Soft Tissue Infections
caused by Group A streptococcus and Staphylococcus aureus

Inbal Mishalian, Miriam Ravins, Moshe Baruch, Meray Persky, llia Belotserkovsky, and
Emanuel Hanski

4.1
Introduction

Group A streptococcus (GAS) and Staphylococcus aureus (SA) are prominent
human pathogens causing a wide variety of diseases ranging from mild skin and
throat infections to life-threatening diseases. Each year worldwide, GAS is respon-
sible for more than 600 million cases of pharyngitis and skin infections and
650000 highly invasive infections [1]. GAS necrotizing fasciitis (NF) and toxic
shock syndrome (TSS) result in case fatality rates ranging from 14 to 36%, despite
prompt antibiotic treatment and surgical intervention [2]. SA is responsible for the
vast majority of skin and soft tissue infections in humans, such as impetigo, fol-
liculitis/furunculosis, and cellulitis, which result in 11.6 million outpatients and
emergency room visits and 464000 hospital admissions per year in the United
States alone [3]. Although SA infections usually originate in the skin, invasive and
frequently life-threatening infections are common sequelae, and include lym-
phangitis, septic arthritis, abscesses of various organs, osteomyelitis, bacteremia,
pneumonia, meningitis, endocarditis, and sepsis [4-6]. In contrast to GAS which
remains sensitive to penicillins, SA has become increasingly resistant to B-lactam
antibiotics, and methicillin-resistant SA (MRSA) is currently a leading cause of
hospital-acquired (nosocomial) infections. While these infections typically occur
in individuals with predisposing risk factors, such as surgery, community-acquired
(CA)-MRSA causes disease even in healthy individuals, and there has been an
alarming increase in the number of CA-MRSA infections worldwide [7]. An esti-
mated 18650 deaths were associated with invasive MRSA infections during 2005
in the United States alone [8].

What makes GAS and SA such successful human pathogens capable of existing
as harmless commensals, and at the same time causing diseases ranging
from confined and mild infections to those that are systemic and life-threatening
infections? Answers to these questions are starting to emerge. Both SA and GAS
have developed many sophisticated strategies to impede innate immune system
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functions at multiple junctures [9-15]. The innate immunity system is designed
to sense invading microorganisms and instantaneously trigger defensive reactions
that counteract invading pathogens. This prompt response prevents pathogen dis-
semination beyond both cutaneous and mucosal epithelial barriers [16-18]. To
pass the cutaneous barrier pathogens need to overcome hundreds of peptides/
proteins, which have potent microbicidal activities at low concentrations. The vast
arsenal of antimicrobial peptides contains defensins and cathelicidins which are
key players in cutaneous immunity [19]. Once pathogens have breached the skin
barrier, clearance of the invaders depends primarily on cells known as ‘professional
phagocytes’ [20, 21]. This includes resident macrophages and recruited cells such
as polymorphonuclear neutrophils (PMNs) and monocytes. Although they are not
considered to be ‘professional phagocytes’ cell populations such as dendritic and
endothelial cells can also naturally express phagocytic functions against microor-
ganisms [22]. Leukocyte recruitment into inflamed tissue proceeds in a cascade-
like fashion [23-25]. On reaching the bacteria at the site of infection PMNs are
capable of microbial killing by oxygen-dependent and -independent mechanisms
[26, 27]. Circulating monocytes give rise to mature tissue resident macrophages
throughout the body as well as specialized cells such as dendritic cells and osteo-
clasts [22]. Impressive recent progress has been made with regard to the charac-
terization of discrete subsets of monocytes and their functional characterization
in the innate immune response [28]. The relative contributions of resident mac-
rophages and the above-described monocyte subsets to the elimination of invading
microorganisms and their mode of cooperation with PMNs during various infec-
tious processes [29] are just starting to emerge.

This chapter is designed to compare the strategies used by GAS and SA to
hamper host innate immunity during skin and soft-tissue infections; in particular
how these pathogens evade elimination by PMNs. Although many SA and GAS
infections originating in the skin may become invasive, only a few studies have
been conducted in the relevant cutaneous models. In fact, most studies have been
carried out either in vitro, ex vivo or in systemic infection models. Because they
are more pertinent to the natural course of GAS and SA infections, the former
studies are more comprehensively discussed in this review. Nonetheless we also
refer to the latter type of study which is expected to have a major impact on GAS
and SA pathogeneses.

4.2
Restriction of GAS and SA Cutaneous Infections by Cationic Antimicrobial Peptides
and Bacterial Resistance Mechanisms to these Compounds

The human skin acts as the first line of defense against invading bacteria. It gives
physical protection partly because it is composed of tightly associated epithelial cells
covered by a highly cross-linked layer of keratin that is normally impenetrable to
bacteria. Additionally, the skin displays microbicidal activity via an array of bioactive
molecules, among which antimicrobial peptides are of critical importance to host



4.3 Leukocytes and Cutaneous SA and GAS Infection

defenses [30-32]. In general, most of these peptides have both cationic and
amphiphatic properties [33, 34] and are termed CAMPs (cationic antimicrobial
peptides). These properties enable CAMPs to initially interact with anionic head
groups of the microbial membrane lipids, integrate into the hydrophobic core of
the membrane, and finally cause bacterial membrane disruption. Some CAMPs are
also able to promote bacterial lysis by directly affecting bacterial division [35]. The
production of the human and mouse cathelicidin family of antimicrobial polypep-
tides (LL-37 and CRAMP, respectively) in the skin occurs constitutively at a low
level. Upon skin injury or during the initial steps of the infectious process there is
a dramatic increase in cathelicidins in the skin which is even further increased
during inflammation due to their production by recruited PMNs and activated skin
keratinocytes [36]. The first unambiguous evidence that CRAMP plays an important
role in restricting GAS spread from the skin into deeper tissues was found using
CRAMP-deficient mice. These mice developed more rapidly-growing lesions of
increased size with significantly higher bacterial counts compared to their wild type
(WT) littermates when infected subcutaneously with WT GAS [37]. Furthermore,
when WT mice were infected with CRAMP-resistant GAS mutants, they developed
larger, more long-lasting lesions compared to mice infected with the parental GAS
strain. Overall these findings clearly show that in mice CRAMP protects the skin
from invasive GAS infections [37]. The role of CAMPs in preventing SA skin infec-
tions is supported by the finding that keratinocytes kill the bacteria by depositing
CAMP B-defensin-3 (HBD-3) onto their surface during contact with SA at the
apical layers of the human epidermis [38]. The fact that individuals with atopic
dermatitis, who suffer from recurrent SA skin infections, are defective in the
ability to mobilize bactericidal concentrations of HBD-3 onto the bacterial surface
provides further evidence for this mechanism [39].

The importance of CAMPs in the innate immune skin defenses against SA and
GAS is also highlighted by the multiple countermeasures that these pathogens
have developed to limit the effectiveness of CAMPs [40, 41]. This includes a reduc-
tion of the net negative charge of SA and GAS cell envelopes [42—46], cleavage of
CAMPs by secreted [47] or surface bound [48] bacterial proteases, and inactivation
of CAMPs upon binding to secreted bacterial proteins [49, 50]. A fascinating
mechanism that has been recently discovered is that by lowering its hydrophobicity
by overproduction of a hydrophilic surface protein, SA can render itself resistant
to bactericidal human skin fatty acids and peptides [51].

43
Leukocytes and Cutaneous SA and GAS Infection

4.3.1
Polymorphonuclear Neutrophils (PMNs)

Once SA and GAS succeed in breaching the local defenses of the skin they then
face phagocytes which muster to ingest, kill and digest bacteria within minutes.
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Of these cells PMNs are the most numerous and best equipped for these missions.
The PMN response is considered to constitute the first line of systemic defenses
against invading GAS and SA and is a critical determinant in the outcome of these
infections [15, 52]. This is best manifested in neutropenic patients or individuals
with congenital or acquired defects in PMN function who suffer from recurrent
invasive infections caused by these pathogens [53, 54].

The ability of SA and GAS to evade human host defenses and invade from the
skin into deeper tissues causing life-threatening systemic infections is well known,
but the underlying mechanisms have been elusive. As early as 1967 Agarwal
reported that ‘highly virulent’ but not ‘non-virulent’ SA clinical isolates were able
to stall the development of inflammation at the site of infection when injected
subcutaneously [55]. This finding was subsequently reproduced using cell-wall
fractions [56] and in 1976 was shown to result from the active inhibition of PMNs
chemotaxis [57]. This apparently provides SA with a window of time for prolifera-
tion and subsequent dissemination.

A paucity of PMN infiltration of the skin and subcutaneous tissues has also been
reported in cases of human GAS NF [58, 59]. In the baboon model of human NF,
surviving baboons showed an intense PMN influx into the site of inoculation,
whereas those who died had no PMN influx at all [60]. In the murine model of
human NF, mice challenged with a WT GAS strain developed a lethal infection
that was typified by the absence of PMN migration to the initial site of infection,
mirroring the pathological findings in the NF patient from whom the bacterium
was first isolated. Furthermore, in this patient PMN infiltration was absent in
necrotic tissues with a high bacterial load but was clearly apparent in the non-
necrotic surrounding tissues that were free of bacteria [61]. These findings suggest
that GAS can effectively retard the influx of PMNs to the site of infection. Finally,
a retrospective histopathological analysis of soft tissues debrided from human
GAS NF patients revealed a strong correlation between the severity of the disease
and a paucity or absence of PMNs at the infection site [62].

43.1.1 The Interactions of SA and GAS with Innate Immunity leading to

PMN Response

Innate immune responses are initiated by pattern recognition receptors (PRRs),
among which Toll-like receptors (TLRs) play a major role [16, 17]. TLR2 has been
reported to be involved in the recognition of several SA components including
alanylated LTA and lipopeptides (for a review see [10]). Indeed, mice deficient in
either TLR2 or MyD88, an adapter molecule mediating TLR signaling [63], were
more susceptible to systemic SA infection than WT mice [64, 65]. Using a cutane-
ous model of SA infection, Miller et al. [66] demonstrated that while TLR-2- and
MyD88-deficient mice developed larger skin lesions compared to WT mice, only
MyD88 null mice showed also a higher persistent bacterial load due to a defect in
PMN recruitment, and hence a failure in bacterial eradication. This defect was
caused by impaired production of the murine CXCL2 and CXCL1 chemokines
(granulocyte chemotactic protein 2, MIP-2 and keratinocyte-derived chemokine
KC, respectively) [66]. Taken together, these findings suggested that a receptor



4.3 Leukocytes and Cutaneous SA and GAS Infection

other than TLR2 (which also signals via the MyD88 adapter) is responsible for
PMN recruitment via induction of large amounts of MIP-2 and KC. In fact, it was
discovered that IL-1R which utilizes the MyD88 adapter for signaling [63], exhibits
a diminished ability to clear cutaneous SA infections. Like MyD88-deficient mice,
IL-1R null mice developed large lesions with persistent high SA counts, impaired
PMN influx due to diminished production of KC and MIP-2, and consequently a
failure to eradicate the bacteria [66]. Since PMN-depleted mice are highly suscep-
tible to cutaneous challenge with SA [52], these findings strongly support the
notion that IL-1R signaling is crucial for mobilization of PMNs in SA skin infec-
tions. More recently it was shown that bone marrow (BM)-derived cells produce
IL-1fB that signals via IL-1R which is present on the skin of resident non-BM-
derived cells. This triggers a high production of KC and MIP-2, leading to PMN
recruitment and resulting in the resolution of SA cutaneous infections [67]. The
importance of IL-1R signaling in the containment of SA infections in humans was
recently demonstrated by the findings that nine children with inherited MyD88
deficiency, which were normally resistant to most common bacteria, viruses, fungi
and parasites, were vulnerable to a narrow range of pyogenic bacterial pathogens
including SA [68].

Dendritic cells were shown to play a role in the innate immune response to
cutaneous GAS infections [69]. When infected with GAS ex-vivo these cells pro-
duced the cytokines interleukins 12 and 6 (IL-12, IL-6) and tumor necrosis factor
o (TNF-0) in a MyD88-dependent manner. It was found that multiple TLRs rather
than a single TLR trigger the production of these pro-inflammatory cytokines [70].
Using bone marrow-derived mouse macrophages it was recently shown that GAS
induces the production of pro-inflammatory cytokines such as IL-6 and TNF-a in
MyD88-mediated signaling processes [71]. However, the induction was independ-
ent of TLR2, TLR4 and TLR9 as well as IL-1 receptor signaling. It was also dem-
onstrated that GAS elicits MyD88-independent signaling that results in type I
interferon production [71]. Whether or not recruitment of PMNs to the site of
cutaneous GAS infection is mediated via stimulation of a single or multiple innate
immunity receptors and requires the MyD88 adapter remains to be determined.

SA and GAS skin infections were recently reported to cause severe pulmonary
damage as a result of a strong inflammatory response. The surface-bound protein
A of SA, which impedes SA phagocytosis by PMNs, was shown to also act directly
as an immune effector. Protein A binds and activates TNF-o receptor 1 (ITNFR1)
[72]. This induces mobilization of TNFR1 to the apical surface of the airway epi-
thelium and an increased production of the CXCL8 chemokine (also known as
interleukin 8, IL-8) by NF-kB activation [73, 74]. As a result, a massive recruitment
of PMNs occurs, causing lung damage due to uncontrolled PMN degranulation.
Protein A and TNFRI1 interaction is thus essential for the development of SA
pneumonia since TNFR1 null mice were not susceptible to SA pneumonia and a
protein A-defective mutant of SA did not cause infection in WT mice [72].

The GAS M-protein was shown to cause vascular leakage and lung damage due
to its immunomodulatory activities [75]. It is one of the best characterized viru-
lence factors that prevents opsonophagocytosis of GAS in whole blood. M protein
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is usually covalently anchored to the GAS cell wall but can be released from the
surface by bacterial and host proteases. It forms complexes with fibrinogen (Fb)
that result in the accumulation of blood cells and protein aggregates in the lung
tissue. M-Fb complexes bind to B,-integrins on PMNs, causing degranulation and
release of a protein known as HBP, heparin-binding protein. The released HBP
augments the local inflammation due to its binding to B,-integrins on the surfaces
of PMNs and monocytes. In response to HBP, monocytes generate pro-inflamma-
tory cytokines which further intensify lung damage [76].

4.3.1.2 Avoidance of SA and GAS Clearance by PMNs

The various strategies employed by GAS and SA to avoid PMN recruitment,
opsonization and subsequent clearance have been discussed in several excellent
recent reviews [9, 12-15, 77-80]. Here, we will elaborate on studies that are mostly
relevant to skin and soft-tissue infections and discuss newly discovered bacterial
strategies.

Evasion of PMN Migration In response to chemotactic signals, circulating PMNs
begin to tether to and roll on endothelial cells at the luminal side. They then form
firm adhesions as a result of chemokine activation processes, extravasate and
finally migrate to the site of infection [24, 81]. The initial chemotactic signals
include N-formyl peptides that originate from either rupture of host cells causing
the release of mitochondrial proteins or from proteins of invading bacterial patho-
gens [82]. The other signals are exclusively host derived and include the comple-
ment anaphylatoxin C5a and chemokines [81]. In general, the strategy that GAS
utilizes to impede PMN recruitment to the infection site is to inactivate chemo-
tactic signals, while the main tactic SA uses is to block PMN receptors involved
in chemotactic signal sensing and receptors required for emigration from the
endothelium, followed by migration to the site of infection.

All three pathways of the complement system converge at the end of their enzy-
matic cascades to generate C5a and the terminal membrane attack complex [83].
C5a is the most potent pro-inflammatory mediator produced in the complement
cascade. Binding of C5a to its receptor induces a range of inflammatory effects
including a strong chemoattraction for PMNs, monocytes and macrophages, up-
regulation of leukocyte adhesion molecule expression, activation of PMNs to
increase the uptake and killing of microorganisms, increase in vasodilatation,
modulation of leukocytes and endothelial cells pro-inflammatory cytokine expres-
sion, reduction in PMN apoptosis, and activation of the coagulation pathway [83].

The GAS streptococcal C5a peptidase (ScpA) is a surface-associated subtilisin-
like serine protease [84, 85]. ScpA inactivates C5a by generating a single cleavage
in the C-terminal region of C5a and releasing a heptapeptide [86] that is essential
for the binding of C5a to its receptors [87]. The virulence capacity of ScpA was
attributed to its soluble form which is shed from the GAS surface either by an
autocatalytic cleavage [88] or by the GAS cysteine protease, SpeB [89]. Recently,
however, it was demonstrated that the surface exposed glyceraldehyde-3-phosphate
dehydrogenase binds C5a, and this facilitates its cleavage by the surface-bound
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ScpA [90]. Although it is widely accepted that ScpA is a key virulence factor of
GAS, a mutant deficient of ScpA was as lethal as the parental WT strain in a soft-
tissue air sac model [91]. Nevertheless, a greater number of PMNs infiltrated air
sacs of mice infected with a ScpA mutant compared to those infected with the WT
strain at 4h after inoculation, suggesting that ScpA may perhaps play a role in
very early stages of GAS infection [91]. However, no difference in mice survival,
PMN recruitment, bacterial counts or size of cutaneous lesions was observed for
WT and a ScpA-deficient mutant in a murine model of human soft-tissue infection
[92]. This apparent failure of ScpA to affect GAS virulence could be attributed to
the fact that ScpA has far lower activity against murine C5a than the human C5a
[93]. The generation of humanized C5a transgenic mice should reveal whether or
not ScpA fulfills a central role in the pathogenesis of cutaneous GAS infections.
Despite the fact that ScpA plays a minor role in preventing PMN migration in
a murine model of human soft-tissue infection, a paucity of PMNs was observed
in necrotic infected fascia [61], suggesting that GAS possesses additional effective
mechanisms to impede PMN migration to the site of cutaneous infections. IL-8
plays a central role in the formation of firm adhesions of PMNs with endothelial
cells, in PMN activation, extravasation, and finally in their migration along the
infected tissues [23, 25]. These properties make IL-8 an excellent target for subvert-
ing PMN functions by pathogens. Indeed, it was discovered that in GAS culture
medium there is serine-dependent proteolytic activity that degrades IL-8 in vitro
and also during GAS infection of cultured epithelial cells [61]. This soluble IL-8
proteolytic activity was subsequently identified as belonging to a GAS surface
protein termed SpyCEP i.e. S. pyogenes cell envelope protease [94]. The degradation
of IL-8 was a result of a single specific cleavage in the C-terminus between a
glutamine at position 59 and an arginine at position 60, generating 6- and 2-kDa
polypeptides [94]. This cleavage obliterated the ability of IL-8 to both recruit and
activate PMNs as determined in vitro using a partially purified protease isolated
from the GAS culture medium [94]. The fact that the protease also cleaved the IL-8
functional murine homologues, MIP-2 and KC [92], suggested that it would be
possible to assess its contribution to virulence using the murine model of human
soft-tissue infection. Indeed, by applying a set of isogenic mutants it was estab-
lished that the IL-8 protease plays a major role in the pathogenesis of GAS soft-
tissue infections [92]. Because the protease belongs to the family of subtilisin-like
proteases, displaying a high amino acid homology with ScpA but having a strict
specificity for CXC chemokines, it was named ScpC, for-streptococcal CXC chem-
okine protease [92]. When inoculated subcutaneously, WT GAS caused large
necrotic lesions characterized by low PMN infiltration and a high bacterial load,
which subsequently led to a lethal systemic infection (see Figure 4.1). In contrast,
a mutant deficient of ScpC caused smaller lesions and higher PMN infiltration
(see Figure 4.1), resulting in bacterial clearance and mouse survival. In addition,
soft-tissue biopsies obtained during the infectious process from mice inoculated
with the WT strain displayed MIP-2 and KC levels that were significantly
lower compared to the levels of these chemokines detected in biopsies from mice
inoculated with the ScpC mutant [92]. Moreover, systemic depletion of PMNs or
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Figure 4.1 Macroscopic and microscopic injected with the AscpC mutant. The

images of mice challenged with a WT and a  hematoxylin and eosin staining of the biopsy
AscpC mutant. BALB/c mice were inoculated  taken from the mouse injected with JS95
subcutaneously with 10° colony-forming units  shows an extensive necrosis of the sub-

of WT GAS M14 strain JS95 (upper panels) or cutaneous fat tissue and of the fascia, a large
JS95-derived AscpC mutant (lower panels). bacterial load and paucity of PMN infiltration.
Two days after the challenge, photographs In contrast, the biopsy from the mouse

and biopsies of two representative mice were  injected with the AscpC mutant reveals

taken and histophathology examinations were massive PMN recruitment to the infection site
performed. The mouse that has been injected with a much lower bacterial load and a lower
with the WT displays a markedly larger and level of necrosis.

more necrotic skin lesion than the mouse

blockage of mouse CXCR2/IL-8R by administration of anti-mouse CXCR2 anti-
body rendered the ScpC mutant fully virulent, proving that ScpC mainly acts by
degrading host CXC chemokines, resulting in diminished PMN recruitment to
the cutaneous site of infection [92]. More recent studies have demonstrated that
ScpC also cleaves the CXCL6 granulocytes chemotactic protein 2 (GCP-2) and the
CXCL1 growth related oncogene alpha (GRO«), diminishing expression of the
integrin B2-subunit CD11b on PMNs, and hence inhibiting superoxide generation
in response to N-formyl peptides [95]. Most recently, it was shown that ScpC pro-
motes a polymicrobial necrotizing skin infection by in-trans retarding PMN
recruitment and bacterial clearance. Necrotic skin lesions produced by a mixed
infection of mice with WT GAS and vancomycin-resistant Enterococcus faecalis
(VRE) were significantly larger than those produced by a mixture of a ScpC mutant
and VRE. In addition, the WT strain but not the ScpC mutant promoted VRE
survival [96]. Furthermore, ScpC significantly reduces GAS killing by isolated
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Figure 4.2 A schematic model depicting B,-integrin receptors on PMN surface. This
several mechanisms by which ScpC contrib-  prevents PMN activation as reflected in the
utes to GAS virulence. ScpC cleaves CXC production of reactive oxygen and nitrogen
chemokines at the C-terminal rendering them species and the production of hydrolytic
incapable of interacting with their cognate enzymes (C). IL-8 degradation reduces NETs

CXC receptors (A). Degradation of the CXC production [96] (D). ScpC released from GAS
chemokines inhibits essential steps in PMN  surface acts in-trans promoting survival of
chemotaxis, including endothelial emigration  vancomycin-resistant Enterococcus faecalis
and migration towards the site of infection (VRE) in a mixed cutaneous infection with
(B). The cleavage of CXC chemokines inhibits GAS by all the activities described above (E).
PMN priming, namely appearance of

PMNs either directly, most probably by preventing PMNs priming for activation
[94-96], or indirectly by reducing NETs (neutrophil extracellular traps) production
(see below and reference [96]). The different modes by which ScpC contributes to
GAS pathogenesis in soft-tissue infections are illustrated in Figure 4.2.

The SA extracellular adherence protein (Eap) is a highly cationic secreted protein
which is able to rebind to the SA surface. Through its capacity to bind a broad
spectrum of host proteins, Eap probably mediates bacterial adhesion to host cells
[98, 99]. Isolated Eap can bind to the endothelial intercellular adhesion molecule
(ICAM-1) and as a result inhibits the interaction of the latter with PMN B, integrins
(CDR3 and lymphocyte function antigen LFA-1) [100]. In addition, Eap blocks
PMN adhesion to fibrinogen [100]. Since the interactions of B, integrins with
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ICAM-1 and with fibrinogen are important for PMN emigration from the circula-
tion as well as migration along the infected tissue, Eap was expected to have a
pronounced effect on PMN recruitment to SA infection sites. In fact, a SA strain
producing Eap was found to induce significantly lower PMN recruitment in a
mouse peritonitis model compared to that of an Eap-deficient isogenic mutant
[100]. Using a mouse wound-healing model, the WT SA strain producing Eap but
not its isogenic Eap-deficient mutant was able to delay wound closure by impaired
infiltration of PMNs and macrophages [101].

SA’s CHIPS (chemotaxis inhibitory protein of staphylococci) is one of the best
studied anti-chemotactic factors. This 14.1-kDa secreted protein binds to two
chemotactic receptors, the C5aR and the formylated peptide receptor (FPR) [102,
103]. While the binding domain of CHIPS to FPR has been localized to reside on
the extreme N-terminus of the protein, the localization of the binding domain to
C5aR has not been precisely mapped, but is distal to the FPR-binding domain and
located on the C-terminal portion of CHIPS [104]. The binding of CHIPS to C5aR
and FPR receptors inhibits their signal transduction processes as reflected by the
impairment of PMN chemotaxis towards C5a and formylated peptides, as well as
in the diminished mobilization of intracellular calcium [102, 103]. Most impor-
tantly, although CHIPS affinity to mouse C5aR is about 30-fold lower than its
affinity to the human receptor, intravenous injection of CHIPS into mice inhibited
PMN migration when mice were subsequently challenged with a peritoneal injec-
tion of C5a [102]. Furthermore, sera of SA-infected patients contain antibodies that
prevent binding of CHIPS to C5aR, enhancing the likelihood that CHIPS plays
an important role in the pathogenesis of human SA infections [105].

Interference of GAS and SA with PMN killing  Although it has been known for more
than a century that the surface M-protein and the hyaluronic acid capsule impair
GAS opsonophagocytic killing [106, 107], the fact that M-protein and the capsule
are key virulence factors in soft-tissue infection was established only a decade ago
[108]. This is mainly because of advances in constructing non-polar isogenic
mutants and the use of murine models reproducing important features of human
infections [108].

Historically, GAS resistance to phagocytosis was determined by incubating GAS
in non-immune whole human blood and comparing the bacterial colony forming
units before and after incubation. By expressing M-protein on their surface, GAS
strains limit the deposition of complement component C3b, thus successfully
proliferating in non-immune whole blood. By contrast, M-protein-deficient
mutants become circumferentially covered with C3b and are readily killed [109,
110]. The low levels of C3b present on the surface of M-protein-producing GAS
strains, together with the fact that C3Db is further degraded to iC3b, which displays
a substantially lower affinity than C3b for the CR1 receptor [111], has led to the
widely-accepted view that M-protein prevents GAS from forming a firm associa-
tion with PMNs and subsequent uptake. Activation of PMNs by the addition of
C5a to whole blood up-regulates the expression of functional CR3 receptors, which
exhibit a high affinity towards the surface-bound iC3b [112], thus leading to
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increased association of GAS with activated PMNs and consequently to uptake
[113]. Similarly, GAS growth in C5a-treated whole blood was slower than growth
in non-treated blood due to some degree of PMN-mediated bacterial killing [113].
In soft-tissue infections, GAS faces activated PMNs. Thus rather than by prevent-
ing GAS uptake, we assume that M-protein probably contributes to evasion of
bacterial clearance either through decreased formation of C5a due to inhibition of
complement activation and hence impaired PMN influx, or through enhanced
survival of GAS within PMNs.

In spite of the widely-accepted view that the M-protein prevents uptake of GAS
by PMNs, carefully carried out analyses using flow cytometry and fluorescent and
electron microscopy clearly demonstrated that human PMNs take up M-protein-
deficient and -proficient GAS strains with similar efficiency. However, while the
former were rapidly killed, the latter survived and multiplied within PMNs [114].
In a subsequent study it was shown that M-protein expression inhibited the fusion
of azurophilic granules with phagosomes, thus promoting GAS intracellular sur-
vival [115]. The intracellular GAS maintained infectivity as demonstrated by gen-
tamicin-treated PMNs isolated from human blood.

Gene expression microarray analyses revealed that the transcription of genes
associated with cell wall synthesis, oxidative stress response, virulence, and tran-
scriptional regulation was significantly increased after 3h of GAS interactions with
PMNs. During this time the rate of GAS killing by PMNs progressively decreased
and reached its lowest constant value, suggesting that GAS undergoes a process
of adaptation and develops resistance to intracellular killing by PMNs [116]. For
this purpose GAS required a two-component system (TCS), [hk/Irr, which exhib-
ited increased expression during the interaction with PMNs [116, 117]. It was
discovered that Thk/Irr also mediates PMN lysis [116]. Compared to the parental
WT, a mutant defective in irr produced smaller skin lesions and lower bacteremia
in murine models of human soft-tissue and systemic infection, respectively [117].
These cumulative data suggested that a fitness response is triggered in GAS to
accommodate the environmental conditions existing inside PMNs. Indeed, it was
found that GAS expression of GpoA, the major glutathione peroxidase, allows GAS
to adapt to oxidative stress [118], and is essential for GAS pathogenesis in a murine
model of soft-tissue infection [119]. Thus the induced fitness of GAS to cope with
the conditions that exist within PMNs increases its ability to resist phagocytic
killing and subsequently cause PMN lysis [116, 117, 119].

Inasmuch as the PMN response is highly beneficial to the host, its timely ter-
mination is critical for limiting collateral tissue damage [120]. Consequently, apop-
tosis is triggered in PMNs upon microbial uptake and is mainly aimed at resolving
the infection and maintaining PMN homeostasis [120]. In contrast to several
pathogens including SA, GAS is capable of altering normal phagocytosis-induced
PMN apoptosis, thus eliciting an accelerated process which leads to PMN necrosis
[121]. In summary, not only is GAS able to escape killing by PMNss, it also meddles
with major PMN physiological programs for its own benefit. Whether or not spe-
cific virulence factors are involved in these modes of operation of GAS avoidance
of clearance by PMNs remains to be determined.
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Recently, a fascinating new mode by which PMNs eliminate pathogens was
discovered. Following activation, PMNs undergo a distinct cell death program
causing them to release extracellular structures consisting of a DNA backbone
with embedded antimicrobial peptides and enzymes known as NETs (neutrophil
extracellular traps). NETs capture and kill a wide range of Gram-positive and
-negative bacteria independently of phagocytic uptake [122-124]. Therefore it is
not surprising that virulence mechanisms have evolved to counteract NETs. A GAS
triple-mutant strain deficient of chromosome and prophage-encoded extracellular
DNases was less virulent than the parental WT strain in a systemic mouse model
[125]. In a murine model of soft-tissue infection the triple mutant produced
smaller and less necrotic lesions than the corresponding WT, and was more sensi-
tive to extracellular killing by PMNs, strongly suggesting that GAS DNases might
act by dissipating NETs [125]. Indeed, using live-cell imaging it was demonstrated
that expression of DNase from a plasmid in a GAS strain producing a low level of
extracellular DNase activity or in the non-pathogenic Lactococcus lactis, endowed
these bacteria with the ability to degrade NETs in vitro and in a mouse model of
human soft-tissue infection [126]. As IL-8 is a key factor in induction of NET
formation [97], elimination of IL-8 by ScpC significantly contributes to the preven-
tion of NET development and hence to impairment of NET-mediated extracellular
bacterial killing (see Figure 4.2 and [96])

While GAS’s complement inhibitory strategy is to recruit and exploit host regu-
lators, the SA strategy is to secrete proteins that directly inhibit the complement
cascade. Among these proteins, staphylococcus complement inhibitors (SCINs)
are the most effective because they inhibit the activity of C3 convertases which
control all complement actions. Consequently, this minimizes the initial interac-
tions of SA with PMNs [127-129]. Nonetheless, as early as 1895, Van de Velde
reported studies suggesting that staphylococci are taken up and survive within
PMNs [130]. Survival of SA within PMNs was confirmed in several in-vitro studies
published in the 1960s [131-133]. Forty years later it was shown that survival
required the global virulence regulator Sar, since a sar-deficient mutant was more
sensitive to PMN killing and the bacteria were present in tight phagosomes as
opposed to WT SA which formed spacious phagosomes and some bacteria were
even present in the cytoplasm [134]. More importantly, like GAS [135, 136] intracel-
lular SA maintained infectivity and PMNs containing intracellular SA established
infection in naive animals [134]. As SA strains producing low levels of catalase
(KatA) were more sensitive to killing by PM NG, it was assumed that KatA promotes
phagocyte resistance and thus contributes to SA virulence [137]. However, a katA-
deficient mutant was not attenuated in a murine-abscess model of SA and all
KatA-negative strains retained virulence [138, 139]. This suggested that SA pos-
sesses other mechanisms for detoxification of reactive oxygen species (ROS). In
fact, two superoxide dismutases were shown to promote SA resistance to ROS in
vitro however their contribution to SA virulence in vivo needs further investigation
due to apparently contradictory conclusions [140-142].

Recently it was discovered that staphyloxanthin, the golden pigment of SA, plays
a major role in the detoxification of ROS. An isogenic mutant deficient in pigment
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formation was constructed by deleting the gene crtM encoding dehydrosqualene
synthase, a key enzyme in the biosynthetic pathway of staphyloxanthin. Compared
to the parental WT, the mutant was more susceptible to oxidative killing, its sur-
vival was diminished in the presence of PMNs, and it was less pathogenic in a
murine abscess-model [143]. Remarkably, very recently it was discovered that the
structure of CrtM resembles that of the mammalian squalene synthetase (SQS)
which is involved in the biosynthetic pathways of cholesterol [144]. An SQS inhibi-
tor, which acts as a cholesterol-lowering compound, bound to CrtM with high
affinity. When WT SA was grown in the presence of this compound the bacteria
lost their ability to produce staphyloxanthin, exhibited increased susceptibility to
killing by hydrogen peroxide, were less able to survive in whole human blood and
finally were attenuated in a systemic model of infection [144]. This discovery may
provide a new strategy for treatment of SA infections by inhibition of staphyloxan-
thin synthesis [144].

The host has developed additional strategies to cope with the increased resist-
ance of SA to ROS. By using imaging mass spectrometry it was recently found
that the PMN protein calprotectin is localized inside abscessed tissue in a murine
model of SA abscess formation [145]. Calprotectin belongs to the S100 protein
family. It is a complex of two calcium-binding proteins that is abundant in the
cytosolic fraction of PMNs and high levels of calprotectin are present in extracel-
lular fluids during various inflammatory conditions [146]. Using the murine
model of abscess formation it was shown that calprotectin acts against bacterial
infections by chelating Mn*. Mice with calprotectin deficiency exhibited an
increased number of abscesses with higher bacterial loads containing increased
amounts of Mn* compared to WT infected mice [145]. As Mn** is essential for
the activity of SA superoxide dismutase A [141], it is possible that calprotectin not
only acts by lowering the concentration of this essential trace element but also by
weakening bacterial resistance to ROS. Whether or not calprotectin is specifically
secreted during SA abscess formation from live PMNs or released from dead
PMNs and acts posthumously, remains to be determined.

The remarkable ability of CA-MRSA to cause severe SA infections in previously
healthy individuals as compared to hospital acquired MRSA that mainly affects
patients with predisposing risk factors, suggests that the former has acquired an
increased pathogenic potential. Since the most prominent CA-MRSA isolates
survive relatively well inside PMNs and subsequently cause cell lysis, it was sug-
gested that these strains have evolved an increased ability to resist killing by PMNs
and have acquired new means of PMN disruption [147, 148]. The obvious candi-
date for this lytic activity is the bi-component Panton-Valentine (PVL) leukocidin.
This is because the epidemiological linkage between CA-MRSA strains carrying
the pvl genes and their ability to cause rapidly progressing necrotizing pneumonia
has been established [149]. In fact, it was demonstrated that purified PVL causes
dermonecrotic lesions in rabbits and lethal necrotic lesions in the lungs of mice
[150, 151]. Nonetheless, the actual contribution of PVL to SA virulence remains
a matter of debate. Deletion of pvl genes did not affect the ability of pandemic
CA-MRSA-derived mutants to cause abscesses or bacteremia in the corresponding

57



58

4 Host—Pathogen Relationship in Skin and Soft Tissue Infections

murine models [152]. By contrast, overexpression of PVL from a plasmid reduced
mice survival in a pneumonia model [150]. Careful re-evaluation of the role of PVL
in the same pneumonia model showed that o-hemolysin rather than the PVL toxin
was essential for SA pathogenesis [153]. Thus it is still unclear which SA virulence
factor mediates PMN lysis. Recently it was discovered that this lysis is mainly
caused by small cytolytic peptides known as phenol-soluble modulins (PSMs)
[154]. These peptides exhibit pronounced in vitro leukocidal, pro-inflammatory and
chemotactic activities and are essential for CA-MRSA pathogenesis as determined
in murine models of skin, soft-tissue, abscesses and bacteremia infections [154,
155].

432
Macrophages (M¢)

Several studies conducted in recent years have indicated that M¢ play a key role
in the host innate immune response to GAS and SA infections. Nevertheless, M6
have received much less attention than PMNs, and hence much less is known
about the molecular mechanisms underlying M¢ interactions with GAS and SA.
Obviously, some of the virulence factors that GAS and SA use to prevent
opsonophagocytic killing by PMNs are also applicable to M¢ as these cells use
common receptors for phagocytosis of microbes and elicit similar signaling cas-
cades during the uptake process [156].

Early observations revealed that GAS can survive within pharyngeal epithelial
cells and macrophage like-cells of patients with tonsillitis [157]. More recently,
using biopsies taken from patients with acute soft-tissue infections, it was clearly
demonstrated that M¢ migrate to the site of infection. Moreover, viable GAS were
present intracellularly mainly within M¢, even in biopsies collected after pro-
longed antibiotic treatments. This suggested that M¢ can serve as a reservoir for
viable GAS [158]. This notion was confirmed in vitro using human monocyte-
derived M¢, showing that the secreted GAS cysteine protease SpeB plays a role in
the ability of GAS to survive within these M¢ [158].

An additional factor shown to facilitate GAS survival within M¢ is SalY, a
putative lantibiotic peptide encoded by a gene located on the salivaricin-like operon
of GAS [159]. The contribution of SalY to virulence was discovered by screen-
ing a library of GAS transposon-induced mutants in a zebrafish model that
resembles human NF. In this model, the WT strain produced large necrotic lesions
with heavy bacterial loads. There was a paucity of inflammatory cells at the
intramuscular injection site but an abundance of bacteria were discovered
within splenic M¢ [159]. In contrast, the salY-mutant caused a massive recruit-
ment of inflammatory cells, but no mutants were present in splenic M¢ [159].
Furthermore, a systemic depletion of M¢ fully restored the virulence of the
mutant, strongly suggesting that SalY is essential for GAS survival within
M¢ [159]. This was further verified in vitro by using a murine cell-line of M¢
[159].
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Systemic depletion of M¢ in mice considerably enhanced their sensitivity to a
systemic GAS infection [160]. In this infection model it was shown that M¢ kill
intracellular GAS, at least at early points in time after their uptake [160]. The dif-
ference between this and the above-described studies may not represent a funda-
mental discrepancy but rather could result from a time-dependent process of GAS
adaptation to the environmental conditions existing within activated M¢. In fact,
the peroxide response transcriptional regulator (PerR) was shown to contribute
to GAS survival within M¢ in a study comparing survival of WT GAS and a
perR-deficient mutant [161] Furthermore, the attenuated survival of the perR
mutant was rescued by inhibition of the M¢ oxidative burst [161]. In line with
these findings, genome-wide analyses of M¢ gene expression showed that bacte-
ricidal activity against GAS is mediated by generation of an oxidative response
[162]. Therefore, p47°* was up-regulated in murine M¢ infected with GAS and
bacterial killing was considerably diminished in blood of p47°"*/~ mice as opposed
to that of WT mice [162].

Although rabbit and murine models of SA skin infections were established in
the 1960s [163, 164], 40 years elapsed before it was shown that M¢ might constitute
an important component of the host innate immune response to SA infections
[165]. Histopathological examination of soft tissues taken from mice infected
subcutaneously with SA revealed an overwhelming infiltrate of M¢ around the
bacteria but no signs of bacteremia. Nevertheless, a significantly increased
level of IL-6 was observed in the serum. The increased IL-6 production further
implicates M¢ as being major players in the immune response to cutaneous SA
infection [165].

The contribution of M¢ to protection from SA infection was also demonstrated
in murine models of postoperative enteritis and thermal injuries. Systemic deple-
tion of M¢ considerably decreased the survival rate of mice after intra-intestinal
or intravenous injection of MRSA [166, 167]. In a recent in-vitro study using
human monocyte-derived M¢ it was shown that SA can persist intracellularly in
vacuoles for 3 to 4 days before escaping into the cytoplasm and causing cell lysis
[168]. During this time, M¢ did not reveal any signs of either apoptosis or necrosis
and remained functional [168]. However, priming of M¢ with interferon-y eradi-
cated intracellular survival of SA. For intracellular survival SA required o-
hemolysin, aureolysin, protein A, sortase A, the alternative sigma factor B and the
global regulator agr, as isogenic mutants deficient in these components were
readily killed [168]. Thus the transient survival of SA within M¢ may provide the
pathogen with a vehicle for dissemination of the infection.

4.4
Conclusions

SA and GAS are leading pathogens causing the largest number of human infec-
tions, including life-threatening diseases, in previously healthy children and
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adults. At the same time they circulate in a larger reservoir of the population
without causing symptoms. Such a broad spectrum of pathogenic potentials is
caused by vast arrays of virulence factors whose expression is tightly regulated.
These factors enable SA and GAS to rapidly respond to the innate defenses exerted
by the different cells and tissues which the pathogens encounter during their
infectious processes.

We have acquired increased ability to detect the virulence factors of SA and GAS
and to identify the components of the innate immunity brought into play during
skin and soft tissue infections. Yet our ability to integrate this knowledge into a
vectorial process which will enable us to follow and understand the host—pathogen
interactions on a continuous basis during infection is still lacking. For example,
we do not understand why on the one hand GAS and SA prevent PMNs chemo-
taxis, but on the other attract PMNs, survive intracellularly and lyse them. Also,
increasing evidence shows that M¢ play a central role in the containment of SA
and GAS infections, but the pathogens’ virulence factors impairing M¢ functions
still elude discovery. Finally, we need to assess the relative contributions of PMNs
and M¢ and their modes of cooperation in the resolution of SA and GAS soft-tissue
infections.

New technologies including the development of human-relevant animal models,
advanced gene manipulation techniques in both the animals and pathogens,
enhanced performance of genome-wide investigations, and visualization of infec-
tious processes by intravital microscopy will boost our ability to see the picture in
its entirety.

Acknowledgments

We thank Dr Nahum Shpigel (The Hebrew University, Koret School of Veterinary
Medicine, Rehovot, Israel) for critical reading of this manuscript. The work of our
laboratory was supported by grants from: the USA-Israel Binational Science Foun-
dation and the Israeli Science Foundation administered by the Israel Academy of
Science and Humanities. Emanuel Hanski is an international research scholar
from the Howard Hughes Medical Institute.

References

1 Carapetis, J.R., et al. (2005) The global 3 McCaig, L.F., et al. (2006) Staphylococ-
burden of group a streptococcal cus aureus-associated skin and soft
diseases. Lancet Infect. Dis., 5 (11), tissue infections in ambulatory care.
685-694. Emerg. Infect. Dis., 12 (11), 1715-

2 O’Loughlin, R.E,, et al. (2007) The 1723.
epidemiology of invasive group A 4 Elston, D.M. (2007) Community-
streptococcal infection and potential acquired methicillin-resistant
vaccine implications: United States, Staphylococcus aureus. J. Am. Acad.
2000-2004. Clin. Infect. Dis., 45 (7), Dermatol., 56 (1), 1-16, quiz 17—

853-862. 20.



9

10

n

12

13

14

15

16

17

Lowy, F.D. (1998) Staphylococcus aureus
infections. N. Engl. ]. Med., 339 (8),
520-532.

Vinh, D.C., and Embil, ].M. (2005)
Rapidly progressive soft tissue
infections. Lancet Infect. Dis., 5 (8),
501-513.

Vandenesch, F., et al. (2003) Commu-
nity-acquired methicillin-resistant
Staphylococcus aureus carrying
Panton—Valentine leukocidin genes:
worldwide emergence. Emerg. Infect.
Dis., 9 (8), 978-984.

Klevens, R.M., et al. (2007) Invasive
methicillin-resistant Staphylococcus
aureus infections in the United States.
JAMA, 298 (15), 1763-1771.

Chavakis, T., Preissner, K.T., and
Herrmann, M. (2007) The anti-
inflammatory activities of Staphylococ-
cus aureus. Trends Immunol., 28 (9),
408-418.

Fournier, B., and Philpott, D.J. (2005)
Recognition of Staphylococcus aureus by
the innate immune system. Clin.
Microbiol. Rev., 18 (3), 521-540.
Iwatsuki, K., et al. (2006) Staphylococ-
cal cutaneous infections: invasion,
evasion and aggression. J. Dermatol.
Sci., 42 (3), 203-214.

Kwinn, L.A., and Nizet, V. (2007) How
group A Streptococcus circumvents
host phagocyte defenses. Future
Microbiol., 75-84.2

Nizet, V. (2007) Understanding how
leading bacterial pathogens subvert
innate immunity to reveal novel
therapeutic targets. J. Allergy Clin.
Immunol., 120 (1), 13-22.

Rooijakkers, S.H., van Kessel, K.P., and
van Strijp, J.A. (2005) Staphylococcal
innate immune evasion. Trends
Microbiol., 13 (12), 596-601.

Voyich, J.M., Musser, ].M., and DeLeo,
F.R. (2004) Streptococcus pyogenes and
human neutrophils: a paradigm for
evasion of innate host defense by
bacterial pathogens. Microbes Infect., 6
(12), 1117-1123.

Beutler, B. (2004) Innate immunity: an
overview. Mol. Immunol., 40 (12),
845-859.

Ishii, K.J., et al. (2008) Host innate
immune receptors and beyond: making

18

19

20

21

22

23

24

25

26

27

28

29

30

31

References

sense of microbial infections. Cell Host
Microbe, 3 (6), 352-363.

Medzhitov, R. (2007) Recognition of
microorganisms and activation of the
immune response. Nature, 449 (7164),
819-826.

Goodarzi, H., Trowbridge, J., and
Gallo, R.L. (2007) Innate immunity: a
cutaneous perspective. Clin. Rev. Allergy
Immunol., 33(1-2), 15-26.

Aderem, A., and Underhill, D.M.
(1999) Mechanisms of phagocytosis in
macrophages. Annu. Rev. Immunol., 17,
593-623.

Stuart, L.M., and Ezekowitz, R.A.
(2005) Phagocytosis: elegant complex-
ity. Immunity, 22 (5), 539-550.
Gordon, S., and Taylor, P.R. (2005)
Monocyte and macrophage heterogene-
ity. Nat. Rev. Immunol., 5 (12), 953-964.
Imhof, B.A., and Aurrand-Lions, M.
(2004) Adhesion mechanisms
regulating the migration of monocytes.
Nat. Rev. Immunol., 4 (6), 432—-444.
Ley, K., et al. (2007) Getting to the site
of inflammation: the leukocyte
adhesion cascade updated. Nat. Rev.
Immunol., 7 (9), 678-689.

Rot, A., and von Andrian, U.H. (2004)
Chemokines in innate and adaptive
host defense: basic chemokinase
grammar for immune cells. Annu. Rev.
Immunol., 891-928.22

Nathan, C. (2006) Neutrophils and
immunity: challenges and opportuni-
ties. Nat. Rev. Immunol., 6 (3), 173
-182.

Segal, A.W. (2005) How neutrophils
kill microbes. Annu. Rev. Immunol., 23,
197-223.

Gordon, S. (2007) The macrophage:
past, present and future. Eur. J.
Immunol., 37 (Suppl. 1), S9-S17.
Soehnlein, O., et al. (2008) Neutrophil
secretion products pave the way for
inflammatory monocytes. Blood, 112
(4), 1461-1471.

Gallo, R.L., and Huttner, K.M. (1998)
Antimicrobial peptides: an emerging
concept in cutaneous biology. J. Invest.
Dermatol., 111 (5), 739-743.
Niyonsaba, F., and Ogawa, H. (2005)
Protective roles of the skin against
infection: implication of naturally

61



62| 4 Host—Pathogen Relationship in Skin and Soft Tissue Infections

32

33

34

35

36

37

38

39

40

41

42

43

occurring human antimicrobial agents
beta-defensins, cathelicidin LL-37 and
lysozyme. J. Dermatol. Sci., 40 (3),
157-168.

Yamasaki, K., and Gallo, R.L. (2008)
Antimicrobial peptides in human skin
disease. Eur. J. Dermatol., 18 (1), 11-21.
Hancock, R.E., and Chapple, D.S.
(1999) Peptide antibiotics. Antimicrob.
Agents Chemother., 43 (6), 1317-1323.
Lehrer, R.I., and Ganz, T. (1999)
Antimicrobial peptides in mammalian
and insect host defence. Curr. Opin.
Immunol., 11 (1), 23-27.

Hale, J.D., and Hancock, R.E. (2007)
Alternative mechanisms of action of
cationic antimicrobial peptides on
bacteria. Expert Rev. Anti. Infect. Ther.,
5 (6), 951-959.

Dorschner, R.A.,, et al. (2001) Cutane-
ous injury induces the release of
cathelicidin anti-microbial peptides
active against group A Streptococcus.
J. Invest. Dermatol., 117 (1), 91-97.
Nizet, V., et al. (2001) Innate antimicro-
bial peptide protects the skin from
invasive bacterial infection. Nature, 414
(6862), 454-457.

Kisich, K.O., et al. (2007) The
constitutive capacity of human
keratinocytes to kill Staphylococcus
aureus is dependent on beta-defensin 3.
J. Invest. Dermatol., 127 (10),
2368-2380.

Kisich, K.O., et al. (2008) Defective
killing of Staphylococcus aureus in
atopic dermatitis is associated with
reduced mobilization of human
beta-defensin-3. J. Allergy Clin.
Immunol., 122 (1), 62-68.

Peschel, A. (2002) How do bacteria
resist human antimicrobial peptides?
Trends Microbiol., 10 (4), 179-186.
Peschel, A., and Sahl, H.G. (2006) The
co-evolution of host cationic antimicro-
bial peptides and microbial resistance.
Nat. Rev. Microbiol., 4 (7), 529-536.
Collins, L.V., et al. (2002) Staphylococcus
aureus strains lacking D-alanine
modifications of teichoic acids are
highly susceptible to human neutrophil
killing and are virulence attenuated in
mice. J. Infect. Dis., 186 (2), 214-219.
Kristian, S.A., et al. (2005) D-alanyla-
tion of teichoic acids promotes group a

45

46

47

48

49

50

51

52

53

streptococcus antimicrobial peptide
resistance, neutrophil survival, and
epithelial cell invasion. J. Bacteriol., 187
(19), 6719-6725.

Kristian, S.A., et al. (2003) Alanylation
of teichoic acids protects Staphylococcus
aureus against Toll-like receptor
2-dependent host defense in a mouse
tissue cage infection model. J. Infect.
Dis., 188 (3), 414-423.

Peschel, A, et al. (2001) Staphylococcus
aureus resistance to human defensins
and evasion of neutrophil killing via
the novel virulence factor MprF is
based on modification of membrane
lipids with L-lysine. J. Exp. Med., 193
(9), 1067-1076.

Peschel, A, et al. (1999) Inactivation of
the dlt operon in Staphylococcus aureus
confers sensitivity to defensins,
protegrins, and other antimicrobial
peptides. J. Biol. Chem., 274 (13),
8405-8410.

Sieprawska-Lupa, M., et al. (2004)
Degradation of human antimicrobial
peptide LL-37 by Staphylococcus
aureus-derived proteinases. Antimicrob.
Agents Chemother., 48 (12), 4673-4679.
Nyberg, P., Rasmussen, M., and
Bjorck, L. (2004) alpha2-Macroglobulin-
proteinase complexes protect Streptococ-
cus pyogenes from killing by the
antimicrobial peptide LL-37. J. Biol.
Chem., 279 (51), 52820-52823.

Frick, .M., et al. (2003) SIC, a secreted
protein of Streptococcus pyogenes that
inactivates antibacterial peptides. J.
Biol. Chem., 278 (19), 16561-16566.
Jin, T., et al. (2004) Staphylococcus
aureus resists human defensins by
production of staphylokinase, a novel
bacterial evasion mechanism. J.
Immunol., 172 (2), 1169-1176.

Clarke, S.R., et al. (2007) The Staphylo-
coccus aureus surface protein IsdA
mediates resistance to innate defenses
of human skin. Cell Host Microbe, 1 (3),
199-212.

Molne, L., Verdrengh, M., and
Tarkowski, A. (2000) Role of neutrophil
leukocytes in cutaneous infection
caused by Staphylococcus aureus. Infect.
Immun., 68 (11), 6162-6167.
Gonzalez-Barca, E., et al. (2001)
Predisposing factors and outcome of



54

55

56

57

58

59

60

61

62

63

Staphylococcus aureus bacteremia in
neutropenic patients with cancer. Eur.
J. Clin. Microbiol. Infect. Dis., 20 (2),
117-119.

Vallalta Morales, M., et al. (2006)
Group A streptococcal bacteremia:
outcome and prognostic factors.

Rev. Esp. Quimioter., 19 (4), 367—

375.

Agarwal, D.S. (1967) Subcutaneous
staphylococcal infection in mice. II.
The inflammatory response to
different strains of staphylococci and
micrococci. Br. J. Exp. Pathol., 48 (5),
468-482.

Hill, M.]. (1968) A staphylococcal
aggressin. J. Med. Microbiol., 1 (1),
31-43.

Russell, R.J., et al. (1976) Effects of
staphylococcal products on locomotion
and chemotaxis of human blood
neutrophils and monocytes. J. Med.
Microbiol., 9 (4), 433-439.

Cockerill, F.R., 3rd, et al. (1998)
Molecular, serological, and clinical
features of 16 consecutive cases of
invasive streptococcal disease.
Southeastern Minnesota Streptococcal
Working Group. Clin. Infect. Dis., 26
(6), 1448-1458

Norrby-Teglund, A., et al. (2001)
Evidence for superantigen involvement
in severe group A streptococcal tissue
infections. J. Infect. Dis., 184 (7),
853-860.

Taylor, F.B., Jr., et al. (1999) Staging of
the baboon response to group A
streptococci administered intramuscu-
larly: a descriptive study of the clinical
symptoms and clinical chemical
response patterns. Clin. Infect. Dis., 29
(1), 167-177.

Hidalgo-Grass, C., et al. (2004) Effect
of a bacterial pheromone peptide on
host chemokine degradation in group
A streptococcal necrotising soft-tissue
infections. Lancet, 363 (9410), 696—
703.

Bakleh, M., et al. (2005) Correlation of
histopathologic findings with clinical
outcome in necrotizing fasciitis. Clin.
Infect. Dis., 40 (3), 410-414.

Akira, S., and Takeda, K. (2004)
Toll-like receptor signalling.

Nat. Rev. Immunol., 4 (7), 499-511.

64

65

66

67

68

69

70

71

72

73

74

References

Hoebe, K., et al. (2005) CD36 is a
sensor of diacylglycerides. Nature, 433
(7025), 523-527.

Takeuchi, O., et al. (2000) Cutting edge:
preferentially the R-stereoisomer of the
mycoplasmal lipopeptide macrophage-
activating lipopeptide-2 activates
immune cells through a toll-like
receptor 2- and MyD88-dependent
signaling pathway. J. Immunol., 164 (2),
554-557.

Miller, L.S., et al. (2006) MyD88
mediates neutrophil recruitment
initiated by IL-1R but not TLR2
activation in immunity against
Staphylococcus aureus. Immunity, 24 (1),
79-91.

Miller, L.S., et al. (2007) Inflammas-
ome-mediated production of IL-1beta is
required for neutrophil recruitment
against Staphylococcus aureus in vivo.

J. Immunol., 179 (10), 6933-6942.

von Bernuth, H., et al. (2008) Pyogenic
bacterial infections in humans with
MyD88 deficiency. Science, 321 (5889),
691-696.

Loof, T.G., et al. (2007) The contribu-
tion of dendritic cells to host defenses
against Streptococcus pyogenes. J. Infect.
Dis., 196 (12), 1794-1803.

Loof, T.G., Goldmann, O., and Medina,
E. (2008) Immune recognition of
Streptococcus pyogenes by dendritic cells.
Infect. Immun., 76 (6), 2785-2792.
Gratz, N., et al. (2008) Group A
streptococcus activates type I interferon
production and MyD88-dependent
signaling without involvement of TLR2,
TLR4, and TLRY. J. Biol. Chem., 283
(29), 19879-19887.

Gomez, M.L,, et al. (2004) Staphylococ-
cus aureus protein A induces airway
epithelial inflammatory responses by
activating TNFR1. Nat. Med., 10 (8),
842-848.

Gomez, M.L, et al. (2006) Staphylococ-
cus aureus protein A activates TNFR1
signaling through conserved IgG
binding domains. J. Biol. Chem., 281
(29), 20190-20196.

Gomez, M.I., Seaghdha, M.O., and
Prince, A.S. (2007) Staphylococcus
aureus protein A activates TACE
through EGFR-dependent signaling.
EMBO J., 26 (3), 701-709.

63



64

4 Host—Pathogen Relationship in Skin and Soft Tissue Infections

75

76

77

78

79

80

81

82

83

84

85

86

87

Herwald, H., et al. (2004) M protein, a
classical bacterial virulence determi-
nant, forms complexes with fibrinogen
that induce vascular leakage. Cell, 116
(3), 367-379.

Pahlman, L.I., et al. (2006) Streptococ-
cal M protein: a multipotent and
powerful inducer of inflammation.

J. Immunol., 177 (2), 1221-1228.

Jarva, H., et al. (2003) Complement
resistance mechanisms of streptococci.
Mol. Immunol., 40 (2—4), 95-107.
Kraiczy, P., and Wurzner, R. (2006)
Complement escape of human
pathogenic bacteria by acquisition of
complement regulators. Mol. Immunol.,
43 (1-2), 31-44.

Lindahl, G., Sjobring, U., and
Johnsson, E. (2000) Human comple-
ment regulators: a major target for
pathogenic microorganisms. Curr.
Opin. Immunol., 12 (1), 44-51.
Rooijakkers, S.H., and van Strijp, J.A.
(2007) Bacterial complement evasion.
Mol. Immunol., 44 (1-3), 23-32.
Springer, T.A. (1995) Traffic signals on
endothelium for lymphocyte recircula-
tion and leukocyte emigration. Annu.
Rev. Physiol., 57, 827-872.

Le, Y., Murphy, P.M., and Wang, .M.
(2002) Formyl-peptide receptors
revisited. Trends Immunol., 23 (11),
541-548.

Guo, R.F., and Ward, P.A. (2005) Role
of C5a in inflammatory responses.
Annu. Rev. Immunol., 23, 821-852.
Chen, C.C., and Cleary, P.P. (1990)
Complete nucleotide sequence of the
streptococcal C5a peptidase gene of
Streptococcus pyogenes. |. Biol. Chem.,
265 (6), 3161-3167.

Siezen, R.J., et al. (1991) Homology
modelling and protein engineering
strategy of subtilases, the family of
subtilisin-like serine proteinases.
Protein Eng., 4 (7), 719-737.

Cleary, P.P., et al. (1992) Streptococcal
C5a peptidase is a highly specific
endopeptidase. Infect. Immun., 60 (12),
5219-5223.

Kawai, M., et al. (1991) Identification
and synthesis of a receptor binding site
of human anaphylatoxin C5a. J. Med.
Chem., 34 (7), 2068-2071.

88

89

90

91

92

93

94

95

96

97

98

Anderson, E.T., et al. (2002) Processing,
stability, and kinetic parameters of C5a
peptidase from Streptococcus pyogenes.
Eur. ]. Biochem., 269 (19), 4839-4851.
Berge, A., and Bjorck, L. (1995)
Streptococcal cysteine proteinase
releases biologically active fragments of
streptococcal surface proteins. J. Biol.
Chem., 270 (17), 9862-9867.

Terao, Y., et al. (2006) Multifunctional
glyceraldehyde-3-phosphate dehydroge-
nase of Streptococcus pyogenes is
essential for evasion from neutrophils.
J. Biol. Chem., 281 (20), 14215-14223.
Ji, Y., et al. (1996) C5a peptidase alters
clearance and trafficking of group A
streptococci by infected mice. Infect.
Immun., 64 (2), 503-510.
Hidalgo-Grass, C., et al. (2006) A
streptococcal protease that degrades
CXC chemokines and impairs bacterial
clearance from infected tissues. EMBO
J., 25 (19), 4628-4637.

Bohnsack, J.F., Chang, J.K., and Hill,
H.R. (1993) Restricted ability of group
B streptococcal C5a-ase to inactivate
C5a prepared from different animal
species. Infect. Immun., 61 (4),
1421-1426.

Edwards, R.]., et al. (2005) Specific
C-terminal cleavage and inactivation of
interleukin-8 by invasive disease
isolates of Streptococcus pyogenes. J.
Infect. Dis., 192 (5), 783-790.

Sumby, P., et al. (2008) A chemokine-
degrading extracellular protease made
by group A Streptococcus alters
pathogenesis by enhancing evasion of
the innate immune response. Infect.
I[mmun., 76 (3), 978-985.

Zinkernagel, A.S., et al. (2008) The 1L-8
protease SpyCEP/ScpC of group A
Streptococcus promotes resistance to
neutrophil killing. Cell Host Microbe, 4
(2), 170-178.

Gupta, A.K,, et al. (2005) Induction

of neutrophil extracellular DNA lattices
by placental microparticles and IL-8
and their presence in preeclampsia.
Hum. Immunol., 66 (11), 1146~

1154.

Hussain, M., et al. (2002) Insertional
inactivation of Eap in Staphylococcus
aureus strain Newman confers reduced



99

100

101

102

103

104

105

106

107

108

staphylococcal binding to fibroblasts.
Infect. Immun., 70 (6), 2933-2940.
Palma, M., Haggar, A., and Flock, J.I.
(1999) Adherence of Staphylococcus
aureus is enhanced by an endogenous
secreted protein with broad binding
activity. J. Bacteriol., 181 (9), 2840-2845.
Chavakis, T., et al. (2002) Staphylococcus
aureus extracellular adherence protein
serves as anti-inflammatory factor by
inhibiting the recruitment of host
leukocytes. Nat. Med., 8 (7), 687-693.
Athanasopoulos, A.N., et al. (2006) The
extracellular adherence protein (Eap) of
Staphylococcus aureus inhibits wound
healing by interfering with host
defense and repair mechanisms. Blood,
107 (7), 2720-2727.

de Haas, C.J., et al. (2004) Chemotaxis
inhibitory protein of Staphylococcus
aureus, a bacterial antiinflammatory
agent. J. Exp. Med., 199 (5), 687-695.
Postma, B., et al. (2004) Chemotaxis
inhibitory protein of Staphylococcus
aureus binds specifically to the C5a and
formylated peptide receptor. J.
Immunol., 172 (11), 6994-7001.

Haas, P.J., et al. (2005) The structure of
the C5a receptor-blocking domain of
chemotaxis inhibitory protein of
Staphylococcus aureus is related to a
group of immune evasive molecules.

J Mol Biol, 353 (4), 859-872.

Wright, A.]., et al. (2007) Characterisa-
tion of receptor binding by the
chemotaxis inhibitory protein of
Staphylococcus aureus and the effects of
the host immune response. Mol.
Immunol., 44 (10), 2507-2517.

Todd, E., and Lancefield, R. (1928)
Variants of hemolytic streptococci; their
relation to type-specific substance,
virulence, and toxin. J. Exp. Med., 48,
751-767.

Ward, H., and Lyons, C. (1935) Studies
on the hemolytic streptococcus of
human origin. I. Observations on the
virulent, attenuated, and avirulent
variants. J. Exp. Med., 61, 515-529.
Ashbaugh, C.D., et al. (1998) Molecular
analysis of the role of the group A
streptococcal cysteine protease,
hyaluronic acid capsule, and M protein
in a murine model of human invasive

109

110

m

112

113

114

115

116

17

118

References

soft-tissue infection. J. Clin. Invest., 102
(3), 550-560.

Jacks-Weis, J., Kim, Y., and Cleary, P.P.
(1982) Restricted deposition of C3 on
M+ group A streptococci: correlation
with resistance to phagocytosis.

J. Immunol., 128 (4), 1897-1902.
Lancefield, R.C. (1962) Current
knowledge of type-specific M antigens
of group A streptococci. J. Immunol.,
89, 307-313.

Sutterwala, F.S., Rosenthal, L.A., and
Mosser, D.M. (1996) Cooperation
between CR1 (CD35) and CR3

(CD 11b/CD18) in the binding of
complement-opsonized particles.

J. Leukoc. Biol., 59 (6), 883-890.

Ehlers, M.R. (2000) CR3: a general
purpose adhesion-recognition receptor
essential for innate immunity. Microbes
Infect., 2 (3), 289-294.

DeMaster, E., et al. (2002) M(+) group a
streptococci are phagocytized and killed
in whole blood by C5a-activated
polymorphonuclear leukocytes. Infect.
Immun., 70 (1), 350-359.

Staali, L., et al. (2003) Streptococcus
pyogenes expressing M and M-like
surface proteins are phagocytosed but
survive inside human neutrophils.

Cell Microbiol., 5 (4), 253-265.

Staali, L., et al. (2006) Streptococcus
pyogenes bacteria modulate membrane
traffic in human neutrophils and
selectively inhibit azurophilic granule
fusion with phagosomes. Cell
Microbiol., 8 (4), 690-703.

Voyich, ].M., et al. (2003) Genome-wide
protective response used by group A
Streptococcus to evade destruction by
human polymorphonuclear leukocytes.
Proc. Natl Acad. Sci. USA, 100 (4),
1996-2001.

Voyich, J.M., et al. (2004) Engagement
of the pathogen survival response used
by group A Streptococcus to avert
destruction by innate host defense.

J. Immunol., 173 (2), 1194-1201.

King, K.Y., Horenstein, J.A., and
Caparon, M.G. (2000) Aerotolerance
and peroxide resistance in peroxidase
and PerR mutants of Streptococcus
pyogenes. J. Bacteriol., 182 (19),
5290-5299.

65



66 | 4 Host—Pathogen Relationship in Skin and Soft Tissue Infections

119

120

121

122

123

124

125

126

127

128

129

130

131

Brenot, A., et al. (2004) Contribution of
glutathione peroxidase to the virulence
of Streptococcus pyogenes. Infect.
Immun., 72 (1), 408-413.

Nathan, C. (2002) Points of control in
inflammation. Nature, 420 (6917),
846-852.

Kobayashi, S.D., et al. (2003) Bacterial
pathogens modulate an apoptosis
differentiation program in human
neutrophils. Proc. Natl Acad. Sci. USA,
100 (19), 10948-10953.

Brinkmann, V., et al. (2004) Neutrophil
extracellular traps kill bacteria. Science,
303 (5663), 1532-1535.

Fuchs, T.A., et al. (2007) Novel cell
death program leads to neutrophil
extracellular traps. J. Cell Biol., 176 (2),
231-241.

Urban, C.F,, et al. (2006) Neutrophil
extracellular traps capture and kill
Candida albicans yeast and hyphal
forms. Cell Microbiol., 8 (4), 668-676.
Sumby, P., et al. (2005) Extracellular
deoxyribonuclease made by group A
Streptococcus assists pathogenesis by
enhancing evasion of the innate
immune response. Proc. Natl Acad. Sci.
USA, 102 (5), 1679-1684.

Buchanan, J.T., et al. (2006) DNase
expression allows the pathogen group
A Streptococcus to escape killing in
neutrophil extracellular traps. Curr.
Biol., 16 (4), 396-400.

Jongerius, L., et al. (2007) Staphylococ-
cal complement evasion by various
convertase-blocking molecules. J. Exp.
Med., 204 (10), 2461-2471.
Rooijakkers, S.H., et al. (2005) Immune
evasion by a staphylococcal complement
inhibitor that acts on C3 convertases.
Nat. Immunol., 6 (9), 920-927.
Rooijakkers, S.H., et al. (2006) Early
expression of SCIN and CHIPS drives
instant immune evasion by Staphylococ-
cus aureus. Cell Microbiol., 8 (8),
1282-1293.

Van de Velde, H. (1895) Etude sur le
mechanisme de la virulence du
staphylocoque pyogene. Cellule, 10,
51-54.

Kapral, F.A., and Shayegani, M.G.
(1959) Intracellular survival of
staphylococci. J. Exp. Med., 110 (1),
123-138.

132

133

134

135

136

137

138

139

140

141

Melly, M.A., Thomison, J.B., and
Rogers, D.E. (1960) Fate of staphyloco-
cci within human leukocytes. J. Exp.
Med., 112, 1121-1130.

Rogers, D.E., and Melly, M.A. (1960)
Further observations on the behavior
of staphylococci within human
leukocytes. J. Exp. Med., 111, 533—
558.

Gresham, H.D,, et al. (2000) Survival of
Staphylococcus aureus inside neutrophils
contributes to infection. J. Immunol.,
164 (7), 3713-3722.

Medina, E., et al. (2003) Survival of
Streptococcus pyogenes within host
phagocytic cells: a pathogenic
mechanism for persistence and
systemic invasion. J. Infect. Dis., 187
(4), 597-603.

Medina, E., Rohde, M., and Chhatwal,
G.S. (2003) Intracellular survival of
Streptococcus pyogenes in polymorpho-
nuclear cells results in increased
bacterial virulence. Infect. Immun., 71
(9), 5376-5380.

Mandell, G.L. (1975) Catalase,
superoxide dismutase, and virulence of
Staphylococcus aureus. In vitro and in
vivo studies with emphasis on
staphylococcal-leukocyte interaction.
J. Clin. Invest., 55 (3), 561-566.
Horsburgh, M.J., Ingham, E., and
Foster, S.J. (2001) In Staphylococcus
aureus, fur is an interactive regulator
with PerR, contributes to virulence,
and is necessary for oxidative stress
resistance through positive regulation
of catalase and iron homeostasis.

J. Bacteriol., 183 (2), 468-475.
Messina, C.G., et al. (2002) Catalase
negative Staphylococcus aureus retain
virulence in mouse model of chronic
granulomatous disease. FEBS Lett., 518
(1-3), 107-110.

Clements, M.O., Watson, S.P., and
Foster, S.J. (1999) Characterization of
the major superoxide dismutase of
Staphylococcus aureus and its role in
starvation survival, stress resistance,
and pathogenicity. J. Bacteriol., 181
(13), 3898-3903.

Karavolos, M.H., et al. (2003) Role
and regulation of the superoxide
dismutases of Staphylococcus aureus.
Microbiology, 149 (Pt 10), 2749-2758.



142

143

144

145

146

147

148

149

150

151

152

Schneider, W.P., et al. (2002) Virulence
gene identification by differential
fluorescence induction analysis of
Staphylococcus aureus gene expression
during infection-simulating culture.
Infect. Immun., 70 (3), 1326-1333.

Liu, G.Y.,, et al. (2005) Staphylococcus
aureus golden pigment impairs
neutrophil killing and promotes
virulence through its antioxidant
activity. J. Exp. Med., 202 (2), 209—
215.

Liu, C.I, et al. (2008) A cholesterol
biosynthesis inhibitor blocks Staphylo-
coccus aureus virulence. Science, 319
(5868), 1391-1394.

Corbin, B.D., et al. (2008) Metal
chelation and inhibition of bacterial
growth in tissue abscesses. Science, 319
(5865), 962-965.

Yui, S., Nakatani, Y., and Mikami, M.
(2003) Calprotectin (S100A8/S100A9),
an inflammatory protein complex from
neutrophils with a broad apoptosis-
inducing activity. Biol. Pharm. Bull., 26
(6), 753-760.

Li, M., et al. (2007) The antimicrobial
peptide-sensing system aps of
Staphylococcus aureus. Mol. Microbiol.,
66 (5), 1136-1147.

Palazzolo-Ballance, A.M., et al. (2008)
Neutrophil microbicides induce a
pathogen survival response in
community-associated methicillin-
resistant Staphylococcus aureus.

J. Immunol., 180 (1), 500-509.

Gillet, Y., et al. (2002) Association
between Staphylococcus aureus strains
carrying gene for Panton—Valentine
leukocidin and highly lethal necrotising
pneumonia in young immunocompe-
tent patients. Lancet, 359 (9308),
753-759.

Labandeira-Rey, M., et al. (2007)
Staphylococcus aureus Panton—Valentine
leukocidin causes necrotizing
pneumonia. Science, 315 (5815),
1130-1133.

Ward, P.D., and Turner, W.H. (1980)
Identification of staphylococcal
Panton—Valentine leukocidin as a
potent dermonecrotic toxin. Infect.
Immun., 28 (2), 393-397.

Voyich, J.M., et al. (2006) Is Panton—
Valentine leukocidin the major

153

154

155

156

157

158

159

160

161

162

163

References | 67

virulence determinant in community-
associated methicillin-resistant
Staphylococcus aureus disease? |. Infect.
Dis., 194 (12), 1761-1770.

Bubeck Wardenburg, J., et al. (2007)
Poring over pores: alpha-hemolysin and
Panton—Valentine leukocidin in
Staphylococcus aureus pneumonia.

Nat. Med., 13 (12), 1405-1406.

Wang, R., et al. (2007) Identification of
novel cytolytic peptides as key virulence
determinants for community-associated
MRSA. Nat. Med., 13 (12), 1510-1514.
Diep, B.A., and Otto, M. (2008)

The role of virulence determinants

in community-associated MRSA
pathogenesis. Trends Microbiol., 16 (8),
361-369.

Underhill, D.M., and Ozinsky, A.
(2002) Phagocytosis of microbes:
complexity in action. Annu. Rev.
Immunol., 20, 825-852.

Osterlund, A., and Engstrand, L. (1995)
Intracellular penetration and survival of
Streptococcus pyogenes in respiratory
epithelial cells in vitro. Acta Otolaryn-
gol., 115 (5), 685-688.

Thulin, P., et al. (2006) Viable group A
streptococci in macrophages during
acute soft tissue infection. PLoS Med., 3
(3), €53.

Phelps, H.A., and Neely, M.N. (2007)
SalY of the Streptococcus pyogenes
lantibiotic locus is required for full
virulence and intracellular survival in
macrophages. Infect. Immun., 75 (9),
4541-4551.

Goldmann, O, et al. (2004) Role of
macrophages in host resistance to
group A streptococci. Infect. Immun., 72
(5), 2956-2963.

Gryllos, 1., et al. (2008) PerR confers
phagocytic killing resistance and allows
pharyngeal colonization by group A
streptococcus. PLoS Pathog., 4 (9),
€1000145.

Goldmann, O, et al. (2007) Transcrip-
tome analysis of murine macrophages
in response to infection with Streptococ-
cus pyogenes reveals an unusual
activation program. Infect. Immun., 75
(8), 4148-4157.

Goshi, K,, et al. (1961) Studies on the
pathogenesis of staphylococcal
infection. II. The effect of non-specific



68 | 4 Host—Pathogen Relationship in Skin and Soft Tissue Infections

164

165

166

inflammation. J. Exp. Med.,
249-257.113

Noble, W.C. (1965) The production of
subcutaneous staphylococcal skin
lesions in mice. Br. J. Exp. Pathol., 46
(3), 254-262.

Molne, L., and Tarkowski, A. (2000) An
experimental model of cutaneous
infection induced by superantigen-
producing Staphylococcus aureus. .
Invest. Dermatol., 114 (6), 1120-1125.
Katakura, T., et al. (2005) Immunologi-
cal control of methicillin-resistant
Staphylococcus aureus (MRSA) infection

167

168

in an immunodeficient murine model
of thermal injuries. Clin. Exp.
Immunol., 142 (3), 419-425.

Tanaka, H., et al. (2004) Role of
macrophages in a mouse model of
postoperative MRSA enteritis. J. Surg.
Res., 118 (2), 114-121.

Kubica, M., et al. (2008) A potential
new pathway for Staphylococcus aureus
dissemination: the silent survival of S.
aureus phagocytosed by human
monocyte-derived macrophages. PLoS
ONE, 3 (1), e1409.



5

Mechanisms of Meningeal Invasion by Septicemic Extracellular
Pathogens: The Examples of Neisseria meningitidis,
Streptococcus agalactiae and Escherichia coli

Olivier Join-Lambert, Etienne Carbonnelle, Fabrice Chrétien, Sandrine Bourdoulous,
Stéphane Bonacorsi, Claire Poyart, and Xavier Nassif

5.1
Introduction

Bacterial meningitis is a leading cause of central nervous system infections. It is
an inflammatory process that results from bacterial entry into the subarachnoidal
spaces (SAS). Bacterial meningitis can be due to the dissemination of contiguous
infections such as sinusitis or mastoiditis of the meningeal membranes, but most
cases are caused by blood-borne pathogens. Unlike other peripheral organs, the
central nervous system (CNS) is protected from blood-borne insults by specialized
structures that separate the nervous parenchyma and the cerebrospinal fluid from
the blood. These blood-brain barriers (BBB) effectively protect the CNS from most
circulating bacteria, restricting the etiology of bacterial meningitis to a few and
predominantly extracellular pathogens: Escherichia coli K1 and Streptococcus aga-
lactiae (Group B Streptococcus) in the newborn, Neisseria meningitidis, Haemo-
philus influenzae type b and Streptococcus pneumoniae in children and adults [1-3].
It has been estimated that 63 and 9% of bacteremia due to N. meningitidis and S.
pneumoniae, respectively, are associated with meningitis [4], demonstrating that
the ability of these bacteria to enter the subarachnoidal spaces varies. Paradoxi-
cally, these bacteria are commensal in the nasopharynx (N. meningtidis, S. pneu-
moniae and H. influenzae) and digestive tract (E. coli, S. agalactiae) [5].

The pathophysiology of bacterial meningitis is thus a multi-step process that
reflects the ability of bacterial pathogens to cross the oropharyngeal or digestive
mucosal barrier, to survive and to multiply in bloodstream and finally, to cross the
blood-brain barrier [5-7]. As stated above, the number of bacteria capable of invad-
ing the meninges is limited, suggesting that specific virulence factors are required
for bacteria to enter the subarachnoidal space. Indeed it has been demonstrated
that these extracellular pathogens express various virulence factors which allow
them to survive in the extracellular fluids and eventually to interact directly with
the components of the blood-brain barrier. The main virulence factor expressed
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by all extracellular pathogens is a capsule that prevents bacterial phagocytosis or
complement-mediated lysis [8-13]. Once inside the CSF, bacterial multiplication
is thought to be uncontrolled, due to the local deficiency in complement and
immunoglobulins and despite the influx of polymorphonuclear leukocytes induced
by the local inflammatory response. However data obtained in primates showed
that bacterial presence in the CSF can be transient if bacteremia is not sustained,
reflecting the fact that bacterial entry into the CSF may not always lead to menin-
gitis [14]. Compared to intracellular pathogens such as Listeria monocytogenes that
are responsible for both meningitis and encephalitis [15, 16], extracellular bacterial
pathogens are only responsible for meningitis, thus suggesting that these bacteria
are unable to ‘successfully’ cross the parenchymal blood-brain barrier, and/or to
induce an inflammation, and/or multiply in the brain parenchyma. Severe medical
complications of bacterial meningitis such as cerebral edema, and vasculitis occur
in 20 to 30% of treated patients and are due to the local inflammatory response
and not to bacterial invasion of the brain parenchyma [17, 18].

In the last 30 years, most research carried on bacterial meningitis has concen-
trated on the understanding of the interactions of pathogens with the BBB using
in vitro models. However, the mechanism(s) and site(s) by which bacteria cross
the blood—CSF barrier in vivo remain undefined. In this chapter, we will first
describe the different structures that form the barriers between the blood and the
brain, and discuss the different routes that may be used by extracellular bacteria
to invade the subarachnoid space. We will finally address specific aspects of the
meningeal invasion of major extracellular pathogens, focusing on those bacteria
that need to be blood-borne in order to invade the meninges, i.e. E. coli, S. agalac-
tige and N. meningitidis.

5.2
Bacterial Translocation through the Central Nervous System Vasculature

5.2.1
Structural and Functional Heterogeneity of the Blood—CNS Interfaces

History of the ‘Blood—Brain Barrier' The concept of the ‘blood-brain barrier’
results from the original observations of Ehrlich in the late nineteenth century,
and from later observations by Goldman and Lewandowsky who reported that the
brain remained as ‘white as snow’ after intravenous injection of intravital dyes
such as trypan blue [19, 20]. From these experiments, it was proposed that brain
vessels form a specialized interface that controls the exchanges of solutes and cells
between the blood and the brain parenchyma. The concept of the ‘blood—brain
barrier’ corresponds to the different blood—-CNS interfaces that have been described
Figure 5.1A. Anatomical, structural and functional particularities of the brain
vasculature and perivascular cells are of critical importance to assess the potential
sites and mechanisms of entry of bacterial pathogens into the subarachnoidal
space.
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Anatomy of the Blood—Brain Barrier Schematically, the blood flow of the CNS is
predominantly supplied by the internal carotid arteries (70% of the cerebral blood
flow) and by the vertebral arteries. In the skull base, before entering into the CNS,
large arteries cross the meningeal spaces where they anastomose to form the circle
of Willis [21]. Meninges are composed of three connective tissue layers that sur-
round the brain and spinal cord (Figure 5.1A). The outermost membrane, the dura
mater or pachymeninges, is a tough and rigid fibrous connective tissue that is
apposed to the internal side of the skull. The two other layers are called leptome-
ninges. The innermost membrane is the pia mater which is composed of a thin
monolayer of meningeal (suppressed) cells and few collagen fibers that cover the
CNS. The arachnoid lies between the dura and pia mater. It is composed of an
external outer membrane lining the dura mater and arachnoidal trabeculae that
form sheet or fine filiform structures that cross the subarachnoidal space to join
the pia mater. The pia mater and the outer arachnoidal membrane delineate the
subarachnoidal space (SAS) into which the CSF flows. All vessels that circulate
within the SAS are located within arachnoidal trabeculae, and are therefore sepa-
rated from the CSF by a layer of leptomeningeal cells. Branches of CNS arteries
penetrate into the nervous parenchyma within their leptomeningeal cell sheathe
which progressively disappears [22]. When CNS veins exit the parenchyma, they
enter the subpial space either directly or through small fissures where they are
neither ensheathed by glial or leptomeningeal cells (Figure 5.1A). Then they cross
the subarachnoidal space to turn toward the dural sinuses of the dura mater, a
unique structure of the venous drainage system of the brain. It has now been
established that the subpial space does not communicate directly with the sub-
arachnoidal space but that the pia mater which covers the surface of the CNS is
deflected around the veins that enter the subarachnoidal space to form the outer
arachnoidal membrane which coats the meningeal veins (Figure 5.1A). Thus,
the subpial space is both confluent with the parenchymal perivascular venous
Virchow—Robin spaces, and with the perivascular space of the subarachnoidal
veins [23].

5.2.1.1 The Blood-Brain Barrier Sensu Stricto

The role of the blood-brain barrier is to maintain nervous tissue homeostasis and
to protect the CNS from circulating blood-borne insults. CNS capillaries represent
the most important vascular surface contact between the nervous tissue and the
blood. At this anatomical level, the BBB is formed by specialized endothelial cells
via a peculiar organization of the basal lamina and perivascular cells that form a
second line of defense and actively control the permeability of the endothelial
monolayer. CNS capillary endothelial cells have at least two specific major features:
(i) the presence of specialized junctional complexes; and (ii) a sparse pinocytotic
vesicular transport activity that is counterbalanced by highly specialized transport
systems that limit the entry of neuroactive blood-borne molecules [24]. Junctional
complexes are composed of adherent junctions and of multi-stranded Dbelts of
tight or occludens junctions that result in apparent membrane fusion of
adjacent endothelial cells, forming a continuous blood vessel (Figure 5.1B). Tight
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interendothelial junctions exclude the paracellular passage of hydrophilic macro-
molecules or particles between the blood and the CNS and accounts for the high
endothelial electric resistance of CNS capillaries [25-27]. In vitro, the specialization
of tight junctions of CNS capillaries has been shown to be under the control
of paracrine factors such as angiotensin II which is produced by astrocytic cellular
extensions (astrocytic end-feet) that unsheathe CNS capillaries (Figure 5.1B)
[28, 29]. At this level, the basal lamina of both the endothelial cells and astrocytic
processes which are produced by astrocytes and endothelial cells, are in very close
contact and may be fused. For this reason, the blood-brain barrier at the capillary
level is also known as the ‘gliovascular’ or ‘neurovascular’ unit. Astrocytes form
the primitive blood-brain barrier in non-mammalian organisms [30] and form a
second line of defense that separates the nervous parenchyma from the perivas-
cular space [31]. At the periphery of the cortex (Figure 5.1A), astrocyte processes
form the so-called glia limitans. They are involved in the immune surveillance of
the perivascular spaces and use a variety of methods to fulfill this function: they
restrict the entry of T lymphocytes into the nervous tissue by inducing their apop-
tosis [32] and they can be activated via numerous toll-like receptors leading to the

<
<

Figure 5.1 Anatomy and heterogeneity of
the blood-brain barriers. (A) Blood CNS
interfaces. The blood-brain barrier, stricto
sensu, is localized within the brain paren-
chyma. It includes brain capillaries, brain
veins and venules. The blood—CSF barrier
comprises two distinct localizations: the
ventricular (choroid plexus) and the

vinculin which in turn interact with the cellular
actin cytosquelon (F-actin). Perivascular
astrocytic end-feet ensheathe capillary
endothelial cells and control the permeability
of the endothelial barrier. Other perivascular
cells include pericytes, perivascular macro-
phages and microglial cells. Contrary to
observations at the capillary level, astrocytes

meningeal (subpial veins, subarachnoid veins)
blood—CSF interfaces. For a precise descrip-
tion of the meningeal structures, see in text.
(B) The blood-brain barrier. The endothelial
cells of brain capillaries form a continuous
barrier to blood components due to the
presence of intercellular multi-stranded tight
junction complexes that are continuously
deployed around each cell, preventing the
paracellular diffusion of non-lipophilic blood
components. Interendothelial junctional
complexes also comprise adherens junction at
the basolateral endothelial cell membrane.
Tight junctions are formed by transmembrane
proteins such as claudin, occludin and the
junctional adhesion molecule JAM, whereas
VE-cadherin is the main component of
adherens junctions. Their extracellular
domains interact in a homophilic manner,
whereas their intracellular domains are
anchored to cytoplasmic proteins such as
zonula occludens 1, 2 and 3, catenins and

are not in close contact with the endothelial
cells of brain postcapillary venules and veins
and the structure of interendothelial tight
junctions is more leaky that than in the
parenchyma. (C) The blood-CSF barrier.
Subarachnoid veins form the meningeal
blood—CSF barrier. When brain veins enter
the subarachnoid space, they are ensheathed
by leptomeningeal cells that are linked by
adherens junctions. At the surface of the
brain, arachnoid trabeculae fuse with the pia
mater. The subpial space is therefore not
contiguous with the subarachnoidal space. In
contrast to brain arteries that enter the brain
via the leptomeninges, brain veins circulate
free within the subpial space and brain
fissures. Since blood capillaries of the
choroids plexus are fenestrated, the ventricu-
lar blood—CSF barrier is provided by epithelial
secretory cells that delineate the choroids
plexus.
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production of pro-inflammatory mediators in response to diverse stimuli, includ-
ing bacterial ligands [31, 33]. Other perivascular cells including pericytes, perivas-
cular CNS-resident macrophages and microglial cells play an important role in
the immune surveillance of the CNS and probably determine the fate of bacteria
that may have crossed the endothelial interface [34-37]. At the level of CNS
capillaries, the blood-brain barrier is thus a highly specialized structure that is
particularly efficient at preventing the entry of extracellular bacteria into the brain
parenchyma.

Anatomically the intracerebral venous network is part of the blood—brain barrier
(Figure 5.1A). Nevertheless, due to the progressive emergence of the Virchow-
Robin perivascular spaces, CNS post-capillary veins and venules are not as close
to the CNS parenchyma as CNS capillaries (Figure 5.1B). An important point is
that the structure of CNS veins differs strikingly from that of CNS capillaries.
In contrast to CNS capillaries, the venous blood-brain barrier does not completely
prevent the exit of blood tracers into the perivascular space [38-40]. It is not known
whether a paracellular or transcellular diffusion mechanism accounts for this
observation. Electron microscopy studies have shown that the endothelial cells of
CNS post-capillary venules are also interconnected by tight junctions, but that their
organization is not as tight as that of CNS capillaries. A possible explanation is
that astrocytic end-feet require intimate interactions with endothelial cells to
induce a ‘full’ BBB phenotype [29, 31]. As stated above, when capillaries become
venules, endothelial cells of the CNS draining system are progressively separated
from astrocytic end-feet by the Virchow—Robin perivascular spaces. The distance
between endothelial cells and astrocyte processes is even more important when
veins exit the CNS parenchyma in the subpial space (Figure 5.1A,C). These find-
ings highlight the fact that the venous system of the CNS can be considered to be
the Achilles’ heel of the blood-brain barrier and that it is not the presence of tight
junctions but their organization that is specific to the capillary blood-brain barrier.

5.2.1.2 The Blood-CSF Barriers
The CSF is actively produced in the brain ventricles by the choroids plexus (Figure
5.1A). The CSF then drains into the subarachnoidal space and is resorbed into the
blood through the arachnoidal villi of the dura mater venous sinuses, and partly
into the cervical lymphatic system via prolongations of the subarachnoidal space
around the olfactory nerves [41]. The difference in composition between the blood
and the CSF reflects the existence of a blood-CSF barrier which restricts the entry
of blood components into the subarachnoid space in a similar manner to the
blood-brain barrier. Two localizations of the blood—CSF barrier can be distin-
guished: the ventricular and the meningeal blood-CSF barriers (Figure 5.1C).
The choroids plexus (CPs) (Figure 5.1C) are highly vascularized villus structures
localized in brain ventricles. The capillaries and venules of the CPs are naturally
fenestrated and lack tight junctions, allowing a passive diffusion of blood cells and
electrolytes into the CPs’ stroma. The epithelial-like cells that delineate the CPs
actively produce the CSF. These cells are linked to junctional complexes by tight
junctions. They form the ventricular blood—CSF barrier.
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The meningeal blood-CSF barrier is subdivided in two compartments: the
subpial space, which is contiguous with the CNS, and the subarachnoidal space
in which the CSF circulates (Figure 5.1C). As described above for the brain venous
system, inter-endothelial tight junctions of subpial and meningeal veins form a
somewhat more leaky structure compared to that of CNS capillaries [37]. The pia
and arachnoid maters may also act as barriers to limit the spread of infection by
bacteria that may have crossed the endothelial cell barrier. However, leptomenin-
geal cells form a thin monolayer structure that lacks tight junctions and probably
does not provide an adequate barrier to the infectious process. Indeed, patients
who die of purulent meningitis show inflammatory cells both in the subarachnoid
spaces and in the contiguous subpial space suggesting that inflammatory cells
can cross the pia mater [42]. Immune surveillance of the meningeal spaces is
provided by F4/80 positive macrophages and MHC class II phagocytes that adhere
to the pia and arachnoid mater and to the surface of the choroids plexus in the
ventricles [43, 44].

In the newborn, the CSF contains a greater number of leukocytes and proteins
than that in adults (up to 20 versus 5 leukocytes per mm® and up to 1.5 versus
0.18 to 0.58gl™" of protein in newborns and adults respectively) [45-47]. Normal
values are reached between 6 and 12 months of age. Experimental studies
in animals have shown that tight junctions that restricts the paracellular passage
of lipid-insoluble molecules through the blood-CSF barrier are functionally
mature very early in development, suggesting that both proteins and passive
markers are transferred across the blood—CSF barrier via a transcellular route
[48-50]. During systemic inflammation, the blood-CSF barrier in the newborn
might be less efficient at preventing the entry of activated leukocytes into the SAS
than that in children or adults. Indeed, CSF pleocytosis without cultivable bacteria
has been observed in the cerebrospinal fluid of young infants hospitalized for
urinary tract infection [51-53]. An explanation for this observation may be that
the blood—CSF barrier of the newborn has an increased reactivity to circulating
bacterial components or systemic cytokines released during peripheral infectious
processes.

522
The Passage of Extracellular Bacterial Pathogens across the Blood—CSF Barrier

5.2.2.1  Where is the Blood—CSF Barrier Crossed?

Experimental models of blood-borne meningitis initiated by E. coli [54], S. agalac-
tiae [55], H. influenzae [54, 56], S. pneumoniae [9] and more recently N. meningitidis
[57, 58] have been developed mostly to identify the virulence factors involved
in bacterial survival within the blood and their passage across the blood—brain
barrier. Alternatively, in vitro cell culture models using human brain-derived
endothelial cell lines that express tight junctions have played a crucial role in
determining how meningitic bacteria specifically interact with the endothelial
blood-CNS interface [29, 59]. These models have led to the identification of
bacterial adhesins and specific host ligands such as the platelet activating factor
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receptor for S. pneumoniae [60, 61]. However, the precise site and mechanism of
entry of extracellular bacterial pathogens into the CSF is still enigmatic.

As shown from post mortem examination [62], extracellular bacterial pathogens
interact directly with the components of the blood-brain barrier and do not need
a ‘“Trojan horse’ such as leukocytes to cross the BBB. It has been postulated that
bacteria may preferentially use the choroids plexus (CPs) route to cross the blood—
CSF barrier. However, in this case, meningitis should theoretically be associated
with ventriculitis, which is not corroborated by clinical and experimental data.
Because of their proximity to the subarachnoid space and their ‘leaky’ inter-
endothelial structure, post-capillary venules of the subpial and subarachnoid
spaces in the brain are a likely site of entry into the CSF for bacterial pathogens.
Indeed once the bacteria have crossed the endothelial monolayer of these vessels,
they will be only separated from the CSF by a thin monolayer of leptomeningeal
cells. Post-capillary venules of the parenchyma could also be involved since
the Virchow—Robin perivascular spaces are continuous with the subpial space
(Figure 5.1A).

5.2.2.2 How do Extracellular Bacteria Breach the Blood—CSF Barrier?

There are at least four possible strategies for a microorganism to cross a monolayer
of endothelial (or epithelial cells) (Figure 5.2): bacterial adhesion to endothelial
cells followed by (i) transcellular transport by passive or adhesion-induced tran-
scytosis, (ii) paracellular passage through opened tight junctions, or (iii) disruption
of the endothelial barrier due to a direct cytotoxic effect and (iv), leukocyte-facili-
tated transport by infected phagocytes (the Trojan horse mechanism). These routes
are not exclusive as exemplified by virus entry into the CNS which takes place
directly both by interaction with the blood-brain barrier or transportation by
infected phagocytes [63]. As already mentioned, extracellular pathogens probably
do not use leukocytes as vehicles to cross the blood—CSF barrier. A breakdown of
the blood-CNS barrier due to apoptosis or bacterial cytotoxity is unlikely since it
would be associated with lesions leading to hemorrhage in the subarachnoidal
space, which is uncommon during bacterial meningitis. Therefore, the entry of
blood-borne pathogens is unlikely to occur via the rupture of the blood—CNS
barrier [9]. If this is the case then adhesion of bacteria to endothelial cells may
induce intracellular signaling to initiate disruption of intercellular tight junctions
or, alternatively, bacteria may induce their own transcytosis through the cell mon-
olayer. In vitro, transcytosis of bacteria through human brain endothelial cells has
been demonstrated for S. pneumoniae [64], E. coli. [65-67], and S. agalactiae [68],
and through human umbilical vein endothelial cells for H. influenzae [69, 70].
Although N. meningitidis can readily be internalized within vacuoles in human
brain microvascular endothelial cells [71], the route used by the meningococcus
to cross the endothelial cells is still under debate [5].

As stated above, high grade bacteremia is required to induce bacterial meningitis
by extracellular pathogens [72-74]. Although a high bacteremia probably enhances
the opportunity for a pathogen to adhere to and cross the blood—CSF barrier, this
observation may also suggest that activation of endothelial cells by circulating
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Figure 5.2 Possible mechanism of traversal
by which extracellular blood-borne bacteria
cross the blood—CSF barrier. Bacteria
circulating in the bloodstream can either
directly interact with endothelial cells (A) or
cross the vessel within infected phagocytes:
the Trojan horse mechanism (B). The latter
hypothesis is doubtful for extracellular
bacteria which are capsulated and resist
phagocytosis. The first step of bacterial direct
interaction with endothelial cells is adhesion.
Bacteria can then induce their own transcyto-
sis within vacuoles, a mechanism that is

suspected for H. influenzae, S. pneumoniae, E.

coli and S. agalactiae. Alternatively, adhering
bacteria may induce a signaling cascade and
weaken the interendothelial junctional
complexes, thus opening a paracellular route
to bacteria which multiply at the luminal face

of the endothelial cell. Bacterial adhesion may
also lead to endothelial cell death, either by
direct cytotoxicity or induced apoptosis. The
activation of innate immunity that is triggered
by the invading pathogens at the onset of
systemic infections could also favor bacterial
adhesion and traversal of the blood—CSF
barrier by increasing the expression of
membrane ligands to bacterial adhesins

on endothelial cells, or by increasing the
permeability of the vascular barrier. Activation
of endothelial cells could occur either directly
by circulating bacterial molecules or indirectly
via the synthesis of pro-inflammatory
cytokines released into the blood or produced
by perivascular cells such as astrocytes,
perivascular macrophages or microglial cells.
It should not be assumed that these putative
mechanisms are exclusive.

bacterial compounds or cytokines released in response to the systemic infection
may promote bacterial entry into the CSF (Figure 5.2). An emerging concept is
that the innate immune response induced during bacteremia, although notleading
to septic shock, may unfortunately favor bacterial meningitis by increasing the
permeability of the blood—-CNS barrier to meningitic bacteria. Various bacterial
components can rapidly activate the cellular components of the innate immune
system after their entry into the body. Experimental models of hematogenous
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meningitis and bacteremia have shown that in spite of the diversity of the signal-
ing pathways induced by meningitic bacteria, the early inflammatory response is
somewhat similar [75-77], particularly involving tumor necrosis factor alpha
(TNFa), interleukin-1B (IL1-B) and IL6 which are also key mediators of septic
shock [78]. Interestingly, the peak of early pro-inflammatory cytokines corresponds
experimentally to the peak of bacteremia and to the onset of bacterial invasion of
the meningeal spaces.

Evidence that severe bacterial infections can alter the permeability of the blood—
brain barrier without brain infection was first demonstrated clinically in the septic
encephalopathy syndrome. Although the etiology of this syndrome is unclear, it
involves cerebral edema and disruption of the blood-brain barrier that may arise
from the action of circulating bacterial products or pro-inflammatory cytokines
[79, 80]. TNFo. reversibly increases the transcellular permeability of brain micro-
vascular endothelial cells [81] and has been shown to be one of the key mediator
of this disease in an experimental model of LPS-induced septic encephalopathy
[82]. Invitro, TNFa induces the expression of the G-protein-coupled platelet activat-
ing factor (PAF) receptor that is required for the efficient adhesion to and passage
across human brain endothelial cells by S. pneumoniae [61]. Microvascular brain
endothelial cells can also release TNFo. upon stimulation by cell wall components
of S. pneumoniae and can thus be activated with via an autocrine loop [83]. Many
humoral compounds such as cytokines, bacterial compounds [72] or other humoral
factors such as histamine, reviewed elsewhere, [84, 85] can activate endothelial
cells and increase BBB permeability. This may occur either by direct activation of
endothelial cells as stated above or via the activation of CNS perivascular cells.
Indeed, there is increasing evidence to suggest that endothelial cells can transmit
blood danger signals to the brain either by transcytosis of circulating pro-inflam-
matory compounds or indirectly by their own activation which in turn induces the
release of a downstream mediator such as prostaglandin E2 into the perivascular
space [86—89]). Finally, brain perivascular cells, including perivascular macro-
phages, microglial cells and astrocytes in the brain parenchyma express toll-like
receptors and can produce various cytokines and chemokines, thus in turn activat-
ing the endothelial cells and altering the permeability of the vessel [90-94].

Recently, an elegant demonstration of the role of pro-inflammatory cytokines in
the entry of microorganisms into the CNS has been reported using West Nile virus
encephalitis as the experimental model[95]. In this study, the authors showed that,
although toll-like receptor 3 (TLR3, a ligand of double-stranded RNA) was required
to control systemic infection, TLR3-deficient mice were more resistant to lethal
West Nile virus infection and showed lower neuropathology in comparison to
wild-type mice. TLR3 signaling particularly induced the synthesis of TNFa., IL1
and interferon B, and the peak of TNFo. corresponded to the time of entry of the
virus into the CNS. Focusing on TNFa signaling, the authors demonstrated that
TNFa receptor 1 was involved in the disruption of the blood-brain barrier upon
TLR3 stimulation by double-stranded RNA. In vitro, TNFa signaling has also been
implicated in the entry of HIV-1 into both endothelial and trophoblastic cells in
the brain [96, 97].
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5.3
Neonatal Meningitis

The World Health Organization lists meningitis among the five leading causes of
neonatal infections worldwide. Each year, in developing countries, about 50000
newborns die of meningitis (mortality rate 40%), representing about 1% of all
causes of neonatal mortality [98]. In industrialized countries the incidence of
neonatal bacterial meningitis is between 0.2 and 0.4 per 1000 live births [99-103],
with an estimated mortality rate of 15 to 30% [101, 102, 104] which rises to nearly
40% in premature infants. In fact, group B streptococci (GBS) and Escherichia coli
account for 70 to 80% neonatal bacterial meningitis cases in industrialized coun-
tries [105]. E. coli is currently the second cause of neonatal meningitis, behind
GBS, however in the subpopulation of premature infants, E. coli is the leading
pathogen [106]. In developing countries, GBS meningitis is far less frequent than
meningitis caused by Enterobacteriaceae [98)].

5.3.1
Escherichia coli Meningitis

Most cases of E. coli meningitis occur during the first months of life and adult
cases are exceptional. The vast majority of these infections occur during the neo-
natal period (<28 days), and only 10 to 20% of cases of E. coli neonatal meningitis
occur between 1 and 3 months of age [104, 107]. The sequence of events leading
to meningitis is as follows. Following acquisition from the mother’s flora or from
the environment, pathogens colonize the infant intestinal tract. The development
of meningitis then comprises three main steps. The first step is bacterial transloca-
tion to the bloodstream, usually originating from the intestinal lumen [108, 109].
Alternatively, in up to 20% of E. coli neonatal meningitis cases, the port-of-entry
is a urinary tract infection [107]. The second step is a sustained high-level bacter-
emia due to intravascular survival and multiplication of the organism [74, 108,
110]. The third step is characterized by the passage of bacteria through the blood—
CSF barrier and invasion of the arachnoidal space. As mentioned above, this last
step is associated with critical blood bacterial density thresholds. Experimental
and clinical studies have shown that bacteremia below or equal to 10*CFU/ml
leads to meningitis in 10% of cases, while bacteremia above 10°CFU/ml leads to
meningitis in at least 80% of cases [110, 111].

5.3.1.1 E. coli Strains Causing Neonatal Meningitis (ECNM) Are Oligoclonal

E. coli species has a clonal structure and is organized into four main phylogenetic
groups designated A, B1, B2 and D [112]. Extra-intestinal pathogenic E. coli (ExPEC)
have an oligoclonal distribution and mainly belong to group B2 and D. Serotyping
of E. coli neonatal meningitis strains during the 1970s and 1980s suggested a
strong oligoclonality among ECNM, as nearly 90% of the strains had the capsular
serotype K1 which was associated with antigens 018 and O7 in 50% of cases [113,
114]. In addition to these historical clones 018:K1:H7 and O7:K1, new serotypes
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have recently emerged such as 083:K1 in Netherlands and 045:K1:H7 in France
[115, 116]. A recent molecular epidemiological investigation using multi-locus
sequence typing (MLST) has definitively demonstrated that ECNM strains have
the most marked oligoclonal structure among ExPEC strains [117]. Of the 186
ECNM strains isolated in Europe and North America 86% were found to be
present in only seven of the hundreds of sequence type complexes (STc) stored in
the E. coli MLST database (http://www.shigatox.net). More spectacularly, 50% of
isolates belonged to only one STc of the B2 group (STc29), and this STc encom-
passed O18:K1 and O45:K1 strains [117]. The combination of STc and the sero-
group designated ‘Sequence-O-type’ allowed a more precise definition of the seven
major clonal subgroups which cause neonatal meningitis: STc700-O1 (n = 10),
STc301-07 (n = 13), STc304-016 (n = 12), STc697-083 (n = 11), STc29-O1 (n = 8),
STc29-018 (n = 48) and STc29-045 (n = 39). These molecular epidemiological
studies demonstrated that ECNM strains belong to a few clonal complexes that
have acquired the ability to invade the subarachnoidal space in infants.

5.3.1.2 The Specific Virulence Determinants of ECNM Strains

The search for genetic determinants involved in each step of the pathogenesis of
ECMN has been facilitated by several in vivo and in vitro models [118-120]. Using
these models several strategies have been implemented such as transposon muta-
genesis [121], representational difference analysis [122], signature tagged muta-
genesis [123-125], differential fluorescence induction [126], in silico comparative
genomic analysis [127] and finally genome sequencing [128, 129]. Among the viru-
lence determinants identified, some of them belong to the core genome and are
therefore present in almost all E. coli. We will concentrate on these specific viru-
lence genes, i.e. genes not found in the core genome, which have been incrimi-
nated in ECNM pathogenesis.

Although some genetic determinants of the E. coli strains that colonize the
gastrointestinal tract have been identified [125], the molecular mechanisms
involved in the intestinal translocation step remain largely undefined. Recently
Fagan et al. characterized a protein named Hek that promotes adhesion to and
invasion of gastrointestinal cells [130]. However, this gene is present in only 10%
of ECNM strains [115].

In the clonal group 0O18:K1:H?7, four specific determinants have been recognized
to contribute to the high level of bacteremia during neonatal meningitis. (i) The
K1 capsule may be considered as one of the most important. This capsule is
present in up to 80 to 90% of ECNM strains and in only 30% of strains isolated
from the stools of healthy patients. The K1 antigen is composed of a homopolymer
of 02-8 acetyl neuraminic acid (sialic acid), which is identical to that of serogroup
B Neisseria meningitis. The major role of the capsule is to allow intravascular mul-
tiplication and survival of the bacteria. Kim et al. have shown that the level of
bacteremia falls dramatically in the presence of an uncapsulated mutant compared
to that which occurs in the presence of the wild type parental strain [110]. Two
main properties of the polysialic acid may explain why the K1 capsule is crucial
to the virulence of ECNM strains. This antigen is recognized as a self-antigen,
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since it is a physiological component of the neuronal fetal N-CAM [131], therefore
in the absence of specific antibodies there is no activation of the classical comple-
ment pathway by the K1 antigen. Moreover K1 has a high affinity for the H factor,
a strong inhibitor of the C3 convertase and may subsequently block the alternate
complement pathway [132]. The 018 lipopolysaccharide is also considered to be a
protectin, blocking the activation of the complement via the antibody-independent
classical pathway [133]. (ii) Other specific traits of ECNM strains are the iron
uptake systems. The siderophore salmochelin is present in two-thirds of ECNM
strains. Other siderophores such as yersiniabactin or aerobactin are present in 100
and 86% of ECNM strains, respectively [115]. However salmochelin remains the
sole iron chelation system known to play a role during the bacteremic step of
meningitis [129, 134]. (iii) A pathogenicity island (PAI) initially described in the
representative strain C5 (O18:K1:H7), and named PAI I¢s [111] is also specific to
ECNM. This PAI, ~100kb long, resembles the PAI 11}y, of the uropathogenic strain
J96 [135], harboring several putative virulence factors including the P fimbriae,
hemolysin, cytotoxic necrotizing factor-1 (CNF-1) and the invasin Hek cited above.
Although hemolysin probably plays a role in the virulence of PAI I, the exact
mechanism by which this ectochromosomal DNA is involved in the highly-
sustained bacteremia remains unknown. This PAI is present in only 10% of the
European O18:K1:H7 strains and is only exceptionally found among other clonal
groups. (iv) Recently a new major genetic determinant, a plasmid of 133kbp,
responsible for the high level of bacteremia, has been identified and sequenced in
S88, a representative strain of the O45:K1:H7 clonal group (www.genoscope.cns.
fr). Interestingly, this plasmid is present not only in all the 045:K1:H7 strains but
also in most of the O18:K1:H7 strains devoid of a PAI similar to PAI I¢s and
therefore may lead to the identification of new virulence factors.

The availability of in vitro BBB models composed of human brain microvascular
endothelial cellss (HBMEC) has led to the identification of factors involved in the
transcytosis of E. coli. Two major factors play a crucial role in the initial interaction
with the host cells and are encoded by genes present in most commensal E. coli
isolates. These includes the type 1 fimbriae with the FimH adhesin which recog-
nizes mannose residues [136] and the Outer Membrane Protein A, OmpA, which
binds through N-glucosamine epitopes of gp96 [137]. The invasion of HBMEC
occurs via a zipper like-mechanism and E. coli are found internalized within
membrane-bound vacuoles in HBMEC examined using transmission electron
microscopy [138]. Several specific virulence factors that are involved in this step
of the interaction between bacteria and their host receptors have been identified
and include invasin IbeA and a 45-kDa protein [63] or the CNF-1 and the 37-kDa
laminin receptor precursor [139]. Once internalized, the K1 capsule has been
shown to be essential for intracellular survival. The mechanism by which the K1
capsule modulates the maturation process of E. coli Kl-containing vacuoles in
HBMEC remains to be elucidated [140].

Although E. coli is the main Gram negative pathogen responsible for bacteremia
in adults, E. coli meningitis is unusual in adult patients. This puzzling paradox
is not explained by differences in the structure and/or anatomy of the brain
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vasculature between neonates and adults [67]. A likely explanation for this appar-
ent paradox is the level of bacteremia which is much higher in neonates than in
adults. Indeed quantitative blood cultures in adults have shown that bacteremia
never exceeds 1 to 10bacteria/ ml and therefore does not reach the threshold level
of 10° to 10*bacteria/ml, a sine qua non condition for meningeal invasion by E.
coli. The functional immaturity of the neonatal immune system is likely to be
responsible for the ability of these extracellular pathogens to multiply in the blood-
stream. Complement levels and activity are significantly reduced in neonates
compared to the levels in adults and C8 and C9 are the most markedly reduced
complement components [141]. Lassiter et al. convincingly showed that adminis-
tration of complement component C9 enhances the survival of neonatal rats
infected with E. coli [142]. In addition, other components of innate immunity are
deficient in neonates, such as the bactericidal/permeability-increasing protein in
the polymorphonuclear neutrophils [143], and the expression of toll-like receptor
4 and cytokines in response to lipopolysaccharide stimulation [144].

5.3.2
Meningitis Due to Group B Streptococcus (GBS)

Group B streptococcus (Streptococcus agalactiae) is a Gram-positive encapsulated
bacterium and a physiological constituent of the intestinal flora in humans. It is
also present in the vaginal flora of 30% of healthy women. However, it is a deadly
pathogen in neonates for whom it is the leading cause of pneumonia, septicemia,
and meningitis. Meningitis can lead to significant morbidity, 25-50% of surviving
infants suffer neurological sequelae of varying severity, including cerebral palsy,
mental retardation, deafness, or seizures [145]. In neonates, there are two types of
GBS disease: the early onset disease (EOD) defined as occurring within the first
week of life and the late onset disease (LOD) which occurs after the first week of
life. EOD GBS infection often develops in term neonates with no defined risk
factors other than colonization. However, premature onset of labor and chorioam-
nionitis are proven risk factors for EOD GBS infections [145].

In the case of EOD, bacterial contamination occurs either in utero through the
placental membranes or during parturition by inhalation of GBS-contaminated
vaginal or amniotic fluid. The risk of being colonized by the vertical route corre-
lates directly with the intensity of the colonization (inoculum size). As a conse-
quence, pneumonia can develop and the bacteria can disseminate into the
bloodstream and invade the subarachnoid space. In the case of LOD, meningitis
is the most frequent clinical manifestation (>50% of the cases), however, the
mechanisms by which newborns are contaminated is unclear.

5.3.2.1 GBS Strains Responsible for Neonatal Meningitis Are Oligoclonal

A substantial proportion of EOD and the majority of LOD have been correlated
worldwide with one of the 10 known capsular serotypes, serotype III [146-150].
Serotype III contains a limited number of clonal complexes, defined by MultiLocus
Sequence Typing (MLST), among which ST-17 is overrepresented. Indeed, the
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ST-17 clone accounts for the vast majority of neonatal invasive diseases and for
almost all cases of GBS meningitis and was therefore designated as the ‘hyper-
virulent clone’ [146, 147, 151]. This overrepresentation of ST-17 among invasive
neonatal strains is now well recognized worldwide and highlights the fact that this
clone is well adapted to neonate pathogenesis and may possesses specific virulence
traits that enhance its invasiveness in children of this age.

5.3.2.2 The Specific Virulence Determinants of GBS Strains

Responsible for Meningitis

Studies in humans and animals have shown that a high bacteremia is required
for the development of meningitis, as observed for almost all extracellular patho-
gens responsible for meningitis [152]. However, the precise mechanism(s) whereby
GBS leave the bloodstream and gains access to CNS remains to be determined.

The development of GBS meningitis implies that once in the bloodstream,
bacteria survive and multiply by overriding host phagocytic cells including poly-
morphonuclear neutrophils and macrophages. GBS then adheres to microvessels
in the brain, and invades and/or transcytoses them to reach the CNS. In vitro
studies demonstrated that GBS efficiently invaded hBMECs and survived intracel-
lularly [68]. Transmission electron microscopy showed that GBS adheres tightly
to the cell surface and can be internalized within a membrane-bound endocytic
vacuole [68]. Although the role of several virulence factors in the GBS infectious
process has been described, only a few determinants have been proven to impact
directly or indirectly on the pathogenesis of meningitis [145, 153]. Among these
virulence determinants, the surface capsular polysaccharide (CPS) has been
studied in greatest detail. Almost all GBS involved in human diseases are encap-
sulated. The serotype-specific epitopes of each polysaccharide are created by
various arrangements of four sugars (glucose, galactose, N-acetylglucosamine and
sialic acid) into a single repeat unit. The presence of a sialic acid (Neu5Ac) bound
to galactose in an alpha2—3 linkage is a constant feature of the Group B strepto-
coccal capsular polysaccharides. This GBS terminal alpha2—3 Neu5Ac capsular
component is identical to a sugar epitope widely displayed on the surface of mam-
malian cells [154]. The main role of CPS is to protect GBS by avoiding opsonophago-
cytosis. Isogenic uncapsulated mutants are more susceptible to killing by human
neutrophils and exhibit a 100-fold increase in LD50 values as compared to the wild
type strain in a neonatal rat model [155]. CPS and in particular the sialic acid resi-
dues, inhibit the alternative complement pathway by blocking binding of C3 to the
organism and promoting inactivation of C3b. Several animal models provided
evidence that GBS CPS protects the organism against phagocytic clearance during
both the initial pulmonary phase and the later bacteremic phase of EOD.

The GBS B-hemolysin/cytolysin (B-h/c), encoded by the cyl locus, is a pore-
forming toxin which is present in most human GBS strains. At this locus, cylE,
encodes a 79-kDa putative protein that confers hemolysin—cytolysin expression on
GBS which shares no homology with streptolysin S or other bacterial hemolysins
identified so far [156]. Another unique feature displayed by GBS B-h/c is that it is
linked to the production of an orange pigment, recently identified as granadaene
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[157]. GBS B-h/c has not only been implicated in lung epithelial cell injury but
also in brain microvascular cell injury. GBS B-h/c mutants show decreased BBB
penetration and decreased lethality from meningitis in a mouse model of infection
[158].

Other virulence factors have been directly implicated in the disease process of
meningitis. As GBS adhesion and invasion of hBMECs constitutes a crucial step
in the pathogenesis of neonatal meningitis, various surface components have
recently been reported to interact and impact on the process of passage across the
BBB. A mutant of iagA, a gene encoding a glycosyltranferase involved in the
appropriate cell-surface anchoring of lipotechoic acid, exhibited decreased adhe-
sion and invasion of hBMECs and did not produce meningitis in mice [55]. A likely
explanation suggested that loss of the cell membrane glycolipid anchor LTA
(DGIcDAG) removed a potential ‘invasin’ from the GBS surface. In vitro experi-
ments demonstrated that FbsA, a fibrinogen-binding protein and Lmb, a lamin-
binding protein, promoted adhesion and invasion to hBMECs [159, 160]. Cell
surface-expressed filamentous appendages known as pili have recently been identi-
fied in streptococcal pathogens that cause invasive infections in humans, including
GBS [161-163]. Pili are often involved in bacterial adherence to host cells and
tissues during colonization. The analysis of multiple GBS genomes has revealed
the presence of specific genetic islands that contain the necessary components for
pilus formation [161, 162]. In all cases that have been described so far, the genes
that encode the pilus proteins are clustered at the same genetic locus, transcribed
in the same direction, and likely part of an operon. The pilus operon codes for cell
wall-anchored LPXTG proteins and class C sortases which are required for pilus
assembly [161, 162]. Recent studies strongly suggest that GBS pili in strain
NEM316 are composed of three precursors LPXTG proteins: Gbs1477 (PilB), the
bona fide pilin which is the major pilus component; Gbs1474 (PilC), a minor pilus-
associated component that may anchor the pilus to the cell wall, and Gbs1478
(PilA), the pilus-associated adhesin [161]. However, the exact mechanism by which
these structures facilitate adhesion and invasion as well as their putative cellular
host ligand remains to be determined [164].

54
Cerebrospinal Meningitis

Neisseria meningitidis is the etiological agent of cerebrospinal meningitis, which
occurs mostly frequently in children under 1 year of age and in young adults. This
disease is still responsible for over 30000 deaths worldwide annually [1]. Paradoxi-
cally Neisseria meningitidis is a frequent asymptomatic colonizer of the human
nasopharynx, and only a very small proportion of infections proceed to sustained
bacteremia and thence to meningitis or septicemia. The reasons why disease
occurs in some individuals and not in others remain unclear, but human factors
are likely to be important in determining the outcome of infection. The most
important factors predisposing individuals to disease are the absence of bacteri-
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cidal antibodies and dysfunction of the complement system. Some polymorphisms
of the TLR4 receptor have also been associated with meningococcal disease. In
addition, not all meningococci are associated with the same pathogenic potential.
Indeed, the analysis of results from multilocus sequence typing (MLST) has dem-
onstrated the existence of distinct phylogenetic groupings (clonal complexes),
some of which are consistently more likely to be isolated from patients than are
others. These are the so-called hyper-virulent or hyperinvasive lineages. The pres-
ence of a prophage in strains belonging to hyperinvasive lineages has recently been
shown to be responsible for their high level of invasiveness[165]. In addition, there
is a clear association between the presence of this prophage and virulence in young
adults but not in children under the age of 2 years. This element which is inserted
into the chromosome can be induced to produce a filamentous phage. Experi-
ments attempting to identify the phenotype encoded by the phage that is respon-
sible for hyperinvasiveness have not been conclusive. Indeed deletion of the entire
prophage did not have any effect in laboratory models of meningococcal patho-
genesis. Several observations suggest that this prophage is associated with genomic
rearrangements. These modifications may be associated with an increased fitness
of the bacteria for dissemination in the bloodstream.

Pathology is initiated when the bacteria reach the bloodstream. Very surpris-
ingly, in some patients bacteria are cleared from the bloodstream and the only
symptom is a febrile flu-like syndrome. When bacteria are not cleared from the
blood, two main manifestations may occur. The first is a fulminant septicemia
that has a mortality rate that varies between 20 and 30%. This disease is character-
ized by rapidly evolving septic shock and disseminated intravascular coagulation.
Skin hemorrhages (purpura fulminans) and a large number of replicating bacteria
in the organs are the hallmark of this form of disease. Although bacteria cross the
blood-CSF barrier during the course of fulminant septicemia, the manifestation
of inflammation does not occur during this brief time period. The second more
classical event following invasion of the bloodstream by N. meningitidis is the
passage of bacteria across the BBB and the initiation of non-specific inflammation
in the subarachnoidal space. As already mentioned, it has been estimated that 63%
of cases of bacteremia due to N. meningitidis are associated with meningitis,
whereas only 9% of cases of pneumococcal bacteremia are associated with menin-
geal invasion. This high specificity is a consequence of both the adaptation of
bacterial growth to human extracellular fluid and the tight associations created
between the bacterial cells and the endothelial cells of the capillaries.

As for neonatal meningitis it is believed that the level of bacteremia is directly
correlated with meningeal invasion. The bacterial attributes involved in their
growth and/or survival in extracellular fluids therefore play an essential role in
meningeal invasion by N. meningitidis. Some of these virulence factors are common
to most extracellular pathogens and are capable of preventing killing by the effec-
tors of the innate immune systems such as polymorphonuclear neutrophils and
complement. These attributes are the polysaccharidic capsule, the lipooligosac-
charide, and the iron chelation systems and have been the subject of numerous
reviews. Recently a new virulence factor has been identified, the factor-H binding
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protein (fHBP) [166]. The latter is a 28-kDa surface-exposed lipoprotein that binds
factor H, a key inhibitor of the complement alternative pathway. This protein is
expressed by all N. meningitidis strains studied to date, however the level of expres-
sion varies between strains (high, intermediate, or low expressers). Antibodies
against fHBP are bactericidal and this protein is one of the best vaccine candidates
[167]. Bacteremia is believed to result from meningeal invasion by directly increas-
ing the likelihood of interaction between the bacteria and components of the BBB.
However, it should be pointed out that the role of the innate immune effectors in
the breach of the BBB remains unknown.

Very few septicemic extracellular bacterial pathogens have the ability to form
such tight interactions with the endothelial cells as N. meningitidis. Indeed, post
mortem examination of a case of fulminant meningococcemia clearly demon-
strated that N. meningitidis freely interact as extracellular pathogen with the
endothelial cells of the skin, kidney, spleen, lever and brain [62, 168]. The interac-
tion of N. meningitidis with the vessels of the brain parenchyma plays an important
role in the invasion of the meninges. More generally, the widespread adhesion of
N. meningitidis to vessel walls throughout the body may be responsible for the loss
of integrity of the vessels seen in fulminant meningococcemia and for the extrava-
sation of red blood cells responsible for the petechies in less severe cases.

Blood flow generates mechanical forces that may vary depending on the type of
vessels and that could prevent bacterial interaction with the endothelial cells. The
ability of N. meningitidis to bind to endothelial cells in the presence of a flow of liquid
mimicking the bloodstream was recently investigated [62]. These data revealed an
adhesion mechanism and the results showed that after the initial attachment
process the bacteria were able to resist high blood velocities, multiply, and form
microcolonies. This resistance to shear stress and the ability to grow onto the
endothelial cells during blood flow underline the efficiency of the interaction
between N. meningitidis and the host cells. In all cases, N. meningitidis has developed
very efficient mechanisms to ensure effective and secure binding to the endothelial
cells. Furthermore, following this interaction, the bacterium generates a signal to
facilitate its passage across the endothelial monolayer leading to meningeal inva-
sion. Both events i.e. adhesion and signaling are promoted by the type IV pili.

5.4.1
Meningococcal Attributes that Allow Blood-borne Bacteria to Interact
with Endothelial Cells

Various bacterial attributes which facilitate the interaction of N. meningitidis with
human cells have been described. These are type IV pili and other attributes such
as Opa proteins, Opc and more recently the secreted component of a two-partner
secretion system. However in capsulated bacteria only type IV pili promote bacte-
rial adhesion since non-piliated capsulated bacteria are unable to adhere to any
type of cell. Early work undertaken with piliated capsulated meningococci has
shown that meningococcal interaction with human cells can be divided into two
steps. The first is the adhesion of single diplococci, in a rather inefficient process.
The second step is bacterial division onto the apical surface of the cells. Therefore
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the high number of bacteria that interact with cells is a consequence of the division
of the few meningococci which initially succeeded in adhering to the host cells.
The type IV pili are required for these two steps because they first promote the
initial interaction of diplococci with the endothelial cells and they then generate
bacterial interactions thus leading to the spread of the bacteria over the cell surface.

Type IV pili are polymeric filaments found on many Gram-negative bacteria.
These structures correspond to a multimer of a pilin subunit protein encoded by
the pilE gene. The pilin subunit (PilE) is synthesized as a pre-protein, and is pro-
duced by cleavage of an N-terminal sequence from prepilin by a prepilin peptidase
PilD [169]. Fully functional Tfp are dynamic structures. Pilin subunits are constantly
being assembled into fibers from a plate-form in the inner membrane. The fiber is
then extruded through the outer membrane. A major characteristic of Tfp is their
ability to retract. Retraction is a consequence of the disassembly of pilin subunits
that are then stored in the cytoplasmic membrane. A summary of the various bacte-
rial components necessary for pilus biogenesis is shown in Figure 5.3.
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The nature of the components of the Tfp that interact with eukaryotic cells
remains uncertain. Initial studies suggested that the PilC1 protein was the adhesin.
This hypothesis relied mostly on the fact that PilC1 was required for pili to become
adhesive. Since then a similar phenotype has been observed for numerous other
pili components (see Figure 5.3), and the nature of the bacterial components that
bind to host cells remain unknown. On the other hand, adhesiveness has been
correlated with the ability to establish bacteria—bacteria interactions. These interac-
tions are required to allow the initial adhering bacteria to grow as a colony on the
apical surface of the cells. Some variants of pilin are associated with hyperadhe-
siveness whereas others are responsible for a low adhesive phenotype. Strong
adhesiveness has been correlated with the ability of pilin to form bundles that
connect bacteria together. A second component promoting bacteria—bacteria inter-
actions is PilX, a minor component of the fiber that is assembled within the fiber
in a similar manner to pilin. Recent data support a model in which surface-exposed
motifs of PilX stabilize bacteria—bacteria interactions via homotypic interactions
between PilX molecules from pili of different bacterial cells [170, 171]

The proposed host cell receptor for the type IV pili of N. meningitidis and the
closely related pathogen N. gonorrhoeae, is CD46 or membrane cofactor protein
(MCP) [172]. Mice expressing human CD46 were more susceptible to systemic
challenge by N. meningitidis than were control animals, although this was inde-
pendent of the piliation status of the infecting bacterium [173]. However, recent
data support the notion that pilus-mediated infection occurs in a CD46-independ-
ent manner. Indeed, a specific down-regulation of CD46 expression in human
epithelial cell lines by RNA interference did not alter the binding efficiency of pili-
ated gonococci [174]. These data therefore call into question the function of CD46
as an essential pilus receptor for pathogenic Neisseriae and therefore suggest that
there is another, as yet undefined, pilus receptor.

5.4.2
Signaling Triggered by N. meningitidis that Leads to the Extravasation of Bacteria
through the Brain Vessels

As mentioned above, after their initial attachment to host cells, encapsulated
meningococci proliferate, forming a local colony at their site of attachment on the
cell surface. The formation of these colonies is driven by bacteria—bacteria interac-
tion mediated by the pili. When adhering to the apical membrane of epithelial
cells, N. meningitidis induces the local elongation of microvilli towards the bacteria,
leading to their engulfment and internalization of a small proportion of adhering
bacteria [175, 176]. Adhesion of N. meningitidis to endothelial cells promotes the
local formation of membrane protrusions reminiscent of epithelial microvilli
structures that surround bacteria and initiate their internalization within intra-
cellular vacuoles [177]. Interestingly, the formation of such protrusions was
also observed ex vivo by transmission electron microscopy analysis of brain sec-
tions from a child who died from fulminant meningitis [5]. These observations
strongly suggest that such morphological modifications of the host cell membrane
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cells by Neisseria meningitidis induces the in red). (B) Schematic representation of the
formation of cortical plaques beneath signaling pathways triggered by N. meningi-
bacterial colonies. (A) Immunofluorescence tidis leading to the formation of the cortical
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lial cells infected for 3h with N. meningitidis

may be essential for the passage of N. meningitidis across the human vascular
endothelium.

The formation of membrane protrusions by encapsulated N. meningitidis origi-
nates from the organization of specific molecular complexes beneath the bacterial
colonies referred to as cortical plaques (Figure 5.4). Cortical plaques result from
the recruitment of the molecular linkers ezrin and moesin which cluster together
several integral membrane proteins such as CD44 or ICAM-1 [177-179]. Ezrin and
moesin control the organization of the cortical cytoskeleton by acting as linkers
between the plasma membrane and the actin cytoskeleton. ERM proteins interact
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via their amino-terminal domain with the cytoplasmic domain of transmembrane
proteins (so-called ERM binding proteins), such as CD44 or ICAM-1, and with
F-actin via their carboxy-terminal domain. The role of these molecules in N.
meningitidis-induced cytoskeletal modifications has been demonstrated [177].

Like other pathogenic bacteria, N. meningitidis requires the participation of the
actin cytoskeleton in order to penetrate non-phagocytic host cells. Cortical actin
polymerization induced by N. meningitidis relies on the activation of both Rho and
Cdc42 Rho GTPases, along with the activation of a PI3-K/Rac1GTPase signaling
pathway involved in cortactin recruitment at the bacterial entry site [177, 180].
Cortactin is an actin binding protein involved in the reorganization of the cortical
actin cytoskeleton. The recruitment and phosphorylation of cortactin at the N.
meningitidis entry site is required for the formation of the actin-rich cell projections
which promote efficient bacterial uptake, since the inhibition of either cortactin
translocation or phosphorylation leads to structurally altered cortical actin polym-
erization [180]. Interestingly, tyrosine phosphorylation of cortactin induced by N.
meningitidis results from the clustering and activation of the host cell tyrosine
kinase receptor ErbB2 and the downstream activation of the kinase src [181]. ExbB2
belongs to the family of epidermal growth factor (EGF) receptors and the interac-
tion of N. meningitidis with human endothelial cells leads to the activation of
ErbB2, most likely via formation of ErbB2 homodimers.

The above signaling is observed only with piliated bacteria, thus demonstrating
that pili are required for these rearrangements to occur. Furthermore this signal-
ing is greatly enhanced when mechanical force is exerted on the host cell mem-
brane. The force exerted by pilus retraction is thought to be the motive force that
induces elongation of microvilli [182]. It is interesting to note that the signaling
pathways promoted by N. meningitides and summarized in Figure 5.4, are similar
to those induced by leukocyte adhesion to endothelial cells. Leukocyte adhesion
promotes the remodeling of the apical endothelial plasma membrane into projec-
tions that surround adherent leukocytes [183-185]. These structures, referred to
as ‘endothelial docking structures’ or ‘transmigratory cups’, are essential to
promote firm adhesion and extravasation of leukocytes through paracellular as
well as transcellular routes. These docking structures result from the dynamic
redistribution of ICAM-1, VCAM-1 and CD44 at the endothelial-leukocyte contact
area, accompanied by the recruitment of activated ERM proteins and by polymeri-
zation of cortical actin. Therefore, the same set of endothelial proteins is present
in the membrane protrusions induced by N. meningitidis and in the docking struc-
tures promoted by leukocyte adhesion. In addition, by inducing the massive
recruitment of ezrin and moesin together with ICAM-1, ICAM-2, VCAM-1, CD44,
N. meningitidis colonies on the endothelial surface prevent their accumulation at
leukocyte/endothelial cell contact areas and the formation of docking structures
[186]. These data strongly suggest that when adhering to endothelial cells, N.
meningitidis hijacks the cellular machinery normally used for leukocyte trans-
endothelial migration to promote the formation of the cortical plaque.

The mechanism by which the bacteria cross the brain vessels following the
formation of the cortical plaque is not well understood. Two different routes are
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possible, the first is transcytosis followed by exocytosis at the basolateral surface.
In favor of this hypothesis is the fact that a small proportion of the bacteria are
internalized and data that have been obtained in vitro using a monolayer of epi-
thelial cells forming tight junctions which show that the bacteria can cross such
a monolayer without destroying the intercellular junctions. However, epithelial
cells may not behave like endothelial cells and it cannot be excluded that in brain
endothelial cells the formation of the cortical plaque induces the delocalization of
intercellular junction proteins and the subsequent opening of the paracellular
route.

Recent exciting findings have considerably expanded our understanding of the
cellular events involved in N. meningitidis invasion processes, underlining the
complex sequence of signaling events induced by N. meningitidis to elicit its uptake
into non-phagocytic cells. However, in spite of recent advances in our understand-
ing of these molecular mechanisms, much remains to be discovered about the
complex molecular networks involved. Among the major issues is the identifica-
tion of the receptor for meningococcal pili, which would constitute a significant
breakthrough in the field and pave the way for future developments of novel
vaccine strategies. However considering that pathogenesis is an accident and is
not the usual outcome of N. meningitidis colonization of a host, one question
remains to be answered, how does cellular invasion help this bacterium to dis-
seminate? It is likely that invading host cells at the site of colonization may help
N. meningitidis to persist inside its host and to evade the innate immunity of the
mucosa.
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Two Important Bacterial Pathogens causing Community
Acquired Pneumonia: Streptococcus pneumoniae and
Legionella pneumophila

Birgitta Henriques-Normark and Carmen Buchrieser

6.1
General Background

Acute lower respiratory tract infections (ARI) are the leading cause of morbidity
and mortality worldwide among infectious diseases. They remain one of the main
causes of childhood mortality in the world with an estimated 1 to 1.5 million deaths
among children under the age of 5 years, of which the predominant number of
cases are due to pneumonia. Community acquired pneumonia, CAP, is defined
as an infection of the pulmonary parenchyma associated with at least some symp-
toms/signs of acute infection as well as the presence of acute infiltrates on chest
radiographs in patients that have not been hospitalized 2 weeks prior to the onset
of symptoms [1]. It is estimated that 5-6 million people acquire CAP every year
in the USA and about 1 million are hospitalized. Many studies have been carried
out to study the etiology of CAP and most studies show that the major causative
agent is the bacterium Streptococcus pneumoniae or pneumococci. Other so-called
‘typical bacteria’ that cause CAP are Haemophilus influenzae and Moraxella catarrh-
alis. Bacteria including Mycoplasma pneumoniae, Chlamydia spp, and Legionella spp
can also be the causative agents of CAP and are traditionally known as atypical
bacteria because they differ both clinically and microbiologically from the typical
species. Streptococcus pneumoniae is also the most common cause of CAP in hos-
pitalized patients and in fatal cases, whereas Legionella is a common cause of
severe CAP requiring admission to intensive care units [2]. However, diagnosis of
CAP is not trivial and even though several different methods are in use only a
proportion of CAP cases are etiologically diagnosed. Typical symptoms of CAP
include for example productive cough, dyspnoea, pleuritic chest pains, fever,
tachypnea and tachycardia. However, elderly patients in particular, may not present
with all these symptoms and may also report non-respiratory symptoms such as
headache, fatigue etc. as the main clinical manifestations.

The type of groups at risk for acquiring CAP depends on the etiological agent
to some extent. In the case of pneumococcal pneumonia, small children, especially
those below the age of 2 years, and the elderly as well as immuno-compromised
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individuals such as HIV patients, are more prone to infection. Also, alcoholics and
smokers are more susceptible as well as splenectomized individuals. Pneumococci
are common colonizers of the upper respiratory tract of small children and from
this ecological niche they may spread to susceptible individuals such as elderly
grand parents and cause pneumonia. The elderly have an increased risk for CAP
since many have co-morbidities such as heart and lung diseases, but also the
mucociliary clearance and the cough reflex may be impaired. In 20-30% of cases
with pneumonia the bacteria are also found in the blood causing septicemia and
they may also bypass the blood-brain barrier to cause meningitis. These invasive
diseases have a higher mortality rate than pneumonia cases and it is estimated
that in the USA 5% of patients die from pneumococcal pneumonia, 20% from
septicemia and as high as 30% from meningitis [3]. Up to 30% of survivors of
meningitis may also suffer neurological sequelae, such as hearing loss, memory
impairment etc. Pneumococcal diseases show a seasonal variation, with more
infections occurring during winter seasons. In addition, there is an association
with viral diseases and during the influenza season in particular the number of
cases of pneumococcal pneumonia and invasive disease increases (also see below).

Legionella is an opportunistic pathogen to which immuno-suppressed and
elderly patients are the most vulnerable. Legionella consist of one genus with 50
species and more than 70 serogroups. About 50% of these have at least once been
isolated from human disease whilst the others are found only in the environment.
Legionnaires’ disease is caused by Legionella pneumophila and was first recognized
in 1976 in Philadelphia at an American Legionnaires convention. Symptoms
included fever, disorientation and lung damage, and in some cases other organs
such as the gastrointestinal tract, central nervous system and liver and/or kidneys
were affected. The bacteria were found to be spread to humans in aerosols emanat-
ing from air conditioning systems. Legionella bacteria are able to survive in water
systems and amoebae, thus susceptible individuals may be infected from showers
and other water supplies in institutions such as hospitals. However, these bacteria
are not passed from person to person. Legionella may cause outbreaks of severe
pneumonia, and most epidemics appear during late summer/autumn with a high
mortality rate of about 15-20%.

Treatment of both pneumococcal infections and Legionella pneumonia is anti-
biotics. Penicillin has been the drug of choice for the treatment of pneumococcal
infections for many years but due to the emergence of resistance to the drug in
many parts of the world, over 50% in some areas, other groups of antibiotics have
been used. To date resistance has been found to most antibiotics, the only excep-
tion being vancomycin. Legionella is treated with antibiotics other than penicillin,
for example macrolides or tetracyclines. Definitive diagnosis of Legionella infection
is a major problem since this bacterium is fastidious and requires complex nutri-
tional media for growth. Hence, Legionella must be suspected before the clinician
can make the diagnosis. Therefore, it is probable that not all Legionella cases are
identified.

In contrast to pneumococci, Legionella are Gram-negative intracellular rods that
can survive and multiply inside macrophages. However, it remains to be seen
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whether or not pneumococci are also capable of surviving for a limited period of
time within phagocytes such as macrophages and dendritic cells. Legionella enters
the phagocytes via the C3b receptor (CR3) and inhibits the fusion of phagosome
and lysosome and kills the macrophages by means of proteases and other secreted
proteins. This leads to an inflammatory response and micro-abscesses resulting
in impaired lung function. In typical pneumococcal pneumonia the bacteria first
colonize the upper airways and nasopharynx, and are then aspirated into the lower
airways and multiply in the alveolar spaces leading to local hyperemia, edema and
the recruitment of neutrophils (congestion). Capillaries and alveoli then become
filled with bacteria and red blood cells (red hepatization) and then invaded by first
neutrophils and later by macrophages. The bacteria are then phagocytosed leading
to the infected part of the lung becoming gray-white in color (gray hepatization).
After this the resolution phase occurs and the lungs usually heal without any
scarring. The infiltrates observed by chest radiography are usually localized to one
or two lobes.

Pneumococci are Gram-positive cocci which are usually seen as diplococci or
small chains. They can be divided into serogroups and serotypes depending on
the differences in their capsular polysaccharides. So far 91 different capsular
serotypes have been distinguished. The serotype distribution among invasive cases
differs depending on time course of the infection and geographical area studied
under study. The capsule is a major virulence factor (described below) and the
current pneumococcal vaccines are based either on the capsular polysaccharides
alone or in combination with a protein in conjugated vaccines. For several decades
a 23-valent polysaccharide vaccine has been used, however, this vaccine does not
give an adequate immune response in the risk groups i.e. small children and
the elderly. Hence, conjugated vaccines have been created which elicit a T cell-
dependent response leading to better protection in young children. However, only
a limited number of capsular types have been included in the current vaccine
PCV7, where seven out of the 91 serotypes are included and chosen because they
are the most abundant serotypes that cause invasive pneumococcal disease in the
USA. Therefore this vaccine does not protect against all pneumococci circulating
in society and there is a risk for the emergence of non-vaccine types and serotype
replacement. The vaccine was introduced in the USA in 2000 and has since been
introduced in several countries in the Western world. Results from the USA show
a significant decrease in invasive pneumococcal disease, a reduction of vaccine
types in carriage and a herd effect in the adult population. However, recent data
has shown an increase in non-vaccine types and serotype replacement in pneu-
mococcal disease and in colonization. Furthermore, an increasing prevalence of
pleural empyemas as a complication of CAP has been reported worldwide. A study
from Israel showed that the prevalence of pleural empyemas increased in southern
Israel before the introduction of PCV7 and that type 1 was the most common type
[4]. This capsular serotype is not included in the current PCV7 and we need to
follow the epidemiology since vaccination may impact on clinical presentation and
epidemic trends. Industry is now interested in developing new affordable pneu-
mococcal vaccines including either more serotypes in conjugated vaccines or
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vaccines that have other targets such as the surface proteins which are present in
most or all pneumococci. Candidate antigens include non-toxic derivatives of
pneumolysin, surface proteins such as PsaA, and pilus proteins as well as choline
binding proteins such as PspA and PspC, etc. (see below). At present there is no
vaccine available for Legionella infections.

Both pneumococci and Legionella cause pneumonia, however their virulence
strategies are as different as their lifestyles. Several virulence factors have been
described for both bacteria. In the following we will describe some important
features and factors involved in the disease process of each pathogen.

6.2
Streptococcus pneumoniae, a Devastating Pathogen, but also a Common Colonizer
of the Upper Respiratory Tract

6.2.1
Epidemiology of Pneumococcal Disease and Carriage

Streptococcus pneumoniae is a major cause of milder respiratory tract infections
such as otitis media and sinusitis, but also a major contributor to community-
acquired pneumonia. Pneumococci are also a common cause of invasive diseases
such as septicemia, a common complication of pneumonia, and meningitis. The
introduction of penicillin (and other antimicrobial drugs) caused a dramatic reduc-
tion in the mortality of all pneumococcal diseases except that of meningitis.
However, attack rates of pneumococcal diseases have not been reduced. Current
estimates from the United States indicate that the rate of different pneumococcal
diseases has not changed during the antibiotic era. The annual figures of about
half a million cases of pneumonia, 50000 cases of bacteremia, 3000-5000 cases
of meningitis and a large fraction of the several million cases of otitis media caused
by pneumococci, all remained essentially unchanged. The WHO estimates suggest
that fatal pneumococcal infections contribute significantly (1-2 million cases) to
the annual global mortality rate attributed to respiratory disease and is in the same
range as the fatality rate of tuberculosis [3].

Despite being a devastating pathogen pneumococci are also common colonizers
of the upper respiratory tract and up to 60-70% of children attending day-care
centers may harbor these bacteria in the respiratory tract and be disease free. A
major question is how these bacteria sometimes cause severe diseases while they
are usually only harmless colonizers. To study the spread of pneumococci we used
different classical typing methods and molecular techniques. As stated above
pneumococci can be divided into at least 91 serotypes depending on their capsular
polysaccharide structures, and an association between virulence and capsular type
has been observed. Also, a non-encapsulated pneumococcus is regarded as non-
virulent, but we have also found unencapsulated strains among clinical isolates
from healthy carriers and from sterile sources in infected patients. To investigate
differences in the potential of different pneumococci to cause invasive disease,



6.2 Streptococcus pneumoniae

isolates have been collected from both invasive disease cases and carriers over the
same time period and from the same geographic area in several studies around
the world. In these studies certain serotypes have been found to be more invasive
i.e. more prone to cause invasive disease (types 1, 4, 5, 7F, 14) when acquired,
than others that are more weakly associated with invasive disease and mainly cause
carriage (3, 6A, 19F etc) [S, 6]. Also, disease severity and disease type has been
correlated with age, underlying disease, and capsular serotype for patients with
invasive pneumococcal disease. These data suggest that strains of serotype with a
high invasive disease potential (type 1 and 7F) not only have a high potential to
cause invasive disease, but also are capable of causing disease in previously healthy
individuals and evoking a high frequency of pneumonia [7]. These serotypes can
therefore be regarded as primary pathogens that probably have a limited ecological
reservoir, rare in carriage, and propagate in the population primarily by causing
disease. Isolates belonging to these serotypes are represented by few clones, and
antibiotic resistance is uncommon. In contrast, serotypes with a lower relative risk
of causing invasive disease are more opportunistic, primarily affecting patients
with underlying disease. Disease caused by the latter group, however, tends to be
more severe, even in previously healthy individuals.

Certain serotypes have been associated with carriage in children but also with
the development of antibiotic resistance, these include types 9V, 6B, 14, 19F, and
23F. The leading cause of acute otitis media (AOM) is pneumococci which account
for 28-55% of AOM cases. The most abundant serotypes associated with AOM
are the same as those found in carriage, i.e. types 6A, 6B, 9V, 14, 19F and 23F. In
comparison to other pathogens causing AOM, pneumococci seem to evoke a more
severe inflammatory response with higher serum interleukin levels.

However, it is not sufficiently accurate to use serotyping alone to study the
spread and genetic relationships of these organisms, other molecular methods
should also be employed such as restriction fragment analysis, e.g. PFGE (pulsed
field gel electrophoresis) where the chromosomal DNA of the bacteria is cleaved
with a restriction enzyme and thereafter separated on a pulsed field gel. Other
methods include sequence-based techniques such as MLST (multi locus sequence
typing) where parts of seven different house keeping genes are sequenced and
compared. The data generated using these techniques suggest that it is not only
the capsular type which is important for virulence but that other factors also play
a role. Furthermore, using microarray technology based on whole pneumococcal
genomes (we used the laboratory strains R6 [8] and TIGR4 [9], originally an inva-
sive isolate from Norway) to study the presence/absence of genes in clinical iso-
lates, we found that there is significant redundancy among virulence genes in
cases where isolates that are perfectly capable of causing invasive disease may lack
several virulence factors as identified by signature tagged mutagenesis (STM) and
mice screens [10]. In this study 47 pneumococcal isolates comprising 13 serotypes,
were compared and it was found that about 34% of the genes were variable includ-
ing 95 genes previously shown by STM screens to be required for invasive disease
in mice. Several of the genes that varied, known as Accessory genes, were localized
to 41 Accessory Regions (ARs). The repertoire of ARs differed between clones and
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even between isolates of the same clone. No unique pattern distinguished the most
invasive clones from the others.

6.2.2
In vivo Studies of Pneumococcal Infections

Streptococcus pneumoniae is a human adapted pathogen, however several animal
models have been established for virulence, vaccine efficacy, antibiotic resistance
and therapeutic/drug efficacy studies both in immunocompetent and immuno-
compromised animals [11] Mice have become the most commonly used animal
and mouse lines such as C57BL/6, BALB/c, DBA and CBA have been used for the
analysis of pneumococcal pneumonia, meningitis and otitis media. Other animals
that have been utilized include rats for studies of invasive disease and otitis media,
rabbits for pneumococcal pneumonia, septicemia and meningitis studies, as well
as chinchilla, gerbil, ferrets and guinea pigs for experimental otitis media studies.

In mouse models of pneumococcal pneumonia the mice are challenged with
bacteria either intranasally or intratracheally. The intranasal aspiration model is
most common as it closely mimics the natural route of infection in humans.
Anesthetization of mice allows infection of the lower respiratory tract, while
absence of anesthesia is used in colonization models. A lobar pneumonia is
induced in the intratracheal inoculation model, while intranasal aspiration evokes
a bronchopneumonia in mice. Parameters such as survival, bacterial counts in
blood, lungs and other organs, levels of inflammation, histology and antibody
responses can be measured and evaluated. Invasive septic models include inocula-
tion of the bacteria either intraperitoneally (i.p.) or intravenously (i.v.). Experimen-
tal data has shown that some pneumococcal strains that were fatal after i.p.
injection were avirulent by the i.v. route in mice. Hence, i.p. infections have been
used to passage various strains in mice to render them more virulent. Rats have
been especially valuable in sepsis studies in splenectomized and immunocompro-
mised animals. Meningitis may appear in humans after pneumococcal coloniza-
tion of the nasopharynx and subsequent pneumonia and septicemia, followed by
traversal of the bacteria across the blood brain barrier. The bacteria may also pass
via the olfactory nerve or nasopharynx/sinuses directly into the meninges [12].
Experimental meningitis models have mainly used rat and rabbit, but recent
models have also included mice. In these models bacteria have been installed
either directly via the intracerebral or intracisternal routes or inoculated intrana-
sally or intraperitoneally. A drawback of the i.n. and i.p. routes is that a majority
of the animals will succumb to a lethal infection due to sepsis without developing
meningitis.

Several studies have been carried out to investigate the differences in virulence
between pneumococcal strains [11, 13]. Virulence is largely dependent on the
pneumococcal serotype. Typically strains of serotypes 2, 3, 4, 5 and 6 may cause
a lethal disease in mice, while for example strains of types 14, 19 and 23 do not
kill the mice after intranasal inoculation. However, it is not only the capsular
serotype that is important but also other genetic factors and by undertaking
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mutant analysis several researchers have found important virulence attributes
among pneumococcal strains.

Susceptibility to pneumococcal infections also differs with the mouse strain
used. We found that some clinical isolates evoked more sepsis in C57BL/6 mice
than in BALB/c mice, but evoked more meningitis in BALB/c mice than in
C57BL/6 mice [13]. Hence, host susceptibility is of utmost importance for disease
outcome and will be discussed further below.

6.2.3
Pneumococci are Naturally Competent Bacteria

Streptococcus pneumoniae are naturally transformable organisms i.e. have the
ability to take up free DNA from their surroundings and incorporate it into their
genome by homologous recombination. Historically, pneumococci played an
important role in demonstrating that DNA is the genetic material responsible for
trait inheritance. In 1928 Griffith showed that avirulent pneumococci could
become virulent by adding heat-killed virulent pneumococci. Later, in 1944 Avery
and colleagues demonstrated that DNA is the factor that is transformed when
non-encapsulated rough pneumococci become smooth, encapsulated and hence
virulent.

The state of competence is a transient phenotype allowing competent bacteria
to take up DNA from non-competent pneumococcal cells after lysis [14]. This
phenotype also known as the X-state is induced by peptide pheromones through
a quorum sensing mechanism. Thus far two main secreted competence-stimulat-
ing pheromones (CSPs) have been identified, CSP1 and CSP2 [15]. They interact
with two membrane-associated histidine kinase receptors, Com D1 and ComD2,
in the two-component regulatory system ComDE. ComDE detects extracellular
CSP and initiates a signal leading to transcriptional activation of the competence
regulon (com regulon), comprising 105-124 genes. However, only about 25% of
these genes are required for transformation suggesting that the com regulon might
also be involved in other functions. Binding of CSP to ComD leads to the induc-
tion of autophosphorylation of this receptor followed by the transfer of the phos-
phoryl group to ComE which activates transcription of comX and other early com
(competence) genes such as comAB, comCDE, and comW [16]. The late com genes
include those involved in the machinery for DNA uptake and processing. Induc-
tion of the competent state initiates release of DNA from a subfraction of the
bacterial population. Why some bacteria do not respond to CSP is not known.

The biological role of competence is under investigation. There seems to be an
association between competence and virulence and it has been shown that a
mutant in comD is attenuated in a mouse model. Furthermore, it has been sug-
gested that there is a link between transformation and the killing mechanisms of
the bacteria known as fratricide, and that fratricide involves bacterial lysis [17, 18]

Another consequence of natural competence among pneumococci is that the
bacteria have been shown to take up DNA from other organisms in their environ-
ment such as oral streptococci and co-colonizing pneumococci. Acquisition of
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genes and gene fragments from other pneumococci and also from related com-
mensal streptococci has resulted in mosaic genes encoding altered penicillin-
binding proteins, which explains the emergence of resistance to penicillin among
pneumococcal clinical isolates.

6.2.4
Pneumococcal Colonization of the Respiratory Tract

Pneumococci cause diseases sometimes with a lethal outcome but they are also
commensals that colonize healthy individuals especially small children in whom
the peak of colonization occurs at around 2-3 years of age. Person to person spread
is thought to occur via the spread of droplets/aerosols. From its ecological niche,
the nasopharynx, pneumococci are spread to the ears, lungs, blood and meninges
causing disease. Hence, the prerequisite for disease is colonization. Many factors
have been shown to be important for colonization [19]. These include phosporyl-
choline (ChoP) which is present in the cell wall components lipoteichoic acid and
teichoic acid. ChoP mediates adherence to the receptor for the platelet-activating
factor, PAF (platelet-activating factor receptor) and binds to CRP (C-reactive
protein). Binding to the rPAF has been shown to mediate adherence to activated
host cells and transcytosis of the blood brain barrier. Pneumococcal surface pro-
teins that act as adhesins are choline-blinding proteins such as PspC (also called
CbpA or SpsA) which is non-covalently bound to ChoP as well as LPXTG proteins
including the pilus proteins (see below). Other factors that influence coloniza-
tion include the capsule which inhibits the entrapment of the bacteria in the
mucus and reduces opsonophagocytosis. Furthermore, enzymes such as the three
exoglycosidases that are surface exposed, NanA (a neuraminidase), BgaA (a beta-
glucosidase) and SrtH (a beta-N- glucosaminidase) affect colonization by cleaving
terminal sugars from human glycoconjugates, thereby possibly exposing receptors
for adherence. Hyaloronidase may facilitate the spread of the bacteria into the
tissue and components like PavA (pneumococcal adhesion and virulence A) and
enolase might bind the bacteria to extracellular matrix proteins such as fibronectin
and plasminogen.

The human respiratory tract is the habitat for more than 500 different microbial
species. Hence, pneumococci encounter many other organisms in their environ-
ment and co-colonization by other species has been shown to affect pneumococcal
colonization. Common colonizers which may also be pathogens, in the upper
respiratory tract include Haemophilus influenzae and Staphylococcus aureus. An
experimental model of co-colonization with Haemophilus influenzae resulted in the
clearance of pneumococci from the upper respiratory tract in mice, probably due
to enhanced opsonophagocytic killing mediated by the increased recruitment of
neutrophils [20]. A suggested mechanism for this interaction is that the pore-
forming toxin pneumolysin in pneumococci helps the peptidoglycan of H. influ-
enzae to be recognized in the host cytoplasm by the host cytoplasmic peptidoglycan
receptor Nod1 [21]. Also, Staphylococcus aureus co-colonization has been shown to
have an impact on pneumococcal colonization. Clinical studies in humans have
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revealed an inverse relationship between nasopharyngeal carriage of S. aureus and
vaccine-type strains of S. pneumoniae [22, 23], suggesting natural competition
between these bacterial species in the nasopharyngeal niche [24]. Furthermore,
despite vaccination with the seven-valent conjugated pneumococcal vaccine a
trend showing an increase in S. aureus-mediated acute otits media and bacteremia
in young children was observed [25, 26].

However, the details of the mechanism which determine the outcome of co-
colonization with different species remain unclear. Recent data suggest that com-
petition also occurs between different pneumococcal strains and that bacteriocins,
pneumocinMN encoded by the blpMN genes, might play an important role [27].
Pneumococci can be distinguished into two different morphologies: transparent
and opaque phenotypes. The transparent phenotype seems to be expressed mainly
during colonization and the opaque mainly after colonization. Transparent colo-
nies have a less robust capsule and an increased concentration of teichoic acid (see
below, cell wall components) together with an increased propensity for autolysis
(LytA see below) as compared to opaque variants. The same research group has
now noted that transparent variants provide a competitive advantage over opaque
variants since they do not produce pneumocinMN. Furthermore, they found that
the differential regulation in the opacity variants is driven by the two-component
regulatory system CiaRH via its regulation of the serine protease, HtrA [28].

Many bacterial infections have been shown to involve biofilm production which
is also a characteristic of pneumococci. Using a transposon library Munoz et al.
found 23 biofilm-deficient mutants in the TIGR4 background that were also
impaired in their colonization of the nasopharynx in mice. The authors therefore
drew the conclusion that there is a correlation between defective biofilm produc-
tion and colonization in vivo [29]. Interestingly one suggested adhesin, the LPXTG
protein RrgA, which is a subcomponent of a pneumococcal pilus (see below), was
shown to be involved in biofilm formation. In a recent study of virulence in vivo,
Oggioni et al. found that during sepsis the growth of pneumococci resembled that
of plankton, whilst in pneumonia and meningitis pneumococci are in a biofilm-
like state [30].

6.2.5
Synergism between Influenza Virus and Pneumococci

It is well known that viral respiratory tract infections lead to a predisposition for
secondary bacterial infections. So far epidemiological support for this interaction
has only been found between influenza virus and pneumococci [31]. Current
evidence indicates that co-infections with pneumococci during the influenza
pandemic (1918-1919) was largely responsible for the ~50 million deaths that
occurred. As a result, vaccination against pneumococcal infections has now been
suggested as a strategy to avoid future deaths during influenza pandemics. A study
conducted in South Africa supports these findings as vaccination against pneu-
mococcal infection with a nine-valent conjugated vaccine reduced the number of
viral pneumonia cases caused by RSV, influenza and parainfluenza viruses [32].
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The exact details of the mechanisms behind this interaction are still unknown and
extensive research is ongoing. The classical dogma has been that the virus damages
the epithelial barrier thereby exposing extracellular matrix components to which
the bacteria can adhere. In support of this, a mouse-adapted virus in an experi-
mental murine model was shown to cause severe epithelial damage to the lungs
and death, and a secondary infection with pneumococci led to an increased bacte-
rial load in the lungs as a result of the bacteria attaching to regions that had already
been damaged by the virus [33]. However, a non-mouse-adapted virus with lower
pathogenic potential did not cause pathological damage to the respiratory epithe-
lium and yet the bacteria persisted in the lungs for some time. The virulence of
the virus alone is usually not sufficient to cause death but exceptions include the
1918 pandemic influenza virus strain and the H5N1 avian influenza strain. Hence,
the co-infection mortality may also be dependent on the strain of the virus. The
virus strain may also mediate changes in the airway functions and may up-regulate
and enhance exposure to receptors that affect bacterial binding. Both pneumococci
and influenza viruses possess neuraminidases (also known as sialidases). The viral
neuraminidase cleaves the terminal sialic acid residues leading to release of
viruses from infected cells. Pneumococcal neuraminidases include NanA, NanB
and NanC, and NanA and NanB have been shown to be involved in pathogenesis
(only NanA contains an LPXTG motif (see below) and might be involved in adher-
ence), and both promote bacterial survival in the respiratory tract and bloodstream.
Inhibitors of influenza virus neuraminidase have been shown to prevent second-
ary bacterial infections in experimental models. Vaccination against influenza has
also been shown to decrease the prevalence of secondary bacterial pneumonia.

Recently, an interesting paper published in Nature Medicine showed that pul-
monary interferon-gamma (IFN-gamma) produced during T cell responses to
influenza virus infection in mice, inhibits bacterial clearance from the lungs by
alveolar macrophages and that this suppression of phagocytosis leads to increased
susceptibility to secondary pneumococcal infection [34].

6.2.6
Some Important Bacterial Virulence Factors and their Interactions with the Host

Several factors important in pneumococcal pathogenesis have been described with
regard to both the bacteria and the host. A few of these factors will be described
here including some that are promising as vaccine candidates, focusing on adher-
ence molecules, the cytolytic toxin pneumolysin, as well as the innate immune
system recognizing molecular patterns of the organisms.

The polysaccharide capsule is a major virulence characteristic and because of
differences in their structure at least 91 different variants can be distinguished
hence dividing the bacteria into serotypes (see above). Most of the capsules have
recently been sequenced and 88 serotypes have been shown to be synthesized by
the Wzy-dependant pathway where the cps loci encoding the serotypes are localized
at the same chromosomal locus between the genes dexB and aliA [35]. Capsule
production is the major determinant of pneumococcal virulence as the capsule is
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anti-phagoytic and affects complement deposition on the bacterial surface. The
capsule is about 200-400nm thick and with the exception of the type 3 capsule
and also possibly other capsules, it is covalently bound to the outer surface of the
cell wall peptidoglycan. For unknown reasons capsule production is reduced upon
contact with epithelial cells [36].

The first step in pneumococcal pathogenesis is colonization followed by the
spread to other organs within the body and transmission through mucosal barriers
leading to dissemination, as described above. Hence, it is important for the bac-
teria to have the ability to adhere to host cells such as epithelial cells in the respira-
tory tract. Adherence molecules include surface-exposed proteins and MSCRAMMs
(microbial surface components recognizing adhesive matrix molecules) which
mediate binding to host cells and extracellular matrix proteins via different recep-
tors. A number of studies have focused on the surface-located so-called choline
binding proteins (CBPs). Up to 16 CBPs have been described so far, including
PspA, PspC (CbpA or SpsA), as well as the four cell wall hydrolases LytA (N-acetyl-
muramoyl-L-alanine amidase), LytB (beta- N-acetylglucosamidase), LytC (lysozyme)
and a phosphorylcholine esterase (Pce or CbpE) [37]. All CBPs share homologies
in their conserved choline-binding domain that is located in the C-terminal end
of the protein. The proteins are bound non-covalently by this domain to the phos-
phorylcholine of lipoteichoic acids and teichoic acids in the cell wall.

PspA (pneumococcal surface protein A) has been shown to be involved in
immune evasion and inhibits activation and deposition of complement C3 through
the classical pathway as well as via the alternative pathway by reducing C3b
deposition. It also binds to the iron transporter lactoferrin, thereby preventing the
bactericidal effect of this human protein [38]. Loss of PspA increases complement-
receptor-mediated clearance of pneumococci [39]. The pspA gene is highly variable
and PspA can be divided into three major families that can be further divided into
six different clades depending on the sequences in the N termini of clinical isolates
[40]. Loss of PspA reduces virulence in a murine model of bacteremia in some
strains, however the influence on virulence has been somewhat debated. PspA has
been suggested as a candidate in a protein-based vaccine since it is protective in
animals and induces protective antibodies in humans.

PspC binds to pIgR (polymeric immunoblobulin receptor for adherence) and
promotes adherence and uptake into nasopharyngeal cells. A mutant in pspC has
been shown to reduce adherence to cells and to reduce colonization in an infant
rat model [41]. Microarray analysis indicates that pspC is up-regulated during
attachment to nasopharyngeal epithelial cells, but not in the blood or cerebrospinal
fluid. PspC binds to complement protein C3 and factor H and is thereby important
for evasion of complement. The PspC-like protein Hic binds to factor H and con-
tains an LPXxTG motif. Hic is mainly found in strains of serotype 3, and the protein
anchors to the cell wall in a sortase-dependent manner. Recruitment of Hic has
been shown to prevent activation of C3b and complement-mediated opsonophago-
cytosis. Both PspC and Hic have been shown to promote increased survival of
pneumococci in a systemic mouse model [42]. However, it has recently been
shown that virulence in a systemic and pulmonary mouse model depends on the
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pneumococcal strain used [43]. PspC has also been recognized as a potential
vaccine candidate.

The peptidoglycan hydrolases are enzymes that cleave the covalent bonds of the
cell wall and in some cases eventually cause lysis and death of the cell, in this case
these enzymes are then known as autolysins. The major autolysin of pneumococci
is LytA, an amidase that cleaves the N-acetylmuramoyl-L-alanine bond of the pep-
tidoglycan. LytA has been implicated in pathogenesis as an important factor since
its activity leads to the release of cell wall fragments such as teichoic acid, lipotei-
choic acid and peptidoglycan as well as pneumolysin after bacterial death which
may induce pro-inflammatory responses (see below). LytA has been shown to be
important for virulence and to contribute to bacterial replication in the lungs and
translocation to the bloodstream [44]. LytA has been suggested as a vaccine can-
didate. LytB is a glucosaminidase and is the key enzyme in the separation of
daughter cells. It is believed to play a critical pathogenic role, facilitating bacterial
spread during infection and has been suggested as a putative vaccine target [45].

LytC is a lyzosyme which carries out a slow autolysis with an optimum activity
at 30°C. Pce or CbpE is an esterase whose structure has been determined [42].
LytB, LytC and Pce have been shown to affect colonization in an infant rat model,
however these enzymes did not influence virulence in a sepsis model [46],

CbpD, a competence-stimulating-peptide-inducible protein, is a serine protease,
and has been shown to play a role in colonization [46].

Several lipoproteins have been suggested to be involved in pneumocococal viru-
lence such as the peptide isomerases PpmA and SlrA, as well as PsaA (pneumo-
coccal surface antigen A), PiaA (pneumococcal iron acquisition A), and PiuA
(pneumococcal iron uptake A). PsaA is detected on all known serotypes and is a
metal-binding lipoprotein with specificity for Mn** and Zn’". It is the substrate-
binding lipoprotein of an ABC-type manganese-transport system [47]. ABC trans-
porters have been shown to play a major role in bacterial adherence and virulence.
PsaA mediates adherence to E-cadherin (cell-cell junction protein in respiratory
epithelium) and mutations in psaA reduce adherence to host cells. Furthermore,
deletion of psaA leads to reduced virulence in murine models of pneumonia,
bacteremia and colonization and attenuation in intraperitoneal mouse infection
models. In microarray studies psaA has been found to be up-regulated during
attachment to nasopharyngeal cells [48]. However, the adhesive effect might partly
be due to effects on the expression of other pneumococcal genes such as adhesins.
PsaA is immunogenic and antibodies to this protein have been found after
nasopharyngeal colonization suggesting PsaA to be a vaccine candidate [49].

The pneumococcal genome contains about 13 proteins having LPxTG motifs.
These proteins are covalently anchored to the cell wall after cleavage of the LPXTG
sequence by a transpeptidase known as a sortase. Recently, we found that three
of these proteins, RrgA, RrgB and RrgC encode a pilus-like structure on the surface
of pneumococci [50]. The genes encoding these proteins, rrgA, rrgB and rrgC are
all located in a pathogenicity island (Accessory Region) called the rlrA islet. The
islet was thus named because of the positive regulator rirA located within the
operon. Inside the operon there are also three genes encoding three sortases, SrtB,
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SrtC and SrtD, as well as two IS elements located at either end of the operon
respectively. Outside the operon there is a negative regulator called mgrA. We
showed that the pneumococcal pilus is important for adhesion to lung epithelial
cells in vitro and for colonization, and virulence in a mouse model of pneumonia
and septicemia. Furthermore, the pilus was found to induce an inflammatory
response (TNF) as determined in an intraperitoneal model of infection [50]. We
and others have determined the composition of the pilus [51, 52]. The major stalk
of the pilus is composed of RrgB decorated with the minor subunits, RrgA and
RrgC. RrgC is mainly found at the tip of the pilus or along the stalk and RrgA also
along the stalk, but also along the entire cell surface [51]. Recent data have shown
that the three pilus-associated sortases, SrtB, SrtC and SrtD, are required for bio-
genesis of the pilus [51]. Expression of SrtB alone was sufficient to covalently
associate the RrgB subunits with one another and to link RrgA and RrgC into the
pilus polymer. SrtC was redundant to SrtB in allowing RrgB polymerization and
in linking RrgA to the RrgB filament. However, SrtC could not incorporate RrgC.
SrtD on the other hand could not mediate RrgB polymerization alone. In conclu-
sion, the data suggest that both SrtB and SrtC act as pilus subunit polymerases,
with SrtB processing all three pilus subunit proteins while SrtC can only process
RrgB and RrgA. In contrast, SrtD does not act as a pilus subunit polymerase. The
respective crystal structures for all three sortases have now been determined.
Furthermore, we investigated which subcomponent was mainly responsible for
adherence and virulence [53, 54]. The minor pilin subunit RrgA was discovered to
be the major protein responsible for adhesion to lung epithelial cells and also
important for colonization in vivo [55].

Epidemiological analysis of clinical pneumococcal isolates revealed that the pilus
is present in specific clonal types and it has been suggested to be one of the reasons
for the successful spread of certain antibiotic-resistant clones across the world [56]
Since the pilus is present mainly among clinical isolates from carriage and those
with antibiotic-resistant determinants and it provides protection in animal models,
it has been suggested as a vaccine candidate in a multi-component pneumococcal
vaccine. Recently, another pilus was found using publicly available sequenced
pneumococcal genomes. This pilus encoded by a pathogenicity islet known as PI-2
consists of pitA, sipA, and pitB, as well as two sortases, srtG1, and srtG2, and is
present in some serotypes which lack the first pilus described above, such as types
1, 2, and 7F, but is also present in type 19F isolates. In vitro experiments provide
evidence that this pilus is also involved in adherence. Thus, pneumococci encode
at least two types of pili that play a role in the initial host cell contact with the
respiratory tract and are potential antigens for inclusion in a new generation of
pneumococcal vaccines [57].

Among the other proteins carrying LPxTG motifs which anchor the proteins to
the cell wall, are four zinc metalloproteases including IgAl-protease, ZmpB,
ZmpC and ZmpD. IgA protease, ZmpB and ZmpC have been classified as STM
(signature tagged mutagenesis) genes, i.e. important for virulence in lung infec-
tions and bacteremia. Weiser et al. has also shown that cleavage of IgA leads to
enhanced adherence to host cells [58]. ZmpC (Immunoglobulin Al protease) is a
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bacterial protease and it cleaves MMP-9 (human matrix metalloproteinase 9).
Oggioni et al. has reported that inactivation of the zmpC gene in a 19F strain led
to impaired virulence in a pneumonia model [59].Using microarray whole genome
analysis we found that many clinical isolates lack the zmpC gene (unpublished
data).

A novel serine-rich repeat protein known as PsrP (SP1772) has recently been
shown to be a pneumococcal adhesin for A549 cells. It is encoded by the patho-
genicity islet psrP-secY2A2. PsrP was shown to be required for persistence of
bacteria in the lungs, but not for colonization of the nasopharynx. Furthermore,
it was found to be a protective antigen [60].

Pneumolysin is a cholesterol-dependent cytolysin that has the capacity to form
pores in eukaryotic cell membranes due to its hemolytic activity, but it is also able
to activate complement via the classical pathway. Pneumolysin is a 53-kDa protein
composed of 471 amino acids and contains only one cysteine residue that is
required for optimal hemolytic activity and the overall structure. The protein is
negatively charged and it resides in the cytoplasm rather than being exposed on
the surface of the bacteria. It is released upon lysis of the bacteria which has tra-
ditionally been believed to occur during the stationary phase as a result of the
action of autolysins. However, pneumolysin can be released in the log-phase of
some strains. Pneumolysin lacks an N-terminal secretion signal sequence imply-
ing that it cannot be secreted via the sec-dependent pathway, suggesting a putative
alternative secretion system for this protein.

Pneumolysin is found in most pneumococcal isolates and shows some genetic
variation among clinical isolates. It has been reported that type 1 isolates of ST306
lack a functional pneumolysin due to mutations [61]. Also, type 7F and type 8
strains have been shown to encode a pneumolysin with reduced hemolytic activity.
Serotype 1 and 8 pneumococci are known to be associated with outbreaks of inva-
sive disease [62]. The clinical implications of this reduced activity remain to be
elucidated.

Pneumolysin is a potent virulence factor and inhibits the beating action of the
cilia on respiratory epithelium and is suggested to be crucial for pneumococcal
virulence in pneumonia. However, it is likely that this virulence might be strain
specific. The protein is cytolytic, but also activates several genes in eukaryotic cells
such as those encoding chemokines and cytokines thus leading to an inflamma-
tory response and the TLR4 receptor (see below) has been shown to recognize this
protein. In mice, pneumolysin influences bacterial persistence in the lungs and
facilitates replication in and spread to the blood. Hence, intranasal inoculation of
pneumolysin-deficient mutants into mice led to increased bacterial clearance from
the lungs and increased survival as compared to the wild-type. The hemolytic
activity contributes to the recruitment of neutrophils and the complement activa-
tion to T-cell recruitment, all important factors in the host response against pneu-
mococci [63]. Programmed cell death or apoptosis is a feature known to occur in
pneumococcal pneumonia and meningitis [64]. In combination with hydrogen
peroxide (see below) pneumolysin induces apoptosis. In addition to direct cell
cytotoxicity of the neurones, endothelial cells and microglia together with the
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recruitment of inflammatory cells, apoptosis of cells in the central nervous system
contributes to the morbidity and sequelae such as deafness, observed in pneumo-
coccal meningitis. However, apoptosis during pneumococcal infection of the res-
piratory tract has been associated with improved outcome [65, 66]. Pneumolysin
confers protection in mice and hence has been suggested as a vaccine candidate
in a protein-based vaccine.

Lyt A has been described briefly above as an amidase leading to bacterial death.
Hydrogen peroxide produced by the enzyme pyruvate oxidase (SpxB) also kills
bacteria in a manner resembling apoptosis in eukaryotic cells according to Regev-
Yochly and colleagues [67]. In this study, the authors claim that spontaneous
pneumococcal death in the stationary phase is due to hydrogen peroxide, and not
to LytA. Furthermore, they show that the presence of SpxB confers an advantage
in a colonization infant rat model. It has also been shown that SpxB contributes
to bacterial replication in the lungs and translocation to the bloodstream [44].

6.2.7
Host Defenses against Invading Microbes

Defenses against pneumococci in the host include both the innate and adaptive
immunity with recruitment of phagocytic cells such as neutrophils, macrophages
and dendritic cells to the site of infection, as well as induction of the complement
cascade, activation of receptors such as the Toll-like receptors (TLRs) and the NOD
(nucleotide-binding oligomerization domains) receptors which recognize invading
microbes, together leading to an inflammatory reaction, T-cell activation and anti-
body response. We will focus here on the early innate immune response particu-
larly the role of TLRs in pneumococcal infections and the production of so-called
Neutrophil extracellular traps (NETSs) [68] and their involvement in pneumococcal
disease.

TLRs recognize different bacterial components leading to a signaling cascade
that leads to the transcription of genes via adaptor proteins such as the MyD88
protein, thus inducing production of pro-inflammatory cytokines and chemokines,
resulting in inflammation. Components that may be recognized by TLRs include
for example the cell wall. Pneumococci have a cell wall surrounding the cytoplas-
mic membrane which consists of a thick layer of peptidoglycan (also known as
murein) and a polymer of carbohydrates (N-acetylmuramic acid and N-acetylglu-
cosamine) which are cross-linked by peptide bonds [69].The cell wall also consists
of teichoic acids and lipoteoichoic acids, the latter being anchored to the cytoplas-
mic membrane via lipid moieties and the former being covalently linked to the
peptidoglycan. Choline residues of teichoic acids provide binding sites for choline-
binding proteins. Several TLRs have been suggested to be involved in pneumococ-
cal infections. The adaptor protein myeloid differentiation factor 88, MyD88, has
been found to be a key player in pneumococcal infections. Both local and systemic
inflammatory responses to pneumococci depends on the presence of MyD88 to
clear bacterial colonization of the upper respiratory tract and to prevent pulmonary
and systemic infection in mice and a strong correlation has been described
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between enhanced bacterial growth in the bloodstream of MyD88-deficient mice
and the inability to lower the serum iron concentration in response to infection
[70]. TLR2 may present as a heterodimer in association with TLR1 or TLR6 and
recognizes lipoproteins and lipoteichoic acid in the cell wall and possibly even
peptidoglycans (data are controversial). TLR2 has been shown to play a role in a
meningitis model however its involvement in pneumonia has so far only been
found to be marginal. TLR1 and TLR6 seem to be redundant or play only a minor
role in pneumococcal infections as evidenced by the available data. Pneumolysin
has been found to interact with TLR4 [71], a TLR that recognize the LPS of Gram-
negative bacteria. Finally, in a study by us using an intranasal model of infection
we found that of the TLRs tested (TLR1, 2, 4, 6, and TLR9) only TLR9 played a
non-redundant role. TLR9 recognizes unmethylated CpG DNA and was shown to
play a protective role in the lungs at an early stage of infection prior to the involve-
ment of circulating inflammatory cells. Alveolar and bone marrow-derived mac-
rophages deficient in TLR9, showed an impaired ability to phagocytose and kill
pneumococcal cells [72].

Other receptors shown to be involved in pneumococcal pathogenesis include
SIGNRI1, a C-type lectin expressed on macrophages. SIGNR1 has been shown to
mediate the uptake of both purified capsular polysaccharides and pneumococci in
the spleen. Also, the scavenger receptor Marco has been reported to affect pneu-
mococcal disease. In a murine model of pneumococcal pneumonia, MARCO?
mice displayed an impaired ability to clear bacteria from the lungs, increased
pulmonary inflammation and cytokine release, and diminished survival [73].

Polymorphonuclear leukocytes (neutrophils) are important players in the first
line of defense against invading microbes. Neutrophils phagocytose bacteria and
kill them intracellularly. A new mechanism known as neutrophil extracellular
traps (NETSs) was reported in 2004 to explain the interaction of bacterial cells with
neutrophils [68]. NETs are formed when neutrophils are exposed to bacteria and
they are composed of a backbone of DNA, histones, and enzymes such as neu-
trophil elastase and myeloperoxidase. Zychlinsky et al. showed that neutrophils
may trap, kill and disarm salmonella, shigella, and staphylococci by forming these
NETs [68]. We have shown that pneumococci may also be trapped in NETs but
unlike the other bacteria mentioned they are not killed [74]. However, we found
that expression of the capsule significantly reduced the number of bacteria trapped
by NETs [75]. Pneumococci contain the dlt operon that mediates the incorporation
of D-alanine residues into lipoteochoic acids, thereby introducing positive charge.
A mutation in dltA in a non-encapsulated pneumococcus rendered the organism
sensitive to killing by antimicrobial components present in NETSs, but the encap-
sulated ditA mutant remained resistant to NET-mediated killing. Furthermore, the
encapsulated ditA-mutant strain was out-competed by the wild-type upon invasion
of the lungs and bloodstream in a murine model of pneumococcal pneumonia.
This suggests a non-redundant role for D-alanylation of lipoteichoic acid in pneu-
mococcal virulence at the early stage of invasive disease when capsule expression
has been shown to be low. Moreover, we found that encapsulated pneumococci
are sensitive to killing by a human neutrophil granule extract composed of the
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alpha-defensins HNP1-3 [76]. Surprisingly, non-encapsulated, non-virulent pneu-
mococci were significantly less sensitive to alpha-defensins. Hence, alpha-
defensins in the phagolysosome of neutrophils possibly contribute to intracellular
killing after antibody-mediated opsonophagocytosis of encapsulated pneumococci
[75].

6.2.8
Pneumococcal Genomes

Several pneumococcal genomes have been sequenced. The laboratory strain
TIGR4 serotype 4, originally an invasive clinical isolate from Norway, was the first
to be sequenced [9], followed by the laboratory strains R6 [8] that has been used
in several in vitro studies on pneumococcal pathogenesis and function. The
genomic DNA consists of a single circular chromosome with a relatively low G+C
content of about 40% [9]. Recently many more genomes have been sequenced and
in the study by Hiller et al. nine publicly available pneumococcal genomes were
compared with eight sequenced nasopharyngeal strains (of types/groups: 1, 2, 3,
4,6,9, 11,14, 19, 23) [77]. These authors came to the conclusion that about 46%
of the gene clusters was conserved among all these 17 strains and that the majority
of the gene clusters, 1716 or 54%, were not found in all strains. Using a modeling
technique they proposed that the S. pneumoniae supragenome consists of more
than 5000 orthologous clusters and that 99% of these clusters can be identified if
33 representative genomes are sequenced. Today when whole genome sequencing
is becoming cheaper and more accessible we will witness an explosion of sequenc-
ing of clinical isolates from different diseases with the aim of correlating genome
content, virulence factors and pathogenesis. Comparisons of sequence data from
multiple isolates of the same species is also in use by vaccine companies in their
search for novel vaccine candidates and is known as pan-genomic reverse vaccinol-

ogy [78].

6.3
Legionella pneumophila, an Environmental Bacterium but also a Cause of Severe
Sporadic and Epidemic Pneumonia

6.3.1
Epidemiology of Legionnaires’ Disease and Environmental Reservoir

The diseases and symptoms caused by Legionella are varied. A mild form of
Legionella infection is Pontiac fever which is a self-limiting flu-like illness. Symp-
toms of Pontiac fever include pyrexia, headache, myalgia and malaise. In contrast,
Legionnaires’ disease or legionellosis is a severe pneumonia that results in multi-
system disease [79, 80]. Legionnaires’ disease (LD) occurs as sporadic cases or as
outbreaks and is either community or nosocomially acquired. The clinical features
of LD vary and range from malaise, cough, chills, dyspnea, headache and chest
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pain, to diarrhea. One remarkable feature of LD is the range of extrapulmonary
manifestations including a variety of central nervous systems manifestations,
lethargy, confusion, hallucinations, hyperactive reflexes or urinary retention [81].
Risk factors for LD are underlying diseases such as diabetes, cancer, AIDS or end-
renal stage disease. Further risk factors are older age, male sex, immunosuppres-
sion and smoking [82]. Community-acquired infection accounts for the largest
proportion of cases [83] and Legionella accounts for 4-20% of community acquired
pneumoniae [84]. According to the CDC the case fatality rate for community
acquired and nosocomial LD ranges from 5 to 40% (http://www.cdc.gov/legionella/
top10.htm). However, mortality from the disease has been decreasing over recent
years, probably due to earlier detection and improved treatment [85].

Water is the major reservoir for these bacteria worldwide and in addition to
natural water environments high concentrations of Legionella are often detected
in man-made hot-water systems [86]. The survival and spread of the bacterium
depends on its ability to replicate inside eukaryotic phagocytic cells such as Acan-
thamoeba castellanii and other protozoans. Despite the presence of many different
species of Legionella in water reservoirs, over 50 species and 70 serogroups have
been identified to date [86]. The vast majority of human disease is caused by a
single serogroup (Sg) of a single species, namely L. pneumophila Sg1, which is
responsible for about 84% of all cases worldwide [87]. Little is known about the
distribution of Legionella species and serogroups in the environment. A study
investigating 259 clinical and 3128 environmental strains isolated in France from
2001-2002 showed that L. pneumophila Sg1 accounts for 28.2% of environmental
Legionella in contrast to 95.4% among clinical isolates [88]. In a recent survey to
investigate the distribution of L. pneumophila in England and Wales carried out
between January 2000 and March 2008, 167 clinical and 276 environmental iso-
lates of L. pneumophila obtained by routine sampling of ‘managed’ water systems
were characterized; the results demonstrated that of the clinical isolates, 97.6%
were L. pneumophila Sg1, compared with only 55.8% of the environmental isolates
[89]. Thus the distribution of environmental L. pneumophila Sgl differs signifi-
cantly from that of clinical L. pneumophila Sg1 strains. Furthermore, species like
Legionella anisa, Legionella dumoffii or Legionella feeleii relatively frequently colonize
water distribution systems but are rarely implicated in human disease [88-90].
From these reports it can be hypothesized that the high percentage of L. pneu-
mophila Sgl strains found in human disease is not due to their predominance in
the environment, but is rather connected with the greater virulence of these strains
with regard to man. A slightly different distribution is present in Australia and
New Zealand, where L. pneumophila Sgl accounts for 45.7% of community-
acquired legionellosis, and Legionella longbeachae, which is frequently isolated
from potting soil [91] accounts for 30.4% of cases [87].

Although there is a variety of typing methods available for the analysis of the L.
pneumophila species, clinical and environmental isolates cannot be distinguished
by these methods [92, 93]. Similarly, the genetic factors responsible for the greater
ability of L. pneumophila Sg1 to cause LD are not yet known. Recently, comparative
genomic hybridization (CGH) using DNA arrays, was applied in the study over
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200 clinical and environmental L. pneumophila strains with the aim of identifying
any correlations between functional traits, phylogeny and epidemiological charac-
teristics [94]. No correlations between genetic characteristics and the source of
isolation were found. However one specific clone, L. pneumophila strain Paris [95],
was identified as being distributed worldwide and causing sporadic cases and
epidemics [94]. A correlation between specific clones and their ecological niche
has also been observed, as strains isolated from different cooling towers in Japan
revealed the same PFGE profile and sequence type [96]. Later analysis showed that
this ‘Japanese cooling tower clone’ shared its PFGE profile and sequence type with
L. pneumophila strain Paris. Recent studies on different groups of Legionella have
shown that only a few clones seem to be responsible for most epidemic and spo-
radic disease [89, 94, 96-98]. Thus, it seems that generally only certain clones of
L. pneumophila cause disease in humans.

Legionellosis has emerged in the second half of the 20th century partly due to
human alterations of the environment. Indeed, thermally altered aquatic environ-
ments can shift the balance between protozoa and bacteria resulting in rapid
multiplication of Legionellae to infectious concentrations. Whether adaptation to a
specific host or the ability to multiply in different protozoan hosts is correlated
with the virulence and epidemiologic prevalence of L. pneumophila poses an inter-
esting question.

6.3.2
The Dot/lcm Type-IV Secretion System Central to Pathogenesis of Legionella

The importance of protein secretion for L. pneumophila is highlighted by the pres-
ence of a wide variety of secretion systems. The two major secretion systems
known to be involved in virulence are the Dot/Icm type-IV and the Lsp type II
systems. However, L. pneumophila possesses several additional secretion systems
including a second type-1V system termed Lvh, a type I secretion system known
as Lss, a twin arginine translocation (TAT) pathway and several tra-like systems.
In addition to these conserved secretory pathways, some L. pneumophila strains
also encode a type-V secretion system.

The Dot/Icm type IV secretion systems of L. pneumophila is required for intracel-
lular growth in human macrophages as well as in amoebae as it delivers a large
cohort of bacterial effectors to the host cytosol that modulate host processes to the
pathogen’s advantage. This macromolecular complex is encoded by 26 genes
whose individual functions are only partly understood [99]. To date, over 80 effec-
tors have been identified by a variety of genetic, biochemical, and cell biological
approaches, yet the function of the majority of these substrates remains undefined
[100, 101]. The first effector of the Dot/Icm system to be characterized was RalF
which is required for localization of the host protein ARF-1, a key regulator
of vesicle trafficking from the endoplasmic reticulum to the phagosomes [102].
LidA, another substrate involved in recruitment of vesicles during vacuole biogen-
esis and in maintaining the integrity of the Dot/Icm complex [103] and LepA and
LepB which are involved in egress of Legionella from the vacuole during amoeba
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infection [104] were discovered later. Candidate effector proteins known as SidA-G
were identified in 2004 using a two-hybrid screen with [cmG/DotF as bait followed
by a screen of proteins transferred inter-bacterially with a Cre/loxP-based protein
translocation assay [105].

Further functional characterization of these effector proteins has shown that
they are indeed important in modulating host cell functions during intracellular
replication of L. pneumophila. Two independent studies showed that SidM/DrrA
is a guanosine nucleotide exchange factor. Enhanced by LidA, SidM/DrrA recruits
Rab1 (a small host GTPase regulating ER-to-Golgi traffic) to Legionella-containing
vacuoles [106, 107]. GDP-bound Rabs are maintained in an inactive state by a GDP
association inhibitor (GDI) that prevents their spontaneous activation. Rabs are
released from GDI by a guanine nucleotide dissociation inhibitor displacement
factor (GDF) before their recruitment to the membrane and activation by GEFs.
DrrA/SidM is characterized by two distinct regions: the N-terminal moiety recruits
Rabl to LCVs membranes and functions as a GDF while the C-terminal end,
characterized by highly specific Rab1-GEF activity, activates Rab1 [108]. Weber and
colleagues [109] proposed that L. pneumophila modulates host cell phosphoi-
nositide metabolism and exploits the Golgi lipid second messenger phosphatidyli-
nositol(4) phosphate (PI1(4)P) to anchor secreted proteins to the Legionella-containing
vacuole (LCV). SidC and SdcA have also been implicated in this process: SidC
anchors to the membrane of the LCVs by specifically binding to phosphatidyli-
nositol-4 phosphate (PtdIns(4)P) [109]. It was recently shown that SidM/DrrA is
the predominant PtdIns(4)P-binding protein of L. pneumophila [110]. Thus L.
pneumophila exploits PtdIns(4)P produced by PI4K Illss to anchor the effectors
SidC and SidM to LCVs. Furthermore Sid] is required for the efficient recruitment
of endoplasmic reticulum proteins to the bacterial phagosome and SidF is impli-
cated in the inhibition of macrophage apoptosis by targeting pro-death members
of the Bcl2 protein family [111].

A complicating issue in the understanding of the precise functions of L. pneu-
mophila Dot/Icm substrates arises from the fact that individual deletions of most
substrate genes have little or no impact on the intracellular growth of the bacte-
rium, probably due to considerable functional redundancy among different sub-
strates towards host cell targets. In addition, genetic studies indicate that multiple
vesicle trafficking pathways are directed towards the LCV, suggesting that redun-
dancy extends to the host as well as the bacterium [112]. Therefore, alternative
systems for generating effector-dependent phenotypes have been used. Ectopic
expression in the budding yeast Saccharomyces cerevisiae has recently emerged as
a powerful tool for both the identification and characterization of secreted bacterial
effector proteins [113]. Importantly, the generation of yeast phenotypes by bacterial
effector proteins is specific as non-translocated bacterial proteins rarely produce
yeast phenotypes [114]. Yeast expression has been utilized to identify and charac-
terize L. pneumophila Dot/Icm substrates using libraries constructed from ran-
domly digested L. pneumophila genomic DNA. This approach identified VipA,
VipD and VipF, which are vacuole protein sorting inhibitor proteins (Vip) that
inhibit lysosomal protein trafficking by different mechanisms [115] and WipA,
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WipB, YIfA (yeast lethal factor A), YIfB and six additional proteins containing
leucine-rich repeats and/or coiled-coil domains also translocated via the Dot/Icm
secretion system [116-118]. Recently a large-scale screen of a defined set of 127
confirmed or candidate Dot/Icm substrates for their effect on host cell processes
using yeast as a model system was undertaken [119]. Expression of 79 candidates
caused significant yeast growth defects, indicating that these proteins impact
essential host cell pathways. Notably, a group of 21 candidates interfered with the
trafficking of secretory proteins to the yeast vacuole. Three candidates that caused
yeast secretory defects (SetA, Cegl9 and Ceg9) were investigated further. These
proteins impinged upon vesicle trafficking at distinct stages and produced signals
that allowed translocation into host cells by the Dot/Icm system. Ectopically pro-
duced SetA, Ceg19 and Ceg9 localized to secretory organelles in mammalian cells,
consistent with a role for these proteins in modulating host cell vesicle trafficking.
Interestingly, the ability of SetA to produce yeast phenotypes was dependent on a
functional glycosyltransferase domain. We hypothesize that SetA may glycosylate
a component of the host cell vesicle trafficking machinery during L. pneumophila
infection [119].

Nino and colleagues further revealed, that the Dot/Icm system has the ability to
spatially and temporally control the association of an effector with vacuoles con-
taining L. pneumophila through activities mediated by other effector proteins [120].
It was determined that the association of PieA with vacuoles containing L. pneu-
mophila requires modifications to the vacuole mediated by other Dot/Icm effec-
tors. An example is PieA, an effector that can alter lysosome morphology and
associates specifically with vacuoles that support L. pneumophila replication [120].
The Dot/Icm type-IVB secretion system plays an indisputably decisive role in
allowing L. pneumophila to inhibit phagolysosome fusion. However, it was shown
that LPS-rich outer membrane vesicles are also sufficient to inhibit phagosome—
lysosome fusion by a mechanism that is correlated with developmentally regulated
modifications of the pathogen’s surface, but independent of type IV secretion
[121].

Until recently the translocation signal for the type-IV secretion effectors was not
known. Nagi and colleagues (2005) who investigated the mechanism of transloca-
tion of RalF [122] identified a 20-aa C-terminal region of the RalF protein as neces-
sary and sufficient for translocation. In particular, a hydrophobic residue at the
C-terminal -3 position is critical for secretion of RalF as substitution of the
hydrophilic residues resulted in severe defects in translocation. Comparison with
other Dot/Icm substrates showed that the majority contained a hydrophobic
residue or a proline residue at the -3 or -4 positions, which supported the idea that
these residues are critical for secretion using the type IV system. Based on these
findings, Kubori and colleagues (2008) aligned the putative translocation signals
of known Dot/Icm T4SS substrate proteins, to search for specific features regard-
ing the occurrence of amino acids near the hydrophobic residues with which the
sequences were aligned [123]. One of the most striking characteristics identified
was that amino acids having very short side-chains (alanine, glycine, serine
and threonine) are frequently found on residues at positions —8 to —2 (from the
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hydrophobic residue). At the —2 position residue, the frequency of small amino
acids (in ~80% of known substrates) is extremely high compared with that of all
open reading frames (ORFs) from L. pneumophila (24%). Second, polar amino
acids are clearly favored at residues —13 to +1 (in 65% of known substrates com-
pared with 48% of all ORFs). This may reflect the solvent-exposed nature of the
translocation signals. Establishment of a program to calculate ‘similarity score to
known Dot/Icm substrates’ for any given protein from the frequency of occur-
rences of particular types of amino acid in the carboxy-terminal region spanning
from —11 to +1 residues after alignment on the hydrophobic residue, led to the
successful identification of 19 novel Dot/Icm substrate proteins [123].

6.3.3
Molecular Mimicry: the Main Virulence Strategy of L. pneumophila

A particular feature of Legionella is its dual host system which allows intracellular
growth in protozoa and replication in human alveolar macrophages during infec-
tion. The capacity of pathogens like Legionella to infect eukaryotic cells is intimately
linked to their ability to manipulate host cell functions to establish an intracellular
niche for their replication. In 1980 Rowbotham described the ability of Legionella
to multiply intracellularly in aquatic amoeba [124]. This observation has led to a
new percept in microbiology: bacteria parasitize protozoa and can utilize the same
process to infect humans. Indeed this early observation has recently been further
substantiated when the first complete genome sequences of different L. pneu-
mophila strains became available [95, 125, 126]. A particular feature of L. pneu-
mophila that was identified by genome analysis was the presence of a large number
and wide variety of proteins showing very strong similarities to eukaryotic proteins
or encoding motifs known to be implicated in interactions with proteins which
are present only or primarily in eukaryotes. Thus it is tempting to assume that the
interaction of L. pneumophila with aquatic protozoa has generated this pool of viru-
lence traits during evolution, which has also led to the ability of Legionella to infect
human cells.

According to sequence analysis, the identified proteins were predicted to be
involved in all the various stages of the Legionella life cycle, namely invasion, traf-
ficking in the host cell, modulation of host cell functions and evasion from the
host cell. Furthermore, recent analysis of the gene content of over 200 L. pneu-
mophila strains by DNA-DNA hybridization showed that the eukaryotic-like genes
identified during sequence analysis are conserved in all the strains tested with only
a few exceptions [94]. These results underline their importance in the L. pneu-
mophila life cycle and support the hypothesis that they are required for intracellular
growth and thus play a role in virulence. The protein-motifs which are predomi-
nantly found in eukaryotes and which were identified in L. pneumophila genomes
include ankyrin repeats, Sel-1 (TPR), Set domain, Sec7, serine threonine kinase
domains (STPK), U-box and F-box motifs. Examples of eukaryotic-like proteins are
two secreted apyrases, a sphingosine phosphate lyase and sphingosine kinase,
eukaryotic-like glycoamylase, cytokinin oxidase, zinc metalloprotease and an RNA
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binding precursor [95]. Recent functional studies confirm these predictions. The
role of approximately 15 of the identified eukaryotic-like proteins or proteins con-
taining a eukaryotic domain has meanwhile been investigated and their involve-
ment in virulence and host cell modulation has been confirmed. Most of these
proteins are also candidates for secretion by the Dot/Icm T4SS, as they must be
translocated to the host cytoplasm to be able to affect the eukaryotic cell.

6.3.4
Implication of Eukaryotic-like Proteins in Virulence and Host Cell Modulation

6.3.4.1 Entry into and Blockade of Phagosomal-Lysosomal Fusion

After adhesion to a phagocytic cell, it is thought that L. pneumophila is subjected
to host-driven phagocytosis. Once L. pneumophila has entered the eukaryotic host,
it is able to modulate trafficking so that the Legionella-containing phagosome or
Legionella-containing vacuole (LCV) is completely isolated from the host endocytic
pathway and lysosome. Shortly after bacterial internalization, LCVs are found
associated with endoplasmic reticulum-derived vesicles (for recent reviews see
[127, 128]). After replication and depletion of nutrients the LCVs undergo matura-
tion following a pathway similar to the autophagy pathway. The egress of bacteria
following completion of replication is probably due to the formation of a second
pore in addition to the Dot/Icm transporter pore, thus facilitating host lysis (for
recent reviews see [127, 128]). To date it is only partly understood how L. pneu-
mophila is able to subvert host functions to replicate inside eukaryotic cells and
provoke pneumonia.

A eukaryotic-like protein in L. pneumophila, predicted to be an ecto-nucleoside
triphosphate diphosphohydrolases (ecto-NTPDases) that share similarities with
human CD39 and other eukaryotic ecto-NTPDases, has been shown to play a role
in the uptake of L. pneumophila into the host cell. In humans, CD39 is located on
the surface of endothelial cells and it controls extracellular levels of ATP by con-
verting it into its diphosphate and monophosphate forms. In this way it plays a
major role in maintaining vascular fluidity by regulating platelet aggregation [129].
CD39/NTPDases are found in a wide range of pathogens such as protozoan para-
sites, but their role in infection is poorly understood. One of the two predicted
ecto-NTPDases in L. pneumophila is secreted into the host cell and is required for
successful infection. The absence of this enzyme was not correlated with the ability
to recruit the ER or avoidance of phago-lysosomal fusion but mainly to less effi-
cient entry into the host cell [130]. Recently, it was shown that the enzyme cata-
lyzed the hydrolysis of ATP and ADP and also of GTP and GDP but had only
limited activity with CTP, CDP, UTP, and UDP. Furthermore, mutational analysis
revealed that all five apyrase domains are necessary for infection following intrat-
racheal inoculation of A/J mice [131].

The Dot/Icm-translocated proteins VipA, VipD, VipF are thought to participate
in blocking lysosomal fusion. They have been identified in a yeast screen as
the L. pneumophila proteins able to cause vacuolar missorting and to inhibit yeast
lysosomal protein trafficking [115]. Two of these proteins (VipA and VipD) contain

125



126

6 Two Important Bacterial Pathogens causing Community Acquired Pneumonia

eukaryotic-like domains. VipA contains a large coiled-coil region. These regions
usually form highly versatile structures which are involved in protein—protein
interactions commonly found in trafficking components such as soluble N-
ethylmalemide-sensitive fusion attachment receptor proteins (SNARE) and early
endosomal antigen 1 (EEA1). VipD is characterized by a patatin domain with
strong homology to eukaryotic phospholipase A2 proteins. As suggested by its
trafficking defect in yeast, VipD is thought to be involved in the intracellular infec-
tion process of L. pneumophila [115, 132]. Additional eukaryotic domain proteins
shown to be implicated in modulating trafficking in the host cell are proteins that
contain the eukaryotic Sel-1 domains. Sel-1 repeats represent a subfamily of
tetratrico peptide repeats (TPRs) which are degenerate repeated motifs that form
a scaffold in order to mediate protein—protein interactions. Three of the five Sel-1
domain-containing L. pneumophila proteins, LpnE, EnhC and LidL interact
with the host cell to modulate early trafficking events that determine the fate of
Legionella immediately after internalization and their growth within the host cell
[133-136).

6.3.4.2 Establishment of an ER-derived Replication Vacuole

To promote fusion to ER membranes L. pneumophila recruits host factors such as
Arf-1 and Rab-1 to the surface of the LCVs, these are important cell signaling
proteins which are involved in the regulation of the ER-Golgi traffic. The L. pneu-
mophila gene ralF encodes a protein with a Sec-7 domain. These domains are
found in eukaryotes as components of Arf-specific guanine nucleotide exchange
factors (GEFs). GEFs catalyze the nucleotide exchange of Arfs thereby converting
them from an inactive (GDP-bound) to an active state (GTP-bound). Following
secretion by T4SS, RalF recruits Arf-1 and then functions as an Arf-1-specific GEF
[102]. The Dot/Icm translocated effector DrrA or SidM which is also able to interact
with Rabl, has already been described above as it is not one of the eukaryotic-like
effectors [106, 107].

The 20 ankyrin proteins in L. pneumophila are another interesting example of
eukaryotic domain-containing proteins. The ankyrin domain is a 33-residue
L-shaped motif containing two anti-parallel alpha-helices connected by a short loop
[137]. The modular architecture and variable modular surfaces generated by the
assembly of multiple compatible repeats render ankyrin proteins highly versatile
in protein binding. This versatility and the multiple associated roles make the
prediction of their function difficult. Ankyrin proteins are involved in cell signal-
ing, cytoskeleton integrity and regulation, transcription and cell cycle regulation,
inflammatory response and oncogenesis [138]. L. pneumophila single mutants for
11 of the 13 ankyrin proteins in L. pneumophila Philadelphia have been generated
and analyzed. Two of these, known as AnkH and Ank], play a role in intracellular
replication during infection of protozoan hosts [139]. Furthermore, the AnkX
protein was shown to prevent microtubule-dependent vesicular transport which
leads to the prevention of fusion of the LCV with late endosomes after infection
of macrophages [140] It is not yet known whether the apparent redundancy of
these ankyrin proteins or of other bacterial effectors masks a possible role in the
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virulence of the remaining ankyrin proteins or whether these are not involved in
protozoan host tropism.

6.3.4.3 Replication in the LCV and Egress from the Host

During bacterial replication unidentified ubiquitinated proteins are recruited to
the LCV in a Dot/Icm-dependent manner [112]. Although the presence of these
ubiquitinated proteins seems to be very important for bacterial replication the
mechanism of their recruitment is unknown. Interestingly, the L. pneumophila
genome encodes proteins containing domains with high similarity to F- and U-box
domains of eukaryotic proteins [95]. F- and U-box domains are found in eukaryotic
E3-ubiquitin ligases where they act by recognizing the targets of the ubiquitination
process and leading them to proteasomal degradation. It has been shown that the
L. pneumophila U-box containing effector, known as LubX, possesses in vitro ubig-
uitin ligase activity specific for the Cdc2-like kinase Clk1. While pharmacological
inhibition of Clk1 inhibits bacterial replication, indicating its role in intracellular
replication of L. pneumophila, neither the replication nor any step in the intracel-
lular cycle was impaired in a lubX mutant [123].

After completion of intracellular replication, bacteria must exit the exhausted
host cell in order to infect a new one. The egress process in not well understood
but the formation of an egress pore has been hypothesized [141]. Two Dot/Icm
effectors have been shown to be implicated in an active but non-lytic egress of L.
pneumophila from protozoan but not mammalian cells. These two effectors are
LepA and LepB: both have weak homology to eukaryotic SNAREs. SNAREs are
protein receptors that mediate vesicle-membrane fusions [142]. LepB also has Rab-
GAP activity which is involved in the formation of LCVs, but it may also contain
other functional domains involved in the escape of L. pneumophila from the host
cells.

6.3.5
Evolution of the Eukaryotic-like Proteins

How did these eukaryotic-like proteins and protein domains which are clearly viru-
lence factors used by L. pneumophila to subvert host functions, evolve? Two hypoth-
eses may explain the presence of these proteins: horizontal gene transfer (HGT)
and/or convergent evolution. The hypothesis of HGT is supported by the fact that
most of these genes show a G+C bias as compared to other L. pneumophila genes
[118]. In addition, L. pneumophila is naturally competent [143, 144], a characteristic
that could explain the mechanism which facilitates the acquisition of foreign DNA.
Furthermore, it has been demonstrated that L. pneumophila is able to transfer
chromosomal DNA horizontally to other L. pneumophila cells [145] and that this
bacterium is able to take up DNA from the environment [144]. It has been hypoth-
esized that ralF was the first gene to have been acquired by L. pneumophila from
eukaryotes by HGT. RalF carries a eukaryotic Sec 7 domain and is probably derived
from a eukaryotic host[102]. However, in contrast to DNA exchange between closely
related bacteria that are likely to be successful because of compatible methods of
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genetic exchange, transfers between distantly related taxa are much less likely to
succeed as the foreign DNA has to integrate into the genome via illegitimate rather
than homologous recombination [146]. However, if organisms in the environment
are subjected to a constant ‘rain’ of DNA, then these rare processes can take place
and will be fixed in a lineage particularly if they confer a selective advantage on
the recipient organism [147]. The interaction between Legionella and protozoa may
have provided many opportunities for the incorporation of DNA from eukaryotes
during the course of evolution. In fact, horizontal transfer from bacteria to amoeba
has been already described as there appear to be 96 cases of relatively recent
prokaryote-to-eukaryote HGT in the Ecantamoeba histolytica genome, and 18 poten-
tial instances of HGT in the Dictyostelium discoideum genome [148, 149].

Another way to explain the presence of these eukaryotic-like proteins and protein
domains is convergent evolution. It might be suggested that this process could
have taken place in the case of proteins in which only one portion of the sequence
is functionally important; so few changes in the sequence would lead to evolution-
ary convergence of domain architectures. This might be the case for example for
eukaryotic domains, since these are restricted to partial segments of the amino
acid sequence. However, [150] it has been concluded from the analysis of the
evolution of domain architectures across 62 genomes of known phylogeny includ-
ing all kingdoms of life, that convergent evolution is rare. In any case, the two
possibilities, horizontal transfer and convergent evolution are not exclusive; both
can have taken place depending on the protein. Only future studies combining
phylogenetic and structural information for each of these proteins, together with
access to more completed protozoan genome sequences, will help to reveal the
origin of each eukaryotic-like gene.

6.3.6
Legionella Genomes

To date, the complete genome sequences of four strains of L. pneumophila sero-
group Sgl have been published: strains Paris, Lens, Philadelphia and Corby [95,
125, 126]. The genomes of these strains are composed of a single circular chromo-
some of 3.34Mb (strain Lens) to 3.57Mb (strain Corby) in size. A single circular
plasmid has been detected in the strains Lens and Paris. These genomes show
substantial homogeneity with regard to GC content (~ 39%), coding percentage
and average length of the coding sequences. The particular features of the Legionella
genomes as deduced from sequence analyses are: (i) high genome plasticity as
many pathogenicity islands and mobility genes have been discovered, (ii) high
genetic diversity, as 7.5 to 10.5% of the genes of each strain are specific. This
genome diversity is further underlined by a recent study comparing the gene
content of over 200 L. pneumophila strains. Except for known and putative viru-
lence factors, which are highly conserved among the strains investigated, L. pneu-
mophila is a genetically diverse species [94]. The most intriguing feature of the L.
prneumophila genomes, discovered by genome sequencing and genome analysis,
is the presence of (iii) a large number and wide variety of eukaryotic-like proteins
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or eukaryotic protein domains as described above [95, 118, 151]. The sequencing
of several additional isolates of L. pneumophila and of other species of Legionella
is currently under way and is nearing completion. This will lead to further insight
into the particular virulence strategies of L. pneumophila and to the understanding
of the evolution of these genomes.

6.3.7
Host response to Legionella infection

Legionella pneumophila is a model organism used to investigate the initiation of
innate immunity to intracellular bacterial pathogens. Its ability to create a special-
ized vacuole in which it replicates represents a unique challenge for the host
immune system. Although L. pneumophila causes legionellosis, most infections
caused by L. pneumophila are cleared by the host immune response, which is why
most infections are asymptomatic. In mice, replication of L. pneumophila in the
lung is usually suppressed after 2 days of infection [152]. Soon after infection by
L. pneumophila, inflammatory cytokines such as interleukine-12 (IL-12) and IL-18
which play a role in activating natural killer (NK) and NK T cells to produce
interferon-gamma (IFN-y) and tumor necrosis factor alpha (TNF-a) are produced;
[152-154] neutrophils are also recruited at this stage [155] to restrict the
initial replication of L. pneumophila cells. Two pathways which are activated by
L. pneumophila infection have been studied in greater detail: the clearance of
L. pneumophila by a MyD88 response and the Naip-5-mediated innate immune
response.

6.3.7.1 The MyD88 Response is Important for the Control of

L. pneumophila Infection

It has been shown in a mouse model that IFN-y produced by natural killer (NK)
cells after infection is a key factor in the early clearance of L. pneumophila in the
lungs [152, 156]. MyD88, a major adaptor protein implicated in Toll-like receptor
(TLR) signaling, was implicated in this process and TLR2, but not TLR4, was
described as one of the pattern recognition receptors involved in initiating this
MyD88-dependent innate immune response [152, 156]. Indeed, MyD88 was shown
to be indispensable to IL12p40, IL6 and TNF-o. cytokine production by L. pneu-
mophila-infected macrophages [152]. Furthermore, it is known that IL12 is a potent
stimulator of IFN-y production by NK-cells [157] and is critical for immunoregula-
tion against L. pneumophila [155, 158]. Thus it is thought that the production of
IL-12 and other pro-inflammatory cytokines following the recognition of L. pneu-
mophila by MyD88 might affect IFN-y production and thus interfere with the
activation of macrophages which are capable of restricting the intracellular growth
of L. pneumophila [152]. Recently it was shown that the MyD88-dependent innate
immune responses induced by L. pneumophila involved both TLR-dependent
responses and also IL-18R-dependent production of IFN-y by natural killer cells,
and that these MyD88-dependent pathways can function independently to provide
host protection against this intracellular pathogen [159].
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6.3.7.2 Naip-5-Dependent Immune Response to Cytosolic Flagellin

Studies of the genetic basis and mechanisms involved in mouse susceptibility or
resistance to L. pneumophila led to the determination of another pathway in the
innate immunity process which controls L. pneumophila infection. Several studies
have implicated the host protein Naip5 (Bircle) in the resistance to L. pneumophila
[160, 161]. More recently, it was found that the Naip5-dependent pro-inflammatory
macrophage response is triggered by flagellin and results in the induction of IL-1f
secretion [162-164]. This response requires the pore-forming action of the Dot/
Icm T4SS system so that flagellin can diffuse into the cytosol where it is recognized
by Naip5; caspase-1 is also required for the successful secretion of IL-1 [162]. The
proteins Asc and Ipaf are known adaptors that regulate the activation of caspase-1.
Their implication in the Naip-5-dependent response has been investigated and it
was shown that Naip-5 and Ipaf interact to restrict L. pneumophila growth in a
caspase-1-dependent manner although independently of IL-1B secretion, while
Naip-5, Ipaf and Asc are essential for IL-1p secretion [164]. It was proposed that
upon activation, macrophages respond to infection by several processes, for
example release of inflammatory cytokines, degradation of intracellular bacteria
and self-destruction.

6.3.7.3 Dictyostelium Transcriptional Host Cell Response upon Infection

The social amoeba Dictyostelium discoideum is a well-defined model organism used
in the study of L. pneumophila infections and its use has led to a better understand-
ing of the complex host—pathogen cross talk [165, 166]. The similarities between
Dictyostelium and mammalian cells include cytoskeletal proteins, membrane traf-
ficking, endocytic transit and sorting events. Various studies showed that the
growth kinetics of pathogenic and non-pathogenic Legionella species as well as
Legionella mutants in Dictyostelium correlate with infections of human macro-
phages such as cell lines or protozoa [167-169].

Recent studies have used microarrays carrying half of the D. dicoideum genes to
study the host cell response to Legionella infection [170]. Analysis of the differen-
tially regulated genes showed that following L. pneumophila infection the host
ribosome constituents, protein biosynthesis, hydrolases, lysozyme activity, lipid-
modifying enzymes and a number of small calcium-binding proteins are all down-
regulated. In contrast, genes encoding enzymes involved in tRNA metabolism and
modification, glucose homeostasis, the metabolism of amino acids belonging to
the glutamine and pyruvate family, nucleotide biosynthesis as well as cytoskeletal
proteins were enriched among the up-regulated genes. Apart from a stress
response which had already been described in the context of infection genes which
have a clear link to pathogenesis, the host genes were differentially regulated. This
is the case for the genes encoding RtoA, ARF1 and B’-COP. RtoA™ cells (ratioA
mutant) show abnormalities in vesicle fusion in endo- and exocytosis, while the
ADP-ribosylation factor ARF1 and the coatomer protein 3’-COP regulate and direct
vesicular trafficking from the early secretory pathway. Further factors that could
influence the fate of the phagosome in the host are certain fatty acid-modifying
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enzymes and PIP-6 kinases. Furthermore, the upregulation of transcripts belong-
ing to the ubiquitination machinery of D. discoideum after infection with Legionella
wild type as compared to the dotA mutant was also observed [170]. It has been
shown that L. pneumophila secretes via the Dot/Icm system, proteins that might
interfere with the ubiquitination machinery of the host which may play a role
in this process [123, 139]. Taken together, Legionella obviously exploits host cell
functions such as the ubiquitination machinery and induces the downregulation
of the host-specific metabolism and degradative enzymes and on the other hand
induces the upregulation of activities that produce nutrients suitable for the
pathogen.

6.4
Conclusions

Legionella and Pneumococci are quite different types of bacteria: the former is
a Gram-negative rod and an intracellular pathogen while the latter is a Gram-
positive coccus which has not as yet been found as an intracellular pathogen.
Their virulence strategies are also quite different. The virulence of Legionella is
mainly determined by secreted substrates which allow this organism to mimic
host cell functions and many of these secreted substrates seem to have been
acquired by horizontal gene transfer or convergent evolution. In pneumococci
virulence is based mainly on a large number of different virulence factors includ-
ing surface-anchored proteins and the capsule. Legionella are environmental
bacteria that are accidental pathogens for humans while pneumococci are part
of the normal flora of the nasopharynx of humans and are not found in the
environment. However, both bacteria cause pneumonia with a number of similar
symptoms. Furthermore, the host defense mechanisms seem to be similar.
However, it is not as yet known whether neutrophils also respond with NET
formation to fight Legionella infection as they do for infection with S. pneumoniae.
It is likely that this question will be investigated further in future studies. The
development of many new high throughput techniques for comparative and func-
tional genomics will also help to better understand and fight diseases and with
the accumulation of more data systems biological approaches might lead to new
answers.
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The Salmonella-Mouse Interaction: A Versatile Model to Study
Bacterial Infection

Jessica A. Thompson, Sophie Helaine, and David W. Holden

7.1
Introduction

Serovars of Salmonella enterica cause diseases in humans and other animals
ranging from enteritis to more serious systemic infections that can be fatal if left
untreated. S. enterica serovars Typhi, and Paratyphi A, B and C have a very narrow
host range and cause typhoid fever only in humans and higher primates. Other
serovars can infect a wider variety of hosts; for example, serovar Typhimurium
causes enterocolitis in humans and a typhoid-like disease in some inbred, geneti-
cally susceptible mice such as the BALB/c strain. Salmonella infections are respon-
sible for major disease and economic burdens worldwide: in 2004 it was estimated
that there were 21.6 million cases with 216510 deaths globally resulting from
typhoid fever [1]. Complications in treatment have arisen due to the emergence of
multi-drug resistance [2] and although two vaccines against typhoid are available,
either purified Vi polysaccharide or a live attenuated strain, their efficacy is limited
and revaccination is often required [3]. A greater understanding of the mecha-
nisms underlying the disease could provide a basis for a rationally designed live-
attenuated vaccine with improved efficacy, which might also be exploited to express
heterologous antigens for cross-protection against other pathogens [4].

The host restriction of serovars causing human typhoid makes it difficult to
establish the in vivo relevance of findings generated by in vitro studies. Hence, S.
typhimurium infection of mice has been used extensively over several decades as
a model for typhoid fever. This system is popular because it recapitulates several
aspects of human typhoid, and both pathogen and host can be manipulated geneti-
cally with relative ease. Furthermore, the system has been exploited for the devel-
opment of several useful techniques that have provided considerable insight into
the molecular cell biology of bacterial virulence, the basis of host resistance and
the physiology of the disease process. Some of these techniques are additionally
important because of their applicability to other bacterial diseases.

Although infection of mice by S. typhimurium is a widely accepted model for
typhoid, the similarities and differences between infection of humans by S. typhi
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and of mice by S. typhimurium should be borne in mind. The symptoms of typhoid
fever in humans begin with a prolonged fever followed by inflammation of the
lymphoid tissue of the small intestine. In one-third of cases, patients experience
diarrhea. These symptoms occur after ingested S. typhi enter the small intestine
and invade the Peyer’s Patches. From there, they migrate into the mesenteric
lymph nodes (MLNs) where growth occurs prior to release of bacteria into the
bloodstream. Macrophages of the spleen, liver and bone marrow ingest the bacte-
ria, which replicate in these organs, leading to hepatosplenomegaly. Salmonella
eventually re-enter the blood following escape from the intracellular environment;
as a consequence of the second bacteremia, infection spreads to the gall bladder,
sometimes leading to reinvasion of Peyer’s Patches in the distal ileum. This re-
exposure causes inflammation and hemorrhagic necrosis of the Peyer’s Patches,
which can result in perforation of the small intestine, peritonitis, septicemia and
death [5]. In approximately 1 to 6% of cases a chronic carrier state develops, where
infection is asymptomatic despite evidence of colonization demonstrated by bacte-
rial shedding in the feces.

Following oral administration of S. typhimurium to BALB/c mice, the bacteria
move through the gastrointestinal tract with a small proportion able to colonize
the mucosa of the distal ileum. Infected mice display an elevated temperature but
do not develop diarrhea. Peyer’s Patches are the main sites of invasion [6, 7]
although adjacent enterocytes [8] and trans-cytosing CD18+ phagocytes [9] provide
alternative means for breaching the epithelial barrier. The bacteria start to replicate
and infection spreads to the MLNs draining these sites before progressing to the
spleen and liver via the lymph and blood [10]. Ultimately, intra-macrophage growth
within these organs results in enlargement of the spleen and liver, as occurs in
cases of human typhoid fever. The resulting tissue damage has the potential to
lead to organ failure, as well as a second, usually fatal, bacteremia. However, infec-
tion of the gall bladder and secondary exposure of the Peyer’s Patches leading to
perforation of the gut are not commonly associated with S. typhimurium infection
of BALB/c mice.

In addition to the highly susceptible Nramp™”~ BALB/c host (in which less than
10 intra-peritoneal-inoculated wild-type bacteria are sufficient to cause a lethal
infection), genetically resistant Nramp*’* 129sv mice have been used to study a
chronic disease characterized by persistence of S. typhimurium in macrophages
within the MLNs for up to 1 year following oral inoculation [11].

The similarities in the infectious processes of S. typhi and S. typhimurium reflect
extensive conservation of their genomes; several major virulence systems are
common to the two serovars; these include the PhoP/Q regulon, and the Salmo-
nella Pathogenicity Island (SPI)-1 and SPI-2 [12, 13]. Together these account for
at least 100 virulence genes, although some variation exists among individual
proteins of these systems. Approximately 4500 open reading frames (ORFs) exist
within the genomes of Typhi and Typhimurium [14, 15], of which between 3 and
5% encode bona fide virulence factors [16, 17]. Analysis of the complete genome
sequences has revealed that 13 and 11% of genes are unique to S. typhi and to S.
typhimurium, respectively, when compared to that of the other serovar [14, 15]. The
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S. typhi genome includes 200 pseudogenes; 145 of these are intact genes in S.
typhimurium, some of which have been shown to be involved in virulence (e.g.
ssef). To some extent this may account for the differences between infections
caused by the various serovars and their host range [14, 15]. Genetic differences
between hosts are also likely to influence both host restriction and severity of the
resulting disease.

These genetic differences (both between human and mouse, and S. typhi and
S. typhimurium) introduce limitations to the use of the mouse model to study
human typhoid disease. S. typhi genes potentially required for causing typhoid
fever but not present in S. typhimurium (including several fimbrial operons of S.
typhi that are not found in S. typhimurium [18])obviously cannot be studied in the
mouse model. In the same way, some genes that contribute to the virulence of S.
typhimurium, such as the spv operon, are absent from S. typhi and as such may
not be relevant to the study of human typhoid [19]. As a result, findings from the
mouse model must be extrapolated to infection of humans by S. typhi with caution
and, if possible, corroboration.

Additional models of infection have been established to investigate other
Salmonella-associated diseases. Bovines are natural hosts for S. typhimurium, dis-
playing similar manifestations of enterocolitis as humans, but cattle are expensive,
out-bred and much more difficult to manipulate than mice. As a result, a mouse
model has been developed in which streptomycin pre-treatment followed by infec-
tion with S. typhimurium leads to enterocolitis [20, 21].

For the remainder of this chapter we consider the mouse model of acute typhoid.
We describe the different ways in which it has been used, and how it has contrib-
uted to our understanding of the pathogenic process, from identification and
characterization of virulence genes and host factors involved in infection, to
detailed analyses of bacterial distribution and populations at the tissue and cellular
levels.

7.2
Identification of Virulence Genes

7.2.1
In vitro Cell Models

To understand the disease process it is necessary to identify the molecules involved
in pathogenesis and resistance, characterize their mechanisms of action and physi-
ological effects, and integrate this knowledge with respect to the spatiotemporal
progression of infection and the host response. There are several distinct environ-
ments during systemic infection in which different bacterial virulence factors are
expressed and function to facilitate bacterial survival and growth. These include
(i) the gut lumen, where bacteria must survive the low pH of the stomach and
high osmolarity of the small intestine, before adhering to and invading the epi-
thelium, (ii) the intracellular vacuole (or Salmonella-containing vacuole (SCV))
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within epithelial cells and dendritic cells (DCs), (iii) the bloodstream and (iv) the
SCV within macrophages, which are equipped to kill ingested bacteria by generat-
ing reactive oxygen and nitrogen, delivering antimicrobial peptides and the con-
tents of lysosomes to phagosomes.

The availability of cell lines of epithelial, macrophage and DC origin, as well as
primary macrophages and DCs from mice has led to innumerable in vitro studies
on different facets of the infection process such as bacterial invasion, survival,
replication, vacuole trafficking, immune modulation and cytotoxicity. They have
provided major breakthroughs in our understanding of bacterial virulence: the
identification of the SPI-1 type III secretion system and the phoP-Q regulon, for
example [22-26]. Studies on S. typhimurium invasion and trafficking in epithelial
cells have usually been carried out using human cell lines, such as HeLa, Henle-
407 and HEp-2. One such screen with S. typhimurium and Henle-407 cells enabled
inv genes encoding the SPI-1 type III secretion system to be identified [24].
Although this showed that these genes are necessary for bacterial invasion of
human epithelial cells, the mouse model was then used to show decreased ability
of inv mutants to colonize Peyer’s Patches, and the small intestinal epithelium
[24]. The inv mutants were attenuated when administered perorally to BALB/c
mice, but not when given intraperitoneally, which showed that the locus does not
have an important function during the systemic phase of infection [24].

Another important study used a large collection of Salmonella mutants to isolate
strains with defects for survival and replication in elicited peritoneal macrophages
from BALB/c mice. The screen of 9516 mutants yielded 115 with defects in intra-
cellular survival, 83 of which were attenuated when subsequently tested in the
mouse model of infection [22]. This provided strong indirect evidence that Salmo-
nella must replicate in macrophages to cause disease, a concept that was not
universally accepted around that time [27]. It also generated many interesting
mutants for further analysis, including one carrying a mutation in phoP, a key
regulator of expression of Salmonella virulence genes [23, 26].

Although much valuable information can be gained from the use of in vitro
screens for bacterial virulence genes, they have an obvious limitation: they usually
focus on one specific aspect of the disease process, ignoring the broader context
of these individual interactions in pathogenesis. Bacteria respond to different cell
types and changing conditions in the host as infection progresses. This occurs in
the face of a developing immune response, which involves different cell types
whose actions are subject to complex temporal and spatial regulation. Unfortu-
nately it is currently not possible to simulate these conditions in vitro.

7.2.2
In vivo Screens for Virulence Genes

To circumvent the limitations of screening in vitro for Salmonella virulence factors,
several techniques have been developed to identify genes that are either expressed
or required for growth within the mouse. Alongside the obvious benefits of
increased physiological relevance due to studying the entire bacteria—host interac-
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tion, some of these methods enable pools of bacterial strains to be tested in
the same mouse. The number of animals required for analysis is reduced, with
clear benefits: ethically, and due to the resulting reduction in host-to-host
variation.

The first use of complex pools of Salmonella strains in the mouse was a ground-
breaking study by the Mekalanos group [28]. They developed in vivo expression
technology (IVET), in which genes expressed selectively in infection are identified
using a genome-wide promoter trap screen. In the original version, partially
digested genomic DNA from Salmonella was ligated into a plasmid upstream of a
promoterless purA gene required for purine biosynthesis and bacterial growth
within the host. A library of Salmonella purA mutants each carrying a different
plasmid was injected into mice and complementation of auxotrophy positively
selected for virulent strains. These were recovered and tested in vitro to ensure
that the promoters were only expressed in the host, and genes were identified
following plasmid sequencing. This work generated widespread interest, and was
a crucial development in the study of bacteria—host interactions. Arguably, this
was not so much because of the genes identified, but because it stimulated the
development of several other screening approaches, both in Salmonella and other
pathogens, for in vivo induced genes [29] and also for high throughput analysis of
conventional mutants [30].

One shortcoming of the original IVET method is that transient or low level
expression of ivi genes can be missed. This was addressed by the development of
recombinase-based IVET (RIVET) [29]. In this case, the promoterless pur gene on
the IVET vector is replaced with a resolvase gene (tnpR), with lacZY encoded
downstream. A tetracycline resistance cassette flanked by res1 sites is introduced
into the bacterial chromosome. Following generation of reporter fusions and their
expression upon infection of the host, expression of the resolvase catalyzes recom-
bination events at the res1 sites; the tetracycline resistance cassette is removed and
the bacterial strain changes from a tet® to tet’ phenotype. This phenotypic switch
is detected by replica plating; use of selective media in conjunction with lacZY also
enables elimination of in vitro expressed fusions. RIVET was originally developed
using Vibrio cholerae, but a ‘directed’ application of RIVET using Salmonella-
infected mice has been used to assess the expression of an Ni/Fe uptake-type
hydrogenase in different organs [31], and to show that expression of SPI-2 can be
detected during initial stages of infection in the lumen of the intestine [32].

A fluorescence-based method (differential fluorescence induction) has also been
developed for the isolation of bacterial genes expressed during infection of host
cells. Macrophages infected with Salmonella carrying a plasmid with chromosomal
fragments fused to a GFP gene reporter were separated by fluorescence-activated
cell sorting (FACS) and bacteria were then isolated by FACS on the basis of
reduced fluorescence in vitro [33]. As well as showing that SPI-2 gene expression
is strongly induced following uptake by host cells [34] this technique also provided
a construct for constitutive expression of GFP by Salmonella (pFPV25.1) which
has proved very useful for detecting intracellular Salmonella in vitro and in vivo
33, 35].
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IVET and its variants have revealed genes which are expressed in the host, but
it is important to note that expression does not always correlate with a requirement
for growth in vivo, or with a role in virulence: if the in vitro expression analysis
involved growth in rich media, the nutritionally limited environment in vivo might
identify biosynthetic genes involved in general metabolism rather than virulence
genes.

Signature-tagged mutagenesis (STM) was developed as a means for high
throughput identification of Salmonella virulence genes, using the mouse to select
against transposon mutants with in vivo growth defects [30]. Each transposon
carries a different DNA barcode (signature tag) flanked by identical DNA sequences.
This enables the tags from a pool of mutants to be co-amplified, labeled and
hybridized to DNA from individual mutants arrayed on filters. Hybridization pat-
terns were generated by tags amplified from pools of 96 mutants before inocula-
tion and following bacterial recovery from infected organs. The signature tags
therefore act as molecular barcodes to detect the presence of each mutant in the
pools. STM has its own limitations, but many improvements to the technique have
been made using both bacteria and fungi and these have recently been discussed
elsewhere [36].
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The initial application of STM resulted in the discovery of the Salmonella
Pathogenicity Island (SPI)-2 encoded Type Three Secretion System (T3SS) [30, 37].
This T3SS delivers over 20 effector proteins across the vacuolar membrane of
infected cells. These have many different functions, including the promotion
of bacterial replication [38, 39], avoidance of killing by reactive oxygen [40]
and nitrogen species [41], modulation of immune functions in macrophages and
DCs [42-44], control of vacuolar membrane dynamics [45-47], induction of
host cell cytotoxicity [48-50] and stimulation of macrophage motility [51], as
summarized in Figure 7.1C. Together these make a major contribution to systemic
growth of bacteria in the mouse [30, 39]. The SPI-2 TTSS of S. typhi is also
important for intracellular growth [4] and a strain incorporating an SPI-2 mutation
appears to be safe and a potential single oral dose vaccine for human typhoid

fever [52].

<

<

Figure 7.1 Interactions between Salmonella
and the murine host. (A) The intestinal phase
of infection. Fimbriae, flagella and alterations
to LPS, among other bacterial factors,
promote survival and attachment of
Salmornella in the gut lumen and to the
intestinal wall in the face of host responses
including antimicrobial peptides, phagocytes,
complement and peristalsis. Salmonella
traverses the intestinal barrier by three
mechanisms: (i) SPI-1 T3SS-mediated
invasion of M cells, (ii) SPI-1 T3SS-mediated
invasion of adjacent enterocytes, and (iii)
phagocytosis and translocation by CD18+
phagocytes. In the sub-epithelial dome,
Salmonella are phagocytosed by macrophages
and DCs. SipA can induce SPI-1 T3SS-associ-
ated caspase-1-mediated host cell death,
alternatively, cells undergo maturation and
migration processes, either traveling via the
lymph to the MLNSs, or directly into the blood,
before passing to the liver and spleen. (B)
Interactions in the spleen. Salmonella are
predominantly found in marginal zone (b)
and red pulp (c) macrophages, with very little
colonization of white pulp metallophilic
marginal zone (a) macrophages. Bacterial
replication is predominantly intracellular,
granuloma formation occurs with recruitment
of further phagocytes. Net growth of
Salmonella in the liver and spleen appears to

occur through death of infected cells, release
of intracellular bacteria and the establishment
of new foci of infection, not the expansion

of those already in existence. (C) Intra-
macrophage interactions. (1) Salmonella is
phagocytosed by macrophages, and resides
within a membrane-bound vacuole: the
Salmonella-containing vacuole (SCV). The SCV
acidifies following acquisition of v-ATPase,
acquires certain late endosomal markers but
avoids fusion with lysosomes and delivery of
ROS generated by the oxidative burst. (2) The
SPI-2 T3SS is activated, effectors are delivered
into the macrophage cytosol and bacterial
replication is stimulated. (3) Translocated SifA
and PipB2, in conjunction with the host
protein SKIP, regulate the levels of kinesin on
the SCV. This, alongside the activity of the
effector Sse), maintains membrane integrity,
preventing exposure to and killing by cytosolic
antimicrobial activity. (4) Ssel deubiquitinates
host proteins and stimulates host cell death,
whilst the phosphothreonine lyase activity of
SpvC (5) inactivates MAP kinases such as
ERK, reducing translocation of activated ERK
to the nucleus. (6) Ssel binds the host protein
TRIP6 and increases motility of the host cell.
As yet unknown SPI-2 T3SS-mediated activity
inhibits antigen presentation on MHC class II

).
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7.3
Analyzing Gene Function in vivo

7.3.1
Measuring the Contribution of Bacterial Genes to Virulence

The majority of the 150-200 predicted virulence genes in the S. typhimurium
genome have now been identified. However the specific biochemical functions of
many of these remain to be determined. If the predicted amino acid sequence of
a gene does not provide a clue to its function, phenotypic analysis of the mutant
strain can be used to gain insights into the physiological role of the gene in ques-
tion. A useful starting point is to determine if loss of the gene results in attenua-
tion of virulence. Historically, the level of virulence attenuation conferred by the
mutation was investigated by inoculation of groups of mice with a range of doses
of inocula of a single strain. The LDs, (or median lethal dose), defined as the bacte-
rial dose that causes 50% of the animals to reach the experimental end-point (a
defined stage of morbidity or death) was recorded and compared between wild-type
and mutant strains. This is a relatively crude method in that it reflects only the
cumulative effect of all steps involved in causing lethality. Furthermore, it is
expensive due to requirements for a large number of animals and raises ethical
considerations if the chosen endpoint causes undue suffering to the host. Instead
of using death or indicators of morbidity to define an experimental end-point, it
is of course possible to sacrifice mice at various time points after inoculation and
determine the bacterial load from different organs. Bacteria can easily be recovered
from the Peyer’s Patches, MLNs, spleen and liver, and the numbers of viable
bacteria enumerated by colony forming units (CFU) following plating on labora-
tory medium. Differences in the numbers of mutant and wild-type bacteria from
these sites provide a measure of attenuation of the mutant strain and can also
indicate whether the gene has a tissue- or organ-specific function. In addition,
administering bacteria orally, intraperitoneally or intravenously can generate
further information about the spatial requirements for the virulence factor within
the host. As indicated above, Salmonella strains mutated in the SPI-1 T3SS, which
is required for colonization and translocation of the intestinal epithelium, are
attenuated when administered orally, but not following intraperitoneal inocula-
tion, showing that this secretion system is dispensable once the barrier of the
intestinal epithelium has been surmounted [24]. On the other hand, strains carry-
ing mutations in SPI-2, phoP and spv genes are attenuated following both oral and
intraperitoneal injection [53, 54], which shows that they are required for systemic
infection, but does not reveal whether they are required for colonization of the gut
epithelium, Peyer’s Patches or MLNs. Modification of inoculum size and duration
of infection can also shed light on virulence gene function.

A limitation of single strain infections is that the use of multiple animals intro-
duces host-to-host variation and this in turn necessitates large numbers of
animals to establish the significance of any results obtained. As a result, the com-
petitive index (CI) test has largely supplanted single strain infections as a means
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of measuring virulence attenuation. In the CI test, equal numbers of the wild-type
and mutant strains are combined in the inoculum and a mixed pool of bacteria is
subsequently recovered from organs of infected mice; individual strains can be
distinguished on the basis of different antibiotic resistance markers. The CI is
defined as the ratio between the mutant strain and the wild-type in the output
divided by the ratio of the two strains in the input; ratios of less than 1 indicate a
competitive disadvantage of mutant relative to wild-type; a CI equal to 1 demon-
strates no effect of the mutation upon virulence; a ratio of more than 1 indicates
an advantage for mutant over wild-type [55, 56].

The CI is a much more sensitive measure of virulence attenuation than the LDs,
because it provides a direct readout of overall bacterial growth compared to an
indirect effect on mouse morbidity or survival. Furthermore, the elimination of
host-to-host variation reduces the number of mice required to achieve statistical
significance. A theoretical drawback exists in that the defect of some attenuated
strains might be complemented in trans by the presence of wild-type bacteria in
the same tissue. This does not seem to be a major problem in practice as the
majority of Salmonella mutants that are attenuated when tested singly are also
attenuated in mixed infections. The CI is a versatile method, where route of inocu-
lation, dose, strain combination and ratio, time and site of recovery can all be
varied to provide a detailed description of the spatiotemporal contribution to viru-
lence of a given gene. All these factors have made CI analysis a very popular
approach for investigating Salmonella virulence.

To cause infection, Salmonella must (i) survive the killing mechanisms of the
host, and then (ii) acquire nutrients and membrane in order to replicate in SCVs
within macrophages. Although the distinction between these two activities is not
always clear, some virulence gene functions can be broadly classified as ‘enabling
avoidance of killing’ while others are involved in ‘facilitating replication’. For
example, the PhoP/Q regulon is required for avoidance of killing, since its induc-
tion increases bacterial resistance to antimicrobial peptides [23], whereas some
genes involved in metabolite acquisition facilitate bacterial replication [57, 58].
Gulig and Doyle [59] used segregation of a temperature-sensitive (ts) plasmid to
establish whether the Salmonella virulence plasmid contributes to replication or
avoidance of killing in vivo. The ts plasmid fails to replicate at 37 °C and therefore
becomes diluted in the bacterial population as it divides in host tissues. If an
attenuating mutation causes reduced growth rate then a greater proportion of the
mutant population recovered from infected mice will carry the ts plasmid. Studies
with both spv [59] and SPI-2 mutants [39] strongly suggest that these two virulence
systems function to increase replication rather than help the pathogen to avoid
killing by the host.

7.3.2
Investigating Interactions between Bacterial Virulence Genes

The CI test has been adapted for analysis of virulence gene interactions. Baumler
et al. were the first to use mixed infections of Salmonella strains to gain evidence
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for functional independence or synergism between individual genes [60]. The CIs
of wild-type versus AipfC (fimbrial gene), wild-type versus AinvA (SPI-1 T3SS
apparatus) and wild-type versus AipfCAinvA were compared and showed evidence
of phenotypic additivity of AipfCAinvA mutations, suggesting an independence of
function for ipfC and invA. This work provided the basis for a modified CI test,
referred to as canceled-out index (COI) [61, 62]. In brief, CI values are obtained
for single mutants in comparison to wild-type and the ratios are then obtained for
single mutants relative to the double mutant. If two virulence genes act independ-
ently, then it is assumed that the contributions to virulence (and therefore the
attenuation upon removal of these factors) will be additive, with a COI for AgeneA
versus AgeneAAgeneB similar to that for wild-type versus AgeneB. In contrast, if the
two genes have a linked function, any effects on virulence that would normally be
caused by AgeneB when in isolation are abrogated by the presence of AgeneA in
both strains. No selective advantage exists for the single mutant strain over the
double mutant; in this case the COI would be expected to be close to 1.0. The
principles of COI were illustrated by demonstrating a lack of interaction between
purD (involved in purine biosynthesis) and ssaV (encoding a structural component
of the SPI-2 TTSS) but functional linkage for the latter and sseB (encoding part of
the T3SS translocon required for effector delivery into the host) [62].

7.3.3
Investigating Interactions between Host and Pathogen Factors

The availability of mutant mouse strains affected in immune functions has vastly
increased over recent years. These mutant strains, generated either by conven-
tional breeding, or targeted or random mutagenesis, can be utilized in the same
way as wild-type mice to compare LDs,, bacterial load in various organs, CI and
COl, for both wild-type and mutant bacteria. Examples of the numerous studies
carried out and their main findings are summarized in Table 7.1.

Infection of wild-type and mutant mice with wild-type Salmonella and compari-
son of either LDs, or bacterial load at different time points enables bacterial viru-
lence to be determined in the presence or absence of specific host factors. If
increased morbidity or bacterial growth is observed in the mutant mouse com-
pared to wild-type, then the gene in question is presumed to have a role in resist-
ance to Salmonella, by limiting replication or through active killing of the pathogen.
Alternatively, loss of a host factor can inhibit Salmonella growth, suggesting either
a direct role in promoting virulence (e.g. the host factor might be an interacting
partner for a bacterial virulence protein), or non-specifically through an involve-
ment in immune function that is exploited by Salmonella for growth.

Manipulation of the mouse model is not restricted to knock-outs, transgenics
or conventional breeding: it has also been possible to remove certain cell types and
study their involvement in the disease process. Approaches that have been used
include irradiation and antibody treatment. A protective role for neutrophils was
demonstrated by the use of mice rendered neutropenic by antibody-mediated
depletion; these animals exhibited increased bacterial colonization of systemic



Table 7.1
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Examples of the use of mouse gene knockouts to investigate host responses to
Salmonella infection.

Gene knock-out

Gene function

Major finding Reference

gp91phox™

iNOS™~

phoxiNOS™~

Ity (nrampl7)

FcyRI7~
FyRIT7
FeyRIIT -

Igh-67~

Generation of
ROS

Generation of
RNS

Divalent
cation
transporter on
phagosome
membrane

IgG receptors

Ig heavy
chain: null
mice lack
peripheral B
cells

Contributes to early macrophage
killing of Salmonella; knock-out
mice exhibit increased bacterial
numbers by day 1 in spleen and
liver following i.v. inoculation
and succumb more rapidly to
infection

[40, 63, 64]

RNS contribute to early and late
macrophage anti-Salmonella
activity, mediating a late stage
bacteriostatic effect in the spleen
and liver; granulomas form but
are unable to contain bacterial
replication

40, 63]

ROS and RNS make distinct, [63]
additive contributions to bacterial
killing in peritoneal macrophages

nrampl null mice behave as Ity®
mice, succumbing to infection
4-6 days after i.v. inoculation,
attributing the resistance
associated with this locus to this
gene. Mutation in conjunction
with NOS2A (RNS) or Cybb
(ROS) demonstrates additive
(independent) effects upon
bacterial growth and resistance
to infection

[65, 66]

Survival of knock-out mice is [67]
reduced upon secondary

infections with orally

administered virulent Salmonella

Lack of peripheral B cells has no
effect on host survival in primary
infections with virulent
Salmonella, or bacterial growth
in spleen and liver of attenutated
strains. Decreased host survival
occurs upon secondary exposure
to virulent Salmonella following
initial infection with attenuated
strain, thought to be due to
impaired Th1 responses

63, 68]
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Table 7.1  Continued

Gene knock-out Gene function Major finding Reference
Igu'’- Lack B cells Increased oral LDs, in absence of [69]
mature B cells and antibodies
Clqa™’”" Early Increased susceptibility to [70]
component in Salmonella infection, with
classical increased bacterial growth in the
complement spleen and liver. In vitro infected
pathway clqa™ macrophages contain

more Salmonella per cell

caspase-17" Cysteine Increased susceptibility to [71]
protease, infection, with increased
involved in bacterial recovery from Peyers
Salmonella- Patches, MLN, spleen and liver.
induced host Caspase-1 cleaves and maturates
cell death IL-1B and IL-18. Exogenous IL-18

partially restores bacterial growth
in caspase-17" mice to levels in

wild-type
tlr47Tbp7cd147- Receptor and Delayed cytokine production, [72-75]
associated decreased NO and cellular
molecules: responses including macrophage-
bind LPS mediated killing. Increased

bacterial growth in Kupffer cells.
Recapitulation of the nramp™~
phenotype. TLR4-mediated
signaling important for initiation
of innate immune responses

tlr57- Receptor: TLRS5 on laminar propria [76]
binds flagellin CD11c+ phagocytes aids
Salmonella translocation from
the intestinal lumen to MLN.
Mice succumb less rapidly to
oral infection with lower bacterial
counts in the MLN, spleen and

liver
tlr27- Receptor: In conjunction with tlr47~: [75]
binds increased susceptibility to
peptidoglycan infection with increased bacterial

growth in bone marrow-derived
macrophages and spleen;
decreased host survival (tlr27~
alone does not affect Salmonella
virulence in the host)

myd887" ignalin imilar phenotype to tlr27tlr47~

yd88~ Signaling Similar phenotyp 1r2 7 tlr4™ 75
adapter knock-out mice: signaling via
protein for MyD88 is important for

TLRs resistance to Salmonella
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Table 7.1  Continued
Gene knock-out Gene function Major finding Reference
irgm17 LRG-47 (p47 Increased susceptibility to 177]
GTPase), infection with increased bacterial
IFN-inducible, load in spleen and liver, defects
immune in granuloma maturation and
function decreased macrophage
accumulation in spleen.
IFN-y-treated irgm17~
macrophages are less able to
restrict bacterial growth
cd1547~ T cell surface Hypersusceptibility to attenuated [78]
molecule: Salmonella
CD40
interaction
T-bet /- Transcription Decreased host survival upon [79]
factor: Thl infection with attenuated
cell Salmonella; increased splenic
differentiation bacterial burden, disrupted
cytokine responses
ubp437- Negative Fewer bacteria recovered from [80]
regulator of spleen and liver of mice; only
type I IFN slight increase in host survival
responses due to hypersensitivity to LPS
cav-17" Caveolin-1 Increased susceptibility to [81]
Salmonella infection, increased
bacterial burden in spleen and
liver. Increased production of
inflammatory cytokines,
chemokines and NO, probably
from macrophages thought to be
involved in heightened sensitivity
of KO mouse
mfor’mfop55r7 TNFo and tnfo/~ peritoneal macrophages: [82]
receptor increased growth of Salmonella
with decreased NO responses.
Receptor KO mice: succumb to
oral infection more rapidly,
greater splenic and hepatic
burdens, impaired immunity to
secondary infections following
inoculation with an attenuated
strain
il-47- IL-4: Knock-out mice succumb more [83]

induction of
Th2 response

slowly to infection
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sites [84]. The contributions of certain cytokines have also been investigated using
antibodies that bind either the receptor in a non-activatory manner or the cytokine
itself, thereby abrogating the activity of these molecules. For example, neutraliza-
tion of IL-12 [85] or IL-18 [86, 87] increased the growth of Salmonella in the mouse
reticuloendothelial system, and this was accompanied by decreased IFN-y produc-
tion and increased host morbidity. Neutralizing antibodies can be very useful
when the corresponding gene knock-out causes lethality or developmental defects,
and overall these studies have been extremely important in developing our under-
standing of the basis of resistance to Salmonella in the mouse.

Further understanding of the contributions of host resistance mechanisms to
Salmonella infection has come from the use of gp91phox”~and iNOS™ mice, which
are unable to generate ROS or RNS, respectively [63]. Although both mutant mouse
strains had increased susceptibility to infection, ROS were shown to have an impor-
tant bactericidal effect during the early, acute phase of infection, whereas the con-
tributions of RN'S appeared to be more bacteriostatic, mediating protection later on.

It has been known for many years that the Ity locus (mutated in BALB/c mice)
mediates protection against early growth of Salmonella, but how the encoded
protein (Nramp1/Slcllal, a divalent cation transporter localized on the phago-
somal membrane) actually contributes to elimination of the pathogen at a cellular
or molecular level remains unclear. Introduction of wild-type Nramp1 cDNA into
RAW264.7 macrophages completely blocked intracellular replication of S. typh-
imurium [88]. Nramp1/Slc11al”" knock-out mice have also been used to show that
the Slcllal protein contributes to the production of pro-inflammatory cytokines
by dendritic cells [89], and to the development of inflammation and protection
against S. typhimurium in the enterocolitis model in mice [90].

Combining Salmonella mutants with mouse mutants provides another means for
revealing aspects of the infectious process. The role of CD18+ phagocytes in extra-
intestinal dissemination of Salmonella was unveiled in this way: the SPI-1 T3SS is
required for bacterial invasion of intestinal epithelial cells, but the attenuation of
virulence of SPI-1 mutants following oral inoculation is not complete [24]-this
suggested alternative routes of entry across the gut epithelium. The amount of
systemic colonization by SPI-1 null mutant bacteria was further reduced in CD18
knock-out mice following oral but not intra-peritoneal inoculation [9]. This provided
very strong evidence of a SPI-1 independent, CD18-dependent route of transmis-
sion from the intestine of infected animals, possibly via CD18-expressing phago-
cytes translocating from the gut into the bloodstream and on to the spleen and liver
[9] (Figure 7.1A). Later work using immunohistochemical and two-photon imaging
of explanted gut tissue containing GFP-expressing CD11c cells from infected mice
revealed trans-epithelial DC extensions along the length of the ileum [91]. MyD88
and TLR-dependent signaling stimulates dendritic cells to extend dendrites through
the epithelial layer; the formation of tight-junction-like interactions between den-
dritic cells and epithelial cells prevents disruption of barrier integrity. These protru-
sions are retractable, increased upon infection with Salmonella, and were shown
to contain the pathogen. This supports the hypothesis that DCs sample the gut
lumen at sites distant from Peyer’s Patches [91] and that they provide an important
SPI-1-independent means of access to systemic sites [92-94].
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Mutant mice can also be used to establish functional links between pathogen
and host gene products, by comparison of the growth and effects of wild-type and
mutant Salmonella in wild-type and mutant mice. For example, the increased
virulence of SPI-2 T3SS mutant bacteria in phox”~ knock-out mice compared to
wild-type animals provided the first indication that one function of this secretion
system is to restrict delivery of ROS to SCVs in macrophages [40]. This approach
is not limited to the study of individual mutants: an application of STM, known
as differential STM, was initially developed for Mycobacterium [95] and then applied
to Salmonella. The technique involves inoculation of the same bacterial mutant
library into wild-type and mutant mice in search of mutant strains whose
attenuation in the wild-type mouse is rescued by the lack of a particular factor
in the mutant host. In the Salmonella study, iNOS and phox/~ knock-out mice
were used. In the phox” background an attenuated strain was rescued that
was mutated in a gene (ydiV/cdgR) encoding an EAL domain-containing protein
predicted to be a cyclic diGMP phosphodiesterase [96]. Subsequent analysis
indicated that the presence of ydiV/cdgR lowered intrabacterial levels of cyclic
diGMP, an important regulator of diverse physiological processes, including
bacterial virulence gene expression. Reduced levels of cyclic diGMP were
associated with reduced killing of Salmonella by macrophages and promoted
in vitro resistance of bacteria to hydrogen peroxide [96], thereby explaining
the recovery of the mutant strain in mice lacking the ability to generate an oxida-
tive burst.

Although these approaches can indicate a functional link between host and
pathogen factors, initial results must be interpreted with caution. If the bacterial
mutant recovers the ability to behave as wild-type in the mutant host, that provides
prima facie evidence for a functional link between both elements. However, loss
of certain host factors might promote non-specific replication and increased sur-
vival and/or replication of both mutant and wild-type bacteria. If rescue of mutant
bacteria is measured by a hybridization signal, or mouse morbidity or mortality,
the increased load or altered pathology, of both strains in the mutant mouse, might
not be detectable. In this scenario there would not necessarily be a functional link
between the bacterial gene and host gene, but a more general role for the host
factor in resistance to Salmonella. Therefore it is prudent to carry out follow-up
studies in vivo by examining bacterial loads in different tissues and associated
pathology, to ensure that specific rescue of the mutant strain occurs as a result of
loss of the corresponding host factor.

7.4
In-depth Analysis of Cell Interactions within Host Tissues

7.4.1
Distribution of Salmonella

The widespread interest in the Salmonella—-mouse model of infection in terms
of pathogenesis, immunology and vaccinology, has provided a very detailed
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description of the route of infection, the tissue and cellular distribution of bacteria,
their population dynamics and the sites of action of various virulence factors.

A seminal study by Carter and Collins established the primary site of Salmonella
invasion: sections of the gastrointestinal tract were injected with a dye to indicate
regions drained by lymph nodes. Following infection, the draining lymph nodes
were recovered to determine those that contained viable bacteria and therefore the
section of the gut from which they originated. Although the cecum and large
intestine were exposed to large numbers of bacteria, viable Salmonella were only
found in the MLNs that drained the distal ileum [10]. They concluded that Salmo-
nella were able to invade the mucosa and Peyer’s Patches of the distal ileum, with
colonization proceeding through the lymph to the draining lymph nodes and then
to the liver and spleen.

A fuller understanding of the main sites of invasion of the intestinal epithelium
by Salmonella was provided by studies involving microscopy of sections taken from
infected murine ileal ligated loops. Confocal, scanning electron and transmission
electron microscopy revealed interactions between S. typhimurium and M cells
found in the follicle-associated epithelium overlying Peyer’s Patches [6-8]. M cells
actively ingest antigens, bacteria and viruses from the gut lumen; their deeply
invaginated basolateral surface allows close proximity of lymphocytes and den-
dritic cells to the apical surface, enabling efficient transport of ingested material
to the underlying lymphoid tissue. While the phagocytic ability of M cells accounts
for some degree of Salmonella uptake [7, 97], it can also occur via a bacterially-
driven process: invasive SPI-1 T3SS-expressing Salmonella appear to be able to
target, invade and then destroy M cells [6, 8], thereby gaining access to the sub-
epithelial layer. Neighboring enterocytes were also invaded to a lesser extent in an
SPI-1 T3SS-dependent manner [8] (Figure 7.1A).

Light-emitting and fluorescent bacteria have also been tracked by microscopy
and FACS to provide information about their distribution in both intestinal and
systemic phases of infection. Contag et al. used Salmonella expressing luciferase
to follow bacterial distribution in living hosts [98]. Different outcomes of infection
dependent upon both host and pathogen genotype were demonstrated: resolution,
persistence and progression. However, no bioluminescence could be detected
from the spleen or liver despite these organs being major sites of bacterial replica-
tion. Photonic detection of bacteria in this system was limited by several factors
including the opacity and light absorbance properties of different mouse tissues,
the relatively high number of bacteria required for detection of bioluminescence,
and the necessity for aerobic environments for this light emission to occur.

Antibody labeling and confocal microscopy have been used to show the presence
of Salmonella in macrophages in the liver, and their cytotoxic effects [99]. GFP-
expressing Salmonella are now used routinely to detect bacteria in infected tissues
and cells. Hopkins et al. infected murine ileal ligated loops with attenuated GFP-
expressing Salmonella and used antibody staining and confocal microscopy to
demonstrate that bacteria resided within CD11c+ dendritic cells in Peyer’s Patches
[100]. To establish the cell types occupied by Salmonella during growth in the spleen,
Salcedo et al. infected mice with bacteria expressing GFP from pFPV25.1, which
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-
-

Figure 7.2 In vivo heterogeneity of intracel- infected with S. typhimurium expressing GFP
lular numbers of bacteria in splenocytes from  from pFPV25.1 are shown. Heterogeneity of
BALB/c mice. Characteristic images of splenic infection is clearly observable, with macro-
CD11b+ macrophages extracted from mice phages containing 1, 2, 4 and >10 bacteria.

is stable and does not have a significant effect on virulence [33, 35]. Intra-macro-
phage bacteria were observed by confocal microscopy of splenic cell suspensions.
FACS was used to quantify the distribution of bacteria within macrophage subsets:
both red pulp and marginal zone macrophages were colonized and a dispropor-
tionately high number were found in Scavenger Receptor/2F8-positive macro-
phages; very few were located in the relatively non-phagocytic marginal metallophilic
macrophages [35] (Figure 7.1B). Reduced replication of SPI-2 null mutant bacteria
in these macrophages was observed, and it was also possible to show that the loss
of vacuolar membrane around a AsifA mutant strain [101] also occurs in vivo. At
late stages of infection, the numbers of bacterial cells per macrophage were very
heterogeneous, with roughly 20% of infected cells harboring one bacterium and
a similar percentage harboring over 10 bacteria (Figure 7.2). Developing a method
of two-color FACS analysis of in vivo-infected cells to better distinguish between
bacterial GFP fluorescence and the high levels of autofluorescence generated by
host tissues, Bumann et al. first analyzed bacterial gene expression within the host
through promoter fusions with GFP. This study detected SPI-1 (PsicA) expression
in the intestinal lumen and Peyer’s Patches in the first 24h of infection, with a
later and more long-lasting activity for PssaH (SPI-2) [102]. This method was then
used to sort for differentially infected cells from the spleen, confirming both the
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existence of heterogeneity in intracellular numbers of Salmonella, and the
predominance of marginal zone and red pulp macrophages in the infected
pool [103].

In vivo delivery of SPI-2 effectors into host cells was detected using fusion pro-
teins that generated a blue signal following translocation. FACS analysis showed
the presence of four effectors in the cytoplasm of splenocytes [104]. Surprisingly,
this study also reported that neutrophils are a major site of intracellular Salmonella;
in view of the other work on this subject [35, 103], further research may be required
to resolve the issue of whether macrophages or neutrophils are the predominant
intracellular niche for splenic Salmonella.

7.4.2
Population Dynamics of Bacteria in the Murine Host

Infection of BALB/c mice by Salmonella is both highly dynamic and complex, in
that both replication and killing of bacteria occurs during the process of bacterial
spread between organs and within tissues and cells of the same organ. Increased
understanding of these processes will help to identify critical points in the infec-
tion and resistance processes, potentially shedding light on why some infections
lead to aggressive, systemic disease, some to clearance of the pathogen, and
others to chronic, asymptomatic infection. One of the first studies of bacterial
population dynamics in murine typhoid was carried out by Meynell and Stocker.
Despite inoculating mice with equal numbers of two S. typhimurium variants,
they were only able to find one of these present by the time of terminal bacteremia
[107], thus concluding that escape into the bloodstream and replication resulted
from a chance event and was possible from just a single bacterial cell. This
appeared to be stochastic; they concluded that it was dependent on different
microenvironments to which individual bacteria were exposed during infection.
At high dose inocula, the ratio between the strains in the blood after infection
was the same as their ratio in the inoculum. This implies that if the inoculum
dose is sufficiently high, systemic infection of mice results from the multiplica-
tion of many of the cells present in the inoculum, rather than the clonal expan-
sion of a small number, which in turn could be due to a breakdown in host
resistance.

In a more recent study by Sheppard et al., two strains (distinguished by differing
LPS O-antigens) were used to show that foci of infection in the liver developed
from the clonal expansion of a single bacterium without mixing between foci.
Microscopic analysis of infected livers revealed that hepatic macrophages were
generally infected with low (one to three) numbers of organisms, and that bacterial
replication correlated with an increase in the number of infected macrophages
and foci of infection, rather than replication within already infected cells or expan-
sion of existing foci [105]. The heterogeneity and stochastic nature of infection has
been investigated in more detail using signature tags to distinguish bacteria. Tags
were incorporated at the same chromosomal location without affecting virulence,
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so that the resulting strain collection was phenotypically wild-type [106]. Eight of
these wild-type isogenic tagged strains (WITS) were co-inoculated intravenously
into various mouse strains and the bacteria recovered from the spleen, liver,
MLNs, kidneys, heart and lungs analyzed to determine the dynamics of growth
and killing of bacteria within an inoculum, and the contribution of certain host
factors to this process. Thus it was shown that early in infection, the antagonistic
processes of bacterial replication and killing by the oxidative burst gives rise to
segregated, independent subpopulations of bacteria within different organs. Local
expansion of these subpopulations ensues, with the subsequent detection of mixed
populations at late stages of infection, coinciding with the presence of bacteria in
the blood [106].

7.5
Perspectives

The enormous versatility and ease of use of the mouse model of salmonellosis has
led to its intensive use over the last 20 years. It has provided a detailed understand-
ing of much of the natural history of the infectious process, the bacterial virulence
genes involved and some of their functions, as well as the host resistance mecha-
nisms that arise during infection. Despite this, many important questions remain.
We know that many of the interactions are stochastic, but we do not know the
mechanisms underlying this, or why some interactions result in pathogen death
whereas others lead to pathogen growth. We do not yet have the imaging capability
to follow bacterial cells from invasion of Peyer’s Patches through to interactions
with DCs in MLNs and on to macrophages in the spleen and liver. We lack an
understanding of the factors that underlie the establishment of chronic infection,
the specific physiological targets for many type III effector proteins, and how all
of these contribute to the avoidance of killing and bacterial replication. Neverthe-
less, with the development of more advanced imaging, genetic and biochemical
techniques, we can anticipate a fuller understanding of the spatiotemporal devel-
opment of systemic infection and the host-pathogen interactions that take place
at a tissue, cellular and molecular level. The applicability of what we have learnt
from the murine typhoid model to human infection by S. typhi has already been
demonstrated: for example, an orally-delivered single dose of an attenuated strain
carrying mutations in ssaV and aroA shows considerable promise as a new ration-
ally designed typhoid vaccine [52]. Further studies on infection of mice by S.
typhimurium promise to provide a more thorough understanding of host resist-
ance, some of which may well prove relevant in the broader context of bacterial
infection. This will undoubtedly aid our future approaches to vaccine design, as
well as exposing aspects of virulence that could be targeted by small molecules to
reduce and possibly cure infection.
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Chlamydia: from Molecular Insight to Therapeutic Discovery
Lesley A. Ogilvie, Dagmar Heuer, and Thomas F. Meyer

8.1
Introduction

Intracellular pathogens present a unique state of affairs when it comes to the study
and treatment (or prevention) of the ills they cause. Hidden in the cell, often within
a protective niche, the intracellular dweller must obtain essential nutrients for
replication and escape detection by the host immune system and its catalog of
defense mechanisms. Microbes of socio-economic and medical importance
causing diseases such as tuberculosis, typhus, pneumonia, trachoma, gastroen-
teritis and sexually transmitted infections often have an intracellular stage of
existence. This intimate and unique association of host and pathogen has driven
a co-evolution of defense, detection, evasion and procurement strategies that are
now the subject of an intense research effort.

Approaches to the investigation of intracellular pathogens have faced a number
of hurdles; however, the dawn of the post genomic era has heralded hope of new
insight into the host—pathogen dynamic. To date, a representative genome of most,
if not all, known human pathogens has been sequenced; in combination with
human host genomic data, the foundations for discovery and insight have been
laid. The development of global approaches to the investigation of gene function,
including proteomics and transcriptomics as well as comparative genomics, are
capitalizing on these ever burgeoning sequence banks and providing a means of
eavesdropping on the cellular téte-a-téte between host and pathogen. But a major
drawback exists: function is inferred not demonstrated. A loss-of-function approach
to the global understanding of bacterial gene function has been provided by tech-
niques such as transposon mutagenesis, but some bacteria, including Chlamydia,
are recalcitrant to genetic manipulation, i.e. the ability to characterize the function
and localization of a protein via the stable insertion and integration of heterologous
DNA into the genome is lacking. In the absence of genetic methodologies, a host-
oriented approach to the investigation of pathogen—host interactions may prove to
be more fruitful. This era of a global appreciation of host responses to pathogen
invasion is now upon us. Great strides in understanding have already been made
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through the use of knock-out mice to elucidate host gene function. These infection
models have aided the study of gene function in a range of biological processes
and aided the discovery of new therapeutics [1]; however, the generation time,
numbers of animals required to provide statistically relevant data, a lack of robust
phenotypes, plus other practical concerns represent a bottleneck to the rapid elu-
cidation of gene function and the discovery of new therapeutics. Recent progress
in the development of novel global approaches, such as RNA interference (RNAi),
which allow the analysis of host cell function and are amenable to both high-
throughput and in vivo applications, are providing unprecedented access to the
host-pathogen interface. The identification of host cell factors crucial for each
stage of the development cycle and therefore successful pathogenesis is now a
realistic goal.

To date, data generated has uncovered an unexpected subtlety, complexity and
dynamism in the host—pathogen interplay; the extent to which intracellular patho-
gens can manipulate the host cell cytoskeleton to efficiently adhere and enter host
cells, procure host cell constituents to fashion a protective niche (e.g. pathogens
such as Chlamydia, Salmonella, Mycobacterium and Legionella multiply within a
protective membrane bound vacuole, whilst others such as Shigella and Listeria are
able to replicate within the host cell cytosol), escape detection by the host immune
system, subvert host cell signaling pathways to acquire essential nutrients [2, 3]
and make their exit, ready and able to infect new cells or hosts [4]. These studies
are revealing the importance of host factors in the pathogenesis of infection, with
the recognition of the impact of genetic predisposition on the susceptibility to and
severity of infection. Correspondingly, the key role bacterial factors such as adhe-
sions, pathogen-associated molecular patterns (PAMPS), other effector proteins
(bound and secreted) and bacterial systems, e.g. type III and IV secretory systems,
play in altering host cell processes are also being elucidated.

It is the translation of this basic research into real-life therapeutic solutions
that remains the current challenge in the continuing global struggle to control
infectious diseases. For many pathogens available therapeutics are inadequate;
resistance to antibiotics is increasing and at the same time discovery of novel
antimicrobials is declining; therefore, alternative sources of therapeutics are
urgently required. The novel concept of host cell factor-oriented therapeutics may
well represent a new frontier in the treatment of infectious diseases.

Chlamydia are intracellular pathogens causing a range of diseases with major
socio-economic significance. Since these bacteria present a particular challenge for
investigating the intimate association with their host from the bacterial perspective,
they represent an ideal model to test a host-focused global approach to identify the
molecular and cellular basis for pathogenesis and/or host pathogen interactions.
Integration of knowledge gained may provide the opportunity to interfere with the
onset, development and persistency of chlamydial infection and pave the way for
the development of novel diagnostic and therapeutic treatment regimes. Focusing
on C. trachomatis, an important human intracellular pathogen, here we report on
the current state of research, emphasizing the key insights that are resulting from
a host-oriented global analysis of Chlamydia—host interactions.
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8.2
Chlamydia: a Model Intracellular Pathogen—Host Relationship

Since chlamydial infection was first detected in 1907 by Halberstaedter and von
Prowazek [5], these Gram negative, obligate intracellular bacterial pathogens of
humans and animals have been shown to be the etiological agents of a range of
acute and chronic diseases with significant socio-economic and medical impact.
The main species that are important in human infections are C. trachomatis and
C. pneumoniae.

C. trachomatis infects genital and ocular epithelial cells, leading to diseases
such as urethritis, salpingitis and conjunctivitis. Based on the differential immu-
noreactivity of the major outer membrane protein (MOMP) encoded by ompA,
C. trachomatis is grouped into different serotypes: serotypes A, B, Ba and C are
generally found in ocular epithelia whereas serotypes DK affect epithelial surfaces
of the genital tract [6]. Serovars L1, L2 and L3 can disseminate and infect mono-
cytes in lymph nodes to cause lymphogranuloma venereum [7]. Polymorphism of
the pathogen’s tryptophan synthase (trpBA) genes can also dictate tissue tropism
[8].Chronic recurring infections lead to severe disease sequelae such as pelvic
inflammatory disease (PID), sterility and ectopic pregnancy in women, and the
preventable blindness, trachoma. The World Health Organization (WHO) reports
that there are currently 140 million people with C. trachomatis ocular infections
worldwide and of those, 6 million people are blind. The global eradication of tra-
choma as a disease of public health importance is a WHO target for 2020. Annu-
ally, 4-5 million cases of sexually transmitted C. trachomatis infections are reported
in the USA alone (www.who.int).

C. pneumoniae primarily infects the human respiratory tract and is the etiological
agent of approximately 10% of community-acquired pneumonia and 5% of bron-
chitis, sinusitis and pharyngitis cases. Up to 50% of the population in the devel-
oped world are seropositive by the age of 20 years [9]. The bacterium is implicated
in the development of Alzheimer’s disease [10], atherosclerosis [11], arthritis [12]
and chronic pulmonary disease [13]; however, the true nature of these associations
is still not clear.

C. trachomatis and C. pneumoniae are members of the phylum Chlamydiae, a
diverse group of pathogens with a seemingly ubiquitous distribution, from free-
living amoebae to humans [14]. Novel Chlamydiae are still being discovered, most
recently from a wastewater plant [15]. Some of these recent discoveries can be con-
sidered potential emerging pathogens: one such strain, Simkania negevensis [16] has
been associated with child bronchitis [17] and also with community-acquired pneu-
monia in adults [18] and children [19]. A somewhat overlooked member of the
Chlamydiae C. psittaci is normally an avian pathogen but is known to have zoonotic
potential, causing severe pneumonia in humans [20]. Another relative, the murine
pathogen C. muridarum is often used as a surrogate infection model for the human
pathogen C. trachomatis due to striking homology in their genome sequences [21].

To date, the only effective cure for Chlamydia infections is long-term treat-
ment with antibiotics such as azithromycin, doxycycline and tetracycline; however,
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treatment failure and/or re-occurrence of infection are becoming more common.
Numerous studies have reported a growing resistance against many classes of
antibiotics, especially in C. trachomatis, e.g. [22-26]. Antibiotics may clear an acute
infection of Chlamydia, but may drive the bacterium into a state of persistence
[27-29] and indeed into a cycle of chronic infection. In addition, despite molecular
analysis of bacterial components crucial for pathogen replication and survival
which have identified promising novel targets for the development of new antibiot-
ics, not a single new antimicrobial has entered late-stage clinical trials [30]. In
addition, it has been suggested that the number of targets and pathways essential
to pathogenesis that can be utilized for broad spectrum antibiotics have inherent
limitations [31].

Molecular investigations are unearthing a variety of promising targets for use
in vaccination, including chlamydial conserved proteins such as MOMP and the
ribonucleotide reductase small chain protein (NrdB), which has been demon-
strated to play a crucial role in Chlamydia replication [32, 33]; other targets include
proteases [34] and EB subunits, used in combination with different delivery vehi-
cles (e.g. recombinant proteins and DNA) and routes, all with varied success (see
[35] for an in-depth review). Despite intense research effort, no effective vaccine
against genital or ocular Chlamydia infection in humans has been developed.

8.2.1
The Cycle of Development-C. trachomatis

The growth of Chlamydia is inevitably bound to the function of its host cell. These
bacteria have a unique biphasic lifestyle that alternates between two functionally
and morphologically distinct forms, namely the infectious but metabolically inac-
tive elementary body (EB) and the non-infectious but replicating reticulate body
(RB) (see Figure 8.1). Although the chlamydial intracellular lifestyle and unique
cycle of development hamper diagnosis, treatment and analysis of the infections
these bacteria cause, studies to date are providing crucial insight into the key stages
of the infection:

Figure 8.1 The C. trachomatis cycle of cells, enters and within the cell transforms
development. Chlamydia have a unique into the non-infectious but replicating RB. The
biphasic cycle of development that alternates  transition from EB to RB is accompanied
between two functionally and morphologically by the development of a replicative niche,

distinct forms, namely the infectious but termed the inclusion. After 2-3 days, the RBs
metabolically inactive elementary body (EB) leave the cell ready and able to infect a new
and the non-infectious but replicating host or cell. During periods of severe nutrient
reticulate body (RB). The cross talk between  limitation Chlamydia may also enter a state of
Chlamydia and its host drives a cycle of persistence. Bacterial and host cell factors
development from initial attachment to host  implicated in these different steps are shown
cell exit and persistence. The inactive but here.

infectious EB attaches to the surface of host
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(1) Attachment and Invasion C. trachomatis invasion begins as an EB attaches to
the host cell and coordinates its internalization using a type III secretion system
(TTSS)-mediated reorganization of the host cytoskeleton [36]. One theory is that
initial binding is dependent on a tri-molecular bridge between chlamydial gly-
cosaminoglycan (GAG) adhesin ligands and GAG receptors on the host cell and
chlamydial outer membrane [37, 38]. This bridge may be supported by OmcB, a
chlamydial surface-exposed protein that has been demonstrated to bind heparan
sulfate-like GAGs [39, 40]; other factors such as the major outer membrane protein
[41] and the protein disulfide isomerase [42] are also thought to play a role. C.
trachomatis has a wide cell tropism, suggesting that there are multiple methods of
entry into host cells. An elegant series of publications by Hackstadt and co-workers
has shed some light on these means of entry [43—46]. Using a combination of
live-cell imaging and immunofluorescence techniques, Translocated actin recruit-
ing phosphoprotein (TARP), Wiskott-Aldridge syndrome protein family member
2 (WASP2) and Ras related protein 2 (Rac2) were shown to co-localize with EBs
at the site of entry [45, 46]. Infection results in Rac activation, promoting an inter-
action with WAVE2 and Abelson-interacting protein-1 (AbI-1) to activate the Arp2/3
complex, a seven subunit protein, thus facilitating invasion via the induction of
actin cytoskeletal rearrangements [45]. Recently, using RNAi Elwell and co-work-
ers identified PDGFR signaling as an important factor, but redundant with AbI
kinase targeting the TARP actin nucleator, in the early stages of chlamydial infec-
tion [47]. TARP is thought to be a substrate of multiple kinases [48] including AbI
kinase [47] and Src family kinases (SFK) [46].

(2) Inclusion Formation Within the first 2h after infection, Chlamydia remodel
host cell components to fashion their protective niche via the secretion of chlamy-
dial effector proteins [49]. This membrane-bound vesicle, termed the inclusion,
not only provides protection from host defenses by circumventing endosomal and
lysosymal pathways [50-52] and allowing the bacterium to escape host cell apop-
tosis [53, 54], but also allows exchange of bacterial effector molecules with the host
cytoplasm; for instance, the chlamydial effector protein ct147 is transcribed early
during the infection cycle and is post translationally modified [55], indicating that
it plays a significant biological role. The inclusion (plus its associated subunit
p150€" ) is then transported in a dynein- and microtubule-dependent [56, 57]
manner to the peri-nuclear region where the transition from the infectious EB to
the replicating RB occurs. During this time a subset of Rab GTPases (including
Rab 11 and Rab 4) are recruited to the inclusion membrane. These ubiquitous
‘molecular switches’, Rab GTPases plus their effectors, are thought to play a
central role in regulating membrane transport and organelle identity [58].

(3) Expansion and Nutrient Acquisition The inclusion expands to accommodate
the ever-increasing number progeny (approximately 1000 progeny per host cell)
until it occupies most of the host cell cytoplasm. This expansion is likely fueled
by the interception of vesicles from the Golgi apparatus [59-61], MVB-dependent
pathways [62] and translocation of lipid droplets (LDs) and neutral lipid storage
organelles from the host cytoplasm into the inclusion lumen [63] to provide essen-
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tial lipids for growth. Some progress is being made in elucidating the mechanics
of interception: the inclusion membrane proteins (Inc) [64] are thought to be
integral to re-routing lipid traffic to the inclusion [49] and C. trachomatis Lda pro-
teins are known to bind LDs, for example, Lda3 [63]. Also, activation of the host
Raf-MEK-ERK-cPLA2 signaling cascade is required for uptake of host glycerophos-
pholipids [65]. A more recent discovery by Heuer and co-workers, revealed that
fragmentation of the Golgi apparatus into ‘ministacks’ increases replication and
lipid acquisition [66]. From within the growing inclusion, chlamydial effector
proteins orchestrate the evasion and disabling of host immune responses by sub-
version of NF-kB signaling and the degradation of host transcription factors and
pro-apoptotic proteins (e.g. BH3 [67]). Both ChlDubl production [68] and the
proteolytic cleavage of p65 (an Nf-kB subunit) by Ct441 [69] were shown to inter-
fere with NF-xB activation. In addition, the chlamydial protease-like activity factor
(CPAF) is secreted into the cytoplasm of the infected cells where it proteolytically
cleaves the transcription factor RFXS [70]. Translocation of CPAF into cytoplasm
has been demonstrated to correlate in time with the degradation of RFXS [71].
Other chlamydial proteins, such as IncA interact directly with a subset of host
SNARE proteins, specifically VAMPs, to play a proposed role in membrane fusion
[72, 73]: IncG interacts with the host protein 14-3-3f3 [74], which has known roles
in several host-cell signaling pathways. Once again the ubiquitous Rab GTPAses
are observed on the inclusion membrane, e.g. the early chlamydial Inc protein
CT229 interacts with and recruits Rab4 to the inclusion membrane and therefore
may play a role in the biogenesis of or trafficking to the inclusion [75]. For
comprehensive and insightful reviews of chlamydial effectors involved in the
development cycle readers are referred to [76, 77]. As the inclusion expands,
the integrity is kept intact via the formation of a stabilizing scaffold around
the inclusion comprising F-actin (RhoA dependent recruitment) and intermediate
filaments (IF) [78].

(4) Host Cell Exit The infection cycle is complete after 2-3 days when the RBs
transform back to the infectious EBs which are then released from the host cell
into the external milieu via extrusion or lysis and are then poised to infect new
cells or hosts. Actin polymerization, neuronal Wiskott—Aldrich syndrome protein
(N-WASP), myosin II and Rho GTPase are required for extrusion, whereas lysis
is mediated by proteases (bacterial or cellular) and intracellular calcium [4].

(5) Persistence Persistent infection with Chlamydia has been linked to chronic
disease sequelae, such as blinding trachoma and pelvic inflammatory disease
(PID). Studies in vitro have demonstrated that Chlamydia starved of essential
nutrients e.g. iron [79] enter a state of persistence, representing a viable but non-
cultivable growth stage, which allows the establishment of a long-term association
with the host. Nutrient deprivation by indoleamine 2,3-dioxygenase (IDO)-
mediated tryptophan catabolism from indole and serine (by TrpRBA) is thought to
be the mechanism by which host cell IFNy mediates the persistent growth of C.
trachomatis [80, 81]. During the persistent stage, cell division stops, the RBs
become morphologically aberrant by increasing in size and do not mature into
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EBs. Recent clinical studies of human and animal disease have also provided some
evidence for the existence of chlamydial persistence in vivo [82]. In both an in vitro
model of persistent C. trachomatis infection and from individuals with putative
Chlamydia-induced arthritis, persistence has been related to increased expression
of ct604, one of the three heat shock protein (hsp60) coding genes [83].

8.2.2
Genetic Determinants of Infection and Disease

Appraisal of the chlamydial cycle of development as described above, immediately
leads to a suggestion of dynamic cross-talk between bacteria and host that ulti-
mately leads to successful infection of host tissues. But why is an infection suc-
cessful in one host and not another; what are the key determinants within the
individual pathogen and host that predispose the infection to a successful outcome?

8.2.2.1 Chlamydial Factors

Understanding the Chlamydia—host interaction has benefited from the explosion
of available genomic information. Since the publication of the C. trachomatis
serovar D genome in 1998 [84], a further 13 Chlamydiae genomes, including four
C. trachomatis and four C. pneumoniae strains, have been completed and the
sequencing of 14 more strains (including 10 C. trachomatis and one C. pneumoniae
strain) is still in progress (See http://www.ncbi.nlm.nih.gov/genomes/lproks.cgi).

Data obtained from these sequencing projects revealed that like many obligate
intracellular dwellers, Chlamydiae exhibit a reduced genome size [85], e.g. the C.
trachomatis genome size is 1.04Mb [84]. And regardless of ecological niche,
Chlamydia generally exhibit reductions in the genes providing metabolic diversity,
but retain the genes important for pathogenicity, such as those involved in encod-
ing type III secretion systems. Therefore, Chlamydia are genetically predisposed
to infect various tissue and cell types and evade an ever-adapting host immune
system [85, 86].

A limited number of studies have addressed the issue of variation in chlamydial
factors and disease susceptibility and severity. Although polymorphisms in the
ompA gene (encoding MOMP) have been linked to a higher prevalence of infection
[87], there is no compelling clinical evidence [88, 89]. Because chlamydial inclusion
proteins (Incs) are secreted to the inclusion membrane and exposed to the cytosol,
they are regarded as the most likely contenders for direct interactions with host
cell cytosol. The IncA gene has been implicated in disease severity during infection
with C. trachomatis [90] but once again this is not supported in a clinical setting
[91]. More recently, microarray comparative genome analysis of three major tra-
choma serotypes was used to show polymorphisms in a small subset of genes,
including the translocated actin-recruiting phosphoprotein (TARP) which is cor-
related with differences in pathogenicity in vitro and in vivo [92].The authors
suggest polymorphisms in the limited number of genes that control pathogenicity
of C. trachomatis may determine the severity of trachoma. Indeed, Moelleken and
co-workers also suggested single position variations in the sequence of chlamydial
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genes; in this case the chlamydial outer membrane protein OmcB, required for
adhesion to host cells, may reflect differences in cell tropism and disease pattern
[40].

A high genetic diversity of C. trachomatis has also been linked to the frequency
of infection within a community [87]; supporting the notion that diversity is a
prerequisite for a high prevalence of infection. A role for a mixed microbial etiol-
ogy in the severity of disease has also been suggested, e.g. the severity of trachoma
sequelae was significantly associated with the viable (i.e. RNA) detection of three
Chlamydia species [93].

8.2.2.2 Host Factors

Since infection with a particular serotype of Chlamydia does not always result in
the manifestation of clinical symptoms, a host genetic predisposition towards
infection is also assumed as likely. Susceptibility and severity of Chlamydia infec-
tion has been correlated with a number of host genetic factors, mostly of the innate
and acquired immune systems, such as human leukocyte antigen (HLA) haplo-
types, polymorphisms of cytokine genes and pattern recognition receptors (PRRs)
involved in sensing bacterial components, and the expression of chemokines
[94-96]. Polymorphisms in the (HLA) class I and II glycoproteins, which play a
role in the immune response against infection, have been associated with suscep-
tibility and severity of Chlamydia infection in both human subjects and mouse
models. In a clinical study of patients with coronary artery disease (CAD), those
with the HLA-B*35 allele were at the highest risk of C. pneumoniae infection [97];
sex workers with HLA-A31 were found to have an increased risk of pelvic inflam-
matory disease (PID) [98] and the HLA-A28%6802 allele to significantly increase
the risk of C. trachomatis-associated trachomatous scarring [99]. Increased severity
of scarring was also associated with polymorphisms of the tumor necrosis factor
alpha (TNFa) gene [100]. Using genetically modified mice, increased susceptibility
to infection resulted from deficiencies in key immune system components such
as the cytokine IFN-y and CD-8 [101]. Most recently, the host chemokine CCLS5,
which is a potent anti-HIV protein, was identified as important for mounting
protective immunity against Chlamydia infection in mice [102]. In addition, mice
deficient in Myeloid differentiation antigen 88 (MyD88), a key downstream adapter
for toll-like receptors (TLRs) and interleukin-1 receptors (IL-1Rs), have increased
susceptibility to infections with C. pneumoniae [103] (and also other important
human intracellular pathogens such as Mycobacterium tuberculosis [104, 105] and
Listeria monocytogenes [1006]).

The host factors dictating susceptibility may vary between infection models; for
instance, although the primary defense against Chlamydia infection in the mouse
involves the IFNy-inducible family of IRG proteins, the mechanisms of host resist-
ance differ substantially between the mouse and human. The IRG protein, Irga6
was identified as an important resistance factor against C. trachomatis, but not for
infection with the mouse pathogen C. muridarum in IFNy-stimulated mouse
embryonic fibroblasts (MEFs) [107]. Similarly, Virok and co-workers [108] showed
that the entry-mediated tyrosine phosphorylation of a 70-kDa complex of proteins
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was dependent on the strain of Chlamydia: infection by human C. trachomatis
strains, but not the guinea pig pathogen C. caviae, induced strong tyrosine phos-
phorylation of this complex.

The full range of genetic determinants influencing susceptibility to chlamydial
infections still remains largely unknown. The list above is dominated by factors
associated with the immune system, but other types of host cell determinants that
play a role in infection are also likely to be polymorphic. Such polymorphisms are
anticipated to modulate susceptibility to and severity of infection. Identification of
the key host cell factors would not only impact on the understanding of chlamydial
pathogenesis, but may also provide opportunities for the development of improved
therapeutics.

83
A Global Approach to Investigating the Role of Host Cell Factors during Infection

Owing to the intimate relationship between pathogen and host cell, Chlamydia
provides an ideal model for investigating the pathogen-host relationship and
therefore the ability to link genetic factors with disease susceptibility and sever-
ity—an opportunity that is challenged by the genetic intractability of these bacteria.
A holistic view of the Chlamydia—host interplay has the potential to provide a
substantially deeper understanding and allow determination of the key hubs
within the complex network of molecular interactions. Capitalizing on the explo-
sion of genomic data in recent years, molecular insight provided by genomic,
transcriptomic, proteomics and cutting edge microscopy techniques is now being
used to identify interaction hot-spots [109, 110]. Transcriptomic studies on the
pathogen side have already revealed the temporal expression of C. trachomatis and
C. pneumoniae genes, whose functional protein products drive the cycle of infec-
tion from inclusion formation, acquisition of nutrients, EB to RB differentiation,
replication to re-differentiation and persistence [111-114]. Similar analyses have
been applied to the host cell side [115-117]. The next step required is the functional
validation of these previously implicated or entirely novel factors. But since
Chlamydia is recalcitrant to genetic manipulation, these functional investigations
must be host focused.

8.3.1
RNAi: a New Paradigm to Study Pathogenesis

A recent breakthrough in gene function analysis which overcomes many limita-
tions of both knock-out and RNA anti-sense technologies has been the ability to
inhibit the expression of a target host protein via RNA interference (RNAI) (see
Figure 8.2). The ability to knock-down a gene (or genes) of interest provides a
direct link to its biological functioning and thus provides the possibility of obtain-
ing information of particular patho-physiological relevance and predictive value
for the development of new therapeutics.
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an RNase Il nuclease, termed DICER, which  mentary mRNA, resulting in cleavage and
cleaves long dsRNA into short interfering disruption of protein synthesis.

RNA (siRNA) subunits of 21-23 nucleotides.

RNAI technology mimics an endogenous cellular defense mechanism against
viral attack and replication that results in gene silencing. The elucidation of the
mechanisms of RNAI in C. elegans [118] led to the development of RNAi technol-
ogy within insect [119, 120] and mammalian cell lines [121]. The presence of long
dsRNA, such as viral RNA, within the cell prompts the production of an RNase
III nuclease, termed DICER, which cleaves long dsRNA into short interfering RNA
(siRNA) subunits of 21-23 nucleotides. These siRNAs are then incorporated into
a RNA-inducing silencing complex (RISC). The RISC proteins vary between
species but proteins belonging to the argonaut (Ago) family are consistently found.
Ago2 is thought to be responsible for cleavage of the passenger (sense) strand of
the siRNA duplex, leading to activation of RISC. The antisense RNA strand and
RISC complex then bind to homologous mRNA, resulting in its endonucleolytic
cleavage and disruption of protein synthesis [122, 123].

Chemically synthesized siRNAs are delivered directly to target cells or host
tissues to provide transient silencing of gene function, or alternatively genetically
encoded short hairpin RNA (shRNA) guide strands complementary to sequences
within promoter regions are used to down-regulate gene expression through
transcriptional silencing. shRNAs are often used in combination with a viral- or
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plasmid-based delivery system to provide a more permanent reduction in expres-
sion level [124]. The phenotypic/functional outcome of the targeted gene(s) knock
down within host cells, e.g. increased/ decreased pathogen replication, innate
cellular responses, morphological or physiological consequences, or even changes
in antigen presentation, can then be detected on a high throughput basis
using microscopy, flow cytometry or chemiluminescence to provide a high content
readout [125, 126].

The interpretation of this high-content readout involves a number of stringent
quality checks to ensure targets identified are not a result of off-target effects or
other biological mechanisms interfering with the phenotype obtained. In this way,
the number of false positives and negatives will be reduced. Information about
identified hits may be combined with other global techniques and tools, such as
microarray analysis, bioinformatics to explore relationships, mechanisms, func-
tions, and pathways of relevance using software such as Ingenuity (http://www.
ingenuity.com). Ultimately, functional validation and characterization in knock-
out gene animal models and by RNAI in vivo can be applied. A typical workflow
for an RNAi screen for factors affecting Chlamydia replication and subsequent hit
validation and investigation is shown in Figure 8.3.

The use of RNAi genome-wide analysis of Drosophila melanogaster cell lines with
its relatively small (14000 genes) but evolutionary conserved genome size, a lack
of redundancy compared to mammals, and a predisposition to double stranded
RNA (dsRNA) uptake, makes this insect an attractive genetic host for host cell
functional investigations. The main stumbling block to transferring RNAi technol-
ogy from Drosophila cell lines and tissues to, an arguably more relevant use in,
mammalian cells has been the elicitation of a host cell immune response that
interferes with the ability of RNAi to reduce gene expression. The delivery of
dsRNA, varying in size between 38 and 1662 base pairs [127, 128] was found to
elicit an interferon response in mammalian cells [129] that could result in antiviral,
growth inhibitory and apoptotic activity in mammalian cells. This obstacle was
first overcome by Elbashir and co-workers, who successfully mediated sequence-
specific messenger RNA degradation using 21-base pair nucleotide siRNAs with
symmetric 2-nucleotide 3’ overhangs to silence mammalian gene expression [121].

The first RNAi screens sought the answers to a wide range of cellular biological
questions, such as factors crucial to cell division [130], cell growth and viability [131]
and cell signaling [132]. In the context of infection biology, the first high throughput
genome-wide RNAI screens ( in Drosophila cells) identified high levels of transla-
tional machinery as pivotal for successful picornavirus infection of insects and
mammals [133]. Since then discovery and insight has evolved to reveal host factors
essential for phagocytosis [134-136], bacterial uptake and adhesion [128, 133], and
virus replication (see review in [137]) and headway has been made in the search for
host factors involved in the entry, replication and survival of many important intra-
cellular pathogens including Brucella [138], Listeria [139, 140], Legionella [141],
Mycobacterium [135, 142], Pseudomonas [136] and Chlamydia [47, 143]. Crucially,
many factors identified in these studies elicited corresponding phenotypes in mam-
malian cells. Itis of note that recent work (in mammalian cells) has provided insight
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into the human genes affecting West Nile virus host cell entry and infection [144].
Over 21000 human HelLa cell genes were silenced to demonstrate the critical role
of ubiquitin ligase CBLL1 in West Nile virus internalization, a post-entry role
for the endoplasmic-reticulum-associated degradation pathway in viral infection,
and the monocarboxylic acid transporter MCT4 as important in reducing viral
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replication. In addition, the screen confirmed a number of previously identified
host factors, confirming the functional capability of this approach.

8.3.2
RNAi and the Chlamydia—Host Interaction

The use of Drosophila RNAi screens for C. trachomatis has been to a certain extent,
limited by the fact that only the early stages of infection occur in these cells [143,
145]. Nevertheless, recent publications have provided genuine insight into the
mechanisms of Chlamydia host cell entry/uptake. Derre and co-workers used C.
caviae, an infectious agent of guinea pigs, to investigate the role of host cell factors
in Chlamydia infection: 31 host cell factors, including the Tom complex, were
identified as specific to infection with C. caviae; depletion of either Tom40 or
Tom?22 reduced the burden of infection in mammalian (HeLa) cells [143]. Elwell
and co-workers identified the targeting of the TARP actin nucleator by AbI kinase,
and PDGFR signaling as important, but redundant, host factors in the early
stages of infection with C. trachomatis [47]. These findings corroborate, in part,
previous observations [45, 46]. Interestingly, AbI kinase has also been implicated
in the entry/uptake of a number of pathogens including the facultative intracel-
lular bacterium Pseudomonas aeruginosa [136].

Numerous studies are now also using RNAi as a complementary technique to
aid identification and elucidation of the role of many host factors crucial to the
chlamydial development cycle. For instance, Rajalingam and co-workers used
siRNAs to down-regulate gene expression and demonstrated a role for inhibitor
of apoptosis (IAP-IAP) gene complexes in maintaining apoptosis resistance within
Chlamydia-infected cells [146] and discovered a critical role for the anti-apoptotic
factor Mcl-1 in successful apoptosis resistance [54]. The induction of apoptosis
resistance is one of the key mechanisms used by Chlamydia to escape host
defenses, leading to survival and successful replication within host cells [53, 147].
The mechanics of another novel pathogenesis mechanism were elucidated using
siRNA knock-down of Golgi matrix proteins to demonstrate a link between golgin
84 and chlamydial replication, reinforcing the role of Golgi fragmentation in
facilitating C. trachomatis pathogenesis [66]. The silencing of the host protein
ezrin, which serves as a physical link between host cell receptors and the actin
cytoskeleton, was found to significantly reduce C. trachomatis infectivity of host
cells at the stage of entry [148]. Similarly, depletion of WAVE2 and AbI-1 expres-
sion in host cells prevented pathogen-induced actin recruitment, thereby signifi-
cantly reducing the uptake of C. trachomatis [45]. Insights into the causal
mechanisms of infection-associated disease sequelae, such as coronary heart
disease and chronic vascular lesions are also being discovered; for instance, the
nucleotide-binding oligomerization domain containing one (Nodl) gene was
shown to play a role in triggering a C. pneumoniae-mediated inflammatory process
in epithelial cells [149]. The list of insights gained is steadily increasing as RNAi
becomes a more routine part of molecular and cellular investigations.
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8.4.1
Basic Insights into Cellular Function and Host Susceptibility to Infection

An unprecedented explosion of insight and elucidation can be anticipated from
high-throughput global loss-of-function analyses of host—pathogen interactions.
While traditional focused investigations in many pathogen models have high-
lighted many important avenues of cross talk between pathogen and host, we
cannot be sure in every case that additional, even more important pathways have
not been missed. There are numerous pathogen determinants which supposedly
play an essential role in this dialog, however, knowledge of their eukaryotic coun-
terparts, their mechanisms of interaction and their specific roles in the scenario
is still lacking. In terms of Chlamydia, the novel approach will allow a decoding
of the development cycle at every stage, from attachment and entry to exit and
persistence induction. For instance, our initial analysis of Golgi matrix compo-
nents has already revealed that fragmentation of the Golgi apparatus causes an
increase in chlamydial replication and could facilitate Chlamydia pathogenesis [66].
Thus, the use of RNAi to knock down the function of a cellular factor has provided
a direct link to its function.

Having identified and validated an array of crucial host cell factors, e.g. in vitro
using human cells and in the mouse if it proved to be an adequate in vivo model,
the diversity of these factors in humans could then be examined. Human gene
polymorphisms are in striking abundance and not restricted to typical immune
defense genes but exist in almost all gene classes. Conceivably such polymor-
phisms have a functional impact on both the susceptibility to and severity of
infections. An example is given by a recent genome-wide study of the major deter-
minants of HIV virus load: This analysis revealed that nearly 15% of the variability
between individuals could be explained by three polymorphisms, emphasizing the
importance of host factor variation in determining disease outcome [150]. Very
likely, the discovery of novel relationships between individual predisposition and
the productive onset and/or course of an infection will be greatly advanced by
analyses of systematic host cell function.

8.4.2
A New Therapeutic Concept

The ability of RNAI to accurately silence gene expression is not only providing
insight into the mechanisms of pathogenesis and cellular function but also the
promise of a novel therapeutic approach” to infectious diseases. In the past, little

1) Other therapeutic approaches are outside the scope of this review. Readers with an interest in
this topic should refer to [154-156].
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attention has been paid to the theoretical option of blocking host cell rather than
pathogen functions. In theory, this option could be substantially advantageous if
the substantial variability and mutability of microbial organisms is considered: by
targeting essential host cell functions the chances of a microbe developing resist-
ance would be very low, although there would potentially be parallel pathways to
deal with, which is often the case in mammalian cells. However, this could be
seen as a challenge rather than a knock-out criterion. To date, there have been
only a few examples where the course of infection is voluntarily influenced by
modulating host cell function. Examples of such cases are the use of proton pump
inhibitors in combination with antibiotic eradication of the gastric pathogen Heli-
cobacter pylori [151] and the occasional use of steroids prior to antibiotic treatment
in cases of bacterial meningitis [152]. In addition, natural remedies traditionally
used for the treatment of many infections often target the host rather than the
pathogen directly, e.g. curcumin [153] and magnolol [154]. It seems somewhat
counter-intuitive to deliberately target host cell determinants against infections:
blocking host factors may actually harm the host itself. But it should be taken into
account that most medicines we use are designed to cause a (at least transient)
block of human gene function. That such treatment is tolerated by the human
body is founded in the non-essential character of many human genes, e.g. under
conditions of transient or partial blockage. Thus a novel, host factor-oriented
approach to treating infections seems to be a realistic notion.

In principle, two strategies could be applied once a relevant ‘anti-infective’ host
cell target has been identified. The first and probably most direct approach is to
identify small molecules capable of blocking a host cell function relevant to an
infection. This conventional approach, combined with the various facets of, e.g.
target structure identification, comprises the standards of contemporary drug
screening and development. However, not surprisingly, many gene products that
may be potential targets belong to a long list of so-called ‘non-druggable targets’.
This drawback may be overcome by exploiting the potential of RNAi through one
further step: its application to silencing gene expression in the living organism.
This novel approach, i.e. the use of RNAi for human therapy (e.g. see RIGHT:
www.ip-right.org) promises to extend our current therapeutic repertoire.

Although there is a strong theoretical basis and proof of principle has been
established, one or two hurdles still remain before the clinical reality of RNAI as
a therapy comes to fruition (for a review see [158]). One of the challenges of RNAi
as a therapeutic has been the potential induction of innate immune responses that
are directed against double-stranded RNA. However, an innate immune response
may be beneficial: generic siRNAs suppressed blinding choroidal neovasculariza-
tion (an age-related macular degeneration) in mice with comparable efficiency to
siRNAs specifically targeting Vegfa or Vegfr1 [159]. Alternatively, efforts are being
made to minimize the potential of immune recognition, e.g. by introducing chemi-
cal modifications [158, 160]. Moreover, the unintended gene silencing caused
by cross-specific mRNA targeting, termed off-target effects, could be reduced
by employing algorithms for determining suitable target sequences (e.g., [161]).
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Nonetheless, it should be borne in mind that any conventional drug administra-
tion also involves more or less pronounced off-target activities. Other major chal-
lenges of in vivo RNAi include the efficiency and tissue specificity of siRNA
delivery; nevertheless, successful local and systemic delivery of modified siRNAs
has been reported [162, 163]. Optimization of silencing efficiency, stability, limit-
ing renal excretion and improving targeting in human tissues, represent the
current challenges for the use of RNAi as a therapeutic.

Despite the hurdles, in the relatively short time since the discovery of RNAI,
reports describing the therapeutic potential of siRNA for human diseases, espe-
cially viruses [164] are increasing. Indeed, the development of siRNAs as a treat-
ment for HIV, influenza, hepatitis C and infection with respiratory syncytial virus
(ALN-RSVO01) has already led to Phase I clinical trials (i.e. using human volunteers)
by a variety of pharmaceutical companies [165]. It is foreseeable that similar
approaches will be launched to tackle acute as well as chronic bacterial infections,
e.g. in combination with conventional antibiotic therapies and vaccination.

8.5
Outlook

An investigation of a topic encompassing ‘molecular insight into therapeutic dis-
covery’ gives a strong sense that despite a myriad of obstacles, real progress is
being made. The advent of RNAI technology as a ‘power tool” within the global
approach tool-box represents both a new paradigm for investigating host—patho-
gen interactions and a new therapeutic concept. We now have an approach that
can identify key host and bacterial genes essential for inhibiting and/or stimulat-
ing the infection process; these factors can then be exploited as novel therapeutic
targets and perhaps most intriguingly as a basis for a genetic screen to identify
infection-susceptible individuals (see Figure 8.4): knowledge, elucidation and
application. The possibilities are clear, but now we must have a modicum of
patience as techniques are honed and applications are tested.
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The Gut Microbiota and its Contribution to Homeostasis
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9.1
Introduction

Elucidating the mechanisms by which intestinal pathogens are able to cause
disease has been an active field of research for decades. Many of the bacterial
factors, cellular pathways and signaling molecules that are involved in disease
progression or in combating the pathogen have been elucidated. On the pathogen
side, virulence proteins have been identified and functionally characterized at the
molecular and cellular levels and in vivo where animal models are available. On
the host side, we are beginning to have a good understanding of the barriers to
gastrointestinal disease progression, ranging from the physical barrier of the
intestinal mucosa to the chemical barrier of secreted factors, including bactericidal
molecules, and the cellular barriers of both the innate and acquired immune
system. Relatively recently, advances in DNA technologies have led to unprece-
dented insights into the community composition of the resident gastrointestinal
microbiota, prompting a surge of interest in the role of the microbiota in health
and disease. Importantly in the context of disease, the microbiota is fundamen-
tally important in shaping the inflammatory and immunological response of the
host in a way that induces tolerance to the normal resident microbiota yet also
primes the host to respond to a breach in its protective barrier. The intestinal
mucosa exists in a state of homeostatic balance with its resident microbiota and
successful pathogens must therefore disrupt this balance in their favor and subvert
the existing defense mechanisms [1]. Thus, to understand how successful patho-
gens are able to cause disease, we not only have to understand how pathogens are
able to manipulate the host but we also have to put these modes of attack into the
proper context of the densely-populated gastrointestinal tract, the intrinsic barrier
to infection that it provides, and the immunological milieu that this population
fosters. Here we highlight some of the new discoveries in the characterization of
the gastrointestinal microbiota, the effects of microbial colonization on the host
and how the microbiota establishes a symbiotic relationship that protects against
pathogens.
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9.2
Characteristics of the Gastrointestinal Microbiota

The gastrointestinal microbiota is composed of an enormous number and diver-
sity of microorganisms, the vast majority being bacteria although all three domains
of life, the Bacteria, Archaea and Eucarya, are represented. Bacterial numbers in
the average human gastrointestinal tract are around 10', or approximately 10
times greater than the number of cells that compose the human body itself [2].
The bacterial load is not uniformly distributed but progressively increases from
the proximal to distal end, averaging 10>~ bacteria per gram in the proximal ileum
and jejenum, 10”® bacteria per gram in the distal ileum and reaching around
10"? bacteria per gram in the colon [3]. This makes the colon the most densely
populated microbial niche described to date [4].

9.2.1
Methods to Assess Microbial Diversity

The characterization of the microbial diversity of the gut has benefited from
methods and technologies previously used to decipher complex microbial com-
munities in environmental samples (Figure 9.1). Before the genomic revolution,
most of our knowledge was derived from bacteriological studies that employed
techniques such as microscopy, differential staining, and characterization of the
fermentative and biochemical capabilities. These methods relied heavily on the
ability to culture the isolates in the laboratory. This requirement proved to be
exceedingly limiting as DNA-based technologies that circumvent the need for prior
cultivation have revealed that the bacterial diversity in human colon likely includes
500 to 1000 species, the vast majority of which had been and remain uncultivable
today [5, 6].

The gold standard for the analysis of the microbial diversity that constitutes a
complex community is the phylogenetic analysis of the small subunit (16S) ribos-
omal RNA gene. This 1500-bp 16S rRNA gene is present in Eucarya, Bacteria and
Archaea and is sufficiently conserved to permit reliable sequence alignment
between widely different phyla but contains sufficient sequence variability to infer
evolutionary relationships [7]. To assess the diversity of the microbial community,
16S rDNA sequences are first grouped into operational taxonomic units (OTUs),
or phylotypes, whose levels are by convention defined as >99% similarity for strain
level, >97% for species level and >95% for genus level. The intestinal microbiota
is by now a sufficiently sampled environment to allow identification of organisms
to the genus and even species level. The OTUs are then used to construct phylo-
genetic trees through pair-wise comparison of all the sequences in a given com-
munity. In order to compare different communities, a common phylogenetic tree
from all the available sequences is first constructed to which the phylogenetic tree
derived from sequence data from each individual community is then compared.
The similarity of communities is based on the depth of the branch length they
share with the common tree. This ‘UniFrac metric method” has been highly valu-
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Figure 9.1 Tools available for the analysis of the intestinal microbiota and the host response
during steady-state and disease states.

able in comparing the complex microbial community composition of different
parts of the gastrointestinal tract such as for example the distal and proximal colon
[7]. Phylogenetic identification of the microbial composition also provides, by
inference from information available for closely related organisms, a wealth of
information on the collective physiology and metabolism of the community,
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assuming that the attributed characteristics are conserved in the taxonomic unit.
Notably, multiple representatives of the same phylotypes can show a surprising
degree of variability in their proteomes, indicating that the total number of genome
variants in a community is likely to greatly exceed the number of 16S rDNA-based
phylotypes [8]. The physiological and metabolic lifestyles can subsequently be
analyzed in more detail by either DNA-based technologies using degenerate
primers to inferred factors such as antibiotic resistance genes or metabolic
enzymes or by functional testing of inferred metabolic capabilities. The interroga-
tion of the structure, function and metabolic capabilities of the microbial
community through culture-independent DNA-based methods is known as
metagenomics [9].

Metagenomics has greatly benefited from new high-throughput DNA sequenc-
ing technologies. The field of genomics has seen an explosion in both sequencing
chemistries and sequencing platforms in recent years that now allows massive
parallel sequencing at a greatly increased speed and reduced cost [10]. These
second generation sequencing technologies circumvent the need to construct
vector libraries by ligating short adaptors to the sheared DNA. The most widely
available second generation sequencing methodology is the 454 system by Roche,
in which adaptor-flanked DNA is amplified at spatially distinct sites by emulsion
PCR [11]. The clonal population of amplified DNA (the amplicon) is captured on
28-um beads and pyrosequenced using primers to the conserved adaptors. Pyro-
sequencing relies on the use of flow cells that allow the controlled addition and
removal of reagents including one of the four unlabeled nucleotides. Upon incor-
poration of a nucleotide into the growing DNA strand, pyrophosphate is released
and used by ATP sulfurylase and luciferase to generate a detectable burst of light.
In this manner, the sequence of the growing strand of DNA can be deciphered.
While gene-directed analysis of microbial communities has been very informative,
the most comprehensive method of studying a microbial community is the
shotgun method whereby environmental DNA is isolated en masse and used to
construct a total DNA library. This metagenomic library that represents the col-
lective genome (the metagenome) of the community can be used for sequence-
based or function-driven analysis [12, 13].

The growing availability of cost-effective high-throughput sequencing has led to
the rapid expansion of genomic sequence information of the intestinal microbiota
and has thereby also propelled other DNA-based analysis tools that rely on previ-
ous sequence knowledge, such as quantitative PCR, microarrays, fingerprinting
techniques such as denaturing gradient gel electrophoresis (DGGE), and fluores-
cence in-situ hybridization (FISH) microscopy (Figure 9.1) [14]. FISH uses hybridi-
zation of DNA probes to a specific bacterial taxon and enables the enumeration
of specific bacterial phylotypes and interrogation of the spatial organization of the
bacterial phylotype within a mixed community in a heterogenic environment.
While current efforts still focus on understanding the diversity of the microbiota
present along the gastrointestinstal tract during health and disease states, it will
be very interesting to study in more detail how the microbial community is spa-
tially organized at these different times [12, 15].
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Tools to dissect changes in the bacterial distribution, abundance and behavior
as well as the host response to infection include the rapidly evolving field of
imaging technology (Figure 9.1). In vivo bioluminescence imaging of pathogens
engineered to express luciferase has yielded many and often surprising insights
into the infection process such as for example previously missed sites of replica-
tion within a host [16]. However, one of the most promising new tools for the
detailed study of the gastrointestinal tract is the multiphoton scanning laser micro-
scope. It is powerful enough to penetrate animal tissues up to a working depth of
300 um, allows dynamic imaging in vivo and has already yielded detailed insights
into host-pathogen interactions in organs such as the kidneys, lungs, liver, skin
and lymph nodes [17, 18]. This emerging field of ‘tissue microbiology’ involves
intravital dynamic imaging of exposed organs from anesthetized animals. In the
context of the intestine, this technology has recently led to interesting insights into
host processes including the patterns of dendritic cell (DC) sampling of luminal
contents. Using transgenic mice with DC-specific expression of green fluorescent
protein, DC trans-epithelial cell extrusions can be quantified along the length
of the small intestine. The investigators found an increased rate of DC trans-
epithelial extensions in the proximal jejenum compared to the terminal ileum and
a sampling dependence on the presence of microbial products as well as the par-
ticular microbial composition in the intestine [19]. Thus, antibiotic treatment
reduced the number of extensions in the proximal part of the small intestine, while
introduction of Salmonella greatly increased the number of extensions in the ter-
minal section. In addition to monitoring specific fluorescently-labeled host or
bacterial cells, fluid-phase and DNA-biding dyes can be injected to visualize in
real-time the vasculature and organ architectures [20], while immunohistochem-
istry of fixed samples can be used to image particular cell types. Furthermore, laser
capture microdissection (LCM) of specific microscopic regions of a defined ana-
tomical site can be used for gene expression profiling of the bacteria and/or the
host [20, 21]. LCM-mediated gene profiling is highly useful for identifying site-
specific differences in the gene regulation of the bacteria or the pathogen and the
immune response of the host as well as in defining roles of specific cell types of
the host [22, 23].

9.2.2
Diversity of the Gastrointestinal Microbiota

The majority of studies aimed at analyzing the diversity of the human gastroin-
testinal microbiota use 16S rDNA analysis of stool samples due to the obvious
ease of sample acquisition. More recently, sampling of different regions has led
to a more detailed view of the microbial diversity at distinct sites along the gas-
trointestinal tract. In a pioneering study, a 13335 16S rDNA sequence data set was
gathered from biopsies obtained from six regions in the colon and one stool
sample from three healthy human adults [5]. This study, and others, revealed that
the gastrointestinal environment is highly selective in terms of the overall world-
wide microbial diversity. The microbiota of the human intestine contains only nine
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Figure 9.2 Distribution of bacterial phyla human data is a compilation of the studies

in humans and in soil. Comparison of the by Eckburg et al. [5] and Frank et al. [25] as
composition of the bacterial phylotypes analyzed by Peterson et al. [7], while the data
present in the soil or the cecum of either for the soil sample was taken from the review
healthy humans (Normal) or those with by Janssen [24].

inflammatory bowel disease (IBD). The

of the more than 100 or so phyla, or deep evolutionary lineages in the Bacteria
domain and is dominated by only two phyla (Figure 9.2). In comparison, soil
samples can yield at least 32 phyla of which nine make up 92% of the sample
sequences [24]. Notably, diversity increases greatly in the gastrointestinal tract at
lower taxonomic levels. In the human colon, the predominant phyla, identified by
76 and 16% of the sequences, are the low GC, Gram-positive Firmicutes and the
Gram-negative Bacteroidetes, respectively. The remaining 12% belong, in decreas-
ing abundance, to the Proteobacteria, Actinobacteria, Fusobacteria and Verrucomi-
crobia [5]. Other Bacteria that have been reported are Cyanobacteria, Spriochaetes
and VadinBE97, while the only phylotype identified from the Archaea domain,
which includes at least 13 phyla, was Methanobrevibacter smithii [4, 5]. The phylum
Firmicutes is subdivided into the classes of Bacilli, Clostridia and Mollicutes. In
human colon biopsies, 95% of the Firmicutes sequences belonged to the strict
anaerobic bacteria of the Clostridia class, especially those of the clostridial clusters
IV, XIVa and XVI that are known to produce butyrate, a short chain fatty acid that
serves as a primary energy source for the mucosal epithelium and has important
functions for the normal development of the colonic epithelium [5]. Although the
phylum composition within the distal gut is largely uniform, the abundance of
subgroups within the phylum can change considerably along the gut’s cephalo-
caudal axis. For example, Streptococcaceae of the Bacilli class made up about 23%
of the sequences in tissue samples of the distal small intestine compared to 5%
in the colon [25]. Bacterial communities in the intestinal lumen differ from those
that are mucosa-associated while the fecal community appears to be composed of
members from both niches. However, conflicting reports have been obtained as
to whether bacterial communities cluster more closely at mucosal sites along the
length of the distal gut or according to a particular biogeographical site across
different individuals [5, 26]. The observed difference may depend on the sampling
method as well as on prior exposure of the individuals to bowel preparations or
antibiotics. What is clearer is that considerable inter-individual variation exists in
both environments, especially at the species level.
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Unexpectedly, variation in the microbial diversity of the gastrointestinal mucosa
at distinct anatomical sites with very different chemical environments is restricted
to below the phylum level. The hostile gastric environment of a healthy human
stomach was, for example, assumed be rather sterile or at least greatly restricted
in bacterial diversity. 16S rDNA analysis, however, found the stomach to be sur-
prisingly rich in bacterial diversity and to overlap extensively with the microbiota
of the small intestine, the cecum and the colon [27, 28]. Differences were restricted
to the relative contribution of each phylum and the details of the species composi-
tion. As in the intestine, Firmicutes and Bacteroidetes are also abundant phyla in
the stomach (20-45% and 10-25%, respectively), but over 80% of the gastric
mucosa biopsies (19 out of 23 samples) were dominated (with up to 45% of
sequence clones analyzed) by the microaerophilic bacterium Helicobacter pylori of
the phylum Proteobacteria. Notably, the presence of Helicobacter pylori, a causative
agent of gastric ulcers and stomach cancers, did not greatly affect the remaining
composition of the gastric community [27].

Comparisons of the mouse cecal community with the human colonic mucosa
and feces, revealed a similar distribution of bacterial diversity at the phylum level.
As in humans the dominant divisions were the Firmicutes (60-80% of the
sequences) and the Bacteroidetes (20-40%) and within the Firmicutes, the clostridial
XIVa cluster was highly represented (75%). Unlike the human colonic samples,
the mouse cecum harbored TM7, a previously identified member of the human
gingival microbiota, but not Fusoacteria [29]. Most studies on the gut microbe
community in mammals have been limited to mice and humans although studies
using monkeys are emerging. In one large study using rhesus monkeys, sampling
from distinct regions of the gut at various times revealed a highly dynamic
nature of the gut bacterial composition [30]. Despite extensive characterization,
the biodiversity in the gastrointestinal tract remains to be fully explored. Notably,
the 16S rDNA primers used in most studies for target DNA amplification are
designed to capture Bacteria and Archeae. Yet, a recent survey of the murine
intestine revealed a previously unappreciated diversity in fungi, a member of the
Eukarya domain [31]. Similarly, with an estimated 1200 viral genomes present in
human feces, the diversity of viruses appears to be vast but remains to be fully
characterized [32].

9.2.3
Acquisition of the Gastrointestinal Microbiota

The intestinal flora begins to be acquired at birth and progresses until it reaches
a more or less stable population that is broadly identifiable in composition as that
of a human adult [33]. Several factors have been described that can shape the
infant’s gastrointestinal microbiota, affecting both the composition and the timing
in colonization. These include mode of delivery, i.e. vaginally or cesarean, whether
the baby was born preterm of full-term, and whether the infant is formula
or breast-fed [29, 34]. While experiments with humans have not strongly supported
a kinship effect with regard to the structure of the bacterial community of the
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intestinal microbiota, a strong correlation was observed using 16S rDNA sequenc-
ing of cecal samples of 25 related and unrelated inbred mice, suggesting that
environmental and genetic factors shape the microbial composition [29].

Insights into the developmental pattern of the intestinal microbiota in the first
year of life have also been obtained in a microarray-based 16S rDNA analysis of
26 stool samples from 14 full-term human infants [33]. This study revealed great
variation in the taxa that dominated the early colonization process, the timing of
colonization and the temporal stability of different taxonomic groups. Inter-indi-
vidual differences were greater than intra-individual differences until about 6
months of age but a general convergence of the community structure to that of a
more ‘adult-like’ composition was observed from 5 days post birth but most strik-
ingly followed the introduction of solid foods [33]. The overall similarity in com-
position of the adult microbial flora suggests that the microbial community is
under environment-specific selective pressure that under normal circumstances
restricts the growth of certain bacterial divisions but not others. This notion was
supported in a seminal paper that addressed how and to what extent the host gut
habitat shapes the microbial community composition [35]. In this study, the intes-
tinal microbiota of conventionally-reared mice and zebrafish were introduced into
the gut of germ-free (GF) animals of the opposite species. Upon reciprocal trans-
plantation, the input microbial community underwent a striking rearrangement
in both species in its composition, particularly in the dominant bacterial divisions,
to more closely mimic that of its native host [35].

9.2.4
Competition within the Intestinal Bacterial Community

Both the host and microbial community shape the microbial composition in the
gut. Bacterial and fungal species compete for nutrients as well as space through
passive and active means. The relative fitness of a species in a particular environ-
ment depends in part on the catabolic capacity and efficiency with which it is able
to utilize available nutrients but also depends on its ability to withstand toxic
metabolites and inhibitory molecules, particularly bacteriocins or microbially-
derived antibiotics that are released by competitors. In addition, a diverse and
abundant population of bacteriophages that vary in their host range is present in
human feces and likely contributes to the overall composition of the intestinal
microbiota [12]. Interestingly, bacteria appear to also elicit the help of their host
in combating other intestinal residents. The intestinal mucosa secretes an array
of inhibitory molecules including regenerating islet-derived-3y (ReglIly), a C-type
lectin that binds tightly to peptidoglycan and exhibits broad antimicrobial activity
towards Gram-positive but not Gram-negative bacteria [36]. Gene expression pro-
filing of laser capture-microdissected cecal sections of gnotobiotic mice colonized
with the Gram-negative commensal B. thetaiotamicron revealed that this species
is able to induce a five-fold up-regulation of the ReglIly gene as compared to GF
control mice. Interestingly, the Gram-positive lactic-acid producing bacterium B.
longum, a probiotic and a common resident of the distal gut of healthy humans,
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was found to be a potent suppressor of ReglIly expression, highlighting the intri-
cate methods used by members of the gut microbiota to modulate their environ-
ment to confer a competitive advantage on each other [37]. It may thus not be
surprising that the presence of a diverse microbiota also fuels the need for microbes
to evolve elaborate strategies for immune evasion. For example, Bacteroides, the
most abundant Gram-negative bacteria in the human intestine, undergo phase
variation of the capsular polysaccharides to evade immune surveillance [38]. Acap-
sular mutants are not more susceptible to cationic detergents, low pH or the
presence of bile, but are 30 times more susceptible to killing by complement.
Interestingly, although B. fragilis has eight capsular polysaccharides, only one
polysaccharide is needed by the bacterium to efficiently colonize the intestine of
gnotobiotic mice. Yet, the synthesis of multiple, phase-variable polysaccharides is
required for the organism to maintain a long-term association in wild-type mice,
indicating that the microbiota creates a competitive and complex environment that
results in additional pressures for survival [38].

9.3
The Symbiosis of the Gut Microbiota and the Host

The members of the resident microbial population of the gut are generally referred
to as commensals. This is misleading, however, for it implies that only one of the
partners benefits while the other is unaffected; more accurately, the gut microbi-
ota, or at least members of it, is in a symbiotic relationship with the host whereby
both parties benefit from each other. The host intestine provides its microbiota
access to a constant and readily fermentable source of carbon and a relatively stable
and protected niche. As recognized over 100 years ago by Eli Metchnikoff, the host
also profits greatly in terms of gut physiology, overall fitness of the host, and in
other, perhaps unexpected, ways [39]. We now know that the complex microbial
community in our gastrointestinal tract brings about many beneficial metabolic,
physiological, immunological and developmental effects: (i) the microbiota liber-
ates otherwise unavailable carbon sources, expands our own intrinsic catabolic
capabilities to harvest and absorb dietary energy, and supplements our nutritional
intake with essential microbial-derived metabolites [40]; (ii) colonization by enteric
bacteria is essential for normal development