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Abstract

Many microbial pathogens are able to evade killing by phagocytes of the innate immune
system. This thesis focuses on two pathogens: the fungal pathogen Cryptococcus
neoformans and the bacterial pathogen Streptococcus agalactiae. C. neoformans causes
severe cryptococcal meningitis in mostly immunocompromised hosts, such as those
with HIV infection. In contrast, S. agalactiae is the leading cause of neonatal sepsis and
meningitis. The interaction between macrophages and these pathogens is likely to be

critical in determining dissemination and outcome of disease in both instances.

A collection of S. agalactiae clinical isolates, ranging in origin from colonisation cases to
severe infection cases, were tested for their ability to persist with a macrophage cell line.
Surprisingly, persistence within macrophages was a characteristic shared by all of the
isolates tested. Furthermore, by investigating the Streptococcus-containing phagosome,
it was revealed that streptococci are able to manipulate the acidification of macrophage

phagosomes.

Similarly, the maturation of phagosomes containing the fungal pathogen C. neoformans
was explored. Cryptococci are shown to be able to manipulate the phagosome they
reside within. This is driven by modified acquisition of Rab GTPases to the phagosome,
as well as altered acidification and cathepsin activity within Cryptococcus-containing

phagosomes.
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Chapter 1. Introduction

Chapter L. Introduction

Much of this introduction has been previously published as a review article.

Smith, L.M. and May, R.C. (2013) Mechanisms of microbial escape from phagocyte
killing. Biochem Soc Trans 41: 475-490.

Phagocytosis and phagosome maturation are crucial processes in biology. Phagocytosis
and the subsequent digestion of phagocytosed particles is used by both single-celled and
multi-celled eukaryotic organisms. The phagocytosis of apoptotic cells and intruding
microorganisms has been extensively studied in the scientific community. This
introduction focuses on a central cell of innate immunity, the macrophage, and this cell’s
interactions with microbial pathogens. Our current knowledge of phagosome
maturation is summarised and the myriad of mechanisms microbes have established to

escape phagocytic killing will be discussed.

Phagocytosis is arguably one of the most important processes in biology. From single
celled amoebae using phagocytosis for nutrition, to phagocytic cells of the vertebrate
immune system using phagocytosis to destroy microbes and present antigens,
phagocytosis plays an important role in many aspects of biology. We will consider the
diverse strategies that microbial pathogens use to escape killing by phagocytes. These
strategies fall into three broad categories: diversion and modification of the phagosome
maturation process, general resistance and persistence within the phagolysosome, or

physical escape from either the phagosome or the entire phagocyte.
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Phagosome Maturation

Phagocytosis is typically defined as the uptake of particles larger than 0.5 um, which
includes most bacteria, fungi, protozoa and other eukaryotic cells. There is, however, a
limit to the size of an object that can be phagocytosed (Chen et al., 1997). Phagocytosis is
initiated via receptor engagement, either via microbial ligands or host ligands deposited
on the pathogen surface. Pattern recognition receptors (PRRs) recognise pathogen
associated molecular patterns (PAMPs) on the surface of microbes and these include
Mannose receptor, Dectin-1, CD14, scavenger receptor A, CD36 and MARCO (Jaumouillé
and Grinstein, 2011). Opsonic receptors recognize host molecules deposited on the
surface of microbes and include FcyR variants, FcaR, FceR, CR1, CR3, CR4 and the
integrin asB: (Flannagan et al, 2012; Jaumouillé and Grinstein, 2011). For most
microbes, entry into phagocytes probably involves a combination of these receptors
recognising different aspects of the microbial surface. However, the receptor that
dominates in this initiation of phagocytosis is likely to play a major role in determining

the precise route of phagosome maturation and indeed microbial fate.

Once internalised, the contents of the phagosome must be digested. For antigen
presenting phagocytes such as macrophages and dendritic cells, antigens derived from
the degraded microbe are then secondarily presented on the surface of the phagocyte.
To achieve this degradation, phagosomes undergo a series of maturation stages,
receiving new material from early endosomes, late endosomes and finally lysosomes
and also losing molecules no longer required via sorting and recycling endosomes,
creating a dynamic phagosome membrane (Kinchen and Ravichandran, 2008). The

molecular detail involved in progressing from early and late stages through to the
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mature phagolysosome has been the topic of much research for many years. However,
finding suitable control particles to study “normal” phagosome maturation is
challenging. For example, latex beads have been used for this purpose for many reasons,
including the range of particle sizes available and the ability to covalently link molecules
to their surface. Indeed, they have been invaluable in probing the early stages of
phagosome maturation (Desjardins et al, 1994). However, since these particles are
essentially indestructible by phagocytes, they are of limited value in investigating the
later phases of phagolysosome development. In particular, it is now clear that
phagosomes containing living (or once living) things are processed in a different way to
those containing inert particles. For example the tetraspanin CD63 is now used as a
marker of mature phagolysosomes (although its exact role is still being determined) yet
this marker is not found on phagosomes containing latex beads (Artavanis-Tsakonas et
al,, 2006). To address this, most research efforts now use non-pathogenic microbes
alongside latex beads as targets and this dual approach has now led to a comprehensive

model for normal phagosome maturation (Figure 1).

Despite this highly-coordinated process that is intended to kill invading microbes, many
pathogens have evolved mechanisms to enable their survival within macrophages.
Below, we consider the different classes of survival mechanism and highlight some

outstanding questions in the field.
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Figure 1. Phagosome maturation.

1, Phagocytosis of microbes via phagocytic receptors. Receptor engagement initiates
cytoskeletal rearrangements and pseudopod extensions to surround and eventually fuse
around the microbe, creating an internal phagosome. 2, the early phagosome rapidly
loses plasma membrane associated actin and PI(4,5)P2. Early phagosomes interact with
early endosomes and recycling endosomes, allowing delivery of PI3P, Syntaxin-13 and
the GTPase Rab5. After Rab5 activation the Rab5 effectors Vps34, Mon1 and Rab7 are
recruited. Vps34 recruits proteins with FYVE or PX domains such as sorting Nexins, Hrs,
p40phox and the early endosome marker EEA1. EEA1 is a bridging molecule that aids
vesicle fusions. The Rab5-Mon1-Ccz1 complex recruits Rab7 and displaces the Rab7 GDI.
3, the late phagosome becomes more acidic internally (~pH5.5), sheds early phagosome
markers and acquires late markers, such as Rab7, Mon1, RILP and HOPS (Vps11, 16, 18
and 33). RILP and ORPIL (recruited by Rab7) are dynein adaptors that direct late
phagosomes towards the microtubule organising centre, the collecting place for
lysosomes. 4, the phagolysosome is finally formed when late phagosomes fuse with
lysosomes that are packed with hydrolases (nucleases, lipases, glycosidases, proteases
and cathepsins) and a highly acidic content (~pH4.5). Lysosomes also deliver membrane
proteins LAMP1 and the vATPase hydrogen ion pump.
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Strategies of Diversion and Modification of Phagosome

Maturation - Making the Environment More Comfortable.

Many pathogens, whether obligate intracellular pathogens or faculative, have evolved
mechanisms to pause, arrest or redirect entirely the phagosome maturation pathway
(Figure 2). If successful, pathogens are then able to lie dormant within a protected
‘Trojan horse’, disguised from the immune system. The most widely studied example of
such a process occurs in Mycobacterium tuberculosis, the causative agent of human
tuberculosis. Not only is this organism able to arrest normal phagosome maturation (Via
et al.,, 1997), but M. tuberculosis may be able to escape the phagosome (Myrvik et al.,
1984; Smith et al, 2008). The M. tuberculosis-containing phagosome retains the
characteristics of an early phagosome, such as Rab5 (Via et al., 1997) and recycling
endosome communication (Clemens and Horwitz, 1996), however, acidification is
blocked by excluding vATPase (Sturgill-Koszycki et al, 1994). M. tuberculosis
phagosomes also avoid lysosome fusion by disrupting host calcium signaling (Jha et al.,
2010; Malik et al., 2003). Mycobacterium marinum, a close relative of M. tuberculosis, is
able to escape the phagosome and use actin based motility within the cytosol (Stamm et
al,, 2003). This huge field of research has recently been comprehensively reviewed
(Gengenbacher and Kaufmann, 2012; Soldati and Neyrolles, 2012; Welin and Lerm,

2012) and will not be considered further here.

Phagosome maturation is also manipulated by the food-borne pathogen Salmonella
enterica, which arrests phagosome maturation at a late but not fully mature stage,
creating a Salmonella containing vacuole (SCV)(Beuzon et al., 2000; Oh et al., 1996; Scott

etal., 2002). Recent data suggests that this process may be dependent on the host cell
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Figure 2. Strategies used by pathogens to modify phagosome maturation.
Many pathogens are able to manipulate the phagosome. The pathogens discussed in this
review and a summary of the modification they exert on the phagosome is illustrated
here. Endoplasmic reticulum (ER).
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type. For instance, novel Salmonella spacious phagosomes have recently been described
for B cell infection (Rosales-Reyes et al., 2012). Phagosome escape (Brumell et al., 2002;
Knodler et al., 2010) and autophagy (Birmingham and Brumell, 2006; Kageyama et al.,
2011) have also been implicated in Salmonella infection. Because the intracellular
Salmonella field goes beyond the scope of this introduction, I will not be covering this
pathogen. However, I direct readers to recent in-depth reviews (Malik-Kale et al., 2011;
Monack, 2012). This section will continue exploring some pathogens that are less well

known for their ability to alter phagosome maturation.

Neisseria gonorrhoeae

Neisseria gonorrhoeae is a Gram-negative bacterium and the causative agent of
gonorrhea in humans. N. gonorrhoeae is best known for its infection of epithelial cells,
however, once gonococci have traversed this cellular layer they are likely to be engulfed
by professional phagocytes such as macrophages and neutrophils. Indeed, gonococcal

infection is characterised by inflammation and neutrophil recruitment.

Although relatively poorly studied, it is clear that N. gonorrhoeae can manipulate
phagocytes in several diverse ways. Neisseria gonococcal porin is able to reduce reactive
oxygen species (ROS) produced by primary human neutrophils and monocytes, thus
limiting their antimicrobial activity (Lorenzen et al., 2000). The same porin has also
been implicated in blocking phagosome maturation (Mosleh et al, 1998), since
treatment of phagocytes with purified porin (PorB), causes latex bead phagosomes to
retain increased amounts of early markers (such as Rab5) and reduced late markers

(such as Rab7). Furthermore, N. gonorrhoeae-containing phagosomes are able to block
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fusion with primary granules (protease storing vesicles) of neutrophils (Johnson and
Criss, 2013). This fusion blocking appears to be orchestrated by a surface component on
the bacteria as dead N. gonorrhoeae are also able to exert the effect (Johnson and Criss,
2013). Neutrophil reactive oxygen species (ROS) may play a controversial role in aiding
N. gonorrhoeae pathogenicity. Recent research has found opacity proteins (Opa) of the
bacteria play a role in host NADPH oxidase assembly, therefore contributing to ROS
production (Smirnov et al., 2014). One explanation for this unusual activity could be that
host ROS is used to initiate the activation of bacterial genes required for intracellular
survival within neutrophils. The production of ROS being used against the host
phagocyte to activate a pathogenicity program has also been seen for other pathogens.
For example, it has recently been found that macrophage ROS can be used as a trigger
for mitochondrial tubularisation and intracellular survival of the fungus Cryptococcus

gattii (Voelz et al, 2014).

N. gonorrhoeae also secretes proteases that digest the lysosomal associated membrane
protein, LAMP1. This process appears important in mediating gonococcal survival
within epithelial cells and fibroblasts, although has yet to be investigated in phagocytic

cells (Binker et al., 2007).

Yersinia pestis

Yersinia pestis is the infamous bubonic plague causing Gram-negative bacterium. Upon
engulfment, Y. pestis up-regulates a putative stress induced operon. Deletion of the
stress induced operon, or the previously unidentified gene, orfX, leads to down-

regulation of Type III Secretion, higher intracellular replication and a filamentous
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morphology of internal bacteria (Fukuto et al., 2010). Transposon mutagenesis has also
recently revealed a role for glucose-1-phosphate uridylyltransferase (galU) and the UDP
modifying enzymes WecBC in the intracellular survival of Y. pestis (Klein et al., 2012).
Once intracellular, Y. pestis containing vacuoles seem to fuse with lysosomes (Straley
and Harmon, 1984), acquiring cathepsin D and LAMP1 (Grabenstein et al,, 2006), and in
some cases are positive for the LC3 autophagosome marker. Despite this, the vacuoles
maintain a neutral pH (Pujol et al, 2009), suggesting modification of the Y. pestis-
containing phagosome is likely to occur, although the precise stages of maturation

interrupted are currently unknown.

The above relates to the Y. pestis - macrophage interaction. Less is known about the
interaction of this pathogen with neutrophils. Y. pestis is able to replicate within
macrophages, perhaps explaining why more attention has been given to this line of
research. Within neutrophils, however, Y. pestis are generally killed with the exception
of a small resister population recently found to still be viable at 22 h after phagocytosis
(Spinner et al, 2014). Interestingly, after 12 h, infected neutrophils express
phosphatidylserine (PS), a marker of apoptosis. This marker acts as a signal to
macrophages to engulf apoptosing neutrophils by a process termed efferocytosis
(Spinner et al., 2014). The authors hypothesise this as a “Trojan horse’ mechanism for a
small percentage of Y. pestis to gain entry to the more hospitable niche within

macrophages.
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Legionella pneumophila

Legionella pneumophila is a Gram-negative facultative intracellular bacterium. Like
many of the microbes discussed in this review, L. pneumophila primarily causes
respiratory infections and is known to interact with, and replicate within, human
alveolar macrophages. Infection with L. pneumophila can lead to an acute form of
pneumonia known as Legionnaires’ disease. L. pneumophila is naturally adapted to an
intracellular lifestyle as it parasitises fresh water amoebae, hence outbreaks of
Legionellosis are often associated with contaminated water supplies (Roy et al., 1998;
Swanson and Sturgill-Koszycki, 2000). Early work by Horwitz and colleagues
demonstrated that the L. pneumophila phagosome is less acidic than other non-pathogen
phagosomes and does not fuse with lysosomes (Horwitz, 1983b). Additionally, within
two hours of uptake by human monocytes, L. pneumophila phagosomes associate with
mitochondria and the rough endoplasmic reticulum (RER), with the phagosome

membrane becoming studded with ribosomes (Horwitz, 1983a).

More recent data have shown that the diversion of L. pneumophila - containing
phagosomes away from the normal route of maturation, preventing them from acquiring
LAMP1 or Rab7, occurs rapidly after uptake and requires the L. pneumophila product
DotA. DotA is an inner membrane protein believed to be required for the formation of a
macromolecular complex to direct the phagosome towards a replicative vesicle form

(Roy et al., 1998).

Additionally, the fate of the L. pneumophila phagosome seems to be determined within
minutes of uptake, as DotA negative bacteria were seen to already be LAMP1 positive at

this premature stage (Roy et al., 1998). DotA is part of the Dot/Icm T4SS transporter
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(Coers et al., 1999), and acts to export a series of effector proteins, including RalF. RalF
acts as a Guanine exchange factor for the host ARF-1 protein, which regulates vesicle
traffic between the ER and Golgi. In addition, active ARF-1 is only found on phagosomes
containing L. pneumophila with the wild type dot/icm genes (Nagai et al., 2002). Further
evidence for the rapid determination of phagosome fate comes from Stephen Weber and
colleagues. Using live-cell imaging of the L. pneumophila phagosome within the amoebae
Dictyostelium discoideum, the authors demonstrate that L, pneumophila cells are able to
manipulate phosphoinositide (PI) lipids on the phagosome membrane. Phagosomes
containing wild type L. pneumophila are able to speed up the removal of PI(3)P and yet
accumulate PI(4)P (Weber et al., 2014). This manipulation appears to hold the vacuole

in a quiescent state, allowing avoidance of degradation.

Once L. pneumophila has modified the phagosome appropriately, it then converts to a
replicative form. This form is unable to secrete virulence factors (such as RalF) and thus
the replicative vacuole slowly acquires lysosomal markers and becomes nutrient
depleted after several rounds of bacterial replication (Byrne and Swanson, 1998).
However, the accumulation of guanosine tetraphosphate (ppGpp) within this organelle
eventually triggers a return to stationary phase and re-expression of virulence factors
(Hammer and Swanson, 1999; Swanson and Sturgill-Koszycki, 2000). After
approximately 24 h of replication, cells then burst open, although it is currently unclear
whether this is due to the physical limits of phagocyte membranes or host cell apoptosis

(Roy et al., 1998).
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Streptococcus pyogenes (GAS)

Streptococcus pyogenes, or Group A Streptococcus, is a Gram-positive bacterial pathogen
most commonly thought of as an extracellular infectious agent. However, S. pyogenes is
able to cause serious deep tissue infections (such as necrotising fasciitis) in which
macrophage reservoirs of persisting bacteria are likely to play an important role in
disease progression. A well-known virulence factor of this particular Streptococcus is the
M1 protein. Recent findings indicate a role for M1 protein in controlling vesicle
trafficking and preventing lysosomal fusion of S. pyogenes phagosomes, as well as in
suppressing the macrophage inflammatory response via NFkB signaling (Hertzen et al.,
2010). Additionally, the regulon of the transcription factor Mga has been linked to
vATPase acidification blocking by reducing vATPase delivery to the phagosome by an as

yet undetermined mechanism (Nordenfelt et al., 2012).

Microarray studies looking for altered expression of S. pyogenes genes have identified
145 genes that are significantly altered following uptake. These included the genes
encoding the CovS/CovR two-component system that has also been implicated in
intracellular survival of the related pathogen S. agalactiae (Cumley et al, 2012;

Nordenfelt et al., 2012).

Histoplasma capsulatum

The dimorphic fungus, Histoplasma capsulatum is the causative agent of the life-
threatening infection histoplasmosis. During infection, H. capsulatum resides within a
modified phagosome of macrophages, considered to be the primary infected cells within

hosts. H. capsulatum survives within macrophages by modifying the vacuole and keeping
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it at pH 6.5 by blocking acidification via the vATPase and lysosomal fusion with the
phagosome (Strasser et al, 1999). This incomplete block of acidification is likely to
reflect a compromise between enabling fungal utilisation of iron from transferrin (at low
pH), whilst still reducing the hydrolytic activity of acid-dependent proteases.
Interestingly, H. capsulatum actively retains a slightly acidic phagosomal pH even when
normal phagosomal acidification is blocked by the vATPase inhibitor Bafilomycin
(Strasser et al, 1999). Suggesting the pathogen itself creates the slightly acidic

phagocytic lumen rather than allowing partial vATPase activity.

Histoplasma capsulatum is thought to replicate within macrophages and eventually lyse
the host cell (Newman et al,, 1991). A recent screen identified a mutant lacking the gene
encoding 3-hydroxy-methylglutaryl coenzyme A (HMG CoA) lyase (HCL1) was unable to
lyse host cells (Isaac et al, 2013). Further investigation revealed that HCL1, which is
required for leucine catabolism, allows the fungus to multiply within a phagosome
(Isaac et al., 2013). Without HCL1, acidic products accumulate due to the block of leucine
metabolism. Therefore, without the gene, H.capsulatum find themselves unable to
replicate and cause host cell lysis. The HCL1 mutant shows partial attenuated virulence
in an intranasal mouse model of infection, highlighting the potential relevance of leucine

metabolism to infection.

Studies into H. capsulatum with human and mouse macrophages have highlighted
differences between these two cell types; human macrophages do not need to induce
phagosome acidification for effective fungal killing, whereas a low phagosomal pH is

critical for the antifungal activity of mouse macrophages (Newman et al., 2006).
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Phagosome manipulation by H. capsulatum can be altered by pre-treatment of the
fungus with monoclonal antibodies. Non-opsonised H. capsulatum is typically engulfed
via CR3. Opsonisation with IgM monoclonal antibody (mAb) to H.capsulatum cell
surface histone 2B, increases phagocytosis via CR3 (Nosanchuk et al, 2003), but
simultaneously decreases the ability of H. capsulatum to survive and replicate within
macrophages (Nosanchuk et al, 2003). A further study revealed the reduction in
intracellular viability was due to a decrease in the ability of the pathogen to modify the
pH of the phagosome (Shi et al, 2008). Thus providing an interesting example of
antibody opsonisation altering the intracellular fate of a pathogen, without changing the
entry route. Moreover, this monoclonal antibody against histone 2B also improves
mouse survival in a histoplasmosis infection model by reducing fungal burden and
pulmonary inflammation (Nosanchuk et al, 2003). A potential explanation for the
attenuated virulence could be that the H2B mAb alters cell wall biosynthesis and re-

modeling, affecting growth of the fungus (Nosanchuk et al., 2003).

Leishmania spp.

Leishmania are parasitic protozoa that are spread by sand fly vectors in tropical and
subtropical regions of the world. Leishmania can exist in two life cycle stages, the
promastigote and amastigote, both of which can be phagocytosed by means of receptor
mediated phagocytosis (Sacks and Sher, 2002). The receptors used for uptake vary
depending on species, stage and serum quality but generally involve CR2, CR3 or the
mannose receptor (Alexander and Russell, 1992; Rodriguez et al, 2011). Upon

internalisation, promastigotes insert lipophosphoglycan (LPG) into the phagosome
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membrane, which inhibits the depolymerisation of F-actin and thus delays lysosomal
fusion (Holm et al, 2001; Rodriguez et al., 2011; Winberg et al, 2009). This delay
possibly provides enough time for the parasite to convert to the amastigote form, which
is more resistant to hydrolases and thus able to replicate within the phagosome. It is
worth bearing in mind that the dynamics of phagosome maturation are dependent on
the route of uptake. For example, phagocytosis mediated via CR3 and FcyR results in a
five hour delay in phagosome maturation, while CR3/FcyR-independent phagocytosis
only results in a one hour delay in phagosome maturation. Surprisingly, the difference in
phagosome maturation time does not impact on the eventual viability of intracellular

Leishmania donovani (Polando et al., 2013).

Recent investigations into the mechanism used by L. donovani to alter the fusogenic
properties of the phagosome have discovered a surface anchored metalloprotease GP63
(Matheoud et al, 2013). This protease has been found to cleave the soluble N-
ethylmaleimide-sensitive factor attachment receptor (SNARE) protein VAMPS, a
molecule involved in orchestrating fusion of vesicles, such as the lysosome with the
phagosome. By disrupting SNARE proteins, the promastigote is able to alter NADPH
oxidase assembly and antigen presentation, potentially having substantial affect on this

pathogen’s ability to avoid the immune response (Matheoud et al., 2013).

The amastigote, in contrast to the promastigote, is specialised for survival within an
acidic and hydrolytically active environment with much of its metabolism requiring low
pH for optimal efficiency (Antoine et al., 1990). Persistence and replication in the
mature phagolysosome is also aided by cell surface and secreted glycoconjugates such

as glycoinositol phospholipids (GIPLS) and proteophosphoglycan (PPG) and by active
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inhibition of protein kinase C, which blocks assembly of the NADPH oxidase, lowering

the phagocyte oxidative burst (Descoteaux et al., 1992; Sacks and Sher, 2002).

Sub-cutaneous infection with L. major will recruit large quantities of neutrophils
(Sunderkotter et al, 1993). The usual response of neutrophils is to phagocytose
invading pathogens. In some cases, if neutrophils become overwhelmed, they undergo
apoptosis, exposing the pathogen to other cells of the immune system, but also releasing
tissue damaging molecules. This apoptosis usually happens within 6-12 h. However,
L. major, although not replicating, is able to delay neutrophil apoptosis up to 42 h (Aga et
al., 2002). It is at this time that macrophages arrive at the site of infection (Sunderkotter
et al, 1993). Studies have therefore looked at the interaction between infected
neutrophils, undergoing apoptosis, and macrophages. Infected neutrophils released
macrophage chemo attractants such as MIP1-f3. The infected and apoptotic neutrophils
are then efferocytosed by macrophages, after which, L. major is then able to enter the
replicative amastigote form (van Zandbergen et al, 2004). The work describes an
astonishing manipulation of the host immune system to allow the parasite to gain entry

into its final replicative niche.

Coxiella burnetii

The Q fever agent, Coxiella burnetii, replicates within a modified phagosome in many
host cell types. It is a Gram-negative obligate intracellular bacterial pathogen able to
create a large phagolysosome-like compartment. The mature C. burnetii phagosome
looks like large phagolysosome but is actually a modified compartment (Ghigo et al.,

2012), that recruits the autophagosome marker LC3. If autophagy, or the host signaling
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factors cAMP and protein kinase A, are pharmacologically inhibited, C. burnetii
replication is reduced (Beron et al., 2002; MacDonald et al., 2012). Additionally, the
Dot/Icm T4SS has recently been found to be required for recruitment of
autophagosomal membranes at later stages of intracellular infection (Winchell et al.,
2014). It is currently thought that the autophagosome membrane contributes to the

phagosome, allowing expansion of the C. burnetii - containing vacuole.

This modified phagosome still recruits the small GTPases Rab5 and Rab7, yet inhibits
accumulation of antimicrobial proteases (as measured by the presence of cathepsin D)
(Graham et al.,, 2012), although at present the link between autophagy and phagosomal
modification remains unclear. By use of its lipopolysaccharide (LPS), C. burnetii is able to
antagonistically bind TLR4, therefore blocking p38a-MAPK signaling and homotypic
fusion protein vps41 recruitment to the vacuole, thus blocking lysosome fusion (Barry et

al,, 2012).

Rhodococcus

Rhodococcus equi, causes severe pneumonia in horses and tuberculosis-like symptoms
in AIDS patients. Following uptake, this Gram-positive facultative intracellular pathogen
transiently acquires maturation markers such as PI3P, EEA1 and Rab5, but not
cathepsin D or vATPase (Fernandez-Mora et al., 2005; Toyooka et al., 2005). This non-
acidic phagosome can be maintained for 48 h in a manner that is dependent on the
presence of the bacterial VAP virulence plasmid and the gene encoding 3-ketoacyl-(acyl
carrier protein)-synthase A (KasA), which is essential for long chain mycolic acid

synthesis (Sydor et al., 2012).
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Coccidioides spp.

Coccidioides immitis and C. posadasii are dimorphic fungi found in regions of southern
USA and pockets of South America where valley fever (coccidioidomycosis) is endemic.
Coccidioidomycosis mostly remains asymptomatic, but can cause serious complications
and disseminated disease (such as meningitis) in immunodysfunctional individuals

(Borchers and Gershwin, 2010).

Coccidioides can be found in the soil in a mycelial form that produces infectious
arthoconidia. Arthoconidia transform into large spherules (containing 100-300
endospores) rapidly after inhalation by humans (Huppert et al, 1982). Both
arthoconidia and endospores can be phagocytosed by alveolar macrophages, although
phagocyte activity against them appears to be fungistatic rather than fungicidal
(Beaman and Holmberg, 1980). Even in immunocompetent individuals neutrophils will
kill only up to 30% of invading C. immitis arthoconidia (Ampel et al., 1992). Spherules,
on the other hand, are too large to be phagocytosed (with a 60-100 um diameter), so no
defense can be utilised until the endospores are released. Human monocytes and
macrophages do, however, mount an inflammatory response to spherules, consisting of

an increased production TNF-a, IL-1f, and IL-6 (Dooley et al., 1994).

Following uptake, endospores appear to inhibit lysosome fusion (Beaman and
Holmberg, 1980) and can eventually lyse the host cell if endospores continue to develop
into new spherules whilst within the phagosome (Borchers and Gershwin, 2010).
Interestingly, if macrophages are primed by immune T-cells before infection, these cells
then become capable of effectively killing C. immitis (Beaman et al., 1981; Beaman et al,

1983).
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The avoidance of killing when Coccidioides encounters macrophages is likely helped by
the pathogens ability to reduce nitric oxide (NO) production. Macrophages primed with
IFN-y and LPS then co-incubated with C. immitis spherule initials, produced less NO and
iNOS mRNA compared to activated cells without pathogen. The suppression did not
require phagocytosis of spherule initials and could be achieved with only spherule
culture supernatant, indicating an as yet unidentified secreted fungal factor (Gonzalez et

al,, 2011).

Brucella spp.

The Gram-negative facultative intracellular pathogens of the genus Brucella cause the
zoonotic bacterial disease brucellosis, mostly seen in developing countries where it has
a high prevalence. There are many pathogenic species of Brucella although B. melitensis
is the most common cause of human infection. Infection can cause abortion, infertility

and septicaemia in animals and fever or debilitation in humans.

B. melitenis can invade and replicate within phagocytic and non-phagocytic cells of
humans. This ability is crucial to disease progression. Ninety percent of B. abortus are
ingested and killed by macrophages, but the small proportion left alive is sufficient to
replicate with macrophages, allowing persistence within the host niche (Celli et al,
2003; von Bargen et al., 2012). The past ten years has seen an explosion of Brucella
research that has greatly advanced our understanding of this host-pathogen
relationship. The O-chain of the non-classical Brucella LPS appears to be necessary for
B. melitensis to enter cells via lipid rafts and prevent lysosome fusion (Castaneda-

Ramirez et al, 2012). In the mouse macrophage cell line J774, clinical strains of B.
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melitenis do manipulate vesicle trafficking but this does not involve the autophagy
pathway as seen in epithelial cell models (Arenas et al., 2000; Arenas et al, 2010;
Pizarro-Cerda et al., 1998). This manipulation creates a modified phagosome known as a
Brucella-containing vacuole (BCV) that eventually fuses with the ER (Celli et al., 2003;
Starr et al.,, 2008). Intracellular survival of B. abortus requires a number of virulence
factors such as the Type III secretion system VirG and cell envelope components such as
osmoregulated periplasmic glucan (OPG) and cyclic -1,2-glucans(CgG) (Arellano-
Reynoso et al, 2005). Interestingly, other CgGs are used by legume endosymbionts to
enable intracellular survival (Bhagwat et al, 1999). It has now been shown that
B. abortus and B. melitenis CgG affects BCV maturation (including blocking lysosome
fusion in epithelial cells) by modulating lipid rafts in pathogen (and possibly host)

membranes (Arellano-Reynoso et al., 2005; von Bargen et al.,, 2012).

As with Coxiella, B. melitensis also manipulates host TLR-MAPK signaling. It has been
found that B. melitensis requires activated host p38 and JNK MAPK family members for
intracellular replication within primary human macrophages (Dimitrakopoulos et al.,
2013). The sequence of events leading to becoming an ER-like vacuole are complex and

key issues (such as whether lysosomal fusion occurs) remain unresolved.

Aspergillus spp.

Several species of fungus within the genus Aspergillus are capable of causing serious
human disease. The most common by far is A. fumigatus, a species that aids the
decomposition of organic matter in the environment, but which is also an opportunistic

pathogen causing several different human infections. Infections typically start following
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inhalation of asexual conidia into the lungs. If not successfully cleared, this initial
infection can progress into invasive aspergillosis, the most severe and life-threatening
form of aspergillosis, often associated with high mortality in immunocompromised

individuals (Mansour et al., 2012).

Following inhalation, most A. fumigatus conidia are efficiently phagocytosed and killed
by alveolar macrophages. However, recent data have shown that a minority of conidia
are capable of suppressing fusion between phagosomes and lysosomes, allowing the
fungus to germinate and ultimately lyse the macrophage (Morton et al., 2012). The
underlying mechanism of this process is currently unknown, although the species
variant dihydroxynaphthalene (DHM)-melanin coating on A. fumigatus and A. flavus
conidia appears important for diverting maturation away from lysosome fusion
(Thywissen et al., 2011). Moreover, the fungal hydrophobin RodA appears to suppress
the immune response to inhaled conidia, including macrophage maturation.
Hydrophobin molecules are believed to mask the conidia of many inhaled

environmental fungi (Aimanianda et al., 2009).

The related species A. terreus is a less common cause of invasive bronchopulmonary
aspergillosis (IBPA). However, once established, A. terreus infection is often fatal.
Exposure to alveolar macrophages results in rapid phagocytosis, possibly due to the
high surface exposure of (3-1,3-glucan and galactomannan. Despite rapid uptake, conidia
show long-term persistence in macrophages, even in immunocompetent hosts. Unlike A.
fumigatus, the phagosome becomes acidified both in cell culture and in vivo, indicating
that A. terreus probably persists despite the harsh phagolysosome conditions (Slesiona

etal,2012).
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Strategies of Escaping Phagosomes and Phagocytes -

Knowing When to Bail Out

Many microbial pathogens are able to manipulate the phagosome. Far less pathogens
are able to manipulate the host cell to such an extent to allow escape from the
phagosome (Figure 3). In this section the surprising variety of mechanisms that

pathogens use to escape the phagosome, and even the phagocyte, are described.

Cryptococcus neoformans

Cryptococcus neoformans is a lethal fungal pathogen of immunocompromised individuals
infecting approximately one million people worldwide per year, with an overall
mortality rate of 60% (Park et al., 2009). C. neoformans can be found primarily in soil,
on some trees (such as Eucalyptus) and in pigeon excreta (Casadevall et al., 1998). The
disease, cryptococcosis typically starts with the inhalation of infectious particles
(desiccated yeast or spores) followed by survival and proliferation within the lung,
dormancy within the host, reactivation, dissemination and infection of the central
nervous system and subarachnoid space (Chen et al, 2014). During cryptococcosis,
macrophages are vital in the innate immune response. However, cryptococci are well
adapted to parasitise these phagocytic effector cells (Ma and May, 2009). It is well
known that cryptococci are able to replicate within the macrophage phagosome and
escape in a non-lytic manner (vomocytosis) (Alvarez and Casadevall, 2006; Ma et al.,
2006). The molecular detail that regulates and allows this replication and escape is yet

to be defined.



Chapter 1. Introduction

Toxoplasma
- Non-fusogenic PV

Shigella

3) - Permeabilise phagosome - Calcium/NO

- Actin comet tails to force into \‘\ regulated egress
neighboring cells or extracellular D
environment : ‘

/ Rickettsia

\D - Permeabilise phagosome \
Listeria - Actin tail motility and escape |
- Rupture early phagosome "

Trypanosoma - Actin propulsion to
- Lysosomal and autophagosome \ ) escape/lateral transfer,

derived membrane PV
“ %

- phagosome exit by Tc-TOX
Franciscella \
- Escape to cytosol
- Enter autophagy

pathway or induce
pyroptosis

Burkholderia
- Escape to cytosol
- Induce formation of MNGCs

Candida albicans
- Escape via hyphal growth

Cryptococcus - Escape by non-lytic expulsion

- Vomocytosis

Figure 3. Strategies used by pathogens to escape the phagosome and phagocyte.
There is a surprising number of pathogens able to escape either the phagosome or the
phagocytic cell entirely. Summarised here are the mechanisms of escape used by the
pathogens discussed in this review. Parasitophorous vacuole (PV). Nitric oxide (NO).
Multi-nucleated giant cell (MNGC).
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Intracellular replication of C. neoformans in macrophages was first observed in 1973
(Diamond and Bennett, 1973). Early hypotheses to explain this suggested that the
cryptococcal phagosome was diverted from becoming a phagolysosome (Vecchiarelli et
al,, 1994), a model that has not yet been extensively tested. A detailed examination of
the cryptococcal phagosome over the duration of infection has still not been completed,
although some markers have been investigated. Cryptococcal phagosomes acquire EEA1
within 10 min of uptake by dendritic cells or macrophages (Qin et al, 2011; Wozniak
and Levitz, 2008) and subsequently acquire LAMP1, MHCII and the tetraspanin CD63
(often used as a mature phagosome marker)(Johnston and May, 2010; Levitz et al,
1999; Qin et al, 2011; Wozniak and Levitz, 2008). CD63 recruitment requires
acidification of the phagosome (Artavanis-Tsakonas et al, 2006) which is also,
surprisingly, a prerequisite for intracellular survival of cryptococci (Levitz et al., 1999;
Wozniak and Levitz, 2008). The presence of some late phagosome markers has led to the
hypothesis that cryptococci persist within a normal phagolysosome, rather than
modifying maturation processes. However, the presence of membrane markers is not in
itself evidence for normal phagosomal contents and further work is required in this

area.

C. neoformans is well equipped to avoid phagocytosis and to persist within a
phagolysosome. The thick polysaccharide capsule (Bose et al, 2003), antiphagocytic
protein 1(App1) (Stano et al., 2009), the transcription factor Gat201 (Chun et al, 2011;
Liu et al., 2008) and the formation of enormous titan cells (Okagaki and Nielsen, 2012;
Zaragoza et al, 2010) have all been implicated in phagocytosis prevention. Once
internalised, C. neoformans are able to utilise many virulence factors for persistence and

replication within phagocytes. Reactive oxygen and nitrogen species are absorbed or
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detoxified by the capsule (Zaragoza et al., 2008). Protective factors such as Sod1, Aox1,
Fhb1, Tsal and Urel are also known to aid resistance to oxidative stress (Brown et al,
2007), whilst the pigment melanin has been linked to antimicrobial peptide
neutralization (Doering et al, 1999). Interestingly, it is likely that C. neoformans
acquired many of these adaptive virulence traits to combat digestion by amoeboid
predators in their natural environment (Casadevall, 2012), in an analogous way to

L. pneumophila.

Vomocytosis is the unique non-lytic escape mechanism of cryptococci from host cells
(Figure 3) (Alvarez and Casadevall, 2006; Ma et al., 2006). Only recently have similar
processes been described for Candida albicans (Bain et al., 2012) and C. kruzei (Garcia-
Rodas et al., 2011). An escape mechanism that leaves both the host cell and the pathogen
alive has major implications for infection progression and is likely to be important for
tissue dissemination and possibly also as a mechanism for re-activation after latency.
Vomocytosis has been confirmed in vivo within mice and possibly occurs more
frequently in vivo than in vitro (Nicola et al.,, 2011). The current model for vomocytosis
implies cryptococci escape via exocytic fusion of the phagosome with the plasma
membrane, thus releasing the fungus (Johnston and May, 2010). Moreover, vomocytosis
requires microtubule activity, but not actin polymerisation. However, actin and the
WASP-Arp2/3 nucleating complex are involved in prevention of vomocytosis by the
formation of dynamic actin cages, or “flashes”, around the fungal phagosome. Although
strains with high rates of vomocytosis induce more actin flashes, vomocytosis still
occurs, suggesting that actin flashes may actually be a reaction invoked by vomocytosis
attempts that will hold off expulsion for a short period but will eventually fail to contain

this pathogen (Johnston and May, 2010).
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C. neoformans phagosomes are also seen to permeabilise rapidly after phagocytosis
(phagosomes lose fluorescently labelled dextran cargo) . This permeabilisation seems
necessary and possibly even triggers actin flashes (Johnston and May, 2010; Tucker and
Casadevall, 2002). The secreted phospholipase Plb1l is essential for vomocytosis
(Chayakulkeeree et al, 2011). The exact role of this phospholipase is still under
investigation, but it is tempting to predict a role in permeabilisation of the cryptococcal
phagosome. The reason for permeabilising the phagosome is currently unknown,
however, it is likely to aid neutralisation of the phagosome, thus inactivating
antimicrobial proteases and allowing nutrients from the host cell to enter. One possible
role for actin flashes is thus in resealing of the phagosome after pathogen-induced

permeabilisation.

The pH of the phagosome has a major impact on intracellular parasitism by cryptococci.
Chloroquine or ammonium chloride treatment to increase the phagosomal pH increases
the rate of vomocytosis, but if acidification is blocked from occurring in the first instance
(by using V-ATPase inhibitors) vomocytosis is suppressed (Ma et al., 2006; Nicola et al,
2011). Thus, it seems that C neoformans either requires acidification to initiate
vomocytosis (which seems to be true for replication) or vomocytosis only occurs from

phagosomes that have been appropriately matured.

The molecular details that precede vomocytosis are still under investigation. The most
likely explanation is ‘hijacking’ of the exocytic pathway normally used to expel
indigestible material from host cells. In the amoeba Dictyostelium discoideum, exocytosis
of digested material requires that the phagosome be devoid of vATPase, which is

achieved by vesicle budding from the mature phagosome. This budding is controlled by
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the cytoskeletal protein WASH. Blocking WASH activity inhibits this exocytosis from
amoebae and, intriguingly, also reduces cryptococcal vomocytosis rates from

macrophages (Carnell et al., 2011).

C. neoformans is also able to move from one cell to another via the process lateral
transfer (Ma et al, 2007), a rare event that has not been extensively investigated.
Transfer requires live cryptococci and may reflect either a vomocytosis event followed
by rapid phagocytosis or another mechanism requiring a transient membrane tunnel

between the two host cells in question (Johnston and May, 2012)

Listeria monocytogenes

Listeria monocytogenes is a Gram-positive bacterium capable of replication within many
types of host cell (Radtke et al, 2011), by escaping from the phagosome into the
cytoplasm. Before escaping the phagosome (approx 90 min after phagocytosis by
macrophages), L. monocytogenes is also able to modify the phagosome. Early endosomal
markers, but not late markers, such as cathepsin D or LAMP1, were found on
phagosomal membranes containing live L. monocytogenes (Alvarez-Dominguez et al,
1997). Furthermore, this delay in maturation before escape could be partly due to
disruption of the recruitment and activity of the early endosomal GTPase Rab5.
L. monocytogenes disrupts Rab5 activity via a secreted and membrane inserted
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), which recruits Rab5a and then
induces Rabb5a-specific ADP ribosylation and blocks the GDP/GTP exchange activity
(Alvarez-Dominguez et al, 2008). To aid survival within the phagosome, the ArcA

protein provides acid tolerance, as discovered by recent investigations (Cheng et al,
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2013). The authors hypothesise the acid tolerance is not only critical for intracellular
infection, but also for surviving the low pH of the stomach in the initial stages of

infection.

Phagosome escape requires multiple steps, proceeding from phagosome
permeabilisation to phagosome rupture. Listeriolysin O (LLO) is a pore-forming toxin
that permeabilises the phagocytic vacuole and is essential for phagosome escape
(Cossart et al., 1989). Cross talk between the host cell and L. monocytogenes is required
to complete phagosome rupture. For instance, the host y-inducible lysosomal thiol
reductase (GILT) is required for activation of the pathogen’s LLO (Singh et al.,, 2008).
Host cystic fibrosis transmembrane conductance regulator (CFTR) is used to escape into
the cytosol by increasing calcium levels, likely to aid LLO pore formation and possibly
inducing calcium dependent activation of host caplains via LLO (Lopez-Castejon et al.,
2012; Radtke et al., 2011). LLO must be tightly regulated and its expression restricted to
the intraphagosomal phase as over expression can lead to host cell lysis and exposure to
the immune system. As such, LLO is induced by the low pH and high calcium conditions

in the L. monocytogenes modified phagosome (Radtke et al.,, 2011).

It is by a combination of host (activated by bacterial factors) and bacterial
phospholipases that the phagosome membrane is completely degraded and ruptures to
allow L. monocytogenes escape into the cytosol (Goldfine et al., 2000; Portnoy et al.,
2002). But the activity Listeria is probably best known for is its ability to transfer
between cells once in the cytosol via characteristic ‘actin rocketing’, initiated by the

Listeria surface protein ActA (Kocks et al., 1992; Pistor et al., 2000; Welch et al., 1997), a
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phenomenon that has provided remarkable insights into host actin dynamics

(Lambrechts et al., 2008; Stevens et al., 2006; Theriot et al., 1992; Welch et al., 1997).

Shigella flexneri

The Gram-negative bacterium Shigella flexneri is able to invade many host cell types by
use of a Type 3 Secretion System (T3SS) (Marteyn et al., 2012; Roehrich et al.,, 2013).
Once internalised, S.flexneri disrupts the phagosome membrane via the combined
efforts of the bacterial effectors IscB (Allaoui et al., 1992), IpaB and IpaC (Page et al,
1999). Once in the cytoplasm, S. flexneri are also able to multiply and induce actin
“comet tails” in an analogous way to L. monocytogenes, by using the bacterial protein
IcsA to initiate actin polymerization and propel themselves around the cytosol and
eventually into a neighbouring cell. IscA mimics the Cdc-42 dependent activation of N-
WASP to initiate actin polymerization via Arp2/3 (Egile et al., 1999). Lateral transfer in
this way results in a double membraned vacuole surrounding the S. flexneri cells once in
the next cell. This double membrane is also ruptured, by IscB, and the cycle begins again
(Allaoui et al., 1992). If all else fails, Shigella cells are also able to cause Mxil-induced
pyroptosis of macrophages (a form of necrosis) triggering inflammation and enabling

invasion of more epithelial cells (Suzuki et al., 2007).

Rickettsia

The genus Rickettsia was first recognised after the type species R. ricketsii was identified
as the cause of Rocky Mountain spotted fever (Ricketts, 1906). All Rickettsia species are
obligate intracellular pathogens that primarily inhabit endothelial cells. Once

internalised, they rapidly escape the phagosome by using the secreted phospholipase A2
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to destabilise the phagosome membrane (Walker et al., 2001). Once in the cytoplasm,
R. conorii cells are able to replicate and produce actin tails via the activity of the
bacterial protein RickA, which has domains homologous to the Wiskott-Aldrich
Syndrome Protein (WASP)-family proteins, enabling Arp2/3 complex activation (Gouin
et al.,, 2004). As with other pathogens, this actin-based motility allows direct cell to cell
transfer of R. conorii cells without exposure to the host’s immune system. For a recent
review on spotted fever group (SFG) and typhus group (TG) Rickettsia see (Sahni and

Rydkina, 2009).

Burkholderia pseudomallei

Burkholderia pseudomallei is a Gram-negative bacterial pathogen causing melloidosis in
southeast Asia and northern Australia. The bacteria are able to induce their own uptake
by phagocytic and non-phagocytic cells by manipulation of the host cytoskeleton
(Stevens et al., 2002). Once internal, Burkholderia cells replicate in the cytosol of cells

and can also induce cell-cell fusion to create multi nucleated giant cells (MNGC).

The molecular detail of Burkholderia intracellular survival is still poorly understood. To
enable invasion and exit from the phagosome, B. pseudomallei utilizes an Inv/Mxi-Spa-
like T3SS apparatus (Stevens et al., 2002), but otherwise does relatively little to perturb
normal phagosome maturation, instead residing within a mature phagosome (Stevens et
al., 2005). To survive in the harsh phagosome environment the bacterial sigma factor
RpoS is used to initiate MNGC and inhibit iNOS to enhance intracellular replication
(Utaisincharoen et al., 2006). After escape into the cytosol, B. pseudomallei uses RpoS

and its T3SS to induce actin associated membrane protrusions. The superoxide
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dismutase SodC is required for intracellular survival and virulence by offering
protection from ROS produced by macrophages and neutrophils. However, there is a
difference in susceptibility of the SodC mutant to extracellular ROS and ROS produced

within cells (Vanaporn et al.,, 2011).

Francisella tularensis

The causative agent of tularemia, Francisella tularensis, enters macrophages via
pathogen induced, CR3-dependant asymmetric spacious pseudopod loops (looping
phagocytosis) (Clemens et al., 2005). F. tularensis can survive and replicate within many
different cell types and host species. Entry via looping phagocytosis subverts the
oxidative burst, although the phagosome still acquires EEA1, Rab5, CD63, LAMP1,
LAMP2 and Rab7 (Clemens et al, 2004; Jones et al, 2014; Santic et al, 2006).
Cathepsin D is not present within F. tularensis-containing phagosomes and so it is
presumed lysosomal fusion is minimal. Escape into the cytosol occurs rapidly (30-60
min) followed by swift replication. Although, how rapid escape occurs depends on the
receptor employed for uptake (Checroun et al., 2006; Geier and Celli, 2011). Vacuolar
ATPase acidification also occurs quickly and is essential for phagosomal escape (Santic
et al., 2008). If acidification is inhibited, phagosomal escape is delayed, further indicating
a pH orchestrated signal/trigger for escape (Chong et al., 2008). Once in the host cytosol,
F. tularensis can re-enter the endosomal autophagic pathway (24-48 h) (Checroun et al,
2006). The relevance of this link to autophagy is still undetermined as F. tularensis are
known to repress several autophagy related proteins (Butchar et al, 2008).

Interestingly, the route of initial uptake has a significant bearing on F. tularensis, with
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complement-dependent uptake leading to slower escape from the phagosome (Santic et
al., 2008). By manipulation of the macrophage inflammasome, F. tularensis are able to
eventually induce pyroptosis and thus release from the host cell (Henry and Monack,
2007). The past decade has seen an explosion of research into this pathogen as
researchers try to identify the pathogenic components required for the survival and
escape from the phagosome. As a result, the Francisella Pathogenicity Island (FPI) genes
(encoding a T6SS) have been found, required for phagosome escape (Weiss et al., 2007),
the glutamate transporter GadC neutralises ROS (Ramond et al., 2014) and the necessity
for capsule and O-antigen production for survival within monocyte derived
macrophages (Lindemann et al., 2011). For an in depth review of the F. tularensis

virulence factors required for infection, see (Jones et al., 2014).

Toxoplasma gondii

Toxoplasma gondii is a globally distributed obligate intracellular parasite that causes
typically mild infections but can lead to significant pathology in utero or in
immunocompromised individuals (Carruthers, 2002). Toxoplasma resides within a
parasitophorous vacuole (PV) made by invaginating the host cell membrane as it
actively invades many different types of host cell (thus keeping plasma membrane
characteristics) and resists phagosome-lysosome fusion (Kinchen and Ravichandran,
2008; Sacks and Sher, 2002). Toxoplasma is able to replicate within this non-acidic
vacuole, unless it has been previously opsonised by antibody that would lead to normal
maturation, fusion and killing. This is a prime example of phagocytic entry route having

huge implications on the intracellular fate of pathogens (Sibley et al., 1985). The non-
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fusogenic PV also associates with host cell mitochondria and ER (Scott et al., 2003).
Intracellular replication can generate between 32-128 parasites in one cell, at which
point T. gondii exits cells either by orchestrated egress or simple mechanical lysis of host
cells. Which of the two exit routes dominates under natural conditions is still under
debate (Carruthers, 2002). Since T. gondii exit from macrophages seems to be related to
preceding active invasion, it too is affected by Ca?* and appears to be morphologically
similar to invasion when microscopically recorded (Endo et al., 1982). It has also been
demonstrated that by inducing the activity of T. gondii nucleoside triphosphate
hydrolase, host cell ATP is depleted which then acts as a trigger for parasite exit. More
recently, a T. gondii calcium dependent protein kinase 1 (TgCDPK1) has been identified
as a key regulator of invasion, replication and egress. TgCDPK1 regulates the secretion
of specialised organelles of the parasite, the micronemes, in response to increased
intracellular calcium levels. Micronemes store many virulence factors, including the
perforin-like protein TgPLP1 that facilitates permeabilisation of the PV (Kafsack et al,
2009; Lourido et al, 2010). TgCDPK3 also plays a role in microneme secretion,
permeabilisation of the PV and initiation of gliding motility, but is able to sense when the
parasite is intracellular from the higher potassium ion concentration (McCoy et al.,
2012). Gliding motility via the unique actomyosin motor (glideosome) aids invasion,
egress and travel through tissue. In the past two years a flurry of papers on calcium
dependent T. gondii egress (Garrison et al., 2012; McCoy et al., 2012) and NO induced
egress (Ji et al.,, 2013) have been published. Exciting new research has uncovered a novel
mechanism for creating a PV. Instead of forming a PV from initial invasion of host cells,
some T. gondii (preferentially avirulent) are instead phagocytosed and then invade from

within to create a PV (Zhao et al,, 2014). This new phagosome to vacuole invasion (PTVI)
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route leads to a ‘hypermotile’ host cell phenotype that may provide an infectious
advantage when encountering macrophages. New methods for separation of
intracellular parasites, and parasites that have egressed from cells (Coleman and
Gubbels, 2012) are likely to open new doors for the genetic exploration of other T. gondii

factors responsible for egress from host cells.

Trypanosoma cruzi

The flagellated protozoan pathogen, Trypanosoma cruzi, causes American
trypanosomiasis or Chagas’ disease. This protozoan has many morphological forms in its
lifecycle and can penetrate any nucleated cell type, although the host receptor is still
unknown. Even though many can be Kkilled in the human host, a small population will
persist and stay with the host for their life-time (Fernandes et al.,, 2011). This persistent
infection seems reliant on T. cruzi’s ability to replicate within cells and avoid immune
discovery. The mechanisms of entry and phagosome manipulation are unusual. Whilst
T. cruzi can be phagocytosed by macrophages it can also induce uptake from non-
phagocytic cells. Remarkably, T. cruzi enters cells in an actin-independent manner,
involving the recruitment of lysosomes to the plasma membrane entry point (Tardieux
et al, 1992). Entry seems to involve de-novo microtubule polymerisation (possibly
explaining lysosome recruitment) and LC3 decorated autophagosome membranes may
contribute to the PV (Romano et al, 2009; Tyler et al, 2005). Lysosome recruitment
could be a result of T. cruzi hijacking the plasma membrane lesion repair mechanism.
Lysosome exocytosis releases acid sphingomyelinase, an enzyme whose function is to

repair plasma membrane lesions and which has been found to be required for T. cruzi
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entry (Fernandes et al., 2011; Sacks and Sher, 2002). In addition, the parasite requires
TLR2 and activated Rab5 (via PI3K) for proper entry and PV establishment (Maganto-

Garcia et al., 2008).

Once within a PV, T. cruzi rapidly escapes the PV by using Tc-TOX, a pore-forming
molecule that is active at low pH. Tc-TOX activity is mediated by a trans-sialidase
present on the trypomastigote form of T. cruzi (Hall et al., 1992; Ming et al., 1995). New
data suggests that IL-17A exposed macrophages favour the phagocytic entry route of
T. cruzi, resulting in pathogens becoming trapped in the endocytic pathway long enough

to succumb to antimicrobial effectors (Erdmann et al., 2013).

Candida spp.

Several species within the ascomycete fungal genus Candida are able to cause invasive
infections of humans. The most common, C. albicans, can be engulfed by host phagocytes
but rapidly undergoes filamentation, growing and eventually lysing the host cell (Lorenz
et al, 2004). The mechanism for initiating this hyphal growth and escape is not fully
determined, but is known to involve pH. With amino acids as the sole source of carbon,
C. albicans is able to alkalinise its surrounding media by the production of ammonia. The
neutral pH is a trigger for the morphogenic switch to hyphal growth and this appears to
be replicated within the phagosome. The amino acid permease Stp2p is required for the
utilisation of amino acids and neutralisation of the phagosome, resulting in hyphal lysis
of the host cell (Vylkova and Lorenz, 2014). In contrast, the mechanism of lytic
C. albicans escape has not been documented in the zebrafish in vivo model (Brothers et

al., 2011). Visualising the infection intravitally, the authors found C. albicans internalised
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by macrophages remained as yeast and replicated via budding rather than hyphal
germination and lysis of the host cell (Brothers et al, 2011). Furthermore, the
restriction of filamentous growth requires host NADPH oxidase activity, confirming
previous neutrophil in vitro findings. Continued experimentation revealed the NADPH
oxidase requirement was not primarily for oxidative stress to prevent germination but
more so for ROS to be produced as a chemotactic signal (Brothers et al., 2013). The
importance of ROS for the early recruitment of phagocytes to the site of infection and
containment of the fungus is a discovery that is likely to only have been possible in such

an in vivo model.

Mature C. albicans phagosomes show only minimal acquisition of late-stage markers
such as lysobisphosphatidic acid and vATPase. In addition, C. albicans appears to induce
the removal, by recycling vesicles, of LAMP1 and cathepsin D from the phagosome
(Fernandez-Arenas et al, 2009). C. albicans also expresses catalase, which plays an
important role in virulence and hydrogen peroxide resistance (Enjalbert et al., 2007).
Whilst internalised, C. albicans is able to inhibit ROS generation by macrophages,
although the mechanism is unknown (Wellington et al., 2009). Although it is notable that
C. albicans still requires some ROS to act as a signal to initiate arginine biosynthesis and
hyphal growth escape (Jimenez-Lopez et al., 2013; Nakagawa, 2008; Nasution et al.,
2008). C. albicans has very recently been discovered to be capable of non-lytic escape, in
a similar way to Cryptococcus, although how this expulsion is achieved is as yet

unknown (Bain et al., 2012).

In contrast, to its polymorphic relative, C. glabrata, (the second most common cause of

candidiasis) grows as a yeast but remains able to replicate within macrophages (Kaur et
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al, 2007). As an emerging opportunistic infection of humans, little is known about its
pathogenicity. Although non-lethal in animal models, C. glabrata is not efficiently cleared
from immunocompetent animals, still detectable weeks after infection (Jacobsen et al.,
2010). It is likely therefore, that this yeast hides within host cells to avoid immune
stimulation and Kkilling. Supporting this, C. glabrata does not induce apoptosis of the
macrophages it infects, thus protecting itself from immune detection (Seider et al.,
2011). How C. glabrata is able to survive within the macrophage phagosome is currently
under investigation. It has been found that the C. glabrata-containing phagosome
recruits LAMP1 and low levels of EEA1, but not Rab5 or cathepsin. Despite large
amounts of vATPase on the phagosome, the contents are only weakly acidic (Seider et
al, 2011). Microarray analysis to determine the transcriptional profile of C. glabrata
during infection of ]774 murine macrophages uncovered a role for
glycosylphosphatidylinositol (GPI)-linked aspartyl proteases (Kaur et al., 2007). Related
to the yaspins (YPS genes) of S. cerevisiae, the 11 Yps proteases of C. glabrata had varied
roles in cell wall integrity and response to macrophages. A yps1-11A strain induced
higher levels of macrophage NO, indicting a role for Yps proteases in macrophage
activation. These observations could be attributed to Yps processing of GPI-anchored
components of the fungal cell wall (Kaur et al,, 2007). In an effort to further decipher
the mechanisms employed by C. glabrata to evade killing within the phagosome, a
transposon mutant library was screened to identify genes required for survival within
the human monocyte cell line THP-1 (Rai et al, 2012). The study unveiled 56 genes
required for survival or replication, including, intriguingly, several involved in
chromatin remodeling and DNA repair. It appears that for intracellular replication, and

virulence in a mouse model, chromatin remodeling allowing altered energy metabolism
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and DNA damage repair are crucial (Rai et al, 2012). A more recent study found that
fungal mannosyltransferases are involved in in vitro alkalinisation of the environment
and for reducing the pH of the phagosome (Kasper et al.,, 2014). This activity did not
depend on macrophage species, differentiation or activation. However, the modification
of the phagosome did involve Syk activation, as opposed to MAPK or NFkB signaling

(Kasper et al., 2014).
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Strategies to Persist within phagosomes - Making the Best of

a Bad Situation

In this final section, microbial pathogens known to persist within host cells, rather than

actively manipulate the phagosome, are discussed (Figure 4).

Streptococcus agalactiae

The Gram-positive bacterium, Streptococcus agalactiae, or Group B Streptococcus (GBS),
is the most common infectious agent of neonatal pneumonia, sepsis and meningitis
(Valenti-Weigand et al, 1996). However, GBS infections are also becoming more

prominent in elderly and diabetic adults (Henneke and Berner, 2006).

Phagocytosis of opsonised GBS by professional phagocytes provides a crucial clearance
mechanism for invasive GBS. Non-opsonised bacteria are poorly killed following uptake
(Valenti-Weigand et al., 1996). As such, GBS have a myriad of factors to mimic host
molecules and interrupt the complement cascade (Maisey et al., 2008). As seen with
other pathogens, the route of entry GBS takes into a macrophage has consequences on
its intracellular survival. GBS opsonised with human serum before exposure to J774
macrophages are less able to persist intracellularly compared to non-opsonised bacteria
(Valenti-Weigand et al., 1996). It is believed that non-opsonised bacteria are able to be
recognised by macrophages in a C3 independent, but CR3-dependent manner (Antal et
al, 1992). These non-opsonic interactions may be crucial in determining disease

progression in neonates, a host with few active opsonic molecules against GBS.
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Figure 4. Pathogens that persist within the phagosome.
Pathogens that are able to persist within the phagosome are presented here. What is
known about the mechanisms of this persistence has been summarised next to the
illustration of each pathogen.

a0 L




Chapter 1. Introduction

It has long been documented that GBS are able to survive within macrophages for a
prolonged period of time (Valenti-Weigand et al., 1996), despite the fact that GBS appear
to reside within a mature, LAMP1 positive phagosome (Cumley et al.,, 2012; Teixeira et
al, 2001). Interestingly, phagosomal acidification seems to be necessary for the survival
of internalised GBS. The acidic environment likely acts as a stress signal to induce
survival genes, since there is a marked drop in the survival of GBS when macrophages
are treated with Concanamycin A (an inhibitor of vATPase acidification). Additionally,
the two-component system CovS/R is required for this acid sensing and intracellular

survival of GBS (Cumley et al., 2012).

GBS have many virulence factors that can attribute to their ability to persist
intracellularly (Figure 4). One such virulence factor is the GBS superoxide dismutase
(SodA). By catalysing the conversion of oxygen radicals into oxygen and hydrogen
peroxide, products of the macrophage oxidative burst can be fully metabolised by
peroxidases (Poyart et al, 2001). This action of SodA protects GBS from oxidative
damage (Poyart et al, 2001). Further protection is provided by large quantities of
glutathione. GBS are able to use glutathione as an oxygen-metabolite scavenger (Wilson
and Weaver, 1985). The streptococcal caratenoid pigment is also able to offer protection
form oxidative damage by free radical scavenging (Liu et al, 2004). Interestingly,
neonatal phagocytes are less able to mount a severe oxidative burst (Wilson and
Weaver, 1985). This is most likely to further aid the intracellular survival of invading

GBS.

The B-haemolysin of GBS is considered a key virulence factor. This reputation is mainly

due to the cytolytic pore forming ability of this -haemolysin/cytolysin. The structural
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gene for the toxin has been determined to be cylE of the cyl operon (Pritzlaff et al,
2001). The cylE gene is also responsible for the production of the caratenoid pigment,
however, the regulatory basis of the link is still unknown (Spellerberg et al., 1999).
Interestingly, at sub-lytic concentrations 3-haemolysin activates macrophage p38 MAPK
signaling, promoting anti-inflammatory IL-10 and suppressing IL-12 and NOS2 (Bebien
et al, 2012). Targeting MAPK activation in murine macrophages was able to provide
resistance to invasive GBS infection (Bebien et al., 2012). Although, how this modulation
of host cytokines impacts on the maturation or antimicrobial activity of GBS-containing
phagosomes is currently unknown. Despite this, a recent study found that a serotype Ia
non-haemolytic mutant (AcylA) was able to survive within macrophages better than the
isogenic wild type (Sagar et al., 2013). A possible explanation could lie in the specific
genes manipulated in the studies, cylA is the ATP binding component of the transporter
where as cylE encodes the 3-haemolysin/cytolysin itself that when mutated renders GBS

attenuated for various virulence attributes.

The two-component response regulator CiaR has been found to affect intracellular
survival of GBS strain COH1 (Quach et al., 2009). This regulator was found to increase
resistance to not only phagocytic killing, but also exposure to anti-microbial peptides
(AMPs), lysozyme and ROS. The function of CiaR is currently unknown although it
appears to act as part of the two-component system CiaR/H to sense and respond to

environmental cues in phagosomes.

Despite this ability to survive intracellularly, replication within the phagosome has not
been documented for GBS, suggesting that GBS are able to persist rather than multiply

within phagocytic cells. A novel vaginal colonisation model in mice might be able to
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provide key answers in the ability of S. agalactiae to persist within this vaginal niche and

also maintain virulence determinants for opportunistic infection (Carey et al., 2014).

Helicobacter pylori

Helicobacter pylori is a micro-aerophilic, spiral shaped motile bacterium infamous for
causing gastric and duodenal ulcers. H. pylori is able to persist in the gastric mucosa and
avoid Kkilling by resident phagocytic cells. If engulfed by patrolling macrophages,
Helicobacter is able to persist in macrophages and form “megasomes”, by homotypic

fusion of multiple H. pylori-containing phagosomes (Allen et al., 2000).

The tools Helicobacter has to enable persistence within the phagosome are numerous.
Many are directed towards defending against the oxidative burst of macrophages. The
H. pylori urease is required for megasome formation, ROS defense and acid
neutralisation. Urease deletion can also alter EEA1 acquisition in J774 macrophages
(Schwartz and Allen, 2006). Another important molecule produced by H.pylori is
catalase that has been found to be partly responsible for the intracellular longevity seen
in macrophages. Catalase (KatA) and superoxide dismutase (SodB) work together to
convert superoxide to water and oxygen via hydrogen peroxide (Basu et al., 2004;
Borlace et al., 2012). Protection from reactive nitrogen species is achieved in several
ways. The arginase RocF converts the host iNOS substrate arginine to urea, which can
then be converted to ammonium by urease, thus depleting arginine required for NO
production (Borlace et al, 2012; Gobert et al, 2001). Neutrophil activating protein
(NapA) and Alkyl hydrogen peroxide reductase (AphC) are also used in RNS defense

(Bryk et al.,, 2000; Evans et al., 1995).
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H. pylori is also able to delay phagocytosis by activating alternative protein Kinase C-{
(PKCQ), possibly to allow for up-regulation of virulence factors required for phagosome

survival and reducing respiratory burst activation by PKCa (Allen and Allgood, 2002).

When H. pylori-containing phagosomes were compared to those of Escherichia coli, Rab7
and EEA1 were retained on phagosomes and CD63, LAMP1 and LAMP2 were acquired
normally. Cytotoxin associated gene A (CagA) negative H. pylori seem to acquire more
EEA1 (relative to Rab5). There also seem to be strain differences in timing of Rab7
acquisition and megasome formation (Borlace et al., 2011). It is proposed that the
persistence of EEA1 and Rab7 could be due to altered ability to remove them from the
phagosome surface via vesicle budding (Borlace et al., 2011). Earlier studies hinted at
diversion from phagosomal fusion with lysosomes, but as detailed above, the lysosomal
markers do seem to be present, however, this LAMP1 and LAMP2 acquisition is
apparently not always seen (Schwartz and Allen, 2006; Zheng and Jones, 2003). Past
recordings of low LysoTracker co-localisation could be due to the many factors that
H. pylori produces to neutralise its immediate environment. Maturation is disrupted but

the relevance of these observations to pathogen survival is unclear.
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Summary

The clearance of pathogens by phagocytosis and subsequent digestion is the primary
role of macrophages. Despite this, many pathogens have evolved ways to arrest, divert
or escape the phagosome. The list of microbes that are not completely eradicated by
macrophages is constantly growing. Advances in live cell imaging, fluorescent
microscopy and molecular probes have all aided research of these host - pathogen
interactions. The need to carefully consider the phagosome chemistry when choosing
molecular probes and fluorescent dyes is becoming more apparent (Nusse, 2011). The
phagosome maturation field is a vibrant and growing one, unlikely to slow any time
soon. The rest of this thesis will concentrate on the survival strategies employed

specifically by Streptococcus agalactiae and Cryptococcus neoformans.
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Thesis outline

Many microbial pathogens are able to evade killing by phagocytes of the innate immune
system. Some examples of these pathogens and the mechanisms they use to manipulate
phagocyte behaviour are described in the introduction to this thesis. The rest of the
thesis focuses on two pathogens: Cryptococcus neoformans and Streptococcus agalactiae.
C. neoformans is a fungal pathogen able to cause severe cryptococcal meningitis in
mostly immunocompromised hosts, such as those with HIV infection. In contrast, the
bacterial pathogen S. agalactiae is the leading cause of neonatal sepsis and meningitis. In
both cases the lungs are likely to be the initial organ exposed to pathogen after
inhalation of infectious particles. Thus, alveolar macrophages are thought to be the first
cells that will encounter these pathogens and make attempts to clear the infection.
Therefore, the interaction between macrophages and these two pathogens is likely to be

critical in determining dissemination and outcome of disease in both instances.

In the first results chapter the Cryptococcus-macrophage interaction is explored.
Previous research has revealed that cryptococci are not only able to avoid killing by
phagocytes in a variety of ways, but also replicate within these cells. Cryptococci are also
able to escape phagocytes by lysis of the host, non-lytic vomocytosis and lateral transfer
between cells. Alterations in the maturation of the Cryptococcus-containing phagosome
could contribute to the occurrence of such cryptococcal parasitic activities. The aim of
the research undertaken was to determine if C neoformans is able to modify the
phagosome it resides within and, if so, to what extent can these modifications be
correlated with proliferation or vomocytosis of the intracellular cryptococci. Firstly, the
acquisition of Rab GTPases to phagosomes containing cryptococci were investigated

using immunofluorescence for these markers of phagosome maturation. The results
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reveal an altered recruitment of some GTPases to phagosomes containing live, but not
heat killed cryptococci. Secondly, the acidification of these phagosomes was investigated
with the use of the acidotropic dye LysoTracker Red and live-cell imaging. Phagosomes
containing live cryptococci did not become highly acidic, in stark contrast to
phagosomes containing heat killed cryptococci. In addition, this ability to modify the
acidification of the phagosome was maintained in a variety of cryptococcal mutants.
Suggesting an as yet unidentified virulence factor of cryptococci is responsible for this
modification of the phagosome. Using the fluorescent dye MagicRed, the cathepsin
activity within Cryptococcus-containing phagosomes was also determined. Again,
phagosomes containing live cryptococci had an altered phenotype, lacking active
cathepsin proteases in the phagosomes they reside in. Finally, testing the permeability
of C. neoformans phagosomes with TRITC-Dextran revealed that cryptococci residing in

permeabilised phagosomes are more likely to escape the macrophage by vomocytosis.

The second results chapter concentrates on the Streptococcus-macrophage relationship.
S. agalactiae has been previously shown to persist within macrophages. We
hypothesised that particular clinical isolates of GBS (such as those causing LOD) would
be more able to survive within macrophages when compared to isolates found
colonising women. Furthermore, that the ‘hypervirulence’ of MLST-17 GBS strains could
be attributed to their ablity to survive within macrophages. To test if the ability to
persist in macrophages was a feature of only disease causing strains, clinical isolates of
S. agalactiae were assayed for this ability. It was discovered that all strains tested were
able to persist within the murine macrophage cell line ]J774. The survival in
macrophages did not correlate with particular serotypes, MLSTs or isolate origin. This

chapter also reports experiments that investigated the acidification of the Streptococcus-
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containing phagosome. It was hypothesised that to enable the persistence of GBS within
macrophages, GBS could be modifying the phagosome maturation pathway to reduce the
antimicrobial ability of the phagosome it resides within. The results showed that live S.
agalactiae are rarely found in highly acidic phagosomes, suggesting GBS are able to

modify phagosome acidification.

The final chapter of this thesis discusses the construction of a transposon mutant library

in S. agalactiae.
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Chapter 1II. Cryptococcus neoformans Alters Phagosome
Maturation

Major parts of this chapter have been submitted for publication:

Smith, L.M,, Dixon, E. May, R.C. (2014) The fungal pathogen Cryptococcus neoformans
manipulates macrophage phagosome maturation. Cellular Microbiology .In Revision

Introduction

The phagocytosis of microbes and subsequent killing of these ingested particles by
phagocytic cells is a vital component of the innate immune system. However, many
microbial pathogens have evolved a variety of ways to avoid the intracellular killing
mechanisms of host phagocytes (Smith and May, 2013). One example of such a pathogen
is the lethal fungal pathogen Cryptococcus neoformans. C. neoformans can be found
primarily in soil, some trees (such as Eucalyptus) and pigeon excreta (Casadevall et al.,
1998). This opportunistic yeast is responsible for an estimated one million infections
and approximately 600,000 deaths per annum (Park et al., 2009). A dramatic rise in the
incidence of cryptococcosis over the last century coincides with an increasing number of
immunocompromised individuals, especially in sub-Saharan Africa, the epicenter of the
AIDS pandemic (Park et al., 2009). There are, however, rare cases of cryptococcosis
caused by C. neoformans in individuals with no known immunodeficiency (Chen et al,
2008). The disease, cryptococcosis, is thought to start with the inhalation of infectious
particles (desiccated yeast or spores) followed by survival and proliferation within the
lung, dormancy within the host, reactivation, dissemination and infection of the central
nervous system and subarachnoid space (Chen et al., 2014). Factors from both the host’s

immune system and the pathogen decide if disease progresses further than the lung. Of
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particiular note, the C. neoformans polysccharide capsule and melanin pigment are key
factors required for cryptococcal virulence and will be mentioned later in this chapter.
The attributes of both host and pathogen that may affect disease progression, are

discussed here.

Host associated risk factors for cryptococcosis

Cryptococcal infection usually affects individuals with underlying
immunocompromisations or those that are undergoing treatment with
immunosuppressive drugs (Mitchell and Perfect, 1995). For example, C. neoformans has
been known to infect patients with chronic leukemia’s and lymphomas and patients
undergoing organ transplantation or treatment with corticosteroids (Mitchell and
Perfect, 1995). However, C. neoformans infections, especially those escalating to cause
cryptococcal meningitis, are most often associated with HIV-infected individuals
(Powderly, 1993). In this section, the role of the immune system in determining the

outcome of cryptococcal infection will be discussed.

The complement cascade can influence the clearance of cryptococcal infections. Proteins
in serum bind pathogens in a sequential manner that eventually leads to the
opsonisation of the pathogen. These complement components aid phagocytosis or act as
chemokines for the recruitment of other phagocytes to the infected area. This response
can be mediated via antibody (classical pathway), lectin molecules or the microbial
surface directly (alternative pathway). Deficiencies in the complement pathway can
exacerbate cryptococcal infections. One small study found that sufferers of cryptococcal

fungaemia, when compared to patients with chronic cryptococcosis or healthy
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individuals, have less complement component C3 and alternative complement factor B
(Macher et al., 1978). Furthermore, the cryptococci residing in the brain of cryptococcal
meningitis patients are not seen bound to complement C3 (Truelsen et al, 1992),
suggesting cryptococci are able to avoid complement deposition, or are able to remove

complement.

The adaptive immune response in the form of specific antibody production towards
C. neoformans can aid fungal clearance. Interestingly, anti-Cryptococcus antibodies can
often be isolated from individuals with no apparent infection (Abadi and Pirofski, 1999;
Fleuridor et al., 1999; Houpt et al., 1994). This is likely due to childhood exposure to the
fungus from the environment (Goldman et al., 2001). Cryptococcus specific antibodies
offer an immune advantage to the host by providing opsonisation for phagocytosis and
also activate the classical arm of the complement cascade (Fleuridor et al., 1999;
Mukherjee et al., 1992). However, antibody alone is not always beneficial. For example,
providing mice with excess anti-cryptococcal antibody before exposure can actually be
detrimental to infection outcome (Taborda and Casadevall, 2001). Phagocytosis of
C. neoformans was shown to increase with an increase in IgM dose, but phagocytosis was
slightly reduced at IgM concentrations of over 100 pg/ml. High doses of IgM were also
shown to enhance the resistance of cryptococci to killing by reactive nitrogen species
(Taborda and Casadevall, 2001). Potential reasons to explain how increasing
phagocytosis could be detrimental to infection clearance will be discussed later in this

chapter.

For successful clearance of a cryptococcal infection, the host must be able to mount a

complete cell-mediated immune response (Voelz and May, 2010). T-cells and natural
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killer (NK) cells can be directly antimicrobial towards cryptococci (Levitz et al., 1994;
Zheng et al., 2007). T cells are able to use granulysin to kill yeast (Ma et al., 2002; Zheng
et al, 2007) with CD4+ T-cells being responsible for much of the antimicrobial activity
towards cryptococci in the bloodstream (Zheng et al., 2007). NK cells are able to use the
secreted protein perforin to lyse cryptococci and induce killing via the ERK1/2 signaling
pathway (Ma et al, 2004; Wiseman et al., 2007). However, granulysin and perforin
production is a process that is dysregulated in HIV positive patients, which partly
explains the difficulty these patients have in clearing extracellular C. neoformans from

the blood (Zheng et al., 2007).

The host cytokine profile has also been shown to affect the outcome of cryptococcal
infection. An analysis of the effect that Th1l, Th2 and Th17 cytokines have on the
C. neoformans-macrophage interaction has been conducted (Voelz et al., 2009). This
study found that Th1 (IFNy and TNFa) and Th17 (IL-17) cytokines help drive the anti-
cryptococcal response of macrophages. In contrast, macrophages treated with Th2
cytokines, such as IL-4 and IL-13, were unable to control intracellular replication of
cryptococci (Voelz et al, 2009). Interestingly, the IFNy-induced reduction of
cryptococcal replication was more efficient in the mouse J774 cells than in primary
human macrophages (Voelz et al., 2009). This highlights a potential difference in [FNy

pathways between the two species.

Further support for the importance of a Th1-biased response comes from studies where
TNFa, IFNy and IL-12 are associated with a good antifungal response (Decken et al.,
1998; Kawakami et al., 1995; Milam et al., 2007; Wormley et al., 2007). Moreover, IFNy-

/- mice are unable to control intracellular cryptococcal growth (Arora et al.,, 2011) and
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Th2 cytokines such as IL-13 (Muller et al, 2007) and IL-4 (Blackstock and Murphy,

2004) are detrimental to infection.

The importance of a Thl-focused immune system becomes relevant in HIV-infected
individuals. As during viral infection progression, the regulators of Th1l immunity
become progressively reduced (Wadhwa et al., 2008). The depletion of Th1 responses
also coincides with an increased incidence of cryptococcal infections (Altfeld et al.,
2000). To make matters worse, C. neoformans is able to suppress the Th1 response with
the production of immunomodulatory eicosinoids via a cryptococcal phospholipase

(PLB1) (Noverr et al.,, 2003).

A variant of the FcyRIIIA phagocytic receptor that has a higher affinity for Cryptococcus
has recently been identified as a risk factor for cryptococcal disease (Rohatgi et al.,
2013). The FcyRIIIA 158V polymorphism is positively correlated with cryptococcal
infection in HIV-positive men. Subsequent studies suggest that this susceptibility is due
to the increased affinity of the Fc receptor for cryptococci (Rohatgi et al., 2013). This
finding implied that cryptococcal binding and phagocytosis can be a risk factor for
disease. Recent studies have also shown that these attributes can make the disease more
severe. This was discovered in a study involving 65 clinical, HIV-associated isolates of
C. neoformans (Sabiiti et al., 2014) . In this study the authors identified correlations
between in vitro virulence measures of cryptococcal virulence and patient outcomes.
Surprisingly, high macrophage phagocytosis rates, rather than increased intracellular
proliferation, correlated with high fungal burdens in the CSF. These isolates with high
uptake rates were hypocapsular. More unusual though, was the discovery that the

isolates displayed elevated laccase activity, which enhanced survival in CSF. The laccase
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augmented production of melanin was not the cause of the difference seen between high
and low uptake strains (Sabiiti et al., 2014). This suggests that either another function of
laccase is important for increasing uptake and CSF survival, or the correlation is not

causal.

Thus, both host factors and cryptococcal factors can affect the amount of initial
phagocytosis of cryptococci. These initial phagocytosis events, and the outcome of this
interaction are crucial for determining the severity of disease, as will be discussed

further in this chapter.

Cryptococcal mechanisms of immune evasion

As with many microbial pathogens, C. neoformans has developed a vast number of
strategies to avoid alerting the host immune system. The processes of cryptococcal

immune evasion will here in be described.

Cryptococcus species are unique amongst pathogenic fungi, due to their thick
polysaccharide capsule that surrounds the yeast cell body (Srikanta et al., 2013). Rabbit
polyclonal anti-sera have been used to define 4 different capsule serotypes A to D
(Wilson et al., 1968). The species C. neoformans is split into the variants grubii (serotype
A) and neoformans (serotype D). Serotypes B and C categorise the lesser-known species
C. gattii, a species of Cryptococcus that is able to cause disease in immunocompetent
individuals (Srikanta et al., 2013; Wilson et al., 1968). C. neoformans serotype A is
believed to cause 95% of all cryptococcosis cases (Hull and Heitman, 2002; Mitchell and

Perfect, 1995).
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In addition, there are 8 molecular types to further categorise the genus Cryptococcus.
Those concerning C. neoformans are the molecular types VNI and VNII for var. grubii,
VNIV for var. neoformans and lastly VNIII for hybrids of the two variants (Meyer et al.,

2009).

The capsule is one of the most studied virulence factors of C. neoformans (Doering,
2009). Strains without a capsule, or with low levels of capsule polysaccharide, are
avirulent (Chang and Kwon-Chung, 1994; Perfect, 2005). The capsule is mostly
comprised of two  polysaccharides: glucuronoxylomannan (GXM) and
glucuronoxylomannogalactan (GXMGal) (Doering, 2009; Heiss et al., 2013). The capsule
is attached to the cell wall, forming the most exterior part of the cell, and is able to be
shed into the surrounding environment. Both attached and shed capsule components
are able to inhibit phagocytosis of cryptococci (Mitchell and Friedman, 1972; Syme et al.,

1999).

In addition, the polysaccharides of the capsule are able to interfere with the migration of
cells such as neutrophils. To inhibit neutrophils from leaving the blood stream and
migrating to the site of infection, the polysaccharides are able to induce cross-
desensitisation of chemokine receptors. Part of this migratory defect could be
attributable to polysaccharide repression of C5a receptor expression (Ellerbroek et al.,
2004). Moreover, both GXM and mannoproteins are able to induce L-selectin shedding
from neutrophil cell surfaces, which is likely to affect neutrophil rolling on the
endothelium. Finally, the polysaccharides of the cryptococcal capsule are able to not
only induce the release of anti-inflammatory IL-10, but also reduce the expression of

TNF-a receptors on the surface of neutrophils (Ellerbroek et al, 2004). Overall, the
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components of the cryptococcal capsule are able to significantly reduce the

inflammatory response.

Whilst causing infection, C. neoformans is likely to encounter many different
environments within the body. Some of these situations will induce the induction of a
virulence program within the pathogenic yeast. The host environment is able to induce
alterations in the size and composition of the C. neoformans capsule (Charlier et al.,
2005; Zaragoza et al., 2010). Of note is the capsule enlargement seen during murine
pulmonary infection (Feldmesser et al., 2001a). The increased capsule size offers several
immune evasion advantages: Firstly, the large capsule is thought to reduce
complement-mediated phagocytosis (Zaragoza et al., 2003). Secondly, the capsule offers

protection from ROS mediated intracellular killing (Zaragoza et al., 2008).

Furthermore, the capsule has been proven to have an immunomodulatory role.
Acapsular strains have been shown to induce the expression of dendritic cell genes
involved in antigen presentation and the production of cell surface receptors,
chemokines and cytokines. Conversely, an encapsulated strain did not induce the same
response and even down-regulated genes encoding chemokines (Lupo et al., 2008).
Remarkably, the GXM from all four serotypes of Cryptococcus is able to impair T-cell

proliferation (Yauch et al., 2006).

In an effort to develop a long-term model of cryptococcal infection, Siddiqui et al. used
human peripheral monocytes pre-treated with heat killed Cryptococcus (Siddiqui et al,
2006). The method aims to reveal components required for a good immune response
towards C. neoformans. Indeed, pre-treated peripheral blood monocytes were better

able to restrict the growth of cryptococci during subsequent infection with live yeast
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(Siddiqui et al., 2006). For optimal growth restriction, CD4+ and CD8+ T cells were
required, along with pre-stimulation of monocytes with acapsular yeast. Pre-stimulation
with acapsular yeast increased IL-6 production compared to encapsulated yeast. The
mechanism of this IL-6 cryptococcal protection is currently under further investigation

(Siddiqui et al., 2006).

The GXMGal of the capsule has also been shown to aid modulation of the immune
response to C. neoformans. Purified GXMGal is able to impair T cell proliferation and
induce apoptosis of T cells. The apoptosis of T cells appears to be induced via caspase-8
activation (Pericolini et al., 2006). These results demonstrate the capsule is not only able
to mask antigens of the cryptococcal cell wall, but is also able to dampen the cell-

meditated immune response.

Cryptococci are not only able to increase the size of their capsule, but also the size of the
yeast cell body. The average size of C. neoformans when grown in laboratory media
ranges from 4 -10 pm. After challenging mice, 10-80% of cryptococci recovered had a
cell body size of up to 30 um in size; these were described as giant cells or ‘titan cells’
(Zaragoza et al., 2010). Their size is believed to make phagocytosis by host cells
impossible (Okagaki et al, 2010) and this morphology has been shown to promote

survival and dissemination of cryptococci (Crabtree et al., 2012).

Titan cell formation is ageing dependent and potentially involves cell replication
without fission, due to resultant polyploidy (Zaragoza et al, 2010). Additionally, the
capsule becomes more cross-linked and resistant to complement deposition (Zaragoza
et al, 2010). The cell wall of titan cells also becomes enlarged and melanised

(Feldmesser et al., 2001a; Zaragoza et al., 2010). The titan cells are, however, still able to
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bud and produce normal sized daughter cells. This ability to remain viable has led to the
hypothesis that titan cells play a role in cryptococcal latency. Titan cells potentially
provide a resistant and persistent population, able to seed new infection challenges via

budding.

The pathways that regulate the phenomenon of titan cell formation are yet to be fully
characterised. To date, the role of the cAMP/PKA pathway and the transcription factor
Rim101 has been implicated (Okagaki et al., 2011; Zaragoza et al., 2010), along with the
Ste3a pheromone receptor (Okagaki et al, 2010) and the G-protein coupled receptor
Gpr5 (Okagaki et al,, 2011). The ligands required for triggering titan cell formation via
these receptors are unknown, although recent data suggests that cryptococci might be
sensing the phospholipid content of macrophages to trigger the titan cell switch

(Chrisman et al,, 2011).

Breaching the blood-brain barrier (BBB) is a key yet poorly understood component of
cryptococcosis. To cause meningoencephalitis the fungus must first be able to traverse
the barrier that protects the central nervous system. The mechanism of traversal is
currently unknown but could involve either trancytosis through the endothelial cells
(Chang et al, 2004), crossing between the cells by degrading the tight junctions
(paracellular route)(Kim et al.,, 2012) or via carriage in phagocytes (Trojan horse route)
(Charlier et al., 2009). Invasion of human brain microvascular endothelial cells (HBMEC)
requires the cryptococcal gene CPS1, encoding a hyaluronic synthase, to allow
attachment to surface exposed CD44 (Jong et al., 2008b). Consequently, cells deficient in
the hyaluronic acid receptor CD44 allow fewer cryptococci cells to invade (Jong et al,

2012). This HBMEC invasion is also thought to involve protein kinase C alpha (PKCa)
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(Jong et al.,, 2008a). The activation of PKCa by cryptococci potentially induces actin
cytoskeleton rearrangements, leading to induced engulfment of the Cryptococcus (Chen

etal, 2003).

Despite the importance of capsule in other areas of cryptococcal pathogenesis, the
capsule seems to have little effect on BBB migration. Intravital mouse imaging has
shown transmigration across the BBB did not require capsule. However, transmigration
did involve cryptococcal urease (Shi et al,, 2010). This is in agreement with in vitro data
which observed no difference in the binding and uptake of encapsulated C. neoformans
versus acapsular C. neoformans, using the mouse brain endothelial cell line bEnd3
(Sabiiti and May, 2012). The uptake into brain endothelia was also opsonin independent,
with similar results seen for the human cell line hCMEC/D3. Surprisingly, yeast are not
required to be viable for binding and entry into either cell line (Sabiiti and May, 2012).
However, the viability of yeast cells reduced over time, indicating that brain endothelial

cells can Kkill cryptococci once internalised.

To aid dissemination from the initial infection site (the lungs) to the brain, C. neoformans
is able to use a vast array of virulence factors. Some of which have already been
described in detail in this section. What follows, is a brief description of the other

virulence factors C. neoformans utilises during pathogenesis.

Melanins are high molecular weight, hydrophobic pigments found in many kingdoms of
life (Nosanchuk and Casadevall, 2006). Laccase mediates production of cryptococcal
melanin by catalysing the oxidisation of 3,4-dihydroxyphenylalanine (DOPA) (Eisenman
et al, 2007). The production of melanin has been shown to enhance survival of

cryptococci challenged by amoeba (Steenbergen et al., 2001; Steenbergen et al., 2003)
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and macrophages (Wang et al,, 1995). Melanin provides cryptococci with resistance to
environmental stresses such as temperature, radiation and hydrolytic enzymes
(Nosanchuk and Casadevall, 2003; Rosas and Casadevall, 1997; Rosas and Casadevall,
2001). Melanin production has also been implemented in reducing the phagocytosis of
cryptococci (Wang et al., 1995). One potential hypothesis to explain this is that the
increased negative charge exerted on the fungal cell surface reduces unspecific binding
to host cells (Nosanchuk and Casadevall, 2006). Melanin has also been described as a
scavenger of free radicals, therefore providing protection against reactive oxygen and
nitrogen species produced by host cells (Wang and Casadevall, 1994). Moreover,
melanin has been demonstrated to aid cryptococcal resistance to antimicrobial peptides,

potentially via direct binding and sequestering of the peptides (Doering et al., 1999).

Superoxide dismutase (Sod1) is a metalloenzyme that is able to convert oxygen radicals
to hydrogen peroxide and oxygen, offering protection from endogenous superoxides
(Cox et al, 2003). The superoxide dismutase 1 (Sod1l) of C. neoformans has been
described as having a compensatory role for the loss of melanin. Despite its importance
for environmental stress resistance, melanin production is reduced at 37 °C. It was
therefore hypothesised that Sod1 would be induced in such conditions to allow for ROS
and RNS resistance despite the lack of melanin. This was indeed shown to be the case,
cryptococci grown at 25 °C have high melanin production and low SOD1 expression and
the opposite occurs at 37 °C (Jacobson et al., 1994). Deletion of SOD1 results in increased
susceptibility to ROS and reduced virulence in a mouse inhalation model of infection,

potentially due to their attenuated survival in macrophages (Cox et al., 2003).
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The cryptococcal alternative oxidase (Aox1) has also been implicated in protection from

ROS and intracellular survival of cryptococci within phagocytes (Akhter et al., 2003).

Urease is used by many pathogens to aid survival in acidic environments and increase
local host cell damage (Rutherford, 2014). Urease converts the urea, found throughout
hosts, into ammonia and carbonic acid. Urease is required for cryptococcal virulence
(Cox et al, 2000) and is able to polarise the host towards a Th2Z immune response
(Osterholzer et al., 2009). The ammonia produced by urease can aid disruption of the
tight junctions holding brain endothelial cells together (Singh et al, 2013). This
potentially explains the previously mentioned requirement of urease for BBB
penetration (Shi et al,, 2010). Due to the fact that no human enzymes require nickel as a
cofactor, and urease does, urease has the potential to be targeted therapeutically

(Rutherford, 2014).

Phophosphingolipid-phospholipase C (ISCI) is required for the metabolism of fungal
inositol sphingolipids. Isc1 has been shown to aid resistance to acid, oxidative and
nitrosative stress (Shea et al,, 2006). C. neoformans Isc1 mutants are hyper-encapsulated
and found only extracellularly in a mouse infection. Mutants also had severely reduced

dissemination to the brain (Shea et al., 2006).

Cryptococcal interactions with macrophages

The interaction of C. neoformans with alveolar macrophages is thought to be crucial in
determining disease progression (Diamond et al., 1972; Diamond and Bennett, 1973;
Shao et al,, 2005; Vecchiarelli et al., 1994). Indeed, the interaction of C. neoformans with

macrophages has been found to correlate with disease outcome in humans (Alanio et al.,
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2011; Mansour et al., 2011; Sabiiti et al., 2014). Furthermore, macrophages have been
shown to potentially exacerbate infection and aid dissemination of this yeast
(Kechichian et al, 2007). In line with this, intracellular cryptococci are able to
disseminate to the CNS in greater numbers than extracellular cryptococci (Charlier et al.,

2009).

After inhalation of desiccated yeast or spores, alveolar macrophages are the first cells of
the immune system that cryptococci are likely to encounter. With the help of an
appropriate cellular immune response, the cryptococci are cleared. In cases where an
appropriate cellular response is not mounted (HIV-infected individuals), cryptococci are

able to replicate within macrophages and develop an uncontrolled infection.

Opsonophagocytosis is the uptake route most likely to occur in the in vivo system, due to
the lack of efficiency of in vitro phagocytosis without any opsonin (Johnston and May,
2012). Many of the non-opsonic phagocyte receptors are unlikely to gain access to the
antigens they recognise, as they are buried under the thick cloak of the cryptococcal
capsule. Non-opsonised phagocytosis has thus far been an under researched area of
cryptococcal-host interactions. The most efficient phagocytosis rates are achieved with
opsonic antibody (Levitz et al, 1991; Mukherjee et al, 1996; Shapiro et al., 2002).
Although, cryptococcal specific antibody production is a slow process, most of the
population are seropositive by late childhood (Goldman et al., 2001). In cases when
antibody is not present, complement is able to aid phagocytosis (Levitz and Tabuni,
1991), although the efficiency is likely to vary with strain capsule size (Zaragoza et al,

2003).
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Perhaps surprisingly, lung surfactant protein D is able to opsonise strains of
Cryptococcus with low capsule production (Geunes-Boyer et al., 2009; Geunes-Boyer et
al., 2012). Furthermore, this surfactant opsonisation can be used to increase the
pathogenesis of acapsular strains. Potentially by initiating an altered phagosome
maturation pathway, as LAMP recruitment to these phagosomes is reduced (Geunes-

Boyer et al., 2012)

C. neoformans however, is able to reduce phagocytosis by host cells in a variety of ways.
Firstly, the capsule is able to physically and chemically block receptor binding sites
(Bose et al., 2003). Acapsular strains are known to be phagocytosed more, likely via
mannose and [-glucan recognition (Cross and Bancroft, 1995). The aptly named
antiphagocytic protein 1 (Appl) binds CD11b of CR3 to block complement
iC3b-mediated phagocytosis (Stano et al., 2009). Perhaps surprisingly, the Aappl
cryptococcal mutant was hypervirulent in mice deficient for T cells and NK cells.
Possibly further demonstrating the importance of cellular responses to alveolar
macrophages that may have phagocytosed large amounts of cryptococci (Luberto et al.,

2003).

Gat201 is a global transcription factor also capable of enhancing the antiphagocytic
property of cryptococci. The transcription factor Gat204 and Barwin-like protein 1
(Blp1) are regulated by Gat201 and are required to prevent phagocytosis (Chun et al,

2011).

Other than receptor blocking, C. neoformans is also able to deter phagocytosis by sheer
size. Titan cells reaching and enormous 50-100 um (including enlarged cell body and

capsule) are resistant to phagocytosis. Surprisingly, via a mysterious mechanism, titan
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cells are able to also prevent the phagocytosis of neighbouring normal sized cryptococci

(Okagaki and Nielsen, 2012; Zaragoza et al., 2010).

Once internalised, cryptococci are able to utilise many virulence factors for persistence
and replication within phagocytes (Figure 5). Intracellular replication of cryptococci in
macrophages was first observed in 1973 (Diamond and Bennett, 1973). Early
hypotheses to explain this suggested that the cryptococcal phagosome was diverted
from becoming a phagolysosome (Vecchiarelli et al, 1994), a model that has not yet

been extensively tested.

To aid intracellular survival reactive oxygen and nitrogen species are absorbed or
destroyed by the capsule (Zaragoza et al., 2008) as well as protective factors such as

Sod1, Aox1 and Urel (Brown et al., 2007) as previously described in this chapter.

Induction of host cell lysis is also an option for C. neoformans to escape phagocytic death.
Intracellular cryptococci are able to induce apoptosis of host cells via NK-kB pathway
(Ben-Abdallah et al., 2012). Although, lysis of host cells, appearing morphologically
distinct from apoptosis is also seen, suggesting other routes of cell death are able to be
used for this mechanism of escape (Johnston and May, 2012). Interestingly, it is likely
that Cryptococcus acquired many of these adaptive virulence traits to combat digestion

by amoeboid predators in their natural environment (Casadevall, 2012).

Vomocytosis is the unique non-lytic escape mechanism of cryptococci from host cells
(Alvarez and Casadevall, 2006; Ma et al., 2006). Only recently have similar processes
been described for Candida albicans (Bain et al., 2012) and C. kruzei (Garcia-Rodas et al.,

2011). An escape mechanism that leaves both the host cell and the pathogen alive has
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Figure 5. Cryptococcus neoformans interactions with macrophages.

The illustration summarises the most studied mechanisms of cryptococcal avoidance of
intracellular killing. These include mechanisms to prevent phagocytosis: Gat204
regulator, Antiphagocytic protein 1 (App1), capsule and titan cell formation. Factors to
aid intracellular survival: phospholipase B (Plb), capsule, alternative oxidase (Aox1),
Urease and superoxide dismutase (Sod1). Mechanisms to escape the phagocyte include:
cell lysis, lateral transfer and vomocytosis
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major implications for infection progression and is likely to be important for tissue
dissemination and possibly also as a mechanism for re-activation after latency.
Vomocytosis has been confirmed in vivo within mice and possibly occurs more
frequently in vivo than in vitro (Nicola et al, 2011). The current model for vomocytosis
implies cryptococci escape via exocytic fusion of the phagosome with the plasma
membrane, thus releasing the fungus (Johnston and May, 2010). Moreover, vomocytosis
requires microtubule activity, but not actin polymerisation. However, actin and the
WASP-Arp2/3 actin-nucleating complex are involved in prevention of vomocytosis by
the formation of dynamic actin cages, or “flashes”, around the fungal phagosome.
Although strains with high rates of vomocytosis induce more actin flashes, vomocytosis
still occurs, suggesting that actin flashes may actually be a reaction invoked by
vomocytosis attempts that aim to hold off expulsion for a short period but will

eventually fail to contain this pathogen (Johnston and May, 2010).

The molecular details that precede vomocytosis are still under investigation. The most
likely explanation is ‘hijacking’ of the exocytic pathway normally used to expel
indigestible material from host cells. In the amoeba Dictyostelium discoideum,
exocytosis of digested material requires that the post-phagolysosome be devoid of
vATPase, which is achieved by vesicle budding from the mature phagosome (Clarke et
al., 2002). Budding is controlled by WASP and SCAR homologue (WASH), an important
regulator of actin polymerisation. WASH, Arp 2/3 complex and actin are thought to
work together to disassemble vATPase, thus allowing the lumen of the post-
phagolysosome to neutralise (Carnell et al., 2011; Clarke et al., 2002). Blocking WASH
activity inhibits the exocytosis of indigestible material from amoebae and, intriguingly,

also reduces cryptococcal vomocytosis rates from macrophages. The occurrence of
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cryptococcal expulsion was reduced by almost half, in J774 cells expressing an inactive
form of WASH, WASHAVCA (Carnell et al., 2011). These results indicate that whilst actin
flashes could be blocking vomocytosis (Johnston and May, 2010), actin polymerisation
to aid vATPase removal might be required to occur before vomocytosis attempts can

commence.

The macrophage response to Cryptococcus can also be affected by the cytokines that the
macrophage has been exposed to. As previously mentioned, Th1l and Th17 cytokines
(IFNy and IL-17, respectively), are able to help control the intracellular replication of
cryptococci. Cytokines are also able to affect the likelihood of vomocytosis. Th2 cytokine
treatment of macrophages with IL-4 and IL-13, allowed higher rates of cryptococcal

replication, but were able to reduce the rate of vomocytosis (Voelz et al., 2009).

Cryptococcal phagosomes are also seen to permeabilise rapidly after phagocytosis. This
permeabilisation seems necessary and possibly even triggers actin flashes (Johnston and
May, 2010; Tucker and Casadevall, 2002). The secreted phospholipase Plb1 has become
recognised as another major virulence factor of C. neoformans (Cox et al., 2001; Noverr
et al., 2003). Mostly due to PLB1 knock out mutants having reduced dissemination to the
CNS, and thus overall virulence, in animal models (Chayakulkeeree et al., 2011; Noverr
et al, 2003). Plb1 is able to hydrolyse the ester linkages of membrane phospholipids by
using its phospholipase and lysophospholipase activities (Chen et al., 2000). Plb1 has a
third activity, lysophospholipase transacylase, which is thought to enable the use of host
arachidonic acid for remodelling into cryptococcal lipids (Wright et al., 2007). Plb1 is
also essential for vomocytosis and its secretion is augmented via the

phosphatidylinositol transfer protein, Sec14 (Chayakulkeeree et al., 2011). The exact
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role of this phospholipase is still under investigation, but it is tempting to predict a role
in permeabilisation of the cryptococcal phagosome. The reason for permeabilising the
phagosome is currently unknown, however, it is likely to aid neutralisation of the
phagosome, thus inactivating antimicrobial proteases and allowing nutrients from the
host cell to enter. One possible role for actin flashes is thus in resealing of the

phagosome after pathogen-induced permeabilisation.

The pH of the phagosome has a major impact on intracellular parasitism by cryptococci.
Chloroquine or ammonium chloride treatment to increase the phagosomal pH increases
the rate of vomocytosis, but if acidification is blocked in the first instance (by using V-
ATPase inhibitors) vomocytosis is suppressed (Ma et al., 2006; Nicola et al, 2011).
Therefore, it seems that C. neoformans either requires acidification to initiate
vomocytosis (which seems to be true for replication) or vomocytosis only occurs from
phagosomes that have appropriately matured (although, these suppressive treatments
did not block vomocytosis completely) (Ma et al., 2006). Additionally, the direct affects
of chloroquine on cryptococcal replication make interpreting such results difficult

(Harrison et al., 2000; Levitz et al., 1999).

C. neoformans is also able to move from one cell to another via a process termed “lateral
transfer” (Ma et al., 2007), a rare event that has not been extensively investigated. The
process of cryptococcal transfer between cells, is not dependent on uptake route (Ma et
al., 2007). Cryptococci opsonised with either serum or specific antibody are both able to
transfer between cells. In contrast to vomocytosis, lateral transfer requires actin
polymerisation (Ma et al., 2007). Transfer requires live cryptococci and may reflect

either a vomocytosis event followed by rapid phagocytosis or a more cooperative
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mechanism requiring a transient membrane tunnel (Onfelt et al., 2004; Onfelt et al.,
2006) between the two host cells in question (Johnston and May, 2012). The role of
lateral transfer in disease is unknown, but could potentially allow cryptococci to remain
undetected even after several transfer events between cells. These observations may
explain how C. neoformans remains latent within the host for far longer periods of time

than the average lifespan of a host phagocyte.

The disruption of phagosome maturation is a tactic adopted by many microbial
pathogens as detailed in the introduction to this thesis. C. neoformans is well known to
survive within, replicate (Feldmesser et al, 2001b) and escape from (Alvarez and
Casadevall, 2006; Ma et al.,, 2006) the phagosome. This observation suggests that the
fungus is either able to withstand the anti-microbial onslaught of the mature
phagolysosome or is able to manipulate the host environment to reduce its anti-

microbial activity.

Autophagy is a cellular process requiring a characteristic double membraned
autophagosome to enable recycling and degradation of cell contents (Deretic, 2012).
Proteins involved in host cell autophagy, such as Atg2a, Atg5, Atg9, Atg12 and LC3 have
been indicated in aiding cryptococcal parasitism of Drosophila S2 cells. In the same
study LC3 positive vesicles were seen to gather close to Cryptococcus-containing
phagosomes (Qin et al, 2011). Conversely, blocking autophagy in the murine
macrophage cell lines RAW and ]774, help these cells to control growth of intracellular
cryptococci (Nicola et al, 2012; Qin et al, 2011). Although, bone marrow derived

macrophages from Atg5-/- mice, show little difference in their ability to control
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cryptococcal growth (Nicola et al, 2012). The potential role for autophagy in the

intracellular life of cryptococci is still debated.

Cryptococcal phagosomes acquire EEA1 within 10 min of uptake by dendritic cells or
macrophages (Qin et al, 2011; Wozniak and Levitz, 2008) and subsequently acquire
MHCII and the tetraspanin CD63 (Artavanis-Tsakonas et al, 2006). CD63 recruitment
requires acidification of the phagosome (Artavanis-Tsakonas et al., 2006), which is also
a prerequisite for intracellular survival of cryptococci (Levitz et al., 1999; Wozniak and
Levitz, 2008). The lysosomal marker LAMP1 has been seen to associate with
cryptococci-containing phagosomes from 1h to 3h post phagocytosis (Johnston and May,
2010; Levitz et al., 1999; Qin et al.,, 2011; Wozniak and Levitz, 2008). The presence of
some late phagosome markers has led to the hypothesis that cryptococci persist within a
normal phagolysosome, rather than modifying maturation processes. However, the
presence of membrane markers is not in itself evidence for normal antimicrobial

contents and further work is required in this area.

In this chapter, immunolabeling and live cell microscopy have been combined to
demonstrate that C. neoformans subtly alters the maturation of the phagosome it resides

within in order to generate a compartment that is amenable to cryptococcal replication.
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Experimental Procedures

Cryptococcal strains, growth conditions and opsonisation

All reagents were acquired from Sigma unless otherwise stated. Strains used were
Cryptococcus neoformans var. grubii serotype A strain H99 and mutants in this genetic
background: urelA (Cox et al, 2000), ureGA, ureGA:UREG (Singh et al., 2013), plb1A,
plb1A:PLB1 (Cox et al, 2001), seci4-14, secl4-1A: SEC14-1, sec14A:SFH1
(Chayakulkeeree et al., 2011) as well as the serotype D strain B3501 and its acapsular
derivative CBS7931 cap67A (Jacobson et al., 1982) along with the wild type serotype A
strain ATCC90112. Cryptococci were grown for 18 h at 25°C with rotating (20 rpm) in
YPD medium (2% glucose, 1% peptone, and 1% yeast extract). Yeast from cultures were
collected by centrifugation at 4,563 x g for 2 min and washed in triplicate with PBS.
Yeast were then counted and their concentration adjusted to 107 yeast/ml. Where
required, yeast were heat killed for 30 min at 55°C, and killing confirmed by CFU plating.
Yeast were then opsonised with 10 pg/ml mouse IgG 18B7 (a monoclonal antibody to
glucuronoxylomannan, a component of the cryptococcal capsule, kindly provided by
Arturo Casadevall) for 1 h at room temperature. Alternatively, where stated, yeast were
opsonised in 10% pooled human serum. When latex beads or zymosan were used, these

were resuspended to the required concentration in PBS before use in infection assays.

Macrophage cell line culture

Murine macrophage-like cells ]774A.1 were maintained in Dulbecco’s Modified Eagles

Medium (DMEM) supplemented with 10% Fetal Bovine Serum, 2 mM L-glutamine, 100
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ng/ml streptomycin and 100 U/ml penicillin. The cell line was incubated in a humidified
environment at 37°C with 5% COz and used between passage 5 and passage 15 after
thawing. ]774 cells (1x10°) were seeded in 24-well plates (with 13 mm diameter glass

coverslips for immunofluorecence experiments) 18 h before infection.

Human monocyte derived macrophages isolation and differentiation

Human peripheral monocytes were isolated from healthy volunteers. Blood was diluted
at least 1:3 in sterile PBS before layering on to Ficoll plaque (GE Healthcare). This was
then centrifuged for 30 min at 400 x g with no braking. White blood cells were then
collected from the Ficoll interface and diluted in an excess PBS. Cells were then
centrifuged for 10 min at 300 x g with braking and the resulting pellet resuspended in
an excess of PBS and washed a further two times with centrifuging for 10 min at 200 x g.
Cells were then resuspended in RPMI 1640 with 10% FBS and counted. Cells were then
adjusted to 3 x 105 cells/ml and seeded into 48-well tissue culture plates. After 1 hour
non-adherent cells were removed and RPMI 1640 with 10% FBS and 50 ng/ml
granulocyte-macrophage colony-stimulating factor (GM-CSF) was added for
differentiation of monocytes to human monocyte derived macrophages (HMDMs). Media
was replaced every 3 days. Differentiated human monocyte derived macrophages

(HMDMs) were used between 7 and 10 days after isolation.

Infection of macrophages with Cryptococcus

J774 cells were activated with 150 ng/ml PMA for 1 hour in DMEM without FBS prior to

infection with cryptococci. HMDMs were activated 24 h prior to infection with 1 pg/ml
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LPS and 1000 U/ml IFNy (Immuno Tools) and then incubated in serum free RPMI 1 hour
before infection. Macrophages were then infected with opsonised Cryptococcus, 3 pm
latex beads, Saccharomyces cerevisiae or Zymosan A at a multiplicity of infection (MOI)
of 10:1 for immunofluorescence experiments, or 5:1 for live cell imaging experiments. At
the time of infection, serum free RPMI or DMEM (for HMDMs or J774s respectively)
containing either 50 nM LysoTracker® Red DND-99 (Invitrogen, molecular probes),
acidotropic dye for the visualisation of acidic cellular compartments, 5 pM MR-(FR):
Magic Red® (Immunochemistry Technologies), for fluorescent detection of the
lysosomal cysteine protease cathepsin L or 1 mg/ml TRITC-Dextran (Sigma) as required.
Cells were then taken directly for live cell imaging or incubated in a humidified

environment at 37°C with 5% CO:, for the stated time before fixation.

Labeling and imaging of fixed cells

For Rab GTPase labeling of cryptococcal-containing phagosomes, fixed coverslips were
washed in PBS and fixed with 4% paraformaldehyde in PBS for 10 min at room
temperature. Cells were then treated with 50 mM NH4Cl for 10 min and permeabilised in
0.1 % Triton X-100 for 4 min. Coverslips were then blocked with 5% goat serum for 1
hour and then washed in PBS before being treated with 0.5 pg/ml monoclonal rabbit
anti-Rab5, Rab7, Rab9 or Rab11 (Cell Signaling) with 2.5 pg/ml human IgG for 30 min.
After PBS washing, coverslips were then treated with 2 pg/ml goat anti-rabbit IgG-FITC

(Sigma) with 10 pug/ml human IgG for 30 min
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For fixed TRITC- Dextran experiments, ]774 cells were washed with PBS and fixed for
10 min with 4% PFA in glass bottom plates. After fixing, cells were washed and left in

PBS for imaging.

Coverslips were visualised with a Nikon Eclipse Ti-S microscope, Plan Apo 60x/ 1.40 NA
oil DIC objective (Nikon) and captured with QICAM Fast1394 camera (Q imaging).All

image analysis was performed with NIS Elements AR software (Nikon).

Live cell imaging

Time lapse images were captured on a Nikon TE2000 enclosed in a temperature
controlled and humidified environmental chamber (Okolabs) with 5% CO2 at 37°C, with
Digital Sight DS-Qi1MC camera (Nikon), Plan Apo Ph1 20x objective (Nikon), using NIS
elements AR software (Nikon). Images were captured every 5 min for 18 h for
LysoTracker and MagicRed experiments and every 2 min for 18 h for live TRITC-Dextran
experiments. The Microscope was enclosed in a humidified environmental chamber

(Okolabs) at 37°C with 5% COx.

Statistics

Statistical analysis of data was completed using GraphPad Prism version 6.04.
Categorical data were analysed for statistical significance with a two-tailed Fisher’s
Exact Test. All data are presented as mean * SEM from at least 3 independent

experiments. **p<0.01, ***p<0.001.
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Results

Acquisition of Rab GTPases is altered on Cryptococcus-containing phagosomes

Rab GTPases are a family of proteins that perform critical functions in coordinating
vesicle maturation (Barr, 2013). Thus, we examined the distribution of Rab family
GTPases on maturing cryptococcal-containing phagosomes. Rab5 is a well known
marker of early endosomes and phagosomes, which is recruited rapidly to new
phagosomes and activated by its guanine exchange factor (GEF). Once active, Rab 5 is
able to recruit a host of effectors, including early endosome marker 1 (EEA1)(via
hVPS34) and Rab7, which is considered a late phagosome marker thought to play an
integral role in the fusion of the phagosome with lysosomes. Also present on early
phagosomes is Rab11. Rab11 is located on recycling endosomes, aiding the recovery of
phagocytic receptors back to the plasma membrane. Finally, Rab9 is a marker of
endoplasmic reticulum derived membranes and often associated with vesicles of the late

endocytic pathway (Kinchen and Ravichandran, 2008).

To determine which of these Rab GTPases are recruited to C. neoformans-containing
phagosomes, ]774 murine macrophages were infected with live C. neoformans H99, heat
killed H99 or latex beads and immunolabeled at 15 and 120 min post infection for Rab5,

7,9 and 11 (Figure 6A-D).

The early endocytic markers Rab5 and Rab11l were recruited to fewer phagosomes
containing live cryptococci (Figure 6A and B). The GTPase Rab 9 recruitment was only
altered between live and heat-killed cryptococcal-containing phagosomes at 2 h post
infection (Figure 6C). Rab7 showed equivalent patterns of recruitment and loss across

all three types of phagosome (Figure 6D). Subsequent examination of earlier time points
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post phagocytosis revealed that Rab5 was recruited rapidly to all targets, but
subsequently lost much more rapidly from phagosomes containing live cryptococci than
from those containing killed yeast (Figure 7). A similar pattern was confirmed with

another strain of C. neoformans, the serotype D strain B3501 (Figure 8).

Interestingly, when yeast were opsonised with human serum, as opposed to 18B7
antibody, Rab5 recruitment was slightly altered (Figure 9). Phagosomes containing live
cryptococci appear to have enhanced initial recruitment of Rab5 that remains on the
phagosome longer than if internalised via Fc receptors. Thus, early, but not late,
endosomal maturation steps appear to be modified on phagosomes containing live
cryptococci. Furthermore, this modification is not serotype specific. However, the route

of phagocytosis can alter the timing of such modifications.
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Figure 6. Acquisition of Rab GTPases onto phagosomes at 15 and 120 min post
phagocytosis.

At 15 min and 120 min, Rab5 (A), Rab11 (B), Rab 9 (C) and Rab7 (D) recruitment was
determined for phagosomes containing live C. neoformans H99, heat-killed H99 (HK
H99) or latex beads. All data were collected from immunofluorescence analysis of ]774
phagocytosed particles. All bars represent data collected from observing 186-664
phagosomes for each target at each time point over 3-5 biological repeats, mean +SEM.
*4% p<0.001, ** p<0.01 Fisher’s Exact Test.
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Figure 7. Acquisition of Rab5 GTPase onto phagosomes at 5, 15 and 120 min post
phagocytosis
At 5, 15 and 120 min post phagocytosis Rab5 GTPase recruitment was determined for
phagosomes containing live C. neoformans H99, heat-killed H99 (HK H99), latex beads, S.
cerevisiae or zymosan. All data were collected from immunofluorescence analysis of
J774 phagocytosed particles. Data for H99, HK H99 and latex beads at 15 and 120 min is
replicated from data shown in Figure 6A. All bars represent data collected from
observing 100-395 phagosomes for each target at each time point over 3-6 biological
repeats, mean +SEM. *** p<0.001, ** p<0.01 Fisher’s Exact Test.
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Figure 8. Acquisition of Rab5 GTPase to C. neoformans B3501 - containing
phagosomes
At 5,15 and 120 min post phagocytosis Rab5 GTPase recruitment was determined for
phagosomes containing live C. neoformans B3501 or heat-killed B3501 (HK B3501).
Data were collected from immunofluorescence analysis of ]774 phagocytosed particles..
All bars represent data collected from observing 100-368 phagosomes for each target at
each time point over 3-4 biological repeats, mean +SEM. *** p<0.001, ** p<0.01 Fisher’s
Exact Test.
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Figure 9. Serum opsonisation and Rab5 GTPase acquisition to CCPs
At 5, 15 and 120 min post phagocytosis Rab5 GTPase recruitment was determined for
phagosomes containing live C. neoformans H99 or heat-killed H99 (HK H99) after
opsonisation of yeasts with 10% human serum. Data were collected from
immunofluorescence analysis of ]774 phagocytosed particles.. All bars represent data
collected from observing 66-654 phagosomes for each target at each time point over 4-5
biological repeats, mean +SEM. *** p<0.001, ** p<0.01 Fisher’s Exact Test.
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Live cryptococci are able to block acidification of the phagosome

Normal phagosome maturation culminates in an acidic phagolysosome containing high
levels of hydrolytic enzymes. Thus, subtle changes in Rab5/11 recruitment to the
phagosome were investigated as they may lead to a modification of later stages of
maturation. To determine if the C. neoformans-containing phagosome reaches a typical
acidic pH (as low as 4.3-4.5 for J774 cells)(Chen, 2002), we used the acidotropic dye
LysoTracker Red to monitor pH during live imaging of the macrophage - Cryptococcus
interaction. Over the 18 h infection of ]J774 macrophages with live H99, very few
cryptococcal-containing phagosomes became acidic (Figure 10A, 11A and movie 1). In
contrast, heat killed H99-containing phagosomes always became highly acidic (acquired
LysoTracker positive signal) over the course of the experiment, typically within 1 h of
engulfment (Figure 104, 11B and movie 2). These findings were confirmed in human
peripheral blood monocyte-derived macrophages (Figure 10B) and with another strain

of C. neoformans, ATCC 90112 (Figure 10D).

Since most phagosomes containing live cryptococci do not acidify, we wondered
whether the rare instances in which acidification was seen might reflect variation in the
yeast population within the inoculum. Reanalysis of the time-lapse movies
demonstrated that budding or vomocytosis activity of the intracellular cryptococci was
restricted exclusively to yeast resident in non-acidified (LysoTracker negative)
phagosomes (Figure 10C). Thus, the rare acidification events (<10%) that are observed
in the infections performed with live H99 probably represent dead cryptococci in the

inoculum. To ascertain if this was the case the percentage of dead cryptococci in an
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overnight culture was determined (Figure 12). The results confirmed that a small

percentage of yeast in overnight cultures are no longer viable.



Chapter II. Cryptococcus neoformans Alters Phagosome Maturation

7]
A ¢ B &
(&) O 100+
> 1001 p
_Z 90+ .2 90'
= 80- % 507
9 704 S 707
o] 60+ ko] 60+
r 501 ¢ 501
= 40+ 3 40+
x 30+ X 304
8 204 *kk (&)
= g 20- *kk
= 104 -
% o- ° 10+
iy H99 HK H99 > 0 mn .
Q -
& cryptococcal strain = cryptococcal strain
g @B LysoTracker Positive *
o @B LysoTracker Negative o
(&’, 100- 3 100-
2 901 2 90-
:‘V;; 80+ g 80
g_ 70+ 8. 70-
- 604 5 607
& 50 & 50
5 407 5 407
% 30+ < 301
S 20- S 20-
5 107 's 101
g o T 2 o-
a Budding Non-Budding : ATCC 90112  HK ATCC 90112
B3 ° cryptococcal strain

Intracellular behaviour

Figure 10. Acidification of the C. neoformans-containing phagosome.
Phagosomes containing live C. neoformans H99 do not acquire the acidification reporter
LysoTracker Red in either J774 cells (A) or human monocyte derived macrophages (B).

Phagosomes containing heat-killed cryptococci mature normally and become acidic in
both cases. Only H99 yeast residing in non-acidified phagosomes are capable of budding
(C). High vomocytosis strain ATCC 90112, displayed the same LysoTracker pattern in
human monocyte derived macrophages (D). CCPs; Cryptococcus-containing phagosomes.
Graphs display mean +SEM of 95-202 phagosomes for each target across 3-4 biological
repeats. Significance figures for A and B come from a Fisher’s Exact Test of the raw data.
% p<0.001. ** p<0.01.
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Figure 11. Acidification of heat killed cryptococcal-containing phagosomes
Panels A and B represent still images taken from time-lapse microscopy experiments
with J774 cells(Movie 1, Movie 2) at the indicated times post phagocytosis, displayed is
the merged Phase contrast and Red fluorescence (LysoTracker Red) images. Live H99
(A) reside in a LysoTracker negative phagosome, whilst heat-killed H99 rapidly acquire
LysoTracker (B).
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Figure 12. Percentage viable cryptococci in 18 hour cultures.
After overnight growth of cryptococci in YPD media at 25 °C rotating at 25 rpm, yeast
were washed in PBS, counted with a haemocytometer and serial diluted for plating. By
comparing haemocytometer counts and CFU counts obtained after incubation of serial
dilution plates, a percentage of viable yeast was calculated. Data represents mean + SEM,
collected over 3 biological repeats.
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Cryptococcus-containing phagosomes do not harbour cathepsin activity

The cathepsins are a family of degradative enzymes that accrue to high levels within
mature phagosomes in order to aid digestion of the phagosomal cargo. Cathepsin L is
most active in the latest stages of phagosome maturation in macrophages (Claus et al.,
1998; Lennon-Dumenil et al., 2002). I therefore exploited the fluorescent reporter dye
MagicRed that is activated by cathepsin L (and to a lesser extent cathepsin B) to monitor
cathepsin activity within phagosomes containing cryptococci. As with LysoTracker, we
saw very little evidence of cathepsin activity in phagosomes containing live cryptococci
(Figure 13A, 14A and movie 3). In rare cases when cathepsin activity was detectable,
these cryptococci failed to bud or vomocytose (Figure 13A, 14B and movie 4).
Interestingly, time-resolved monitoring of Magic Red demonstrated that there is a
relatively short (<30 minute) “window” within which phagosomes acquire cathepsins;
phagosomes that are negative for Magic Red during this “window” remained negative
throughout the remaining 17.5 h of imaging (Figure 13B). The same cathepsin activity

was seen for the cryptococcal strain ATCC 90112 (Figure 15 and 16).
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Figure 13. Cathepsin activity within the C. neoformans-containing phagosome.
Cathepsin L activity was negligible in phagosomes containing live C. neoformans H99 (A).
Graph represents mean +SEM of n=4, 182-275 phagosomes at 30 min after infection. For

analysis a Fisher’s Exact Test was completed on the raw data. (B)Time-lapse imaging
reveals that cathepsin L activity either develops rapidly (within 30 min post
phagocytosis) or is never acquired. Graph represents mean fluorescent intensities from
respective regions of interest +SEM after background subtracting the mean intensity of
3 extracellular cryptococci selected from the same field of view (n=5 phagosomes).
CCPs; Cryptococcus-containing phagosomes. ***p<0.001.
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Figure 14. Phagosomes containing live cryptococci do not accrue cathepsin L
activity
Panels A and B represent still images taken from time-lapse microscopy experiments
with J774 cells (Movie 3, Movie 4) at the indicated times post phagocytosis, displayed is
the merged Phase contrast and Red fluorescence (MagicRed) images. Live H99 (A)
reside in a MagicRed negative phagosome, whilst heat-killed H99 rapidly acquire
MagicRed (B). Showing lack of cathepsin L activity in live H99 containing phagosomes
and cathepsin L activity in HK H99-containing phagosomes.
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Figure15. Cathepsin activity in C. neoformans 90112-containing phagosomes
Cathepsin L activity was negligible in phagosomes containing live C. neoformans ATCC
90112 (A). (B) Graph represents mean fluorescent intensities from respective regions of
interest +SEM after background subtracting the mean intensity of 3 extracellular
cryptococci selected from the same field of view (n=4 phagosomes). In (A) graph
represents mean +SEM of n=4, 166-222 phagosomes at 30 min after infection. For
analysis a Fisher’s Exact Test was completed on the raw data CCPs; cryptococcal-
containing phagosomes. ***p<0.001.
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Figure 16. Phagosomes containing live C. neoformans ATCC 90112 do not accrue
cathepsin L activity

Panels A and B represent still images taken from time-lapse microscopy experiments

with J774 cells at the indicated times post phagocytosis, displayed is the merged Phase
contrast and Red fluorescence (MagicRed) images. Live ATCC 90112 (A) reside in a

MagicRed negative phagosome, whilst heat-killed ATCC rapidly acquire MagicRed (B).

Showing lack of cathepsin L activity in live 90112 containing phagosomes and cathepsin
L activity in HK 90112-containing phagosomes.

90 [




Chapter II. Cryptococcus neoformans Alters Phagosome Maturation

A variety of cryptococcal mutants are still able to block acidification

To begin to decipher the possible mechanism C. neoformans employs to alter the
maturation of the phagosome, we monitored the behaviour of several mutant strains
known to be attenuated in virulence in animal models of disease. These mutant strains
included a knock out of the phospholipase B gene (PLB1), a tri-functional enzyme
required for full virulence in mouse models and implicated in permeabilisation of the
phagosome (Chayakulkeeree et al., 2011; Cox et al., 2001), as well as its associated Sec14
secretion system (Chayakulkeeree et al, 2011). We also tested mutants lacking
functional urease gene expression (URE1 and UREG) (Cox et al., 2000; Singh et al., 2013)
since urease is thought to play an important role in intracellular parasitism (Rutherford,
2014). Lastly, we studied the acapsular mutant Acap67 and its parental strain, B3501
(Jacobson et al., 1982), since the production of capsule is considered one of the most
important virulence determinants of cryptococci with a key role in protecting the

pathogen from the host attack (Vecchiarelli et al., 2013).

Interestingly, none of these mutants showed any alteration in their ability to prevent
acidification of the phagosome (Figure 17). Thus, even attenuated cryptococcal mutants
retain the ability to modify host phagosome maturation, suggesting the existence of

hitherto unidentified virulence mechanisms in this pathogen.
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Figure 17. Several mutants of C. neoformans are able to alter phagosome
acidification.
A variety of C. neoformans mutants are still able to modify the acidification of the
phagosome in J774 cells. CCPs, Cryptococcus-containing phagosomes. Graph displays
mean * SEM of 100-176 phagosomes for each target from at least 3 biological repeats.
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The cryptococcal-containing phagosome rapidly permeabilises

Permeabilisation of a phagosome can be measured by using TRITC-conjugated dextran.
This fluorescently tagged molecule is added to the infection media and is therefore
phagocytosed along with the C. neoformans, as well as being delivered to the phagosome
via vesicle trafficking with the macrophage. When a phagosomal lumen looses this
fluorescent marker it is presumed this is due to compromisation of phagosomal
membranes, allowing the dextran to diffuse out of the phagosome (a phagosome
permeabilisation event). The permeabilisation of cryptococcal phagosomes has been
implicated with the inset of actin flashes to prevent vomocytosis. It is known that
Cryptococcus-containing phagosomes permeabilise (Johnston and May, 2010), but how
early after phagocytosis was unknown. To investigate permeabilisation further, ]774
macrophages were infected with C. neoformans strains MT105, B3501, Wild type H99
PLB1, mutant H99 Aplb1, reconstituted strain H99 Aplb1:PLB1 and latex beads. TRITC
conjugated dextran was added to the media at the time of infection. This allowed
fluorescent material to be phagocytosed with the cryptococci and also be
macropinocytosed by macrophages, thus labeling internal vesicles as media is trafficked
within cells. After 2 h of infection, most cryptococcal-containing phagosomes have
permeabilised (transitioned from containing TRITC-dextran to being TRITC-dextran
negative) (Figure 18). The PIbl mutant and reconstituted strain was also able to
permeabilise their phagosome, although both mutant and reconstituted strains were

significantly different to wild type H99 (Figure 18).

Following this, live cell images previously created by Dr Simon Johnston (SAJ) were re-

analysed for links between cryptococcal phagosome permeabilisation and vomocytosis.
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In line with previous findings by SA] (permeabilisation occurs before actin
flashes)(Johnston and May, 2010), permeabilisation of the cryptococcal phagosome
enables subsequent vomocytosis (Figure 19). Therefore, if phagosomes are still TRITC-

dextran positive (not permeabilised) the cryptococci are unlikely to vomocytose.
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Figure 18. Permeabilisation of cryptococcal phagosomes.

J774 macrophages were seeded into glass bottom 96 well plates and infected with
cryptococci. TRITC conjugated dextran was added to the media at the same time as
infection. After 2 h of infection, extracellular cryptococci (or latex beads) were washed
off and the cells fixed with 4% PFA. Fixed cells were left in 1xPBS and imaged for
fluorescent dextran (A). Between 1022 and 9490 phagosomes scored for each strain
over 3 biological repeats. Presented is percentage mean * SEM. Bar represents 10 um.
Chi Squared test on categorical data. ***=p<0.001
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Figure 19. Permeabilisation and Cryptococcal vomocytosis.

Live microscopy videos for this data were created by SAJ and analysed by LMS. RAW
264.7 macrophages were pretreated with TRITC conjugated dextran. RAWs were then
infected with C. neoformans strain H99. Infection was recorded for 18 h and the videos

analysed for dextran state and vomocytosis A total of 280 cryptococci phagosomes were
tracked and scored. Permeabilised and non-permeabilised phagosome populations were
compared via a two-tailed Fisher’s Exact test. *** =p<0.001. ns, non-significant.
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Discussion

The relationship between macrophages and Cryptococcus species is known to be a
complex one. Cryptococci are not only able to survive and replicate within the
macrophage phagosome, but also escape the phagocyte by a non-lytic expulsion process
termed vomocytosis (Alvarez and Casadevall, 2006; Ma et al., 2006). Previous research
has indicated that the cryptococcal-containing phagosome acquires several markers of
normal maturation. However, by examining very early events post-phagocytosis, I now
show that cryptococcal-containing phagosomes display altered acquisition of the Rab
family of small GTPases, in particular Rab5 and Rab11, within minutes of uptake. Such
behavior is not seen with heat killed C. neoformans, latex beads, zymosan particles or S.
cerevisiae, strongly implicating the existence of a pathogen-driven mechanism to disrupt
phagosome maturation. This alteration in Rab5 GTPase recruitment was not serotype
specific, as demonstrated by testing serotype A strain H99 and serotype D strain B3501.
The timing of cryptococcal Rab5 modification was, however, altered slightly when
cryptococci were first opsonised with human serum. This opsonisation is likely to have
favoured complement receptor-mediated phagocytosis rather than via Fc receptor. The
overall loss of Rab5 at 2 h post infection was, however, still far reduced in phagosomes

containing live cryptococci.

Mechanisms that other pathogens use to manipulate Rab GTPases are varied, but
include effector proteins such as SopB of Salmonella, which is able to reduce the levels of
negatively charged PI(4,5)P2 and phosphatidylserine on the phagosome, resulting in
dissociation of Rab proteins and therefore a delay in phagosome fusion (Bakowski et al.,

2010; Hernandez et al, 2004). Similarly, Mycobacterium tuberculosis manipulates
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phagosome maturation (Fratti et al, 2001; Purdy et al, 2005) via at least two
mechanisms; the dephosphorylation of Rab5-GTP and Rab7-GTP, resulting in
inactivation of both critical GTPases (Sun et al., 2010) and via Lipoarabinomannan
modification of the host calcium/calmodulin, EEA1, PI3K hVPS34 and PI3P production
pathway (Vergne et al,, 2003). Lastly, both Listeria monocytogenes and the lesser-known
intracellular pathogen, Tropheryma whipplei, disrupt Rab5 activity via a
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), which induces Rab5a-specific
ADP ribosylation and blocks the GDP/GTP exchange activity (Alvarez-Dominguez et al.,
2008). In the case of T. whipplei this leads to a chimeric phagosome displaying both
Rab5 and Rab7 on its surface (Mottola et al., 2014). To date, it is unknown whether
intracellular fungal pathogens have analogous routes to manipulate host endocytic
trafficking, but recent advances in high-throughput genetics in cryptococci make this an

exciting and promising avenue for future exploration.

The acidification of the cryptococcal-containing phagosome has been previously
examined via ratiometric imaging (Levitz et al., 1999). This approach indicated an
average phagosomal pH of 5, which was described as acidic. However, the macrophage
phagosome is capable of reaching pH 4.3 (Chen, 2002) and data presented here suggests
an alternative theory that the cryptococcal-containing phagosome actually does not fully
mature but may reach only an intermediate pH that is insufficient for full antimicrobial
activity. This modification of maturation is driven only by the live pathogen, indicating
the existence of a currently unknown host-manipulation pathway in this organism that
is independent of major virulence factors such as capsule, urease expression or

phospholipase B production.
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It was also observed that only cryptococci residing within a non-acidified phagosome
were capable of budding and/or vomocytosis, strongly suggesting that cryptococci
within acidifying phagosomes are dead or are in a quiescent/non-metabolically active
state. The possibility of infecting macrophages with dead cryptococci from overnight
cultures was investigated. Indeed, not all cryptococci are viable after overnight
incubation and this could explain the rare acidic phagosomes seen in this experimental

set up.

Other fungal pathogens have also been shown to alter the pH of the macrophage
phagosome. The C. glabrata-containing phagosome, similarly to the C. neoformans-
containing phagosome, recruits LAMP1, but not Rab5 or cathepsin. Furthermore, despite
large amounts of vATPase on the phagosome, the contents are only weakly acidic
(Seider et al., 2011). C. glabrata could be using mannosyltransferases, that are involved
in in vitro alkalinisation of the environment and for reducing the pH of the phagosome
(Kasper et al., 2014). The fungal pathogen H. capsulatum survives within macrophages
by modifying the vacuole and keeping it at pH 6.5 by blocking acidification (Strasser et
al, 1999). This incomplete block of acidification is likely to reflect a compromise
between enabling fungal utilisation of iron from transferrin (at low pH), whilst still
reducing the hydrolytic activity of acid-dependent proteases. Interestingly,
H. capsulatum actively retains a slightly acidic phagosomal pH even when phagosomal
acidification is blocked by the vATPase inhibitor Bafilomycin (Strasser et al., 1999),
suggesting that the pathogen itself creates the slightly acidic phagocytic lumen rather
than allowing partial vATPase activity. If such mechanisms exist for C. neoformans is
unknown, but definitely warrants consideration in future investigations into the

cryptococcal-containing phagosome.
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The cryptococcal-containing phagosome has previously been shown to permeabilise
soon after phagocytosis (Chayakulkeeree et al, 2011; Tucker and Casadevall, 2002).
Interestingly, the data presented here indicates that cryptococcal phospholipase, Plb1, is
not required for the majority of phagosome permeabilisation seen, despite the fact that
Plb1, and permeabilisation are required for vomocytosis (Chayakulkeeree et al., 2011;
Johnston and May, 2010). Therefore, Plb1 contributes to, but is not the sole driver of,

phagosome permeabilisation.

The permeabilisation of the C. neoformans-containing phagosome could allow for
dilution of phagosomal content and increase in the luminal pH throughout phagosome
biogenesis. This would mean that markers of the phagosomal membrane would still be
present (as seen in many other studies), but that the antimicrobial activity of the lumen
would not be maximal. An alternative, or additional, mechanism could be avoidance of
fusion with lysosomes. A lack of cryptococcal killing by human alveolar macrophages in
a previous study was hypothesised to be due to a lack of phagosome-lysosome fusion
(Vecchiarelli et al., 1994). A similar lack of acidification has been seen in microglia cells
(specialised phagocytes of the central nervous system), in which only approximately

35% of phagosomes underwent full acidification (Orsi et al., 2009).

Previous studies of mouse macrophages determined that phagosome maturation is
highly cargo-dependent (Oh et al, 1996). All the targets examined in this study
(erythrocytes, poly-e-caprolactone beads, polystyrene beads and polyethylene
glycol-conjugated beads) fused with lysosomes initially, but the amount of fusion with
lysosomes after this differs. The retention of some markers, such as cathepsin L, differed

dramatically between these targets and the authors suggest that some pathogens that do
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fuse with lysosomes initially may still alter the further interactions with other vesicles
(Oh et al, 1996). It is thus possible that such a situation occurs for the
cryptococcal-containing phagosome, leading to a partially, but not completely, mature
phagosome. The cryptococcal Plb1 is known to have maximum activity at low pH (Chen
et al.,, 2000). Therefore, it could be that partial acidification is required to allow Plb1
augmented permeabilisation of the phagosome, resulting in dilution of the lumen
content and neutralisation. Further interactions with lysosomes would lead to a cyclic
process of acidification, Plb1 activity, permeabilisation and neutralisation. The precise
role of Plb1l in permeabilisation of the phagosome and subsequent vomocytosis of

cryptococci requires further investigation.

By using a combination of immunofluorescence and live-cell microscopy, the data
presented here describes various markers of phagosome maturation (Rab GTPases,
acidification and intraphagosomal cathepsin activity) are subtly altered by live
cryptococci. These findings support the theory that C. neoformans does in fact alter the

phagosome it resides in.
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Chapter III. Intracellular persistence of Streptococcus
agalactiae

Parts of this chapter have been previously published:

Cumley, N.J., Smith, L.M., Anthony, M., May, R.C. (2012) The CovS/CovR Acid Response
Regulator Is Required for Intracellular Survival of Group B Streptococcus in
Macrophages. Infection and immunity, 80 (5): 1650-1661.

Introduction

Streptococcus agalactiae, more commonly known as Group B Streptococcus (GBS), is the
leading cause of neonatal pneumonia, sepsis and meningitis (Depani et al., 2011). GBS is
able to colonise a variety of animal hosts and is commonly responsible for cases of
bovine mastitis (Brochet et al., 2006; Keefe, 1997). GBS is a Gram-positive commensal of
the human gastrointestinal and genitourinary tract. This relationship with humans
means that approximately one third of female adults are colonised with GBS (Doran and
Nizet, 2004; Hansen et al., 2004). Moreover, GBS is the most common infectious agent of
neonatal pneumonia, sepsis and meningitis (Valenti-Weigand et al,, 1996). Infants born
to colonised women will subsequently become infected in 70% of instances. Post-
colonisation, 1% of colonised neonates will not control this infection and develop
serious GBS disease (Becker et al., 1981; Melin, 2011). The current rate of invasive GBS
infections in the UK for infants aged <90 days is 0.7 per 1000 live births, an increase

from the year 2000 figure of 0.44 /1000 live births (Lamagni et al., 2013).

Interestingly, recent research indicates that the emergence of GBS pathogenesis in the
1960s was due to the selection of a small number of tetracycline resistant clones (after
the initiation of tetracycline use in 1948). These clones were also well adapted to cause

disease in humans and have since given rise to most of the disease causing GBS isolates
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(Da Cunha et al,, 2014). GBS infections in elderly and diabetic adults are also increasing;
rising from 92/1000 population in 1991 to 239/1000 population in 2010 (Lamagni et
al., 2013). Reasons for this shift of burden to adults are currently unclear but may
indicate that common immune dysfunctions or dysregulations occur in these

populations.

Neonatal Group B Streptococcus transmission and infection

After colonisation of the mother, GBS are able to be vertically transmitted to the neonate
via inhalation of contaminated vaginal or amniotic fluid during birth (Maisey et al,
2008; Melin, 2011). The inhalation of fluid provides GBS with direct access to the upper
and lower respiratory tract, where GBS is able to attach and establish infection. GBS are
also able to colonise the placental membranes of the mother, which can lead to rupture
of membranes and premature delivery (Doran and Nizet, 2004). If the mother has
developed protective anti-GBS IgG antibodies, these can be placentally transferred to the
feotus (Becker et al,, 1981). The levels of maternal IgG transferred to the neonate act as
a strong predictor for the clearance of GBS (Becker et al., 1981). In the majority of cases,
initial colonisation of neonates does not result in serious infection. However, in some
instances, GBS are able to persist and cause severe GBS infections. Infections with GBS
that present rapidly after birth are described as Early Onset disease (EOD). Infections
that have a delayed presentation of up to many months after birth are referred to as Late

Onset Disease (LOD).

GBS infections that present within the first week after birth, usually as pneumonia, are

cases of EOD (Valenti-Weigand et al, 1996). This pneumonia, if not detected early, can
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progress into bacteraemia and septicaemia. The most likely route of infection for EOD is
the previously mentioned inhalation of GBS contaminated fluids, as this will expose the
neonatal lung to GBS (Maisey et al., 2008). Despite good treatment availability, EOD still
carries a high mortality and morbidity. Although, fatalities due to EOD have been
reduced thanks to the initiation of intrapartum antibiotic prophylaxis (IAP)(Kaambwa et
al., 2010; Levent et al, 2010; Melin, 2011). IAP is the administration of antibiotics
(usually penicillin) to the mother during labour. This strategy is used after positive
culture tests for GBS at the latter stages of pregnancy (weeks 35-37), in countries such
as the USA. The UK, however, currently recommends IAP only in the presence of one or
more of five risk factors associated with GBS disease (Jones et al., 2006). Whether this
strategy really is the best way to reduce EOD cases and be the most cost effective, is

currently under debate (Kaambwa et al., 2010).

Capsular serotypes of GBS causing EOD correlate well with serotypes found colonising
pregnant women (Figure 20)(Melin, 2011; Remington et al., 2011). Fatality rates in pre-
term infants are a staggering eight times higher than that seen for full-term infants
(Melin, 2011). This could potentially be due to incomplete placental transfer of maternal
IgG antibodies, making pre-term infants more vulnerable to bacterial infections (Melin,

2011; Remington et al., 2011).

Late Onset disease (LOD) occurs after the first week of life and usually up to a maximum
of seven months old (Doran and Nizet, 2004). Infants do not present with lung
infections, but instead with bacteraemia, of which approximately half will develop
meningitis (Doran and Nizet, 2004). For infants that survive GBS meningitis, a further

50% will suffer long-term morbidities such as vision and hearing impairments, seizures
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Figure 20. Serotypes of Group B Streptococcus that colonise women and cause
neonatal disease.

Charts summarise data from several studies. Colonising, displays the percentage of GBS
serotypes that are found colonising the female genitourinary tract of pregnant women.
Early Onset, presents the proportions or GBS serotypes found causing neonatal early
onset disease. Late Onset, presents the GBS serotypes found in cases of neonatal late
onset disease. NT, non-typable. Adapted from (Remington et al., 2011). Data from
((Blumberg et al., 1996; Harrison et al., 1998; Lin et al., 1998)
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and neurological sequelae (Johri et al, 2006; Melin, 2011). For the prevention of EOD

there is now IAP, however, there are no prevention strategies in place for LOD.

The source of GBS for LOD is still unknown. Due to the lateness of infection it is unclear
whether the GBS source is maternal or environmental. It would seem unlikely that the
GBS for LOD originates from the GBS colonising the genitourinary tract of the mother as
the serotype distributions do not match (Figure 20). The latest clue comes from research
conducted by Tazi et al.,, demonstrating that LOD causing GBS show increased adherence
to gastrointestinal epithelia, potentially suggesting an oral route of LOD infection (Tazi
et al., 2010). Once the source of LOD GBS is known, efforts can be targeted towards
designing preventative strategies to combat this devastating form of streptococcal

disease.

Infection initiation: Host contributing factors

The progress of many infections will rely upon virulence factors of the microorganism
and individual immune factors of the host. In the case of GBS infections there are two
hosts to consider: the mother and the neonate. Each mother has a unique set of risk
factors that will influence the risk of neonatal infection. Young maternal age, black race,
the use of foetal monitoring devices and the number of vaginal examinations during
labour are all said to increase risk (Melin, 2011). There are also the previously
mentioned five risk factors that the health care system will use to determine if IAP is
required; previous baby affected by GBS; GBS urinary tract infection detected during the
current pregnancy; preterm labour; prolonged rupture of the membranes; and fever in

labour. Premature labour, rupture of membranes and bacterial infection are very
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interlinked and difficult to extract which of these three events causes the others (Melin,

2011).

Of course, maternal colonisation is a prerequisite for GBS infection, but the immune
response of the mother to her colonising GBS can make a substantial difference to the
outcome of subsequent neonatal colonisation. Firstly, to have the potential to provide
protection, the mother must be producing sufficient levels of anti-GBS antibody specific
to the GBS strain she is carrying at the time of birth (Baker and Kasper, 1976). The risk
of giving birth to a child with EOD is reduced by 91% if the mother is producing GBS
specific antibody in quantities greater than 10 mg/ml (Lin et al., 2004). Secondly, these
IgG molecules must be transferred across the placenta to the foetus. Finally, this transfer
must be complete to provide maximum levels of protective IgG to the unborn infant. For
pre-term infants this transfer has not completed and they are likely to have insufficient
levels of maternal IgG to be protective (Wessels et al., 1998). It is currently unknown if
colonisation is sufficient for an adult antibody response or if a more invasive exposure

must occur.

Naturally occurring high concentrations of estradiol and progesterone are present
during gestation and at birth. These steroid hormones have recently been found to
impair the function of cord blood and newborn monocytes. Their cytokine production,
when stimulated with endotoxin, bacterial lipopeptide, E. coli or GBS was markedly
reduced, an affect not seen with adult monocytes. Neonatal cells are thought to be more
susceptible to these steroids due to their increased expression of estradiol and

progesterone receptors when compared to adult cells (Giannoni et al., 2011).
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Lower levels of anti-GBS antibodies, of protective complement and of lung surfactant put
premature and low birth weight neonates at higher risk of EOD (Doran and Nizet, 2004;
Maisey et al, 2008). The Ilung surfactant is comprised mostly of
dipalmitoylphosphatidylcholine (DPPC) (Nkadi et al., 2009). DPPC is able to protect the
cells of the alveolus from the cytotoxic activity of the GBS virulence factor
B-haemolysin/cytolysin (B-H/C) (Marchlewicz and Duncan, 1980). DPPC therefore
prevents the cell damage and dissemination of GBS, normally achieved by the use of

B-H/C (Liu et al., 2004).

There are many aspects of the immune system that have not reached full functionality in
the neonate. Generally the neonatal immune system is complete (the cells are present),
but it is the regulation and signaling that can be different to adults (Zaghouani et al,
2009). These differences are likely to account for the susceptibility of neonates to

opportunistic infections, such as GBS disease.

One such difference can be found in the neonatal resident alveolar macrophages. Overall
numbers of these macrophages present are reduced and their antibacterial activity is
weakened (Sherman and Lehrer, 1985; Sherman et al., 1992). For pre-term (<32 weeks)
neonates, the total mass of the neutrophil population is approximately 20% of that for
term infants and adults (Carr and Huizinga, 2000). Furthermore, until 10 days of age, the
chemotaxis abilities of neutrophils are significantly reduced; up to 50% compared to

adult cells (Anderson et al., 1981; Carr, 2000).

More recent studies to investigate the deficiencies of neonatal phagocytes have used
neonatal cord blood samples for experimentation. One such study has demonstrated

that mononuclear cells and whole-blood cytokine responses of preterm infants
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(gestational age, 26-33 weeks) to heat-killed GBS have a reduced production of tumour
necrosis factor and IL-6 (Currie et al., 2011). For very preterm infants (gestational age
<30 weeks), their monocyte cytokine responses to GBS could not be increased with the
addition of complement, when compared to full term and adult monocytes (Currie et al,
2011). In addition, a restricted Vu gene repertoire and reduced IgG synthesis leave the
neonate less able to opsonise pathogens and activate the adaptive immune response
(Bauer et al., 2002). Thus, the immature neonatal immune system has vulnerabilities in

both the innate and adaptive immune response.

Group B Streptococcus contributing factors: adherence and colonisation

GBS is capable of colonising various niches within the human body. These environments
range from the lung epithelium to the acidic vaginal mucosa (Konto-Ghiorghi et al.,
2009; Lalioui et al.,, 2005; Samen et al.,, 2007; Sheen et al., 2011; Tamura et al., 1994;
Zawaneh et al., 1979). To initiate successful colonisation, GBS need to first attach to host
cells. GBS is able to do this with both low affinity interactions via Lipoteichoic acid (LTA)
and stronger attachment with various GBS surface proteins (Maisey et al.,, 2008). Some

examples of such proteins will now be described.

GBS have a plethora of proteins to aid adhesion and colonization (Figure 21). ScpB is a
GBS surface associated C5a peptidase, capable of interacting with fibronectin of the ECM

(Cheng et al 2002). ScpB not only helps GBS attach to epithelial cells, but is also able to
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Figure 21. Group B Streptococcus mechanisms of attachment
Summarised are the main mechanisms that GBS uses to aid attachment and colonisation
of host membranes. GBS are able to interact with components of the extracellular matrix

(fibronectin, fibrinogen and laminin) and host cells directly. The host cell components
recognised by Rib, BibA, Srr proteins and the GBS pilus are currently unknown. GBS,
Group B Streptococcus. ScpB, streptococcal C5 peptidase B. Fbs, fibrinogen binding
protein. Lmb, laminin binding adhesin. Rib, resistance to proteases, immunity, group B.
Srr, serine rich repeat. BibA, Group B Streptococcus immunogenic bacterial adhesin.
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reduce opsonisation. By only binding the immobilised form of fibronectin, ScpB does not
risk opsonisation of GBS with soluble fibronectin (Hull et al., 2008). In addition, GBS is
able to use the Lmb adhesin protein to interact with laminin of the ECM (Maisey et al.,
2008). Moreover, the saliva component keratin 4 can be directly bound by the serine-
rich repeat 1 (Srr-1) protein of GBS (Samen et al.,, 2007). However, only GBS of serotypes
Ia, Ib, II, V and some strains of serotype IlI, express Srr-1. Srr-2, a non-homologous form
of Srr-1, appears to be unique to serotype III strains of GBS (Seifert et al, 2006).
Interestingly, Srr-2 has been associated with the heightened virulence in a neonatal
sepsis murine infection model of serotype III strains (Seifert et al.,, 2006). Fibrinogen
ECM attachment is also possible by S. agalactiae. This is achieved with the surface

anchored proteins FbsA and FbsB (Doran and Nizet, 2004; Maisey et al., 2008).

The BibA adhesin increases adherence to human cervical and lung epithelial cells, and
has been found to provide resistance to phagocytic killing (Santi et al., 2007). Although
the human component recognised by BibA is yet to be determined. The Rib surface
protein of GBS has also been shown to enhance binding to epithelial cells via attachment
to a currently unknown host factor (Doran and Nizet, 2004; Maisey et al, 2008;

Stalhammar-Carlemalm et al., 1993).

Many gram-positive bacteria express pili structures on their external surface. A recently
identified pilus-encoding operon, ghs1479-1474, was characterised for strain NEM316
and named the PI-2A pilus (Dramsi et al., 2006; Lalioui et al., 2005). PilB is the major
pilus component, forming the backbone of the pilus. PilA is the adhesin at the tip of the
pilus and PilC is an accessory protein that is incorporated into the pilus backbone

(Konto-Ghiorghi et al., 2009). This pilus structure is used by GBS not only for biofilm
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formation, but also adherence to human alveolar epithelial cell line A549 (Konto-
Ghiorghi et al., 2009). The biological relevance of these biofilm results may be limited as
assays were performed on polystyrene wells rather than on cells or ECM components.
The adhesin PilA has been found to work in combination with the Srr proteins to aid
adhesion to vaginal epithelial cells (Sheen et al., 2011). Both mechanisms were found to
be important for vaginal colonisation and retention in a mouse model (Sheen et al,

2011).

Group B Streptococcus contributing factors: evasion of the immune system

Many successful pathogens require the ability to evade stimulation of the host immune
system. The surface of a microbe is often key in this evasion process, as it is exposed to
and is constantly sampled by the host immune system. Using a combination of molecular
mimicry and varying surface structures, GBS can do this remarkably well. The various

ways GBS are able to avoid phagocytosis are discussed in this section (Figure 22).

Ten capsule serotypes exist for GBS; Ia, Ib, II through to the recently identified IX,
dependent on the arrangement of capsule components (Maisey et al., 2008). The capsule
is formed of varying levels of glucose, N-acetylglucosamine, galactose and sialic acid
(Doran and Nizet, 2004). The capsule is a important virulence factor of GBS (Rubens et
al., 1987). The a2-3 linked terminal sialic acid of the GBS capsule mimics host sialic acid
linkages, thus reducing the likelihood of GBS being recognized as ‘non-self’ (Rajagopal,
2009). In addition to this molecular mimicry, the GBS capsule reduces the host

inflammatory cytokine response (Doran et al., 2003).
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Figure 22. Group B Streptococcus mechanisms of phagocytosis avoidance

Using a combination of surface associated and secreted effectors, GBS are able to avoid
opsonisation and/or phagocytosis. The main mechanisms GBS uses for this avoidance

are summarised here. ScpB, streptococcal C5 peptidase B. BibA, Group B Streptococcus
immunogenic bacterial adhesin. CspA, cell surface protease A.
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Streptococcal C5 peptidase B (ScpB) is not only able to aid adhesion to the ECM
component fibronectin, but also help to evade opsonisation (Bohnsack et al., 1991; Jarva

etal., 2003). ScpB cleaves the complement component C5a, resulting in blocking the

complement cascade and abolishing the chemoattractant activity of C5a for neutrophils

(Bohnsack et al., 1997).

Cell-surface-associated protein A (CspA) offers further protection from opsonisation. By
binding and cleaving fibrinogen, a fibrin-like coat surrounding the streptococci is
produced (Harris et al., 2003). This fibrin-like coat provides a clever way for GBS to
avoid recognition and stimulation of host responses. To further evade opsonisation, this
time by antibodies, GBS [-antigen (Bac) is able to bind host IgA by its Fc domain. This
binding orientation means phagocytes will not be able to use IgA for Fc
receptor-mediated phagocytosis of GBS (Jerlstrom et al., 1996). Thus, the action of an
antibody that is most associated with mucosal areas of the body, is abrogated. Moreover,
Bac is able to block activation of the complement cascade by binding host factor H, a
molecule that protects cells of the host from complement activation (Jarva et al., 2004).
Bac binds the middle region of factor H, leaving the terminals available for prevention of
opsonophagocytosis (Jarva et al, 2003). More recent research indentified that
streptococcal histidine triad (SHT) can also be used for Factor H binding (Maruvada et

al, 2009).

Select strains of GBS are able to produce the antigenically variable a« component of
C protein. This component increases the persistence of GBS within phagocytes (Madoff
et al., 1996). In addition, a component variants (achieved by tandem repeat deletions)

enhances the low immunogenic properties of the GBS surface (Madoff et al., 1996). To
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further reduce phagocytosis, GBS are also able to use the cell wall anchored adhesin
BibA (Santi et al., 2009b). Secreted BibA potentially reduces phagocytosis by binding
human C4-binding protein, a regulator of the classical complement pathway (Santi et al.,

2007).

It is clear that GBS possess a vast array of mechanisms for host immune evasion.

Group B Streptococcus contributing factors: host cell invasion

GBS are able to induce the invasion of respiratory and pulmonary endothelial cells via a
phagocytosis-like mechanism (Rubens et al, 1992). This mechanism initiates host
phosphoinositide-3 kinase (PI3K) and Akt signaling cascades (Burnham et al., 2007).
The actin cytoskeleton is subsequently reorganised to extend the cell membrane around
streptococci and eventually engulf GBS (Doran and Nizet, 2004; Maisey et al., 2008). The
GBS surface proteins Spb1 (Adderson et al., 2003) and «a-C (Bolduc et al, 2002) have
been found to aid this invasion into epithelial cells. Forced entry of GBS into cells of the
host could provide a further mechanism of avoidance, by allowing GBS to ‘hide’ from

immune surveillance.

GBS is able to cause severe tissue damage in the lungs during EOD. This is due to
degradation of the barrier formed by the epithelial and endothelial cells. By doing so,
GBS severely compromise the barrier and gain entry to the blood, allowing
dissemination from the lung (Maisey et al, 2008). This destructive and pro-
inflammatory activity is orchestrated by the [(-haemolysin/cytolysin (B-H/C), an
extensively studied virulence factor of GBS (Pritzlaff et al., 2001). 3-H/C not only has

cytotoxic properties, but is also able to manipulate the host response (Liu et al., 2004).
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At sub-cytotoxic levels, -H/C dependent invasion still occurs, but -H/C now also
induces the release of IL-8. The chemoattractant properties of IL-8 towards neutrophils
results in neutrophil invasion and further local tissue damage (Sagar et al, 2013).
Perhaps surprisingly, f-H/C is also able to stimulate the production of nitric oxide (NO)
from macrophages. As a result of 3-H/C, IFN-y and the engagement of CR3 by GBS,

inducable nitric oxide synthase (iNOS) is activated (Goodrum et al., 1994).

Further cytotoxic activity can be achieved with the use of the secreted CAMP factor of
GBS (Lang and Palmer, 2003). Although, CAMP factor is not essential for virulence in a
mouse model of systemic infection (Hensler et al.,, 2008), it is currently thought that
CAMP acts as a ‘back up’ toxin, available to use when 3-H/C would not be appropriate or
beneficial. This is supported by the way in which these two toxins are regulated at the
gene level. Both the 3-H/C gene (cyIE) and the CAMP factor gene (cfb) are regulated by
the two-component system CovR/S (Liu et al, 2004). The sensor kinase CovS
communicates with CovR by phosphorylation of the D53 aspartate of CovR (Lamy et al.,
2004). CovR then binds and alters transcription at various operon and gene promoters.
More specifically, CovR has apposing actions at the cylE and cfb genes; repressing cylE
transcription whilst enhancing transcription at the c¢fb gene (Jiang et al., 2005; Lamy et
al., 2004). Once phosphorylated by CovS, these activities of CovR are enhanced (Jiang et
al.,, 2005; Jiang et al., 2008). However, CovR can also be phosphorylated by the GBS
serine/threonine kinase Stk1 (Lin et al., 2009). By phosphorylating CovR at a threonine
residue (T65), CovR no longer induces CAMP factor expression and instead activates f3-
H/C expression (Lin et al, 2009; Rajagopal et al., 2006). Thus, GBS is able to finely

regulate the levels of both 3-H/C and CAMP by using a combination of CovR/S and Stk1.
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This balancing act could allow for GBS to preferentially activate the toxin of choice,

depending on the stage of disease progression.

The dissemination of GBS is likely to be further aided by hyaluronate lyase (HylB) (Li
and Jedrzejas, 2001). By degrading hyaluron, a particularly abundant ECM component of
the placental and lung tissue, HylB aids dissemination of GBS at these particular host

sites (Laurent and Fraser, 1992; Rajagopal, 2009).

Group B Streptococcus contributing factors: intracellular survival

It has been known for some time that GBS are able to survive intracellularly for
prolonged periods of time (24-48 h) within macrophages (Cornacchione et al., 1998;
Valenti-Weigand et al., 1996). This is an impressive time to be able to persist as most
microbes are destroyed after only a few hours in these cells (Cumley et al, 2012;
Flannagan et al, 2012; Kinchen and Ravichandran, 2008). Persistence within
macrophages could provide GBS with a ‘Trojan horse’ strategy of dissemination. By
surviving in macrophages, GBS could be transported to distal parts of the body (such as
the BBB) without alerting the host immune system. Whether or not GBS manipulates the
host phagosome for this survival is not known. The tools that GBS uses to aid

persistence are extensive and varied in mechanism (Figure 23).

One such virulence factor is the GBS superoxide dismutase (SodA). By catalysing the
conversion of oxygen radicals into oxygen and hydrogen peroxide, products of the
macrophage oxidative burst can be fully metabolised by peroxidases (Poyart et al.,
2001). This action of SodA protects GBS from oxidative damage (Poyart et al.,, 2001).

Further protection is provided by large quantities of glutathione. GBS are able to use
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phagosome

BibA mediated
attachment to
cervical and lung
epithelia

CAMP factor B-H/C

Pore forming Pore forming

E |theI|aI/EndotheI|aI cells

Figure 23. Group B Streptococcus factors aiding intracellular survival
The schematic summarises the main mechanisms used by GBS to aid intracellular
survival. These range from factors that work extracellularly to those that work
intracellularly. LTA, lipoteichoic acid. PBP1a, penicillin binding protein 1 a. PilB, pilus
component B. AMP, antimicrobial peptides. BibA, Group B Streptococcus immunogenic
bacterial adhesion. ROS, reactive oxygen species. 3-H/C, f-haemolysin/cytolysin. HylB,
hyaluronidase B. SodA, superoxide dismutase A. Siglec-5, Sia-recognising
immunoglobulin super family lectin 5. NETSs, neutrophil extracellular traps. Cov, control
of virulence. Cia, competence induction and altered cefotaxime susceptibility. CAMP,
Christie Atkins Munch-Petersen.
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glutathione as an oxygen-metabolite scavenger (Wilson and Weaver, 1985). The
streptococcal caratenoid pigment is also able to offer protection form oxidative damage
by free radical scavenging (Liu et al., 2004). Interestingly, neonatal phagocytes are less
able to mount a severe oxidative burst (Wilson and Weaver, 1985). This is most likely to

further aid the intracellular survival of invading GBS.

The B-H/C of GBS is considered a key virulence factor. This reputation is mainly due to
the cytolytic pore forming ability of 3-H/C, as discussed previously in this chapter. In
addition to its pore forming activity, $-H/C also contributes to survival within
macrophages (Liu et al., 2004). However, how much of this survival is actually due to the
linked caratenoid pigment is unknown, as the cylE gene is also responsible for the
production of the caratenoid pigment via a currently unknown regulatory mechanism
(Spellerberg et al., 1999). Interestingly, at sub-lytic concentrations, -H/C activates
macrophage p38 MAPK signaling. This signaling promotes anti-inflammatory IL-10 and
suppresses IL-12 and NOS2 (Bebien et al, 2012). Targeting of MAPK activation in
murine macrophages provides resistance to invasive GBS infection (Bebien et al., 2012).
Although, how this modulation of host cytokines impacts on the maturation or
antimicrobial activity of GBS-containing phagosomes is currently unknown. Despite this,
a recent study found that a serotype Ia non-haemolytic mutant (AcylA) was able to
survive within macrophages better than the isogenic wild type (Sagar et al., 2013). A
possible explanation could lie in the specific genes manipulated in the studies, cylA is the
ATP binding component of the transporter, where as cylE encodes the 3-H/C itself. By
removing the ability of the transporter to bind ATP, this offers an alternative mechanism

for blocking secretion of the toxin, un-linked to the expression levels of the toxin gene
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(cyIE). Thus, the AcylA mutant can be used to better attribute phenotypes associated

specifically with the secretion of 3-H/C from GBS.

To aid nutrient acquisition, GBS extracellular hyaluronidase hylB is thought to allow the
use of host hyaluronic acid as a sole carbon source. A clinical strain of GBS with the hylB
gene inactivated displayed attenuated intracellular survival in macrophages and in

mouse and zebrafish infection models (Wang et al., 2014).

An important host defense relies upon the actions of cationic anti-microbial peptides
(AMPs). AMPs are attracted to the electronegative bacterial surface where they are able
to bind and form pores (Peschel, 2002). GBS is able to reduce the attraction of AMPs by
D-alanylation of its lipoteichoic acid (LTA) to reduce the surface negative charge.
Protection from the activities of defensin and cathelicidin AMPs is also achieved by the
use of surface associated penicillin binding protein (PBP1a) (Hamilton et al., 2006). The
mechanism of PBP1a interference of AMPs is still unclear. GBS pilus component PilB, has
also been shown to provide increased protection from the AMPs. Additionally, PilB is
required for GBS survival when challenged with macrophages and neutrophils (Maisey

etal., 2008).

Causing host cell apoptosis can also be considered as a GBS defense against phagocytes.
B-H/C induces apoptosis, allowing GBS to avoid phagocytosis altogether. The apoptosis
induced by GBS appears to require the activation of caspase-3 and modification of the
Bcl-2 family of proteins in location and regulation (Ulett et al., 2005). An alternative
form of GBS induced cell death is also possible via caplains within host cells (Fettucciari

etal,2011).
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The two-component response regulator CiaR has been found to affect intracellular
survival of GBS strain COH1 (Quach et al., 2009). This regulator was found to increase
resistance to phagocytic killing via resistance to the antimicrobial actions of AMPs,
lysozyme and ROS (Quach et al, 2009). The function of CiaR is currently unknown
although it appears to act as part of the two-component system CiaR/H to sense and

respond to the phagosome niche.

B-protein is a cell wall anchored protein of GBS, recently found to have a role in
modulating the antimicrobial response of macrophages (Carlin et al., 2009). 3-protein
binds hSiglec-5, a member of the human CD33 related Sia-recognising immunoglobulin
super family lectins (hCD33rSiglecs) leukocyte receptor family. Engagement of hSiglec-5
results in the suppression of phagocytic oxidative burst and neutrophil extracellular
trap production (Carlin et al, 2009). GBS is therefore able to evade uptake by

phagocytes and reduce their antimicrobial capacity.

GBS is potentially able to manipulate protein kinase C (PKC) signaling to enhance
intracellular survival. PKC is a key component of the macrophage activation pathway
(Eason and Martin, 1995; Paul et al, 1995). Macrophages infected with GBS become
unresponsive to activators requiring PKC, such as PMA and LPS (Cornacchione et al.,
1998). Depletion of PKC was also seen to enhance GBS intracellular survival, perhaps
unsurprisingly. These observations led to the hypothesis that GBS might manipulate PKC
to aid persistence within the phagosome, however, the mechanism of PKC manipulation

by GBS was not elucidated in the study.

Phagocytosis of opsonised GBS by professional phagocytes provides a crucial clearance

mechanism for invasive GBS. Non-opsonised bacteria are poorly killed following uptake
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(Valenti-Weigand et al., 1996). As seen with other pathogens, the route of entry GBS
takes into a macrophage has consequences on its intracellular survival. GBS opsonised
with human serum before exposure to J774 macrophages are less able to persist
intracellularly compared to non-opsonised bacteria (Valenti-Weigand et al, 1996).
Furthermore, GBS phagocytosed via the non-opsonic route are able to survive in

macrophages for over 24 h (Valenti-Weigand et al., 1996).

It is believed that non-opsonised bacteria are able to be recognised by macrophages in a
C3 independent but complement receptor 3 (CR3)-dependent manner (Antal et al.,
1992). CR3 is known to aid the C3-independent uptake of a multitude of microbes
(Bullock and Wright, 1987; Mosser and Edelson, 1985; Ross et al., 1985). These non-
opsonic interactions may be crucial in determining disease progression in neonates, a
host with few active opsonic molecules against GBS. The impaired expression and
function of neonatal CR3 could contribute to the weakened ability of neonatal

macrophages to clear GBS (Anderson et al., 1987; Antal et al., 1992).

Analysis of the maturation of GBS-containing phagosomes has thus far been limited. GBS
are able to survive within macrophages for a prolonged period of time, despite the fact
that they appear to reside within a mature, LAMP1 positive phagosome (Cumley et al.,
2012; Teixeira et al, 2001). Interestingly, phagosomal acidification has been
hypothesised to be necessary for the survival of internalised GBS, due to a marked drop
in the survival of GBS in macrophages treated with the vATPase inhibitor Concanamycin
A. Additionally, the two-component system CovRS is required for intracellular survival

of GBS (Cumley et al, 2012). Although, the precise phagosomal pH required to induce
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survival has not been elucidated, the acidic environment likely acts as a stress signal to

induce survival genes.

Despite this ability to survive intracellularly, replication within the phagosome has not
been documented for GBS, suggesting that GBS are able to persist rather than multiply
within phagocytic cells. A novel vaginal colonisation model in mice might be able to
provide key answers in the ability of S. agalactiae to persist within this vaginal niche and

also maintain virulence determinants for opportunistic infection (Carey et al., 2014).

Microscopic recordings of GBS within phagocytes has so far concluded that GBS
intracellular replication is unlikely (Liu et al, 2004; Teixeira et al., 2001). The
mechanisms employed by GBS to avoid killing and allow intracellular persistence have
not been fully elucidated. A combination of known factors and factors yet to be

discovered are likely to control the behavior.

In this chapter the molecular basis for GBS survival within macrophages is investigated.
The ability of phagocytes to clear GBS is thought to be critical in determining disease
outcome. For EOD, phagocytes, particularly the alveolar macrophages in the neonatal
lung, are likely to be the first immune cells that GBS encounter. Factors contributing to
the outcome of this interaction are therefore of particular interest for the study of GBS
pathogenicity. To investigate how GBS variability affects survival within macrophages, a
selection of GBS clinical isolates were tested for their intracellular survival. To do this, a
collection of 50 clinical isolates including isolates of many serotypes, sequence types and
invasive origins (colonising, EOD and LOD) were used. J774 cells are a macrophage-like
murine cell line that has been used in the study of many host-pathogen interactions,

including studies of GBS (Goodrum et al., 1994; Liu et al., 2004; Schulert et al., 2009;
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Valenti-Weigand et al., 1996). This cell line was therefore chosen to screen the GBS
isolates for their ability to survive intracellularly. The aim of these experiments was to
find associations between isolates of GBS from particular clonal lineages (using
provided MLST data) and the ability to persist within macrophages, an attribute likely to

be critical in disease progression.

To date, the GBS-containing phagosome has not been fully characterised. The
persistence of GBS within phagosomes is likely to have a substantial affect on disease
outcome. However, the mechanisms used by GBS to allow its survival in the phagosome
are not fully elucidated. GBS have many virulence factors thought to aid intracellular
survival, as discussed in this introduction. Whether or not GBS are also able to
manipulate the phagosome is an under researched area of GBS pathogenicity. If GBS are
altering the maturation of the phagosome, then GBS clearance could be achieved via
treatment targeted at phagocyte function. Thus, phagosome maturation of the GBS-

containing phagosome was also explored.
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Experimental procedures

Streptococcal strains and growth conditions

All reagents were purchased from Sigma, unless otherwise stated. Details for the
collection of Streptococcus agalactiae clinical isolates used in this study, and the strain of
Lactococcus lactis can be found in Table 1. Group B Streptococcus isolates were grown in
Todd-Hewitt Broth (THY) (Fluka Analytical) with 5% yeast extract (MP Biomedicals).
L. lactis MG1363 was grown in M17 broth (OXOID) with 5 % glucose and incubated at
25°C overnight. For survival assays, 1.5 ml of the broth was inoculated with a single
colony of bacteria in 2.2 ml 96 well culture plates (Thermo scientific). GBS clinical
isolates were tested in groups of 20. Additionally, each repeat survival assay included
NEM316, a GBS strain frequently used and known to survive well intracellularly, L. lactis

and a bacteria-free control.

Macrophage cell line culture

The murine macrophage-like cell line J774A.1 were incubated in Dulbecco’s modified
Eagle’s medium (DMEM) with 10% heat-inactivated fetal bovine serum (FBS), 2 mM
L-glutamine, 100 U/ml penicillin and 100 pg/ml streptomycin at 100 U/ml added

(complete DMEM) at 37°C humidified with 5% COx.
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Table 1. GBS strains and isolates used in this study

Strain Serotype MLST Invasive origin Source
NEM316 II1 23 LOD MA
2603v/r \Y 110 LOD MA
COH1 II1 17 LOD MA
A909 Ia 7 LOD MA
COH1AcyIE II1 17 MCL
NEM2089 (NEM316 ACovRS) 111 23 MCL
NEM2456 (NEM316 AcylE) II1 23 MA
k1 11 17 LOD MA
M781 11 MA
H7783 MA
H732 11 MA
COH31 II1 17 MA
GBS6313 111 MA
750 111 19 C MA
i76 II1 LOD MA
i95 II1 17 MA
m1l 11 MA
mk2 11 17 LOD MA
b9 II1 17 EOD MA
mk3 NT EOD MA
b1l 11 LOD MA
i99 Ia EOD MA
b3 \Y EOD MA
z77a II 19 C MA
z34a 11 17 C MA
z37 11 17 C MA
z18a Ia 24 C MA
z84a \4 1 C MA
i87 II LOD MA
h11 11 17 EOD MA
i100 II1 17 EOD MA
i88 II1 17 EOD MA
i96 Ib EOD MA
wc3 II1 17 EOD MA
z111 Ib 8 C MA
z95 \Y 1 C MA
z81a Ia 23 C MA
z117 111 19 C MA
z101a 111 19 C MA
z12a \4 1 C MA
z41 NT 10 C MA
z72a Ib 8 C MA
i90 II1 LOD MA
z78a Ib 6 C MA
i6l MA
i81 11 17 EOD MA
z87a \4 23 C MA
r1 11 17 EOD MA
k9 11 LOD MA
z69a Ib 12 C MA
z73 Ib 10 C MA
Lactococcus lactis MG1363 HI

EOD, Early onset disease. LOD, late onset disease. C, colonising. Sources for the collection
include; (MA) Dr Mark Anthony, John Radcliffe Hospital, Oxford, UK, (MCL) Dr Marie-
Cécile Lamy, Institut Pasteur, Paris. France and (H]) Professor Howard Jenkinson,
University of Bristol, UK.
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GBS Intracellular survival assay

At 18 h before infection ]774 cells were seeded into duplicate 24 well plates at 2 x 10°
cells per well in complete DMEM and incubated at 37 °C with 5% CO2. Just before
infection, bacterial cultures were centrifuged at 1967 x g for 10 min and washed with
1 X phosphate buffered saline solution (1XPBS). The PBS suspensions were added to
DMEM with L-glutamine 2 mM, at a 100-fold dilution. PBS suspensions were then
serially diluted and plated onto THY agar to allow for quantification of CFU in each

inoculum.

After triplicate washes with 1XPBS, ]J774 cells were infected with bacteria in DMEM.
Infection of J774 cells continued for 30 min at 37°C and 5% CO2. After infection, cells
were washed in triplicate with 1XPBS and media replaced with DMEM containing 2ZmM
L-glutamine, 100 ug/ml gentamicin and 5 ug/ml penicillin and incubated for 30 min to
to kill non-phagocytosed bacteria (Figure 24). One of the plates was then used for time
zero (TO) lysis. Media was replaced with 0.02 % triton X-100 and incubated for 15 min
to lyse the cells. The resulting suspensions were then serially diluted and plated on THY
agar for incubation overnight. Meanwhile, the replicate plate was returned to incubation
for a further 6 h. After 6 h the cells in the second plate were lysed, diluted and plated on
agar, for time 6 (T6) CFU. After incubation of agar plates overnight the multiplicity of
infection (MOI), CFU for TO, CFU for T6 and survival ratio (T6/T0) was calculated for

each isolate.
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Figure 24. Intracellular survival assay for Group B Streptococcus.

1, bacterial cultures isolates were washed in PBS and diluted into DMEM. 2, ]774
macrophages were then infected for 30 min. 3, media was replaced with antibacterial
DMEM to Kkill extracellular bacteria. 4, macrophages were then with 0.02 % triton-X100
at TO or T6. 5, lysates were then diluted in PBS and plated on agar for incubation.
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For GBS initial uptake experiments the following adjustments were made; macrophages
were initially seeded onto 13 mm glass coverslips, before infection macrophages were
incubated on ice for 10 min, infection DMEM was used at 4°C and after bacteria were
added to macrophages they were kept on ice for 15 min to allow extracellular binding of
bacteria only. After 15 min media was replaced with warm DMEM + L-glutamine to
initiate uptake. Slides were then removed at 15, 30, 60 and 90 min washed three times

in 1XPBS and fixed with 4 % paraformaldehyde (PFA) for 10 min.

GBS LysoTracker experiments were conducted in a similar way to initial uptake
experiments. However, before ice incubation of macrophages they were first treated
with 50 nM LysoTracker Red DND-99 (Sigma) in complete DMEM and incubated for 2 h.
The GBS strains COH1 and NEM316 were heat killed by incubation at 70°C for 30 min
before infection, when required. Coverslips were then removed at 15 min, 30 min, 90
min and 6 h. At 30 min media on 90 min and 6 h coverslips was replaced with DMEM

containing 2ZmM L-glutamine, 100 ug/ml gentamicin and 5 ug/ml penicillin.

Labeling and imaging of fixed cells

PFA fixed coverslips were first treated with 50 mM ammonium chloride for 10 min.
Antibodies were diluted in blocking serum: PBS containing 3% goat serum (invitrogen).
For uptake experiments only, coverslips were labeled before permeabilistation, with
monoclonal mouse IgG anti-GBS 1.B501 (Santa Cruz Biotechnology) at 2 pg/ml for 20
min and then for 20 min with anti-mouse IgG - FITC (Sigma) at 0.25 pg/ml (to label
extracellular bacteria). After treatment with 0.1% triton-X 100 for 4 min intracellular

bacteria were labeled with anti-mouse IgG - TRITC (Sigma) as the secondary antibody.
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For LysoTracker experiments, GBS were labeled with mouse IgG-FITC (Sigma) after
permeabilisation with 0.1% saponin for 4 min. Coverslips were then mounted on glass
slides with 6 ul mowiol mounting media (Calbiochem). For uptake experiments images
were captured using a Nikon eclipse TE2000-U and Digital Sight DS- Qi1MC camera. For
LysoTracker experiments a Nikon eclipse Ti-S microscope and QICAM Fast1394 camera
(Q imaging were used. All images were obtained using a Plan Apo 60x/1.40 NA oil DIC

objective. (Nikon). Images were processed with NIS-elements AR software (Nikon).
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Results

Initial uptake of GBS by macrophages

To validate the intracellular survival assay used, the initial phagocytosis of GBS was
assessed by microscopy. To synchronise uptake ]J774 macrophages were infected with
GBS whilst on ice, after 15 min to allow extracellular binding, phagocytosis was initiated
by replacing cold media for warm DMEM and continuing incubation at 37°C.
Immediately after infection, 5, 15, 30 and 60 min post infection coverslips were
removed, washed and fixed. Coverslips were labeled firstly for extracellular GBS (FITC)
and then intracellular GBS (TRITC) after permeabilisation. Intracellular GBS were scored
if they only carried the red TRITC label. The percentage of macrophages associated GBS
found to be intracellular reaches a plateau of approximately 17% by 15 min post
infection (Figure 25). The infection assay used in the analysis of clinical isolates of GBS
allows 30 min for the phagocytosis of GBS by J774s. This period of time is more than

sufficient allow maximum uptake, as demonstrated by the result presented here.
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Figure 25. Initial phagocytosis of GBS by J774 macrophages.

J774 macrophages were seeded on to coverslips and infected with GBS strain NEM316.
Coverslips were then removed, washed and fixed at 0, 5, 15, 30 and 60 min post
infection. Extracellular GBS were immuno-stained with FITC, intracellular GBS were
labeled after permeabilisation of ]774 cells with TRITC secondary antibody. GBS
carrying only red TRITC label were counted as phagocytosed. Data is shown as an
average percentage of intracellular GBS, over 1000 GBS scored per time point, n=3,
Error bars represent +SEM.
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Clinical isolates of GBS are able to persist within macrophages

The intracellular survival abilities of a collection of GBS clinical isolates was assessed.
After 30 min of infection and 30 min of antibiotic treatment J774 cells were lysed
immediately (TO) or after 6 h of further incubation (T6) (Figure 26). Viable intracellular
bacteria from both time points were used to calculate relative CFU (rCFU =
T6CFU/TOCFU). This intracellular survival assay was conducted for GBS clinical isolates
and the microbial controls; GBS NEM316, L. lactis and a bacteria-free well. L. lactis was
included in the assay as it is susceptible to phagocyte killing within the time frame of the
experiment, it is a commensal of the gastrointestinal tract of humans and is closely
related to Streptococcus. These results demonstrate that all the clinical isolates of GBS
tested vary are able to persist within the ]J774 macrophage-like cell line (Figure 26). At
6 h post infection all isolates were able to survive intracellularly, at a level significantly

greater than the non-pathogenic L. lactis (p<0.01, Mann-Whitney U test).

Mutant strains of GBS were included in the intracellular survival assays. NEM2089
(NEM316ACovRS) (Lamy et al, 2004) showed a marked defect in intracellular survival.
NEM2456 (NEM316ACyIE) (Forquin et al, 2007) and COH1ACyIE (Pritzlaff et al, 2001),

both mutants in the 3-H/C virulence factor, showed no defect in intracellular survival.
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Figure 26. Intracellular survival of GBS clinical isolates in ]774 macrophages.
Fifty GBS isolates were assessed for intracellular survival in ]774 macrophages. Survival
is presented as rCFU at 6 h post infection. GBS isolates are arranged by Multilocus
Sequence Type (MLST). All GBS isolates show significantly higher survival than L. lactis
(MG1363) (Mann Whitney U, p<0.01 at least three repeats), but do not significantly
differ from each other (Kruskal Wallis p=0.147). Values displayed are mean * SE for
each isolate. NM, no MLST data available.
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For between group variation, survival data was grouped by either MLST, serotype or
invasive origin (colonising, EOD or LOD) (Figure 27A-C). No significant differences were
found in intracellular survival after values were grouped. No relationship between
higher survival ratio and particular origin, serotype or MLST were found. For clarity, the
number of isolates in the collection representing each group are also displayed (Figure
27D-F). Similarly to many epidemiological studies, III and 17 are the most abundant

serotype and MLST represented in the collection (Figure 27D and E).



Chapter II1. Intracellular persistence of Streptococcus agalactiae

=
=}
8 =0.2951 5 30
A o P D 3
" 8
& 61 L
@ ¢ S 204
;‘ 5 L ° £
=] ) ° ® 7]
= 4 [ ] Q
© ® ) [J T
S 3 o o S 104
S, % 2 ‘ o 2%
= 21 ° )
ot
%]
1‘ ? & ¥
0' I 5 > & Q
gx N RN $ @
Serotype Serotype

=)}
1

p=0.1915 E

o000 O
[
? K %

;.ﬁgilg!: i

N‘o'\‘b%

[ )
[ J

rCFU 6 hours PI

Number of isolates in the collection

MLST

p=0.2086 E 5209

(@]

rCFU 6 hours PI
(=} = N w -f vl =} ~ -]
[ ]
[
[ ]
[ ]
Number of isolates in the collection

N N &
N X S

Infection/origin type Infection/origin type

Figure 27. GBS Intracellular survival grouped by MLST, invasive origin and
serotype.

A-C display each intracellular survival assay value for each clinical isolate, allowing
visualisation of the spread of the raw data. A, GBS grouped serotype (NT, non-typable.
NS, no serotype information available). B, GBS grouped by multi-locus sequence type
(MLST)(NM, no MLST data available). C, GBS grouped by infection/origin (EOD, Early

Onset Disease. LOD, Late Onset Disease. NK, Not Known). E-F display the number of

isolates in the collection of tested GBS strains belonging to groups used in panels A-C. No
significant difference was found in the rCFU between groups for data in panels A-C, P
values displayed are from Kruskal-Wallis test. No significance between groups
compared individually with Dunn's multiple comparison test for panels A-C, lines and
error bars represent mean * SEM. Relative CFU (rCFU). Post infection (PI).
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GBS phagosome maturation - acidification

Maturation of macrophage phagosomes culminates with an increase in acidity of the
phagolysosome lumen as V-ATPases pump hydrogen ions in. Many bacterial pathogens
are able to survive intracellularly by modifying or delaying this acidification process
(Smith and May, 2013). To determine if GBS resides within acidic phagocytic
compartments in macrophages, LysoTracker Red DND-99 was used to label acidic
cellular organelles. 774 macrophages were seeded on to coverslips in 24-well plates
and treated with LysoTracker for 2 h before infection. Coverslips were then removed,
washed and fixed at 15, 30, 90 min and 6 h post infection. Coverslips were then imaged
and scored for GBS phagosomes positive for LysoTracker Red (Figure 29). The GBS
strains NEM316 and COH1 were used, as well as each in a heat-killed form. Heat-killed
GBS co-localised with LysoTracker over three fold more than live GBS (Figure 28).
Suggesting heat killed GBS reside in an acidified phagosome. Both the GBS strains
NEM316 and COH1, when tested live, were rarely found in acidified phagosomes. These

results indicate that live GBS are able to modify phagosome acidification.

In addition, the CovRS mutant of NEM316 (NEM2089), only displayed a partial defect in
its ability to modify phagosomal pH (Figure 29). Only at 15 and 30 min post infection,
was a larger proportion of NEM2089 found in LysoTracker positive phagosomes
compared to NEM316. The slight increase in acidic phagosomes was not comparable to

that seen for heat killed NEM316.
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DIC | GBS LysoTracker GBS:LysoTracker

HK COH1

COH1

Figure 28. Co-localisation of GBS with LysoTracker Red labelled acidic
compartments.

Immunofluorescence and DIC images of ] 774 macrophages pre-treated with
LysoTracker Red after 90 min infection with heat killed GBS strain COH1(HK COH1) and
live COH1 (COH1). DIC, image of ]774 cells infected. GBS, corresponding fluorescent
image of GBS labeled with mouse anti-GBS and anti-mouse IgG-FITC. LysoTracker,
fluorescent image for LysoTracker Red. GBS:LysoTracker, merged image of panels GBS
and LysoTracker.
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Figure 29. Acidification of GBS containing phagosomes.

J774 macrophages, pre-treated with LysoTracker Red DND-99, were infected with either
live Streptococcus agalactiae (NEM316), heat killed NEM316 (HK NEM316), NEM316
ACovRS (NEM2089), COH1 or HK COH1. After 15, 30, 90 or 360 min of infection,
coverslips were fixed and stained with mouse anti-GBS antibody and anti-mouse FITC
secondary antibody. Internal streptococci were then scored for LysoTracker Red co-
localisation. Error bars represent mean * SE of at least 5 repeats. Statistical analysis
conducted on categorical data with Fisher's Exact Test, * p<0.05, ** p<0.01, *** p<0.001.
Comparisons were performed between heat killed or mutant strains and the
corresponding wild type strain.
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Discussion

Group B Streptococcus (GBS) is known to survive for prolonged periods of time inside
macrophages (Cornacchione et al., 1998; Teixeira et al., 2001; Valenti-Weigand et al.,
1996). This ability is thought to impact on the pathogenicity of this Streptococcus and
play a role in disease outcome, as macrophages are such a key cell in the innate immune
system. For neonates the innate immune system is their only defence, with many arms
of the adaptive immune system requiring time to mature (Nussbaum and Sperandio,
2011; Remington et al., 2011). Isolates of GBS that are found colonising pregnant women
consist mostly of serotypes Ia, V, and Il (Remington et al, 2011). A very similar
distribution is seen for GBS isolates causing EOD. However, the proportion of serotype
III changes dramatically when we look at isolates causing LOD, with the majority of
cases caused by a serotype III GBS strains (Figure 20) (Lamagni et al., 2013; Remington
et al, 2011; Teatero et al.,, 2014). These serotype III isolates are often of the MLST 17
genotype (Brochet et al., 2008; Springman et al., 2009). This association of serotype III,
MLST 17, isolates and LOD has led to these isolates being deemed hypervirulent
(Harrison et al., 1998; Lamy et al., 2006; Madzivhandila et al., 2011). One explanation for
this apparent hypervirulence has come from the discovery of the MLST 17 specific
hypervirulent GBS adhesin HvgA (Tazi et al, 2010). This cell wall anchored protein
increases GBS adherence to intestinal and blood brain barrier constituting cells (Tazi et
al., 2010). Although this one molecule is unlikely to be solely responsible for the

hypervirulence of these isolates.

In this study data is presented that demonstrates GBS isolates of many different

serotypes and MLSTs were able to persist with macrophages. These results suggest
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there is no obvious virulence gain to the serotype III MLST 17 isolates, at least not in
macrophage phagosomes. It is interesting, however, that all isolates appear to survive
intracellulary to a level significantly greater than a non-pathogenic organism (L. lactis).
This finding supports a conclusion that all isolates are potentially capable of
intracellular pathogenesis. This perhaps explains the variation of serotypes seen causing
invasive GBS infection in adults (Lamagni et al, 2013). The restricted serotype
distribution seen causing neonatal infection might be due to a neonatal specific selection
as yet undetermined. The hypervirulent isolates of GBS are likely to be “accidental” by
increasing their chances of becoming a neonatal infection by different mechanisms, such
as colonisation and adherence. For instance, if colonising isolates of GBS are less
adherent to the vaginal epithelium (usually a niche disadvantage) they are more likely to
be freely moving in the vaginal fluids, thus more likely to ascend the reproductive tract
and infect the amniotic fluids and cause infection. Moreover, host factors play a role in
the level of GBS adherence to vaginal epithelia, such as hormone level changes over the

menstrual cycle (Zawaneh et al,, 1981).

Mutant strains of GBS were included in the intracellular survival assays. NEM2089
(NEM316ACovRS) showed a marked defect in intracellular survival. This two-
component system regulates a large number of GBS genes, equating to 7% of the
genome (Jiang et al, 2008; Lamy et al., 2004). Mutants in this regulatory system have
previously been shown to have attenuated virulence in rodent models (Lamy et al,
2004; Lembo et al,, 2010). CovRsS is thought to regulate much of the GBS transcriptional
response to changes in pH (Santi et al., 2009a). Although, interestingly, mutants do not
appear to be less tolerant to in vitro oxidative stress or acid treatment (Cumley et al,

2012). NEM2456 (NEM316ACyIE) and COH1ACyIE both mutants of the 3- H/C virulence
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factor, showed no defect in intracellular survival. Suggesting this pore-forming toxin

plays no role in enhancing GBS intracellular survival in macrophages.

The phagosome of many intracellular pathogens has been extensively characterised.
Pathogens have evolved a myriad of mechanisms to escape phagosome death, from
delaying lysosomal fusion and acidification to mimicking the endoplasmic reticulum
(Smith and May, 2013). However, such a complete characterisation has not yet been
achieved for GBS. To begin to answer if the GBS phagosome matures, experiments were
conducted to determine the acidity of GBS phagosomes. The use of an acidotropic probe
(LysoTracker Red) that labels acidic organelles within cells has been used in many
studies of phagosome acidification and maturation (Hara et al., 2008; Radtke et al.,
2011; Toyooka et al., 2005; Via et al., 1998; Zhou et al., 2011). Here, LysoTracker Red
was used to analyse fixed samples of J774 cells infected with GBS. This technique has
shown that live GBS reside within non-acidified phagosomes when compared to heat
killed streptococci. Interestingly, a strain lacking the functionality of the CovRS two-
component system (NEM2089), was also found to reside within non-acidified
phagosomes. The CovRS system has been previously described as necessary for
initiating a survival program within GBS when sensing environmental cues, such as
acidification (Cumley et al., 2012). Despite being required for reacting to low pH and
subsequent intracellular survival, the CovRS system had no exaggerated bearing on the
acidity of the phagosome. The proportion of NEM2089 found within acidified
phagosomes differed compared to wild type NEM316 only at select time points and not
to the level of heat killed NEM316. Perhaps suggesting that gene products of the CovR
regulon are not involved directly in increasing phagosomal pH but more so in

orchestrating the GBS response to being intracellular. Thus explaining why less
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NEM2089 were found in acidic vesicles at later stages of infection compared to early

time points.

The data presented demonstrate that the majority of live GBS-containing phagosomes
are not acidic enough for LysoTracker positivity. This does not, however, rule out that
the GBS - containing phagosome is able to become slightly acidic. This would agree
more with previous data suggesting that an acidic environmental cue is required for GBS
intracellular survival (Cumley et al.,, 2012). ]J774s treated with the vATPase inhibitor
concanamycin A, were able to kill many of the GBS they were infected with. Thus,
without the phagosomal acidification provided by vATPase, GBS were more vulnerable
to intracellular killing. Perhaps suggesting that a mildly acidic stimulus is required for

GBS intracellular survival.

It should be taken into account that all of the data presented here were obtained from
analysing the outcome of non-opsonised phagocytosis by macrophages. While
opsonisation with either serum or GBS specific antibody increases the antimicrobial
response of phagocytes to GBS (Valenti-Weigand et al., 1996). Similarly, activation of
macrophages with either IFN-y or LPS, seriously reduces GBS intracellular survival
(Cornacchione et al., 1998). Which of these infection scenarios is most appropriate for
finding virulence determinants responsible for neonatal infection is difficult to tell.
Neonates that succumb to infection are unlikely to have opsonising antibodies or

appropriate inflammatory signalling.

To assess the reliability of the intracellular survival assay starting time (TO) the
proportion of GBS phagocytosed by macrophages at early time points was determined. It

was demonstrated that by 15 min post infection approximately 17% of non-opsonised



GBS are internalised and this figure does not change from 15 min to 60 min post
infection. With no clear indication that bacterial death is occurring before TO (equivalent
to 60 min post infection in uptake experiments), concluding that no significant peak or

trough of GBS uptake occurs before the first sample time at TO.

The details of the Group B Streptococcus - containing phagosome are far from complete.
GBS are able to resist killing within a macrophage for up to 24 h, however, a small
persister population is still possible. GBS were thought to reside in a mature phagosome
(Cumley et al., 2012). It now seems that live GBS can alter phagosome pH, allowing

prolonged survival within macrophages.
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Chapter 1V. Creating a transposon mutant library of
Streptococcus agalactiae

Introduction

Transposons are small mobile genetic elements that are able to move in and out of DNA
with the help of transposases. The transposase enzyme recognises the inverted repeats
at the ends of a transposon, makes a double strand break in the target sequence and
inserts or ‘pastes’ the transposon into this new genetic location (van Opijnen and
Camilli, 2013). By using transposons to create mutant libraries, in which each mutant
has a single transposon insertion site, researchers have been able to link genotype with
phenotype for the discovery of virulence genes within many microbial pathogens
(Chiang and Mekalanos, 1998; Hensel et al., 1995; Jones et al., 2000). Signature tagged
mutagenesis has been used previously for the generation of 1600 S. agalactiae serotype
[a A909 mutants (Jones et al., 2000). The library was used to search the GBS genome for
genes required in the neonatal rat sepsis model of infection. A total of 120 mutants were
found to have defective virulence in the rat. Cloning the regions flanking these insertion
sites was not successful for all mutants and for those that were successful, 50% were in

genes with unknown function at the time (Jones et al., 2000).

Transposon insertion techniques and parallel high-throughput sequencing can now be
combined, resulting in techniques such as transposon-directed insertion site sequencing
(TraDIS). By combining mutant libraries with sequencing technologies, genes and their
putative functions can be discovered simultaneously. The technology also allows for
mutant libraries to be kept as a mixed population, rather than selecting individual clones

with a single insertion site. The entire population’s genetic material can be collected
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before and after a particular in vitro or in vivo challenge and the abundance or loss of

sequence reads from particular loci compared (van Opijnen and Camilli, 2013).

TraDIS has been used to generate a huge library of 370.000 mutants in Salmonella
enterica serovar Typhi (Langridge et al., 2009). The method resulted in high density of
transposon insertion sites in non-essential genes (averaging every 13 bp). The authors

discovered 169 genes that are required for S. enterica Typhi bile tolerance.

More recently, TraDIS was used to study Burkholderia pseudomallei. Using a library of
over 240,000 individual transposon mutants the authors discovered 505 putative
essential genes that could potentially be targeted therapeutically (Moule et al., 2014).
The technology has also been applied to; Escherichia coli to discover genes required for
resistance to ionising radiation (Byrne et al., 2014), Haemopilus parasuis (Luan et al.,

2013) and Staphylococcus aureus (Santa Maria et al., 2014).

Because of the potential for genome-wide analysis and virulence gene discovery, we
aimed to create a transposon library in S. agalactiae and analyse the mutants generated
with TraDIS. The sequenced serotype III GBS strain COH1 was chosen as the target
strain for library generation as it belongs to the hypervirulent MLST-17 lineage of
S. agalactiae (Tettelin et al, 2002). MLST-17 is a genetically homogeneous lineage,
therefore, findings with this strain could be applied to others in the clonal complex
(Springman et al., 2009). We aimed to produce a library of mutants spanning the entire
COH1 genome to allow us to dissect out what GBS genes are required for persistence
within macrophages. The generated library would also be available for the screening of

many other virulence attributes of GBS in the future.
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Experimental procedures

Unless otherwise stated all reagents were obtained from Sigma. Group B Streptococcus
strain COH1 was grown in Todd-Hewitt Broth (THB) (Fluka Analytical) with 5% yeast
extract (MP Biomedicals)(THY), at 37°C. After transformation attempts COH1 was
incubated on Columbia blood agar base with 5% defibrinated horse blood (OXOID)
supplemented with 200 pg/ml kanamycin and Escherichia coli on Luria Broth (LB) agar
supplemented with kanamycin 50 pg/ml and 100 pg/ml ampicillin. The E. coli

DHS5apTnTMDH strain was a gift from A.K. Turner, University of Cambridge.

Generation of Competent GBS strain COH1

Competent GBS strain COH1 was achieved by use of an adapted published protocol
(Framson et al., 1997). Briefly, 10 ml of M9 salts solution with 0.2 % glucose, 0.3 % yeast
extract, 1 % Casamino Acids, 2 mM magnesium sulphate heptahydrate and 1 mM
calcium chloride was inoculated with GBS strain COH1 and incubated overnight at 37°C.
This culture was then diluted 1/500 into warmed 50 ml of the same M9 broth with
0.45 % glycine and incubated at 37°C overnight. This culture was then diluted 1/50 into
warmed 50 ml of the same broth with 0.45 % glycine and incubated at 37°C until early
exponential phase (ODeoo = 0.13-0.2). Cultures were then rapidly chilled on ice for
10 min before harvesting the bacteria by centrifugation at 4000 rpm for 15 min at 4°C.
Cells were then re-suspended in 12.5 ml ice-cold 0.625 M sucrose at pH 4. Bacteria were
then centrifuged again at 3000xg for 15 min at 4°C and re-suspended in a total volume
of 1 ml ice-cold 0.625 M sucrose pH 4. Competent COH1 cells were then frozen in

aliquots and stored at -80°C.
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Construction of transposomes

The plasmid pTnTMDH was extracted from E. coli DH5a pTnTMDH using a QIAprep®
Spin Miniprep Kit (QIAGEN) according to the manufacturer’s instructions. Briefly, E. coli
were grown overnight in 3 ml Luria Broth supplemented with 5 pg/ml kanamycin at
37°C shaking (200 rpm). Cells were harvested by centrifuging for 10 min at 13,000 rpm.
After cell lysis, neutralisation and binding DNA, the plasmid DNA was eluted in 50 pl of
EB buffer (10 mM Tris.Cl, pH 8.5) and stored at -20°C. Extracted plasmid DNA was then
digested with the restriction enzyme MspAll (New England Biolabs), 100 units of
enzyme was added to 100 ng of plasmid DNA and incubated for 1 h at 37°C in NEB
buffer 4 and 100 pg/ml BSA. The transposon was then amplified by TnPCR (Table 3)
using the primers TM1 and TM2 (Table 2), PCR reactions in this study used phusion
DNA polymerase (New England Biolabs). PCR fragments were then 5’phosphorylated
using T4 polynucleotide kinase (New England Biolabs) in accordance with the
manufacturers guidelines. Phosphorylated transposon fragments were then used to
create transposomes (transposase and DNA complex) with the use of EZ-Tn5
Transposase (Epicentre biotechnologies) following the manufacturer’s instructions.

Transposomes were then stored at -20°C.

Electroporation of GBS strain COH1

Competent GBS strain COH1cells were thawed on ice before 60 pl of cells were added to
pre-chilled 2Zmm cuvettes with 0.2 ul of transposomes. Using a BIORAD gene pulser, cells

were electroporated with 1.4 kV (7 kV/cm), 200 Q and 25 pF. This suspension was
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Lac promoter - 3489 SP6 promoter - 21
M spAl - 3449 - CmG'CkG

M A1l - 2931 - CmG'CKG

pTnTMDH
3688 bp

M spA 1l - 2686 - CmG'CKkG

T7 promoter - 1228

M A1l - 1745 - CmG'CKG

Figure 30. Plasmid map of pTnTMDH
Plasmid map of pTnTMDH with the major features annotated. Aph, aminogylcoside
phophotransferase. KmR, Kanamycin resistance selective gene. Tn5, Tn5 transposon.
pUC, plasmid University of California. AmpR, Ampicillin resistance selective gene.

149



Chapter I'V. Creating a transposon mutant library of Streptococcus agalactiae

immediately diluted in 1 ml Todd-Hewitt broth with 0.25 M sucrose and incubated for 2
h at 37°C. Cells were then harvested by centrifugation at 8000 rpm for 1 min and re-
suspended in 100 pl of the same broth. To recover transformants, suspensions were
then spread on Todd-Hewitt yeast agar plates supplemented with 50 pg/ml kanamycin

and incubated for 2-4 days at 37°C.

Extraction of GBS genomic DNA

Extraction of streptococcal genomic DNA from transformed COH1 was achieved by use
of the DNeasy® Blood and Tissue kit, following instructions for Gram-positive DNA
extraction. Briefly, cells were harvested from an overnight culture of 4 COH1
transformants by centrifugation at 5000 x g for 10 min. Each cell pellet was re-
suspended in 180 pl of lysis buffer (20 mM Tris.Cl pH8, 2 mM Naz2EDTA, 1.2 % triton X-
100 and 20 mg/ml lysozyme). Lysis reactions were then incubated at 37°C for 40 min.
After this the manufacturer’s instructions for pre-treatment of Gram-positive bacteria
and purification of total DNA from animal tissues were followed. To confirm no
contamination had occurred over the competency protocol or during electroporation, a
16s RNA PCR for Gram-positive bacteria was conducted using the Gram-positive
primers 16sfwdB and 16srevB (Table 2) and conditions 16sPCR (Table 3). PCR products
from 4 transformed COH1 strains were then sequenced using the 16sfwdB primer.
Sequence was then used in a ribosomal database search to confirm S. agalactiae

identification.
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Table 2. Primers and Plasmids used in this study

Primer Sequence/features Source

TM1 5 - CTGTCTCTTATACACATCTCTTC - 3° Dr Keith Turner, Cambridge
Forward in transposon Tn5 University, U.K.

TM?2 5 - CTGTCTCTTATACACATCTCCCT - 3’ Dr Keith Turner, Cambridge
Reverse in transposon Tn5 University, U.K.

TM3 5 - GGGTATTATGGGTAATACGAC - 3’ This study
forward out of transposon

TM4 5 - GTTATCCCTATTTAGGTGACAC - 3’ This study
Reverse out of transposon

TM5 5 - AAAGCTCTCATCAACCGTGGC - 3’ This study
forward out of transposon

16sfwdB 5 - GCTCAGGAYGAACGCTGG - 3’ This study

16srevB 5-TACTGCTGCCCTCCCGTA -3’ This study

pTnTMDH Plasmid containing a transposon derived  Dr Keith Turner, Cambridge

from EZ-Tn5 <R6Kyori/KAN-2>
(Epicentre biotechnologies) with outward
T7 and SP6 promoters and R6Kyori
deleted. Kanamycin resistance (aph),
Ampicillin resistance (amp), pUC origin
and a lac promoter.

University, U.K.
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Table 3. Polymerase Chain Reaction conditions used in this study

PCR name Cycling conditions
TnPCR 1.30s98°C
2.10s98°C

3.30sat52°C
4.60sat72°C

Repeat steps 2-4 30 times
5.10 min at 72°C

16sPCR 1.30sat97°C
2.10sat97°C
3.30sat55°C
4.60sat72°C
Repeat steps 2-4 26 times
5.5 min at 72°C

SP-PCRoutTn 1. 1 min at 94°C
2.30 sat94°C
3.30sat50°C
4.3 min at 72°C
Repeat steps 2-4 20 times
5.30 s at 94°C
6.30 s at 30°C
7.2 min at 72°C
Repeat steps 5-7 30 times
8.30 s at94°C
9.30 s at50°C
10. 2 min at 72°C
Repeat steps 8-9 30 times
11. 7 min at 72°C

Inverse PCR 1.5 min at 98°C
2.30 sat98°C
3.60sat52°C
4.60sat72°C
Repeat steps 2-4 30 times
5.5 min at 72°C
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Confirming insertion sites

To confirm transformed COH1 GBS harboured the transposon insertion within the
genome, PCR and sequencing was done on extracted genomic DNA of the four
transformants. Single-Primer PCR (Karlyshev et al, 2000) was utilised to amplify
genomic DNA from the 3’ end of the transposon into the GBS genome using the TM5
primer. Sequencing was then conducted using the primer TM3, that anneals to DNA just
downstream of TMS5. Achieved sequence was then compared to pTnTMDH DNA
sequence using the EMBOSS align needle online tool to confirm sequence no longer
matched the plasmid downstream of the transposon. For better quality PCR products for
sequencing and identification of insertion sites inverse PCR was used with the second
batch of transposon mutants (Fernandes et al.,, 2001). For this approach genomic DNA
was first digested with Pstl and HindlIIl (New England Biolabs), for frequent cuts within
the COH1 genome. The digested DNA was then recircularised and ligated. The ligation
products were then amplified by inverse PCR with the TM3 and TM4 primers (Table 3).
PCR products were then sequenced to identify the insertion site within the COH1

genome.

All sequencing in this study was accomplished at the Functional Genomics facility at the

University of Birmingham on an ABI 3730 capillary sequencer.
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Results

Production of competent GBS strain COH1

Various protocols exist in the literature for preparing streptococcal species for
transformation, as they are not naturally competent (Biswas et al., 1993; Dunny et al,
1991; Framson et al., 1997; May et al., 2004; Ricci et al., 1994). A protocol involving the
subculture of overnight minimal media cultures into minimal media with glycine has
been used in this study. After these dilutions and re-growths, the cells are harvested in
early exponential phase and washed with ice-cold sucrose. We have found this protocol
(an adaptation of a previously published protocol (Framson et al, 1997)) to be
successful. Competency of batches of GBS strain COH1 was tested by electroporation
with plasmids carrying antibiotic resistance genes as selective markers. Transformation
efficiencies were found to be in the range of 3 x 102 - 1 x 103 CFU/pg plasmid DNA. This

protocol was then used to produce several batches of competent COH1.
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Molecular construction of transposomes

For the generation of a transposon mutant library in GBS strain COH1 the method of
transposon directed insertion site sequencing (TraDIS) has been adopted. In
preparation for this analysis, a comprehensive mutant library in COH1 was required. To
achieve this a plasmid carrying a transposon and cognate transposase gene is not
appropriate. Instead, we exploited a transposome, composed of a transposon DNA
segment and the transposase enzyme attached to the inverted repeats it recognises at
either end of the transposon DNA. This enzyme-DNA complex was then electroporated
into competent COH1 to create random insertions through-out the COH1 genome. To
generate transposomes the transposon DNA was first extracted from the pTnTMDH
plasmid. The pTnTMDH plasmid was extracted from E. coli DH5a and digested with the
restriction enzyme MspA1ll (Figure 31). This resulted in several linear fragments,
including a fragment of approximately 1984 bp containing the Tn5 transposon region.

This region was then amplified by PCR (TnPCR, Table 3) to create a 1266 bp fragment.

Whole plasmid and PCR products were sequenced using primers TM1-TM4 (Table 2).
For whole plasmid miniprep, sequence from all four primers correctly matched the
plasmid sequence, confirming starting plasmid identity before the next stages (data not
shown). PCR product sequence from primers TM1 and TM2 successfully matched the
transposon sequence (data not shown) and sequence failed from TM3 and TM4, as
expected. After PCR clean up treatment the 5’ ends of these DNA fragments were then
phosphorylated with T4 polynucleotide kinase. Finally, transposon fragments were

incubated with EZ-Tn5 transposase to form transposomes.
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Lane: 1 2 3 4

3000 bp Approx 1984 b
2068 B 1500bp
1000 bp 1000 bp
750 bp

500 bp 500 bp

250 bp

Figure 31. MspA1l digest of pTnTMDH.
After digestion of pTnTMDH with MspA1l for 1 hour at 37°C, a 5 pl sample was loaded

into a 2% agarose gel for electrophoresis. Lane 1, 1 Kb promega benchtop DNA Ladder.
Lane 2, undigested pTnTMDH miniprep. Lane 3, MspA1l digested pTnTMDH. Lane 4, 100
bp promega benchtop DNA ladder.
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Transformation of GBS strain COH1

Constructed transposomes were transformed in to competent COH1 by electroporation.
After 2 - 3 h recovery incubation, cell suspensions were plated onto selective kanamycin
containing Todd-Hewitt agar. Following four days of incubation, transformant colonies
were clearly visible. Four of these transformant colonies were subcultured onto
selective plates and subsequent liquid cultures were used or frozen glycerol stocks. To
determine if the transposon had been inserted into the chromosome of the
transformants, genomic DNA was extracted. Single Primer PCR was then designed and
conducted to amplify short regions of DNA from the 3’ end of the transposon and into
the COH1 genome. These regions were then sequenced, allowing identification of
insertion site and concluding success of transformation. Only one of the four
transformants returned a sequence read. However, this read matched the end of the
transposon and the full plasmid. This failed attempt is likely to be due to small amounts
of plasmid DNA contamination of the transposon DNA preps. Any remaining plasmid is
likely to have been favoured in the transposome generating step. To address this issue,
gel purification of the transposon DNA was done at every possible stage, to reduce the
risk of plasmid contamination. After another round of transposome generation,
competent COH1 Streptococci were transformed again. Several mutant colonies were
formed, eleven of which were subcultured and glycerol stocks prepared for freezing.
Starting with four of the potential mutants, genomic DNA was extracted and a 16sPCR
performed to confirm GBS identity. Next, the transposon DNA was amplified to confirm
its presence in the genomic DNA. Both PCR reactions and subsequent sequencing were
successful (data not shown). By digestion of the COH1 genome and self-ligation of these

fragments inversePCR (iPCR) was completed to determine the transposon insertion
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sites. One of the four mutants provided an iPCR product. This product was sequenced
and found to match the gImU gene in COH1. The colony morphology was also altered in
this mutant. It was believed to have a defect in peptidoglycan biosynthesis. With this
first successful transposon insertion, the rest of the mutants were recovered from
freezer storage and genomic extraction performed. Transposon amplification in all
mutants failed at this point, including for the previously identified mutant. How GBS was
able to lose the transposon is currently undetermined. It is possible that GBS COH1
harbours an active transposase within the genome which is able to remove this
transposon. Other research groups known to be attempting the same transposon library
construction technique, in a related Streptococcus, appear to have also been
unsuccessful and thus it appears that TraDIS may be unfeasible within this lineage of

streptococci.
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Discussion

Within this chapter we show for the first time that electroporation of transposomes,
followed by transposon integration, is feasible with GBS. However, several significant
technical hurdles remain that currently prevent widespread adoption of this technique.
Firstly, incomplete plasmid digestion leads to carry-over contamination. Such complete
plasmids in transposome preparations will have been favoured in late stages (such as
transformation). To correct this, larger plasmid preparations were completed
(midiprep) and digested for an extended period of time before samples were loaded and
separated by electrophoresis. Once visualised (with much higher plasmid concentration
than previous digests) it appeared more fragments were present than expected and
longer incubation times than suggested were required to lose the complete plasmid. The
larger fragments are likely to be explained by incomplete digests and super coiled
species of the plasmid. To eliminate the possibility of taking plasmid on to the following
stages, a gel extraction and purification of the 1984 bp fragment was conducted.

Transposome construction on this new starting material was successful.

Subsequent transformation of competent COH1 provided several transposon mutants.
However, between early investigations to determine insertion sites (for which a gImU
mutant was successfully identified) and later rounds of investigation, the transposon
was lost from the COH1 genome. Amplification of the transposon from genomic preps
was unsuccessful, even though it had been previously proven to be inserted within the
COH1 genome. The reason for this loss of transposon is unknown. However, a strong
possibility is that GBS COH1 harbours an active transposase that enabled mobility and

removal of the transposon after selection. To make such an approach feasible in the long



term, one would need to generate a GBS strain lacking endogenous transposase activity,
which may be feasible if a single transposase locus provides this activity. Future work to
generate comprehensive whole genome sequence and transposase activity analyses

would thus be very worthwhile.



Thesis Summary

Thesis Summary

This thesis has concentrated on two human pathogens; the yeast Cryptococcus
neoformans and the bacterium Streptococcus agalactiae. Both of these microbial
pathogens are likely to enter the body via the lungs and encounter alveolar
macrophages. Thus, the interaction of these microbes with macrophages is likely to play
a major part in determining disease progression. This thesis reports findings to suggest
that both of these pathogens are able to modify the maturation of the phagocyte
phagosome. In the case of S. agalactiae, the relevance of these findings to neonatal
infection is hard to tell. However, for C. neoformans, the intracellular population within
macrophages has already been shown by others to be important in determining disease
severity. It is hoped that the research presented here will aid further investigation into

the macrophage parasitism measures employed by these two pathogens.
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Appendix

Appendix

Movie 1. Example lack of acidification of the live Cryptococcus-containing
phagosome. Time lapse experiment allowing visualisation of infection of ]774
macrophages with live C. neoformans H99. LysoTracker Red does not accumulate in
phagosomes containing live H99. Media contains cell permeable LysoTracker Red,
displayed in red in this phase contrast and fluorescent channel merge. Each frame
represents 5 min real time.

Movie 2. Example acidification of the heat-killed Cryptococcus-containing
phagosome. Time lapse experiment allowing visualisation of infection of ]774
macrophages with heat-killed C. neoformans H99. LysoTracker Red signal accumulates
rapidly and intensely in phagosomes containing heat-killed H99. Media contains cell
permeable LysoTracker Red, displayed in red in this phase contrast and fluorescent
channel merge. Each frame represents 5 min real time.

Movie 3. Example lack of Cathepsin L activity of the live Cryptococcus-containing
phagosome. Time lapse experiment allowing visualisation of infection of ]774
macrophages with live C. neoformans H99. Magic Red signal does not accumulate in
phagosomes containing live H99, indicating a lack of cathepsin L activity. Media contains
cell permeable Magic Red, displayed in red in this phase contrast and fluorescent
channel merge. Each frame represents 5 min real time.

Movie 4. Example of rapid acquisition of Cathepsin L activity to the Heat-killed
Cryptococcus-containing phagosome. Time lapse experiment allowing visualisation of
infection of ]J774 macrophages with heat-killed C. neoformans H99. Strong Magic Red
signal is seen, indicating significant acquisition of active cathepsin L to phagosomes
containing heat-killed H99. Media contains cell permeable Magic Red, displayed in red in
this phase contrast and fluorescent channel merge. Each frame represents 5 min real
time.



